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 The development of nanomaterials and the potential enhancement of their 

chemical, mechanical, electrical, and optical properties have led to the investigation 

of methods for their synthesis at lower cost with enhanced performance for next 

generation devices. Along with the pursuit of new materials that exhibit properties of 

interest, industry requires scalable methods that enable high control over the final 

products properties. This work presents a promising approach in which microwaves 

are utilized in a continuous flow setup for the synthesis of nanomaterials. Microwaves 

induce the fast formation of nuclei and the rapid consumption of reagents leading to a 

separation of nucleation events from growth processes and consequent results in the 

formation of products with high uniformity. This method was employed in the 

synthesis of a metal-organic framework (MOF), and silver nanocubes. Both materials 

still present synthetic scalability issues. MOFs are hybrid porous materials that can 

have extremely high surface areas and low densities, making them suitable for gas 

storage applications. The continuous flow microwave reactor (CFMR) setup was used 

to synthesize MOF-74(Ni) particles with mild conditions of temperature and pressure 



 

 

while obtaining high yields and high reagent utilization.  This method provides a 

breakthrough in producing MOFs at larger scale. Silver nanocubes have exhibited 

enhanced catalytic and sensing performances that make them of scientific and 

industrial interest. The CFMR was used to allow the formation of highly 

monodisperse particles with high selectivities to the cubic shape. Formally, Cu3SbS4, 

or Famatinite, is a low band gap material with high absorption coefficients that can 

potentially be used in a tandem solar cell devices. High vacuum techniques are 

typically employed in deposition processes for solar cells, however a solution-based 

processing approach was performed with Cu3SbS4 nanoparticles to develop a 

potentially cost-effective technique in fabricating solar cells. This dissertation will 

present an innovative and potentially scalable synthetic approach of nanomaterials 

and the use of inexpensive deposition steps that can potentially be used in 

applications including electronic, catalytic, gas storage, and membrane absorption 

systems. 
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CHAPTER 1 

INTRODUCTION 
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 Nanotechnology is a science that encompasses materials and processes that 

occur on the nano-scale. Typically, this covers a size range that is lower on the than 

100 nm. In nanotechnology, the use of nanoparticles as smaller portions of materials 

existing in bulk form has gained importance due to their applications in paints, solar 

cells, lighting, catalysis, bioimaging, and drug delivery. The search for materials of 

smaller size is justified by the possible enhancement of their chemical, mechanical, 

electrical, and optical properties when compared to their bulk configurations due to 

changes in surface area and other properties.  

 Although there are many properties within this size scale that are of interest, 

there are also many challenges involving manufacturing strategies and stability of 

nanoparticles. Typically, smaller particles possess higher Gibbs energies than bulk 

materials due to having a higher surface area to volume ratio. Figure 1 shows a 

qualitative Gibbs energy profile that describes the energetic changes in the process of 

producing nanoparticles. These precursors require energy to be produced and after the 

formation of small particles, materials of bulk size will be favored for being at lower 

energy levels. Therefore, efficient manufacturing approaches should provide an 

adequate amount of energy in order to create useful nanoparticles.   

 There are well known chemical and physical approaches that can lead to the 

formation of nanoparticles, however the mechanical formation of crystals generally 

leads to formation of particles with wide particle size distributions. Chemical 

processes can overcome this problem by providing homogeneous products but require 

large amounts of energy to convert bulk materials into reactive species that can be 

used in synthetic routes to produce nanoparticles.1 This disadvantage provides 
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motivation for investigating more sustainable processes following chemical or 

physical routes to produce materials of homogeneous size and properties in large 

scale, which will increase the nanoparticles feasibility from the industrial perspective. 

 Chemical approaches rely heavily on integrating knowledge of 

thermodynamics and kinetics to generate homogeneous particles from their 

precursors. Stabilizing agents, capping agents, and digestive ripening are some of the 

strategies used to prevent further nucleation events and agglomeration, which lead to 

formation of non-homogeneous particles.22 Although these mechanisms try to reduce 

the speed of growth or increase stability of particles by using steric or repelling 

effects, uniform nucleation events must be ensured prior to these steps to increase 

efficiency. 

 Nucleation is the process in which the first atoms or molecules in a given 

phase start agglomerating to generate small, metastable structures with the 

characteristics of a new phase.  Most models that describe nucleation using 

thermodynamics of equilibrium between phases still rely on the classic nucleation 

model, which uses the minimization of Gibbs energy and maximization of entropy of 

the entire system. Two types of nucleation comprise the classic nucleation model:  

homogenous and heterogeneous nucleation. Homogeneous nucleation occurs 

randomly in the bulk of the original phase as opposed to heterogeneous nucleation, 

which requires a surface or nucleation sites to initiate, such as on the surface of 

particles (seeded growth mechanism).  

 Figure 2 describes the classic nucleation approach describes the change in 

Gibbs energy and the influences of volume and surface energies on the general Gibbs 



4 

 

 

energy expression. While particles are formed, a change in free energy occurs as 

atoms/molecules start agglomerating to form the first clusters. This change in free 

energy is a result of a combination of interatomic bonding and the establishment of an 

interface in-between the nuclei and their surroundings. Both terms are size dependent, 

and as conditions of supersaturation and energy allow formation of nuclei, there is a 

maximum size ("rc" = critical radius) at which an energy barrier for nucleation is 

defined (ΔGC). To achieve spontaneous nucleation, this energy barrier needs to be 

exceeded while smaller particles (r < rc) would dissolve and larger particles (r > rc) 

would grow. The critical radius and the nucleation would largely depend on variables 

such as temperature and supersaturation conditions. A formulation developed by 

Becker and Doring in 1935, shown in Equations 1-4, is used to describe nucleation 

phenomena, where nuclei radius (r), surface energy (σ), and volume/bulk energy 

(ΔGV) are considered for the estimation of the Gibbs energy of the entire system.3 In 

light of this conceptual model, an expression for nucleation rate (J) could also be 

obtained as a parameter expressed in terms of temperature and an Arrhenius-like 

energy barrier Equation 5. This energy barrier may be substantially reduced if a 

nucleation site is available in the medium due to a need of an interface which 

typically drives the Gibbs energy to higher values.  

 

ΔG =  −
4

3
𝜋𝑟3ΔG𝑉 +  4𝜋𝑟2𝜎 

   (1) 

 

 

𝑤ℎ𝑒𝑛     
𝑑(𝛥𝐺)

dr
=  0 

(2) 
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r𝐶 =  
2𝜎

ΔG𝑉
 

(3) 

 

 

ΔG𝐶 =  
16𝜋𝜎3

3(ΔG𝑉)2
 

(4) 

𝐽(𝑇, ΔG𝐶) =  𝐴. 𝑒
−

ΔG𝐶
𝑘𝐵𝑇 

(5) 

 

 

 In 1950, Lamer et al. described the phenomenon of the burst of nucleation for 

sulfur particles.4 In this model, described qualitatively in Figure 3, it is assumed that 

the concentration of a hypothetical monomer has an increasing growing 

concentration, which continues to increase until growing above the supersaturation 

level. The association of supersaturation and temperature can overcome the barrier for 

nucleation, which then leads to the rapid formation of particles related to a marked 

decrease in the concentration of the monomer. This fast increase in concentration 

driving a burst of nucleation is considered an efficient strategy for chemical synthesis 

due to the separation of the nucleation events from the subsequent growth. Figure 3 

also shows the growth region, where the increase in particle size is driven by the 

gradient of concentration and reduced barrier energy for growth (heterogeneous 

nucleation). As the monomer concentration approaches the saturation limit, Ostwald 

ripening causes the formation of larger particles by reducing the surface energy of the 

system; causing larger, more stable, particles to grow and smaller, less stable, 

particles to dissolve into the medium. There are several different strategies to increase 

the homogeneity of particles and the model developed by Lamer et al. allows an 

analysis of the imposed changes by each synthetic approach.  
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  The main three methods used to control nucleation and growth of particles in 

batch chemical synthesis are the heat-up method, the hot injection method, and the 

“extended-LaMer” method. The heat-up method is the simplest approach, which 

consists of heating a mixture containing precursors to a temperature necessary to 

induce nucleation of particles. While the solution is heated, nuclei are formed and 

start to grow as additional nucleation events take place, leading to the formation of 

polydisperse particles. This method pays for its simplicity because of the overlap 

between the nucleation and growth steps. 

 Another common approach is the hot-injection method. As most reagents stay 

in the reactor at the reaction temperature, a limiting reagent, which is needed for the 

reaction to start, is injected quickly allowing the reaction to begin. That precursor 

rapidly reaches supersaturation and causes the fast formation of nuclei and decrease 

in concentration from the liquid phase while solids are formed. This approach 

separates the nucleation from the growth steps leading to the formation of particles of 

high uniformity.5 

 A more recent approach is the promising “extended-LaMer” method. This 

method uses a very well controlled growth step by introducing the primary reagent 

gradually into the system to produce particles with a linear growth correlation with 

time. This method avoids the Ostwald ripening step by keeping the concentration of 

precursors above the solubility limits, but a fine control over the nucleation step is not 

attempted. However, an excellent control over particle size can be achieved after a 

certain threshold of minimum size is reached. Figure 4 describes qualitative 
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differences obtained by each of these methods using the classic LaMer model to 

explain advantages of alternative synthetic approaches.6  

 The methods described present good results in the lab scale with yields 

typically smaller than 50 mL. However, from the industrial perspective, developing 

scalable processes that can impose similar changes of concentration (mass transfer) 

inducing the formation of uniform particles is difficult. In addition, the temperature 

gradients in larger batches would also lead to formation of polydisperse particles that 

impact the performance of devices or products that depend on uniform physical and 

chemical properties.  

 This work presents an alternative approach in which microwaves are utilized 

in synthesis of nanomaterials. In a continuous flow system, microwaves can be used 

to induce the fast formation of nuclei and the separation of the nucleation from the 

growth event by depleting the concentration of reagents very quickly, therefore 

avoiding any following nucleation. When compared to conventional heating, 

microwave heating is an excellent approach for initiating nucleation because of the 

rapid and uniform volumetric heating that lead to instantaneous nucleation, 

homogeneous growth, and high reproducibility of reactions. The advantages of 

microwaves associated with continuous flow (reproducibility, facile automation, 

efficient mass and heat transfer) can make synthesis of nanoparticles scalable and 

more feasible.7 Finally, the particles are taken into a growth bath and reaction 

residence times can be easily tuned to make the system yield particles of with 

properties of interest. Figure 5 shows the temperature profile of a synthesis of 

nanoparticles using this approach causing a fast heating in a matter of seconds leading 
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to the formation of monodisperse particles with separation of the nucleation from the 

growth steps. 

 The study of the control of the nanoparticle nucleation step using a continuous 

flow microwave-assisted setup was performed for two different systems of particles. 

Metal-organic frameworks (MOF) and silver nanocrystals were synthesized using 

simple chemistries to produce nanocrystals that achieves high yield and uniformity 

with a potentially scalable method. This study will be divided into five chapters: 

Chapter 2 includes the analytical techniques that were used in the subsequent work; 

Chapter 3 has a detailed discussion on the selective synthesis of monodisperse silver 

nanocubes of different sizes using a continuous flow microwave reactor. Chapters 4 

and 5 include the synthesis of a metal-organic framework (MOF), more specifically 

the MOF-74(Ni), with Chapter 4 detailing the microwave effects involved in the 

synthesis and Chapter 5 focusing on the change in the synthetic approach used, as 

well as the formation of monodisperse MOF-74(Ni) particles; Finally, Chapter 6 will 

discuss the study of the thermal processing of Cu3SbS4 nanoparticles for thin film-

based solar cell devices.  

 

Segmented flow microwave-assisted synthesis of silver nanocubes 

 

 In Chapter 3, the fine control over the nucleation step was again tested with 

the synthesis of a new system of nanocrystals. The use of a segmented flow 

continuous microwave reactor to selectively synthesize silver nanocubes was 

discussed. There have been multiple attempts at synthesizing silver nanocubes with 
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high monodispersity. In this work, the effects of concentration, microwave 

temperature, and residence times are discussed and scalable routes to synthesize 

monodisperse silver nanocubes of 20, 45, and 60 nm are shown. The use of 

nanocrystals of different shapes allows the studies of phenomena that occur at the 

specific planes that are exposed. Therefore, the application of particles of different 

shapes in the preparation of sensing devices, of catalysts, and conductive inks are of 

industrial and scientific interest.8,9  

 

Gas-liquid segmented flow microwave-assisted synthesis of MOF-74(Ni) 

 

Metal-organic frameworks (MOFs) are hybrid coordination polymers formed 

from the coordination of ions or ion clusters with polytopic organic linkers. MOFs 

present high surface areas and low densities becoming ideal for adsorption and 

storage applications. However, their synthesis is still a limiting step to their 

commercialization due to the duration of batch processes and the relatively high 

temperature and pressure conditions of continuous synthetic approaches. In Chapter 

4, a synthetic approach using a continuous flow microwave-assisted reactor (Figure 6) 

will be discussed. That process allowed the synthesis of MOF-74(Ni) with high 

space-time yield (~90 g.h-1.L-1) and 96.5 % conversion of reagents. Separation of 

nucleation and growth steps was performed by using uniform and rapid microwave 

heating to induce nucleation and differences in MOF-74(Ni) properties were observed 

as synthesis conditions were changed. 

In Chapter 5, the synthesis of MOF-74(Ni) was modified and the addition of a 
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modulating agent was performed. Chapter 4 demonstrates that high temperatures in 

the microwave zone induced fast nucleation, but this also resulted in an increase of 

polydispersity of products at certain conditions. Benzoic acid was used as a chemical 

modulator and an optimization of the synthetic process resulted in MOF-74(Ni) 

particles with high crystallinity, high surface area, and narrow particle size 

distributions.  

 

Structural and optical characterization of Cu3SbS4 for solution-based thin film solar 

cells 

 

 In chapter 6, the preparation of Cu3SbS4 films and their structural and optical 

properties are investigated. The most efficient inorganic, thin film-based solar cells 

rely on toxic (Cd) and/or scarce elements (In, Te). The search for more sustainable 

processing of solar technologies has led to the identification of many Earth abundant 

and non-hazardous copper chalcogenide absorber materials such as CuxSbySz. 

Cu3SbS4 (also known as Famatinite) is a low band gap (~ 0.9 eV) material with high 

absorption coefficients (~104 -105 cm-1), which makes this material of interest for 

application in a tandem solar device.10 In this work, the use of nanoparticle inks to 

prepare thin film based solar cells was investigated using a cost-effective approach 

for producing higher performance solar cells. 
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Figure 1: Qualitative representation of Gibbs Energy profile as bulk materials are 

transformed into precursors throughout the synthesis of nanoparticles.  
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Figure 2: Gibbs energy profile dependence on the surface energy (σ) and the bulk 

(volume) energy (ΔGV). 
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Figure 3: LaMer model describing burst of nucleation as conditions for nucleation 

such as temperature and supersaturation are achieved.  
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Figure 4: Qualitative description of the different synthetic approaches and main 

changes explained by the modifications added to the classical LaMer model. 
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Figure 5: Temperature profile of reactions using microwaves as the nucleation zone 

and the heating bath as a growth zone. 
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Figure 6: Description of the segmented continuous flow microwave-assisted reactor 

being used for the MOF-74(Ni) synthesis. SEM image shows a MOF-74(Ni) particle. 
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CHAPTER 2 

ANALYTICAL TECHNIQUES 
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Characterizing the properties of an unknown material requires techniques that 

perturb atoms within a sample. Measuring the resulting changes in the sample yields 

information that can be used to understand the characteristics of the original system. 

For example, incoming photons interact with the Earth’s atmosphere which results in 

the apparent colors of the sun and sky as being yellow and blue, respectively. The 

principle of Rayleigh scattering states that these colors arise when molecules in the 

atmosphere scatter shorter wavelengths of the sun’s light more efficiently than longer 

wavelengths.11 If the atmosphere were comprised of a substance with molecules of 

different elements and properties, a different perception of color would arise. The 

interaction between radiation and matter allows scientists to answer fundamental 

questions about materials. Characterization techniques will be introduced in this 

chapter, and a mechanistic emphasis will be placed on the way that the data used in 

subsequent chapters were gathered. 

 

X-ray Diffraction 

 

X-ray diffraction (XRD) relies on the dual particle/wave behavior of X-rays to 

obtain structural information from samples. An incident beam of a known wavelength 

is scattered by atoms from a sample. For materials with a consistent spacing between 

atoms, which is a consequence of long-range order or crystalline behavior, X-rays 

will interfere constructively and destructively as a function of an angle to the surface 
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plane, creating a pattern that is characteristic of a crystalline phase. Figure 7 describes 

this phenomenon as resulting X-rays are detected at different “2θ” angles. 

This phenomenon was discovered in 1912 by Max von Laue, who observed 

that crystalline materials could act as diffraction slits for radiation of wavelengths that 

are similar to crystalline spacings.12 In 1913, Sir W. H Bragg and his son Sir W. L 

Bragg developed an equation that is known as Bragg’s law (Equation 6), where n is 

an integer that represents the “order” of the reflection, λ is the wavelength of the X-

ray source, d is the interplanar spacing of the crystalline material, and θ is the angle of 

incidence of X-rays to the surface plane of the sample. 

 

 𝑛 𝜆 = 2𝑑 𝑠𝑖𝑛𝜃 (6) 

   

X-rays sources typically are produced by a heating filament, which is biased 

so thermionic generation of electrons can cause emission towards a positive target 

(anode), which is a metal such as copper. X-rays are then generated in all directions 

as the bombarded electrons result in the characteristic emission for the metal target 

being used. The beam is directed to the sample with an incidence angle that may be 

fixed or variable depending on the sweep mode of choice. X-rays are then scattered 

and detected as a function of the scattering angle. Finally, the moving detector 

converts X-ray intensity into a current measurement so a diffraction pattern can be 

displayed. These diffraction patterns can be used to identify crystal structures. 
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 The Scherrer equation, Equation 7 allows a crystallite size (τ) to be estimated 

from the broadness of the XRD peaks. The broadness is usually estimated using the 

full width at the half maximum (FWHM) in radians (B). K is a constant that depends 

mostly on grain shape and distribution. Careful analysis of the XRD data with the 

Scherrer equation allows for an accurate determination of average crystallite size.13 

The main issues with this analysis are related to determining shape factors that are 

representative of samples and determining the sample broadening. There are several 

sources of broadening that may lead to inaccurate crystallite sizes such as X-ray 

source broadening, experimental setup and intrinsic scattering, and sample inherent 

broadening.  

 
𝜏 =  

𝐾 𝜆

𝐵 cos (𝜃)
 

(7) 

 

X-ray absorption near edge structure 

 

X-ray absorption near edge structure (XANES) relies on the absorption of X-

rays that interact with atoms of a given sample. As summarized in Figure 8, the 

incidence of X-rays of variable energies will cause the emission of electrons and 

photons from a sample. 

As X-rays interact with core electrons and cause them to be excited into empty 

states or emitted from the sample, through this process core holes are created. Core 

holes are then filled by electrons that occupy higher energy levels, and either results 

in emission from an electron from a higher level (Auger Electron) or it results in 
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emission of a characteristic photon. Figure 9 shows two common detection modes of 

XANES. A detector absorbs photons emitted in all directions by the sample and that 

information is considered as total fluorescence yield (TFY). The current from the 

stage generates the total electron yield (TEY), which represents the total Auger 

electrons, photoelectrons, and secondary electrons emitted from the sample. As 

electrons have a short attenuation length (~ nm), the TEY information from the 

detected current is very surface sensitive. The TFY information has a much larger 

sampling volume and is bulk sensitive.   

 

Electron Microscopy 

 

 Electron microscopy (EM) uses the interaction between electrons and matter 

to obtain an image of a specimen. Figure 10 qualitatively describes different ways 

electrons can interact with atoms and shows the emission of photons, of Auger 

electrons, secondary electrons, and the backscattered electrons. Electron scattering 

and absorption are the main mechanisms that allow the investigation of sample 

properties and imaging of the sample surface. Each of the detection modes that are 

available in EM will be further discussed below. This brief introduction to electron 

microscopy will now cover the main parts of electron microscopes and introduce the 

two types of electron microscopes used in this dissertation: scanning electron 

microscope (SEM) and transmission electron microscope (TEM).  

  The Rayleigh criterion (Equation 8) used for visible light microscopes can be 

used to determine the ultimate resolution of a microscope, where n is the refractive 
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index of the medium, λ is the radiation wavelength and β is half angle of the cone 

formed by the radiation as it passes the objective aperture.14 This equation shows that 

the maximum resolution obtained by an instrument is directly related to the 

wavelength from the source of radiation. Therefore, electrons could be used to 

provide information from samples with a much higher resolution level. This search 

for higher resolution is what caused the creation of the field of electron microscopy 

science. 

 

 
Resolution =

0.612 λ

n sin(β)
 

(8) 

  

Electron Sources 

 

There are two main mechanisms that have been employed to generate 

electrons in electron microscopes. One type of electron source relies on a thermionic 

process and the other a field emission mechanism. 

 

Thermionic Emission 

Any materials can emit electrons at a given temperature if the energy provided 

overcomes their work function (Φ). However, there are not many materials that 

would be suitable to become a thermionic source due to structural changes caused by 

the excessive heat that can lead to melting or vaporization. Therefore, only refractory 
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materials (high melting point) with relatively low work functions are suitable for that 

task.14 Tungsten filaments and LaB6 crystals are materials that are commonly used in 

thermionic sources, although the operating temperature conditions in which these 

sources are maintained lead to shorter life times compared to field emission electron 

guns. 

Field Emission  

The working mechanism of a field emission gun (FEG) is based on the large 

electric fields at a tip when a high voltage is applied to a material. A potential of the 

order of magnitude of 1 kV can lower the working function barrier for a tip of about 

~ 0.1 μm, which creates an electric field of the order of 1010 V/m allowing an 

efficient tunneling process out of the tip. This process imposes high mechanical 

stress to the source, which is usually maintained at high vacuum and low 

temperatures. Tungsten and LaB6 can be used as FEGs, which give much longer life 

times than thermionic sources but at the cost of the stability of current that results. 

 

Electron Lenses 

 

As in light microscopy, lenses are used to control basic operating parameters 

such as brightness and focus in EM. EM lenses are metal coils that control alignment 

and direction of the electron beam through changes of magnetic field. In addition, just 

as in optical microscopes, the EM lenses are located along the column that the 

electrons go through after being accelerated at the source and towards the sample 
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chamber. Copper and iron are configured into coils to modify the strength of the field 

applied in the column to control electron trajectories.  

 

Electron interaction with matter 

 

Figure 10 demonstrates several different types of processes that occur as a 

primary electron interacts with an atom. These processes depend on elastic and 

inelastic interactions. Elastic interactions are those that result in no energy loss or in 

negligible changes of energy of the primary electrons. Inelastic interactions rely on 

energy transfer from the primary electrons to the sample.  

Lower energy electrons (< 50 eV) are generated by inelastic scattering of the 

primary electron beam, which knocks a secondary electron (SE) out of the sample 

because of momentum transfer due to the dual particle/wave behavior of electrons.15 

The emission of secondary electrons are usually followed by emission of X-rays or 

Auger Electrons as a result of internal relaxation of electrons filling the created hole. 

Cathodoluminescence also results from the internal relaxation of electrons after 

secondary electrons are emitted, but the photon energies are in the visible range. 

Figure 11 shows the sampling volume for the various radiation types induced by 

interaction with the initial high energy electron beam. Depending on the radiation 

type, measurements might be limited to effects occurring very near the sample 

surface, or might be less surface-sensitive. Due to their low energies, secondary 

electrons have very short escape depths (< 5 nm) and therefore they are very surface 

sensitive, which provides surface topography information in SEM. Backscattered 
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electrons (BSE) are generated by elastic scattering processes. These electrons result 

from the interaction between the primary beam electrons with nuclei of atoms present 

in the sample and possess much higher escape depth (< 100 nm) due to their higher 

energy. (See Figure 10) BSE intensity is directly related to the atomic number of 

samples (Z), which in SEM and TEM provide great contrast images. BSE’s are also 

diffracted by crystalline samples before being detected therefore also allowing 

investigation of crystallographic information through electron backscattered 

diffraction (EBSD). 

When core electrons are displaced because of momentum transfer from a 

primary electron, emission of X-rays characteristic to an element occur as the energy 

of the resultant radiation is specifically quantized. For each element, the energy of X-

rays will be related to an internal relaxation in order to fill the hole. Characteristic X-

rays possess compositional information and their long penetration depth, when 

compared to electrons, allows for much larger sampling volume to be investigated (< 

5 μm). On the other hand, Auger electrons can be used for very surface sensitive 

characterization as they possess very low escaping depths compared to SE’s and 

BSE’s. This allows the detection of electrons that escape from the top nanometer of 

the sample. 

 

Scanning electron microscopy 

 

A SEM relies on the detection of BSE’s and SE’s using the differences 

between them to generate different types of images. Typically, modern SEMs use 
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field emission sources with accelerating voltages that vary from 1 to 50 kV. The 

electron beam goes through a column containing lenses and an extra set of coils 

control the scan rate to raster the surface to generate a 2D map of the sample. One of 

the peculiarities of a SEM is the resulting diameter of the electron beam, which is 

much smaller than the one used in TEMs.  

Finally, the detection of electrons utilizes two different mechanisms in order 

to separate the BSE’s from SE’s emitted inside of the chamber. A 4-quadrant 

backscattered detector (BSD) is located above the sample and it contains a scintillator 

– a tool that converts the current intensity into photons. The BSD faces the sample 

being located over the sample and close to the objective aperture (through which the 

electrons pass when coming from the source through the column) since the 

backscattering process occurs normal to the surface and that increases the detection 

yield.  

SE’s are detected by a scintillator (biased at 10 kV) surrounded by a Faraday 

cage, which is also positively biased (100V). This detector known as the Everhart-

Thornley detector and it is tilted in order to avoid BSE’s detection and the positive 

cage accelerates the secondary electrons to the scintillator and a signal is created. 

Figure 12 shows the main parts of a SEM and the position of the mentioned detectors. 

The scanning Auger microscopy (SAM) mode, along with the use of an Auger 

electron spectrometry (AES), can be used to build chemical maps that are highly 

surface sensitive. When a sputtering ion gun is used in combination with an AES, a 

very detailed chemical depth profile can be built, which adds a large amount of 

detailed information to a common electron microscopy image. 
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EBSD information is obtained using a phosphor screen that is located at a 

high angle from the surface plane of the sample so that diffracted electrons can be 

detected as they present constructive interference as predicted by Bragg’s law.  

 

Transmission electron microscopy 

 

TEMs, as the name implies, uses transmitted electrons through an ultra-thin 

specimen to produce images. The main reason for that is because this technique 

requires electrons to reach the detectors located at the bottom of the instrument after 

interacting with a sample and therefore the total attenuation of electrons would not 

allow image formation. Typically, TEM samples are thinner than 100 nm.14  

Like SEM, TEM uses an electron source at the top of a column, however 

much higher acceleration voltages are employed (80-400 kV). The electron beam is 

guided through a column in which a series of lenses converge to a sample holder 

where a TEM grid is located. The sample size is not only limited by thickness but 

also by its surface area, as it must be placed into a 3 mm grid.  

The detection mode relies on the primary electrons that make it through the 

sample. The atomic number (Z) plays an important role when generating the contrast 

of images in TEM due to a higher generation of BSE’s for higher Z-values. This trend 

results in fewer electrons passing through higher Z materials, which in the image 

leads to the appearance of darker spots where the sample presents higher density of 

elements with high Z value. 
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Bright Field Transmission Electron Microscopy 

 

The most simplistic mode of a TEM is when either a phosphor screen or a charge-

coupled device (CCD) camera is used at the bottom of the microscope, which detects 

the resulting electron beam after the interaction with the sample generating a signal. 

This is how bright field TEM images are formed. Figure 12 shows main differences 

between the generation of images for SEM and TEM, as well as some basic detecting 

modes. The contrast in these images is strongly affected by the atomic number of 

elements that compose samples as discussed above. As magnification is increased, a 

careful analysis is needed due to the complexity of electron-sample interactions 

generating interference patterns. At high magnification level, high resolution TEM 

images (HRTEM) can be obtained. Figure 13 shows BFTEM images and HRTEM 

images of silver nanocubes, which were prepared by simple dropcasting of a solution 

of particles onto a TEM grid. The most common preparation of samples containing 

nanoparticles simply rely on giving contact time between the TEM grid and solution 

as well as allowing capillarity forces to help adhere particles to the grid film. In 

general, to create thin-film TEM samples from the sample of interest, a Focused Ion 

Beam (FIB) lift-out preparation is needed. During this process, it is necessary to 

remove a slice of the sample that is representative and also thin enough for successful 

TEM imaging. FIB lift-out procedures will not be covered herein, as this work 

focuses on nanocrystal synthesis.  
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Selected Area Electron Diffraction 

 

The dual wave/particle behavior of electrons also allows them to provide 

crystallographic information, as they are elastically scattered by crystalline samples. 

As a convergent beam interacts with a specimen, electrons will exhibit the behavior 

described by Bragg’s law and scatter elastically with samples that are crystalline. A 

fraction of the electron beam will be elastically scattered in a wider angle, which 

allows their detection and formation of an image that contains the resulting pattern. 

Selected area electron diffraction (SAED) is the use of the selected area aperture in 

diffraction mode. That aperture can focus the beam to a specific region including 

larger or smaller areas of interest. The resulting diffracted beam is then detected using 

the CCD camera. Every spot present in the SAED pattern corresponds to a lattice 

plane of the same family of Miller indices (h, k, l) of a crystal. As multiple crystals 

are included in the selected area aperture, as Figure 14(B) shows, multiple spots can 

be detected as they originate from the multiple orientations of a sample diffracting a 

coherent beam of electrons. For polycrystalline samples, the random orientation of 

the particles disposed in a given area will result in the formation of diffraction rings.  

 

Scanning Transmission Electron Microscopy 

 

Scanning Transmission Electron Microscopy (STEM) mode uses a small 

probe that condenses the beam on a small spot and rasters the surface in order to 

generate an image. This technique still relies on transmission mode and it also allows 
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the construction of electron energy loss spectroscopy (EELS) and energy dispersive 

spectroscopy (EDS), which will be discussed in detail below. Bright field STEM 

(BFSTEM) uses the normal detection mode of transmitted electrons that reach the 

detector as the electron probe rasters the sample. A dark field STEM image can also 

be obtained by a high angle annular detector. High angle annular dark field (HAADF) 

imaging is created by elastically scattered electrons and therefore presents a high 

dependence on sample density and atomic number. Figure 14 shows an example of a 

combination of some of the modes of a transmission electron microscope presented so 

far. Figure 14(A) contains a HRTEM image of Cu3SbS4 particle, which also presents 

electron interference patterns resulting from the interaction between the beam and the 

atomic planes of the (1 1 2) orientation. Figure 14(B) shows the SAED that was 

obtained from a group of particles shown in Figure 14(C), yielding a pattern that 

allows the estimation of the diffraction spacing (dhkl) that is characteristic of the 

crystalline phase being analyzed Cu3SbS4. In Figure 14(B), the spacings related to the 

crystallographic planes (2 1 1), (2 2 4), and (3 2 1) could be measured. Figure 14(C) 

contains an image obtained with STEM mode and the average diameter of multiple 

particles was estimated and used to generate a particle size distribution shown in 

Figure 14(D).  

 

Energy Dispersive Spectroscopy 

 

Energy dispersive spectroscopy (EDS) detects characteristic X-rays from the 

material. As high energy electrons collide and transfer enough momentum to eject 



31 

 

 

electrons from the sample, core level holes are created. In addition the Auger process 

previously described, another possible relaxation mechanism occurs when a 

characteristic photon is emitted in conjunction with an electron from a higher energy 

orbital level filling the core hole. This photon is measured where characteristic X-ray 

energies are specific to the element. 

EDS typically uses a silicon crystal detector that is ionized by incoming X-

rays, yielding an electrical charge bias. The resultant voltage is a function of the X-

rays’ energy which allows the identification of different elements present in the 

sample. Figure 11 shows that the sampling volume of X-rays are significantly larger 

than the emitted electrons. Therefore, EDS yields ‘bulk’ information, from several 

microns in depth.  

 

Raman spectroscopy 

 

Raman spectroscopy utilizes the excitation phenomenon of a sample by a 

known monochromatic source of light (laser). Most of incident light is elastically 

scattered (Rayleigh scattering) but a very small fraction of the original intensity (10-5 

%) is inelastically scattered and that signal is amplified by a detector. Figure 15 

shows a description of the working principle of Raman spectroscopy. The difference 

in wavelength between the detected radiation and the source provides information 

about how much energy was needed to excite vibrational levels of the sample. These 

are called “Raman shifts” and they are assigned to specific chemical bonds, which 

present different energy shifts as their vicinity changes. Therefore, this bulk 
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characterization technique can provide information about the presence of a certain 

chemical bond in a sample as well as its surrounding environment. 

 Different laser sources may be used as different samples may show more 

efficient absorption in visible range as opposed the infrared. Also, the difference in 

penetration depths of the employed radiation may give information about different 

regions of thicker samples. 

 

Ultraviolet – Visible – Infrared spectroscopy 

 

Ultraviolet-Visible-Infrared spectroscopy (UV-Vis-IR Spec.) uses the 

attenuation of light as it is transmitted through a sample. As a light source emits light 

of different wavelengths (200 – 1400 nm) onto a sample, the intensity that reaches the 

detector is a function of how much is absorbed by the sample. Figure 16 shows along 

with Equation 9, a representation of the change of intensity caused by an absorption 

coefficient. This correlation allows the determination of the absorption coefficient (α) 

given a light path (L) for different wavelengths. 

 

 
𝑇 =

𝐼

𝐼0
= 𝑒−𝛼(𝜆)𝐿  

(9) 

  

The absorption coefficient profile measured for different wavelengths of light 

allows an estimated value for the band gap. As photons provide energy that is 
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sufficient to excite electrons from the valence band to the conduction band (across the 

band gap), a steep increase in light absorption is observed. The band gap of a specific 

material can be estimated by the method developed by Tauc et al., 16 which is based 

on the application of the Equation 10, where h is the Planck’s constant, ν is the 

radiation frequency, α is the absorption coefficient, and Eg is the band gap of the 

material, and B is a proportionality constant. The value of the exponent “n” 

characterizes the type of electronic transitions: n = ½ for direct transitions n = 2 for 

indirect transitions. 

 

  
(ℎ𝜈. 𝛼)

1
𝑛 = 𝐵(ℎ𝜈 − 𝐸𝑔) 

(10) 

 

Dynamic Light Scattering 

 

Dynamic light scattering (DLS) is a technique used to determine particle sizes 

of samples using light scattering and the natural Brownian motion of particles as they 

diffuse around in a dispersion. DLS focuses on the temporal fluctuation of the 

intensity of the scattered radiation, which is detected as a function of time and 

processed to provide a decay function that is related to the diffusion of particles in a 

liquid. The Einstein-Stokes model (Equation 11) is used to relate the average 

hydrodynamic radius of particles to the estimated diffusivity, where D is the diffusion 

coefficient, kB is the Boltzmann constant, T is the temperature, μ is the viscosity of 

the fluid, and RH is the hydrodynamic radius. 
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𝐷 =  

𝑘𝐵 𝑇

6𝜋  𝜇  𝑅𝐻
 

(11) 

  

 DLS is a very robust technique that can provide measurements at ambient 

temperature without application of vacuum, however a careful analysis needs to be 

done considering several factors. The Einstein-Stokes model assumes that the shape of 

particles is spherical and each particle interacts with only the fluid, therefore a range of 

dilution is needed in order to avoid particle-particle interactions, which could form 

larger particles creating a different scattering pattern. Another common problem is the 

contribution from particles of different sizes in polydisperse samples. As particles of 

different size scatter the laser light differently, the final particle size distribution may 

contain results that are not representative of the sample.  

 

Thermogravimetric Analysis 

 

In thermogravimetric analysis a sample is heated over a temperature range in a 

controlled environment (air, inert gas, reactive gas, etc.). The weight of the sample is 

tracked while increasing temperature, which yields information regarding the thermal 

behavior of the sample, (e.g. a gain in mass by oxidation, a loss in mass from water 

loss, pyrolysis, etc.).  Attaching a mass spectrometer to the outlet of the heating zone 

may be advantageous, as it provides additional information by showing the mass 
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distribution of the gaseous desorption or reaction products that result from heating the 

sample in a given environment. 

 

Inductively Coupled Plasma Optical Emission Spectrometry  

 

Inductively coupled plasma optical emission spectrometry (ICP-OES) or 

Atomic Emission Spectrometry (ICP-AES) uses a plasma to excite atoms present in a 

sample to produce an emission spectrum. Samples are either completely dissolved or 

digested in a mixture of acids so all elements present in a solid sample can become 

soluble in high purity water. That solution is then injected and nebulized into an 

inductively coupled argon plasma flame inside of the instrument. At high 

temperatures, the elements of the sample will be ionized and thermally excited to emit 

photons with characteristic energies. These photons are detected with an optical 

emission spectrometer. The experiment is usually repeated 3 or 5 times and the final 

intensity is compared to calibration curves obtained from solutions of known 

concentrations. 

This technique allows a sensitive quantification of element concentration in a 

sample, requiring very small volumes and with very low detection limits (parts per 

billion). However, this technique requires low concentrations to avoid saturation of 

the optical spectrometer, which requires multiple dilutions during the sample 

preparation. Low sensitivity to certain elements and interference among elements are 

also known issues for this technique. 
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Brunauer–Emmett–Teller isotherms 

 

N2 physisorption experiments are used to generate Brunauer–Emmett–Teller 

(BET) isotherms. A flask with a fixed volume and containing a sample of interest is 

filled with nitrogen gas. The flask is maintained in liquid nitrogen (77 K). The 

equilibrium pressure becomes a quantifying measurement of how much gas adsorbed 

to the surface of the material.   

Brunauer et al. described five different types of isotherms that resulted from the 

different interactions between adsorbent and adsorbate.17 Those different isotherms 

are shown in Figure 18. Type I represents an isotherm that follows the ideal model of 

Langmuir adsorption (monolayer of adsorbate on the surface) and it is typical of 

microporous materials. Type II is a common shape exhibited when N2 is used with a 

porous material that exhibits some mesoporosity, since a plateau (Langmuir region) 

and a steep increase of adsorbed volume due to multilayer adsorption are present in 

this isotherm type. Type III shows mostly multilayer adsorption and absence of the 

Langmuir region (plateau) in the graph, which indicates weak interaction between 

adsorbate and adsorbent. Types II and III isotherms are related to materials that 

present macroporosity or nonporosity. Type IV is very similar to the type II but it 

presents a fast saturation level before the saturation pressure of N2, which is typically 

due to gas condensation inside of small (capillary) pores contained by the sample.  

Type V represents a combination of saturation of pores with weak interaction 
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between adsorbent and adsorbate. Type IV and V isotherms are characteristic of 

samples that present mesoporosity. 

 Besides information on porosity, the nitrogen physisorption experiment can 

also be used to determine the specific surface area of the material. The BET equation, 

Equation 12, was presented by Brunauer, Emmett and Teller in 1930. It is based on 

the BET model, which assumes a homogeneous surface, that there is no lateral 

interaction between molecules, that the top layer is at equilibrium with the vapor 

phase, and that the number of adsorbed layers of molecules becomes infinite at 

saturation pressure. P is the equilibrium pressure, P0 is the saturation pressure of 

nitrogen at 77 K, Vads is the adsorbed volume of nitrogen which is estimated using the 

ideal gas law, Vm is the volume adsorbed for the region in which a monolayer of 

nitrogen is adsorbed to the sample, and C is the BET constant, which depends on the 

heats of adsorption and liquefaction of nitrogen (adsorbate). 

 

 1

𝑉𝑎𝑑𝑠[(𝑃0/𝑃)  − 1] 
=  

1

𝑉𝑚𝐶
+

𝐶 − 1

𝑉𝑚𝐶
(

𝑃

𝑃0
) 

(12) 

 

At the plateau region when a monolayer of nitrogen is adsorbed to the surface 

(Only isotherms of type I, II, and IV can be treated using this method), the Equation 

12 can be fitted to the volume adsorbed data vs P/P0 and the parameter Vm can be 

determined. Equation 13 can be used for the determination of the BET surface area 

(SBET), where N is Avogadro’s number, m is the mass of the solid sample, and ε is the 

adsorption cross section of nitrogen. 



38 

 

 

 

𝑆𝐵𝐸𝑇 =
𝑉𝑚. 𝑁. 𝜀

𝑉. 𝑚
 

(13) 
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Figure 1: X-rays scattering from atoms of a crystalline sample. 
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Figure 8: Simple schematic of fundamental phenomena that contribute to X-ray near 

edge structure spectra. 
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Figure 9: Detection modes of X-ray absorption near edge structure. TFY = Total 

fluorescence yield and TEY = Total electron yield. 
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Figure 10: Different observed phenomena when the primary beam interacts with an 

atom generating secondary electrons (Inelastic scattering), backscattered electrons 

(elastic scattering), Auger electrons, and photons. 
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Figure 2: Sampling volume for each type of resulting emission due to the electron-sample 

interaction. The distances shown represent a rough estimation of the respective escape 

depths of each type of electron described and X-rays. 
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Figure 12: Scheme showing main parts of a transmission electron microscope (TEM) 

(Left) and a scanning electron microscope (SEM) (Right). 
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Figure 3: Bright Field Transmission Electron Microscopy (BFTEM) images of silver nanocubes. 

Left image shows cubes at lower magnification. Inset on the left and right image show silver 

nanocube in detail High Resolution Transmission Electron Microscopy mode (HRTEM). 
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Figure 14: (A) HRTEM of single Cu3SbS4 particle, (B) SAED of group of Cu3SbS4 

particles, (C) STEM image of as synthesized Cu3SbS4 particles, and (D) Particle size 

distribution obtained using the STEM image shown in (C) 
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Figure 15: Fundamental phenomena that contribute to the detection of vibrational 

modes in Raman spectroscopy. The wavelengths shown in the figure represent the 

energy changes for each type of interaction. 
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Figure 16: Radiation interaction with an absorbing sample. Phenomenon is basic 

mechanism of UV-Vis-IR spectroscopy. 
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Figure 17: Representation of the elastic scattering phenomenon that occurs as a laser 

shines a dispersion of particles, which diffuse around in a liquid. 
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Figure 18: Types of isotherms presented by Brunauer et al..17 
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Abstract 

 

 The synthesis of Ag nanocubes with sharp corners and edges has been 

demonstrated, where nucleation is increased through sulfide formation, and 

introduction of a regulator enhanced the shape of the cubes. Ag nanocubes have 

applications in highly sensitive sensors due to surface enhanced Raman scattering 

effects. The reported synthetic approaches have good control over size and shape, 

however they have difficulties in scaling to larger volumes. In this study, a segmented 

flow microwave-assisted reactor was used to separate the nucleation from the growth 

events, which allows the synthesis of very uniform Ag nanocubes. This approach is 

scalable to produce large, uniform volume of Ag nanocubes. Transmission electron 

microscopy images and optical properties were used to optimize the reaction 

conditions and Ag nanocubes of sizes between 28 to 58 nm were synthesized with a 

narrow particle size distribution and high selectivities (> 70 %). These results allow 

the preparation of films containing silver nanoparticles, which can be used for sensing 

devices. 
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Introduction 

 

In the synthesis of nanoparticles, fine control over particle size, shape, and 

composition is of scientific and industrial interest because of their strong correlation 

with optical, electronic, physical, and chemical properties of the final 

products.18,19,20,21 Silver nanoparticles have been widely studied due to their 

exceptional morphology dependent properties, which allow impressive performance 

in applications including plasmonics, catalysis, and sensing via surface enhanced 

Raman scattering (SERS). These characteristics make silver nanoparticles suitable to 

studies involving facet-selective catalysis,22,23 high sensitivity sensing devices,21,24 

and light trapping in photovoltaics.25  

The use of silver nanocubes in sensing devices has shown excellent results when 

compared to silver nanoparticles with random shapes or spherical.26 These results 

indicate that oriented particles with truncated crystallographic facets exposing sets of 

(1 0 0) planes, can have charge accumulation on their sharp edges. This enhances the 

Raman signal, which can significantly increase the detection sensitivity of a given 

species.27 

There has been a very rapid development of approaches that are used to 

synthesize silver nanoparticles with well-controlled shapes for a wide ranges of 

particle sizes. The application of different silver precursors, reducing agents, solvents, 

and dispersants have been changed in order to achieve smaller particles with high 

uniformity and shape selectivity.28,29,30,31,32 However, most of these approaches only 

allow the synthesis of small volumes of nanocrystals, with limited scalability.  
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Microwave radiation has been effective in the synthesis of nanoparticles, where 

microwave radiation can rapidly and uniformly heat reactants to high temperatures 

which allows fast nucleation rates, shortens reaction times, and increases conversion 

rates.  The combination of microwave heating with continuous flow approaches can 

provide improved scalability and high uniformity for the synthesis of nanomaterials.33 

For example, continuous flow microwave-assisted methods have been used in the 

synthesis of a range of nanomaterials.34,35,36,37,38 where this approach has 

demonstrated improvements in reagent utilization, a significant reduction in reaction 

times, and a decrease in particle size distributions. 

In this study, a segmented flow microwave-assisted was used to synthesize 

silver nanocubes. We have evaluated how each operating parameter changed the 

particle size and shapes. Optimization of the synthetic parameters led to the 

development of several approaches to produce nanocubes with different sizes with 

high selectivity. 

 

Experimental Section 

 

Chemicals: Silver trifluoroacetate (CF3COOAg ≥ 99.9 %), 

Poly(vinylpyrrolidone) (PVP of MW ≈ 55000), and sodium hydrosulfide hydrate (> 

66.7 %) were obtained from Sigma-Aldrich. Sodium chloride (99.0 %) and sodium 

bromide (99.0 %) were obtained from EMD Millipore. Ethylene glycol was obtained 

from Macron Fine Chemicals (> 99.0 % - Batch 0000132351) as well as methanol, 

acetone, and isopropanol (ACS grade). All chemicals were used as received except 
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for ethylene glycol. The ethylene glycol used in the synthesis was heated over 3 hours 

prior to the reaction in an open flask and cooled in an ice bath right before the 

preparation of reagents. Silver precursors and the sodium hydrosulfide were stored in 

an N2-filled glove box that maintained oxygen and moisture concentrations below 0.5 

ppm. Sodium chloride and sodium bromide were stored in a desiccator.  

Synthesis: The synthetic method reported here is a modification of the synthesis 

presented elsewhere.32 Two solutions containing reagents were prepared separately 

before being used in the continuous flow reactor. In a typical synthesis, the flask 1 

contained either 282, 423, or 846 mM of silver trifluoroacetate in 20 mL of ethylene 

glycol. Flask 2 had reagents mixed in the following order: First 6.25 mL of a solution 

containing 20 mg/mL of dissolved PVP were mixed with 2.5 mL of a 3 mM solution 

of NaCl in ethylene glycol. Ethylene glycol was added to the solution until the 

volume was 19.7 mL. A 0.3 mL solution containing 3.5 mM of NaHS was added to 

the solution just prior to the start of the reaction. Both flasks were pumped into two 

PEEK “Y” mixers in series. The first “Y” mixer was used to mix the two precursor 

solutions and the following mixer was used to inject argon gas into the line creating a 

segmented flow regime right before the reactor using the same peristaltic pump. The 

reaction setup had two main parts. The first part was a microwave reactor from 

Sairem (Model PCCMWR340PVMR1PE GMP 30 K; 2.45 GHz; 3 kW) where the 

microwave zone temperature (TMW) was monitored using an infrared camera (FLIR 

model E40).  The total irradiated length was 4.7 cm and the volumetric flowrate was 

set at ~ 3.8 mL.min-1, which resulted in a microwave zone residence time of ~ 1.5 

seconds (Teflon® tubing – I.D. = 1/16 inch). The second part of the reaction setup is 
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the growth zone, which consisted of a coil of the same tubing submerged in an oil 

bath held at 135 °C.  The tubing had different lengths, which gave different growth 

bath residence times (τGB). Coils of tubing with lengths of 23 m, 15 m, and 8 m were 

used which gave an average growth bath residence times of 12, 8, and 4 minutes, 

respectively. After the growth bath, the reaction liquor flowed through a 1 m long coil 

that was placed inside an ice bath after which the products were collected. Each 

solution received approximately 12.5 mg of PVP per mL of liquor dispersion. For 

reactions followed by a sodium bromide bath, 5 mL reaction liquor was added to a 50 

mL flask containing 20 mL of 0.375 mM NaBr in ethylene glycol at 135 °C. The 

NaBr solution was heated for 45 minutes before the injection of products liquor. After 

the desired batch reaction time the product was collected. 

Post-synthesis purification steps: The reaction liquor was centrifuged twice at 

4500 rpm for 15 minutes. After the first centrifuge step, the supernatant was collected 

and precipitated at 8000 rpm/10 min after the addition of twice as much acetone. 

Acetone was used to precipitate particles and remove excess PVP. 18 MΩ water was 

used to disperse particles and remove any remaining salts, ethylene glycol, and PVP. 

Particles were precipitated at 14500 rpm/15 min. This last step was repeated once 

before dissolving particles in ethanol for storage or isopropanol for the film 

deposition. 

Characterization: X-ray diffraction (XRD) was performed using a Rigaku 

Ultima IV diffractometer (λCu-Kα = 0.1542 nm, 40 kV, 40 mA) on films formed from 

the cleaned silver nanoparticles. To form films a dispersion of silver nanoparticles in 

isopropanol was drop-cast onto glass slides and the solvents were evaporated in a N2 
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environment prior to performing XRD. The analysis was performed using a fixed 

incidence angle for the X-rays (ω = 1.5 °). Absorbance measurements were obtained 

using an UV-Vis spectrophotometer (Thermo Scientific Evolution 220). 

Measurements were performed from solutions containing five droplets of the reaction 

liquor in deionized water without any purification steps. Transmission electron 

microscopy (TEM) and scanning electron microscopy (SEM) images were taken 

using a FEI Titan FEG with acceleration voltage at 200 kV and a FEI Quanta 600 

FEG SEM with 20-30 kV accelerating voltage, respectively. For TEM imaging, 

samples were prepared from an ethanol dispersion of silver nanoparticles, which was 

sonicated for 2 minutes prior to preparation (Branson model 2510 – Max power 130 

W). The solution was then drop-cast onto a carbon coated copper grid, which was 

mounted in the microscope after drying for 5 minutes at 60°C.  

 

Results and Discussion 

 

Concentration effects. Figure 19 shows the effect that different concentrations 

of silver trifuoroacetate has on the synthesis of silver nanoparticles. For these 

experiments, TMW was set at 185 °C and τGB was fixed at 12 minutes. As Figure 19 

(A-C) show, the size and shape of the Ag nanoparticles are strongly influenced by the 

initial concentration of silver trifluoroacetate. When the 282 mM of silver 

trifluoroacetate was used, spheres with an average diameter of ~ 7 ± 1 nm were 

formed (determined by TEM). Increasing the concentrations to 423 and 846 mM 

resulted in cubes with edge lengths of ~ 43 ± 5 nm and ~ 60 ± 6 nm, respectively. As 
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Figure 19(D) shows, the increase in particle size led to a shift in the absorbance peaks 

for each of the samples. These peaks were centered at 394, 440, and 469 nm for 282, 

423, and 846 mM silver trifluoroacetate concentrations, respectively. The increase in 

particle size also yielded the formation of cubes with sharp features, which has been 

previously associated to a characteristic UV-Vis feature that appears at ~360 nm.32 

The presence of absorbance peaks is not only related to absorption but also to light 

scattering. For example, absorbance peaks located between 400 and 700 nm are 

related to light scattering effects which are strongly correlated to particle size. 

However, peaks located between 320 to 420 nm are due to resonances that are 

associated with the cubic shape of the particles.39 A shoulder located at higher 

wavelengths (500-550 nm) were also observed for each of the samples synthesized at 

higher concentrations (423 mM and 846 mM), which were previously correlated to 

the formation of larger or agglomerated particles.29,40 For the concentrations 423 mM 

and 846 mM there were peaks located at 386 and 390 nm, respectively, which also 

indicate the formation of cubic particles.   

The most intense peaks in the UV-Vis spectra had differences in peak 

broadening. As the scattering of light is a function of particle volume, the broadness 

of the peak located in the 400-700 nm range is related to particle size distributions in 

a given sample. The Ag nanocubes synthesized at 423 mM had the narrowest peaks, 

and was used to further optimize the Ag nanocube size uniformity. 

TMW effects. To evaluate the role of nucleation effects we have used three 

different microwave zone temperature (i.e., 135 °C, 155, and 185 °C). These effects 

were investigated for a fixed silver trifluoroacetate concentration of 423 mM, and 
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only the MW zone was used for these reactions. Under these conditions only 

spherical particles were obtained based on TEM analysis. However, the UV-Vis 

spectra in Figure 20 shows that TMW has a significant impact on the full width at the 

half maximum (FWHM) of the main absorbance peaks when only using the MW 

reactor. The increase in FWHM of the UV-Vis spectra is related to an increase in 

particle size distributions, since the formation of larger or smaller particles results in 

shifts in the absorbance spectra. Increasing TMW resulted in a blue shift and narrowing 

of the UV-Vis peak, which indicates the formation of smaller particles with a 

narrower size distributions. This may be due to the higher nucleation rates at higher 

TMW, which results in faster reaction kinetics and the formation of more nuclei 

resulting in higher particle uniformity. 

To characterize the role of TMW, experiments were performed with the growth 

bath with a fixed concentration of silver trifluoroacetate at 423 mM and a τGB = 12 

min. Figure 21(A-D) show that at higher TMW, a small decrease of particle size can be 

observed along with a reduction in FWHM of the UV-Vis spectra. Diameters and 

edge lengths were measured from TEM images for particles with rounded features 

(with initial edge formation) and cubic particles, respectively. The values for 

characteristic lengths (dTEM) were 44.4 ± 7.6, 43.2 ± 5.6, and 42.6 ± 5.2 nm when 

using TMW = 135, 155, and 185°C, respectively. The observed changes in dTEM after 

the addition of the growth bath are not significantly different due to the variation 

observed in each measurement. In Figure 21(A), a shoulder with higher intensities 

can be seen at ~ 515 nm specially when TMW = 135 °C is applied and a small 

reduction of the UV-Vis FWHM for the TMW = 185 °C is observed. 
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 In regards to particle shape, changes in TMW caused a small change in particle 

size, but sharper cubic shapes are seen for higher TMW. The features at ~ 360 nm and 

~ 400 nm in the UV-Vis spectra only appear with higher intensities for higher TMW, 

which is consistent with the TEM results. 

τGB effects. To evaluate the role of the growth bath we have used three 

different residence times in the growth bath (τGB) (i.e., 4, 8 and 12 minutes), for three 

TMW, while using 423 mM of silver trifluoroacetate. Figure 22(A-C) show UV-Vis 

spectra for all the different τGB and each TMW used.  There was a distinct red shift of 

the UV-Vis peaks with longer τGB, as well as an increase in their FWHM. Figure 

22(D) shows TEM results, which indicate an increase in dTEM for longer residence 

times. For the same τGB, a consistent decrease in the dTEM was observed as different 

TMW were used but the standard deviation of dTEM also shown in Figure 22(D) makes 

this difference negligible. TEM also showed no change in shape until τGB = 12 min, 

where only spherical particles were obtained for τGB ≤ 8 min.    

Synthesis of nanocubes of edge lengths < 30 nm. To synthesize smaller Ag 

nanocubes we used lower silver trifluoroacetate concentrations (282 mM) and a growth 

bath (τGB = 12 min). We also added a sodium bromide bath at the end of the process. 

Figure 23(A) shows that different TMW results in a shift of the UV-Vis spectra towards 

shorter wavelengths, which we also observed for the 423 mM silver trifluoroacetate 

precursor. 

Lower TMW resulted in an increase in particle size and an increase in UV-Vis 

FWHM as shown in Figure 23(A). Post-treatment of the Ag particles was performed 

using a sodium bromide bath after the continuous flow process. Figure 23(B) shows a 
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TEM image of the synthesized particles after 20 minutes in the sodium bromide 

batch. Before the sodium bromide, the Ag particle size was 7 ± 1 nm, as shown in 

Figure 19(A). After 20 minutes in the sodium bromide batch, Ag nanocubes had a 28 

± 4 nm edge length. The increase in Ag particle size, and formation of Ag nanocubes 

with flat edges, resulted in a red shift in the absorbance peaks, as well as the 

appearance of the two features at ~ 360 nm in the UV-Vis spectra. 

High-resolution TEM images are shown in Figure 23(C), where a d-spacing of 

0.20 nm was obtained from the image, which corresponds to the (0 2 0) facet of the 

silver nanocube. Figure 23(D) shows the selected-area electron diffraction (SAED) 

pattern obtained from the single particle shown in Figure 23(C). The d-spacings 0.210, 

0.143, 0.110, and 0.091 nm could be measured, which characterize the atomic planes 

of orientation (2 0 0), (2 2 0), (0 -4 0), and (4 2 0), respectively. These results confirm 

the formation of a single crystal silver nanocube. 

Figure 24 shows XRD data for Ag nanocubes synthesized with TMW = 185 °C, 

τGB = 12 min, and 20 min of NaBr batch, and a dTEM ~ 28 nm. XRD was used to 

confirm the formation of pure elemental silver nanoparticles, and the absence of 

impurities such as silver chloride and silver bromide. Diffraction peaks located at 2θ 

= 38.2, 44.4, and 64.6° are due to diffraction from the (1 1 1), (2 0 0), and (2 2 0) 

crystallographic planes, respectively, and these peak positions are characteristic of 

metallic silver. No peaks for silver chloride, silver bromide, or other impurities were 

detected. 

Selectivity results for each synthetic route that resulted in cubes. In these 

experiments we developed three different routes for the synthesis of silver nanocubes 
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with sizes ranging from ~ 28 to 58 nm. An analysis of the selectivity for Ag nanocube 

size and structure was performed to evaluate each synthetic approach. Figure 25(A) 

shows the dTEM for the silver nanocubes and the selectivity to silver nanocubes for 

each synthetic process. For this analysis we compared different silver trifluoroacetate 

concentrations and the addition of a 20 minutes sodium bromide batch process for Ag 

nanocubes synthesized with 282 mM silver trifluoroacetate. Higher silver 

trifluoroacetate concentrations resulted in an increase in the average size of the Ag 

nanoparticles, while the formation of larger particles resulted in a decrease in the 

selectivity to the formation of nanocubes. Selectivities for the formation of Ag 

nanocubes were 78, 75, and 40 % as the silver trifluoroacetate concentrations were 

increased from 282 (including the bromide batch), 423, and 846 mM, respectively. 

Although TMW had a noticeable effect on the absorbance spectra for samples 

synthesized only using the microwave zone (Figure 20), Figure 25(B) shows that TMW 

had little influence on the final particle size after the growth bath. However, we found 

that selectivities were significantly improved (~ 73.3 and 75.0 %) for the highest TMW 

(155 and 185 °C), respectively.  

A wide variety of synthetic procedures have been developed showing silver 

nanocubes of high purity with sizes varying from 15 – 60 nm. Synthetic approaches 

included the use of water as the only solvent41, different glycols as solvents42, the 

addition of sodium hydrosulfide40, the use of bromide ions as capping agents32, which 

reduced reaction times and yielded nanocubes with high selectivity. These approaches 

produced excellent results, however they produce small volumes and rely on batch 

reactors, which present scalability issues.  
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The approach presented in this work showed the synthesis of Ag nanocubes 

with dTEM ~ 28 and ~ 44 nm, a narrow particle size distribution, and cube selectivities 

above 70 %, suggesting that segmented flow microwave-assisted reactors can 

effectively control the size and shape for scalable nanomaterials synthesis. 

 

Conclusions 

 

In summary, we have developed a scalable approach for the synthesis of silver 

nanocubes with high cube selectivities. Three different processes were developed 

which resulted in Ag nanocubes with dTEM = 28, 45, and 58 nm. The optimization of 

the reaction parameters (TMW, τGB, and silver precursor concentrations) led to the 

formation of highly selective cubic shapes (> 70 %) and narrow size distributions. 

These results indicated that smaller particles were formed as higher TMW were used, 

which illustrates that microwaves induced faster nucleation rates. This was confirmed 

due to narrowing and blue-shift of the UV-Vis absorption spectra. Residence time 

dependence in the growth bath indicated that there was an increase in Ag particle 

sizes as longer reactions were performed, however Ag nanocubes only formed after 

τGB = 12 minutes. Silver trifluoroacetate concentrations had the largest impact on 

particle sizes for the Ag nanocubes. Larger concentrations yield a larger amount of 

nuclei but it also can result in higher growth rates resulting in the formation of larger 

particles over the course of the reaction.   

 

 



64 

 

 

Acknowledgments 

 

This research was funded by the United States National Science Foundation – 

Scalable Nanomanufacturing program (Grant CBET-1449383). A portion of this 

research was performed at the Northwest Nanotechnology Infrastructure, a member 

of the National Nanotechnology Coordinated Infrastructure, which is supported by 

the National Science Foundation (Grant ECCS-1542101). This material is also based 

upon work also supported by the National Science Foundation via the Major Research 

Instrumentation (MRI) program under Grant No. 1040588. We also acknowledge the 

Murdock Charitable Trust and the Oregon Nanoscience and Microtechnologies 

Institute (ONAMI) for their financial contributions towards the OSU Titan TEM. The 

authors also acknowledge the suggestions of Aleksey Ruditskiy who kindly provided 

details of his experimental work with Professor Xia.  

 

 

 

 



65 

 

 

 

Figure 19: TEM images of particles synthesized at TMW = 185 °C τGB = 12 min using 

different concentrations of silver trifluoroacetate: (A) 282 mM, (B) 423 mM, and (C) 

846 mM. (D) UV-Vis spectra for the solutions of the as-synthesize particles from each 

concentration used.  
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Figure 20: UV-Vis spectra of samples synthesized using the microwave zone only 

with different TMW being set for a fixed concentration of silver trifluoroacetate at 423 

mM. 
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Figure 21: (A) UV-Vis spectra for the silver nanoparticles synthesized at different TMW 

and the addition of the growth bath with τGB = 12 min. The concentration of silver 

trifluoroacetate was fixed at 423 mM. TEM images show products obtained under those 

conditions for the respective TMW: (B) TMW = 135 °C, (C) TMW = 155 °C, and (D) TMW 

= 185 °C.  
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Figure 22: UV-Vis spectra of silver nanoparticles synthesized using different growth 

bath residence times (τGB) and different microwave temperatures (TMW) for 423 mM 

of silver trifluoroacetate.  
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Figure 23: (A) UV-Vis spectra of samples synthesized with 282 mM of silver 

trifluoroacetate with different TMW being used and with a τGB = 12 min. For the TMW = 

185 °C, samples had an additional batch growth containing NaBr which are also 

included in (A). (B) TEM image of nanocubes synthesized using TMW = 185 °C and 20 

min of NaBr batch. (C) HRTEM image of a single nanocube, and (D) SAED of single 

crystal cube shown in (C). 
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Figure 24: X-ray diffraction of film of silver nanocubes shown in Figure 23(B). 

Reference pattern was taken from the RUFF open database (RRUFF ID: R070463). 
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Figure 25: Selectivity and TEM average diameter or edge length for cuboctahedra and 

cubes, respectively were summarized. (A) Average edge lengths for the three routes 

(TMW = 185 °C, τGB = 12 min/Different silver trifluoroacetate concentrations) to 

synthesize ~ 28, 42, and 58 nm silver nanocubes. (B) Average edge length/diameter 

and selectivity for different TMW’s, τGB = 12 min, and silver trifluoroacetate 

concentration = 423 mM. 
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Abstract 

 

The metal organic framework, MOF-74(Ni), was synthesized in a continuous 

flow microwave-assisted reactor obtaining high space-time yield (~90 g.h-1.L-1) and 

96.5 % conversion of reagents. Separation of nucleation and growth steps was 

performed by using uniform and rapid microwave heating to induce nucleation, which 

allowed a substantial increase in conversion for shorter reaction times under mild 

pressure. High yields were achieved in minutes, as opposed to days for typical batch 

syntheses, with excellent control over material properties due to more uniform 

nucleation, and separation of the nucleation and growth steps. Optimization of 

microwave reactor parameters led to improvements in MOF-74(Ni) crystallinity, 

reagent conversion, and production rates.  Differences in MOF-74(Ni) crystallinity 

were observed as smaller grains were formed when higher microwave zone 

temperatures were used. Crystallinity differences led to different final adsorption 

properties and surface areas. Herein we show that a continuous high space-time yield 

synthesis of MOF-74(Ni) allows control over nucleation using microwave heating. 
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Introduction 

 

Metal organic frameworks (MOFs) are of considerable scientific and 

technological interest due to their tunable porosity, high surface area, and the large 

number of available structures.43,44,45 Metal ions coordinated with a wide variety of 

polytopic linkers (bridging ligands) form a crystalline nanoporous structure which 

provides advantages for applications including gas storage,46,47,48,49,50,51,52 gas 

separation,53,54,55,56,57,58,59,60,61,62 catalysis,63,64 sensing,65,66,67 and more recently 

pharmaceuticals.68,69 The MOF-74 series, also known as CPO-27, (CPO = 

Coordination Polymer of Oslo) have high adsorption properties for carbon 

dioxide,54,57,58,59,70 noble gases,60,61 toxic gases,53,55 methane,71 and water.54,70,72 MOF-

74(Ni) is of increased interest for industrial applications due to the high relative 

stability in presence of moisture while maintaining high adsorption capacity even 

after many thermal adsorption/desorption cycles.54,73 

MOFs provide many unique properties that can be tuned for distinct 

applications, however the lack of large-scale MOF synthesis methods that provide 

uniform high quality materials limits commercialization of many MOF enabled 

products. Traditional solvothermal syntheses of MOFs in batch reactors rely on long 

and energy intensive processes.58,74,75 Alternative synthetic approaches have been 

developed to reduce expense and enhance processing to simultaneously provide better 

control over particle uniformity and growth by employing microfluidics,76,77 

electrochemistry,78,79,80 sonochemistry, and microwave radiation.62,81,82,83,84,85,86 

Scaling difficulties for MOFs have been overcome by employing continuous 



75 

 

 

flow synthesis approaches using conventional heating or some of the previously 

mentioned methods.87,88 These approaches make use of relatively high temperatures 

and pressures to keep the synthesis in the solvothermal regime which gives high 

yields.79,89,90,91  Recently an efficient space-time production approach has been 

published where a one-pot synthesis of the MOF-74(Ni) was carried out in water at 

atmospheric pressure with a 1 h reaction time.92 This process generated 28.5 g.h-1.L-1 

of product with 92 % yield.  However, an even higher space-time yield may be 

possible by separating the nucleation and growth regimes during the synthesis 

process. Procedures such as hot injection have been employed to attain high 

concentrations of precursors above the nucleation temperature, which allows 

formation of uniform nuclei. This process is then followed by a lower temperature 

growth regime.  This approach becomes very impractical for large volumes due to 

mass and heat transfer limitations that lead to formation of less uniform particles.93 

Compared to conventional heating, microwave heating is an excellent 

approach for initiating nucleation because of the rapid heating rates and uniform 

volumetric heating which lead to instantaneous nucleation, homogeneous growth, and 

high reproducibility of reactions.94,95 Microwave heating can lead to uniform 

formation of particles under milder temperature and pressure, with reaction times in 

minutes as opposed to hours or days. Excellent control over nanoparticle size with 

very narrow size distributions has been shown for reactions using microwave 

heating.76,93,96,97 Further improvements have also been enabled by using gas-liquid 

segmented flow in combination with microwave heating due to improved mixing, 

which reduces particle fouling, and also leads to more reproducible results.76,77,97 
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In this study, a microwave-assisted continuous flow reactor using gas-liquid 

segmented flow was employed to induce fast nucleation to accelerate MOFs synthesis 

while facilitating control over particle size. Synthetic conditions for MOF-74(Ni), 

were optimized by varying both the nucleation zone (microwave reactor) and growth 

zone (heating bath) temperatures. Several parameters were varied with the objective 

of maximizing reagent conversion with the shortest residence time under mild 

reaction conditions. The effect of microwave power and resulting nucleation 

temperature on the synthesis process was investigated to understand the underlying 

MOF formation mechanism. 

 

Experimental section 

 

Chemicals: All chemicals were used as purchased without any further 

purification. Nickel acetate tetrahydrate (> 98 %) was obtained from Alfa Aesar, 2,5-

dihydroxyterepthalic acid (> 98 %), (DOBDC), was obtained from TCI America, and 

dimethylformamide (DMF) (99.8 %) was obtained from EMD.  

Synthesis: The continuous microwave-assisted synthesis of MOF-74(Ni) was 

performed at 2.5 bar under solvothermal conditions, where a second peristaltic pump 

was used as a back pressure regulator. The precursor solution was prepared by mixing 

50 mL of nickel (II) acetate tetrahydrate (0.12 M) in deionized (DI) water with 50 mL 

DOBDC dissolved in DMF (0.06 M). Argon gas was injected into the system using a 

T-junction to attain segmented flow. The reaction system used Teflon® tubing (1/8 in. 
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outer diameter, 1/16 in. inner diameter) in both the nucleation zone and growth bath. 

Precursors entered the nucleation zone that consisted of a microwave reactor with a 

waveguide (Sairem model PCCMWR340PVMR1PE GMP 30 K; 2.45 GHz; 3 kW) 

resulting in a nucleation residence time of ~ 1 second. The temperature in the 

microwave zone (TMW) was measured using an infrared camera (FLIR model E40) that 

imaged a total irradiated length of approximately 4.7 cm. The growth region consisted 

of a 25.4 m long Teflon® coil submersed in an oil bath held at a fixed growth bath 

temperature (TGB). The growth region had an average residence time of about 8 min. 

After the reaction a liquid dispersion of the product was collected in a glass vial and 

then centrifuged to separate particles from solvents and unconverted reagents. MOF 

particles were then treated in the purification step by adding approximately 10 mL of 

water, followed by a second centrifugation with an addition of 10 mL of methanol. 

Over three days the particles were centrifuged and washed in 10 mL of fresh methanol 

up to four times. Activation was performed by keeping the samples under vacuum at 

80 °C for three days prior to characterization.  

Characterization: Powder X-ray diffraction (PXRD) was performed at room 

temperature using a Rigaku Ultima IV diffractometer (Cu-Kα = 0.1542 nm). Data 

was collected from 2θ = 5-50°. Prior to PXRD, the dried powder was ground for 

about 2 min using a mortar and pestle. Thermogravimetric analysis (TGA) was 

performed using a TA Instruments TGA Q500. Samples were exposed to air for about 

30 min and then heated up to 600 °C using a 10 °C/min ramp rate with a N2 flow rate 

of 60 mL/min. Two isothermal steps were taken at 105 and 250 °C for 20 min each. 

Transmission electron microscopy (TEM) imaging was performed using a FEI Titan 
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FEG at 200 kV. For TEM imaging, samples were prepared from a hexane dispersion 

of MOF-74(Ni) particles, which was sonicated for 10 min prior to preparation 

(Branson model 2510 – Max power 130 W). A carbon coated copper grid was dipped 

into the MOF dispersion twice and mounted in the microscope after drying at room 

temperature. Scanning electron microscopy (SEM) imaging was performed using an 

FEI Quanta 600 FEG SEM with 15-30 kV accelerating voltage. Raman spectra were 

obtained using a Horiba-Jobin Yvon HR-800 Raman spectrometer with a 532 nm 

incident laser source. UV-Vis spectroscopy was performed using an AvaSpec-3648 

spectrometer on the precursor solution and the supernatant obtained from centrifuged 

reaction products to estimate conversion efficiencies. N2 physisorption measurements 

were obtained using a Micromeritics ASAP 2020. Particle size was determined using 

dynamic light scattering (DLS) on a Brookhaven Instruments Corp. Zeta Potential 

analyzer.  For the DLS measurements MOF-74(Ni) suspensions (in hexane) were 

analyzed after 30 min of sonication. 

 

Results and discussion 

 

A schematic of the continuous flow microwave reactor is shown in Figure 26, 

where the nucleation and growth zones are indicated.  The nucleation zone is heated 

using a microwave source, while the growth zone is heated using an oil bath. This 

system allows separation of the microwave zone temperature (TMW), and the growth 

bath temperature (TGB). Preliminary studies using single-phase flow were also 

performed to determine the effect of TMW on conversion efficiencies when only using 
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microwave zone with a nucleation time of ~1 second. For example, we observed 

formation of particles at TMW = 70 °C (~ 4 % conversion) to 150 °C (~ 50 % 

conversion). Gas-liquid segmented flow was used to facilitate longer reaction times, 

and an inset in Figure 26 is provided which shows the velocity distribution in the 

liquid slugs. Gas-liquid segmented flow was also introduced to minimize fouling and 

deposition on reactor walls, which are common issues for continuous flow 

nanoparticle synthetic approaches. Deposition on the sidewall can cause clogging and 

also create hot spots in the microwave zone since deposited particles can have strong 

microwave absorption. Segmented flow has previously been employed in 

nanoparticle synthesis for inducing circulation within aqueous slugs and promoting 

better mass/heat transfer which results in more uniform products.77,93,96 

Figure 27 shows powder X-ray diffraction (PXRD) data for particles 

synthesized using both the microwave zone and heating bath, as well as samples 

collected directly after the microwave zone with no heating bath.  The sample 

collected using TMW = 70° C and TGB = 120° C gave a PXRD pattern for MOF-74(Ni) 

which is in agreement with available crystallographic data.5 The most intense peaks 

were observed at 2θ = 6.8° and 11.8° in all samples. The corresponding inter-planar 

spacings are dhkl = 12.99 Å and 7.51 Å, which are associated to crystallographic 

planes (-120) and (030), respectively. Broad PXRD peaks were obtained for MOFs 

synthesized using only the microwave zone for TMW between 70 to 150° C.  The 

broad diffraction peaks could indicate formation of smaller particles or an amorphous 

phase. An increase in diffraction peak intensities were observed in the PXRD patterns 

for higher TMW, which suggests the formation of more crystalline material as 
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microwave power and nucleation temperature increase. However, addition of the 

growth bath appears to be necessary to prepare highly crystalline MOFs. 

Raman spectroscopy was employed as a complementary technique to PXRD 

to investigate changes related to MOF-74(Ni) linker or linker-metal under different 

reaction conditions. Figure 28 shows Raman spectra for MOF-74(Ni) grown under 

the same conditions as the PXRD results shown in Figure 27.  Assignments of the 

Raman peaks are based on prior results,98 where peaks at 1619, 1560, 570 cm-1 are 

assigned to stretching vibrations and ring deformation vibrations from the benzene 

ring present in organic linker, respectively. Peaks at 1501 and 1416 cm-1 are assigned 

to υ(COO-)asym and υ(COO-)sym, respectively. The very intense peak at 1275 cm-1 is 

assigned to υ(CO) species after deprotonation of the carboxylic acid groups. The peak 

at 827 cm-1 is assigned to benzene ring C-H bending modes and finally, the peak at 

410 cm-1 is assigned to (Ni-Oligand) bond vibration.98  

All samples have similar relative peak intensities and peak widths for all TMW 

using only the nucleation zone. This confirmed formation of MOF-74(Ni) for 

reactions run at both low and high TMW. Based on the results of PXRD and Raman 

spectroscopy the TMW changes the relative crystallinity of MOF-74(Ni), where PXRD 

appears to be more sensitive to the long-range order of the MOF. Prior studies have 

shown differences in adsorption properties of MOF-74(Ni) samples that were 

synthesized in a microwave batch reactor.20,20,41 In these prior studies, higher 

microwave powers led to formation of smaller particles due to higher nucleation rates 

in the presence of microwave radiation. The presence of smaller particles resulted in 

an enhancement of the adsorption capacity of N2 and several hydrocarbons because of 
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the higher surface area available.  

In Figure 29 we show PXRD patterns for MOF-74(Ni) samples as a function 

of TMW.  For all samples TGB remained constant at 130 °C with an 8 min residence 

time.  From top to bottom the PXRD patterns correspond to samples without 

microwave heating and samples at TMW = 70, 110, and 150 °C.  In all cases the XRD 

patterns are consistent with what is expected for this materials system.  There is a 

significant reduction in peak intensity when the TMW was increased to 110 and 150 

°C, suggesting a reduction in crystallinity. As shown in the inset, the highest intensity 

was observed for TMW = 70 °C for the peak at 2θ = 31.7°.  In Figure 30 we show 

Raman spectra for samples grown under identical conditions as in Figure 29.  In all 

cases the Raman spectra were consistent with that expected for MOF-74(Ni) without 

any peak shifts.  When TMW was increased to 110 and 150 °C the Raman peaks 

became weaker and broader, where the highest intensities were observed for TMW = 

70 °C. These data suggest a general trend where there was a reduction of relative 

crystallinity for higher TMW, with an optimal TMW = 70 °C.  

Raman and PXRD have limitations in the identification of structural defects 

that may be formed during the very fast nucleation induced in the MW zone, or by 

formation of smaller grains leading to a nanocrystalline material, or combination of 

both.  As such, transmission electron microscopy (TEM) was used to investigate 

effects of TMW and correlate to changes in crystallinity. In Figure 31 A, B, and C we 

show TEM images for samples grown without microwave heating and with TMW = 70 

and 150 °C, respectively. Larger MOF grains were observed for samples synthesized 

without microwave heating, whereas TMW = 150 °C showed formation of smaller 
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agglomerated grains which was likely due to the high nucleation rates. Agglomeration 

and formation of nanocrystalline material at TMW = 150 °C helps explain the increase 

in XRD and Raman peak widths. However, we found no major differences in PXRD, 

Raman, and TEM for samples synthesized at TMW = 70 °C and the sample 

synthesized without microwave heating. Using TEM the distances between 

crystallographic planes (dhkl) were estimated to be 1.30 nm and 0.78 nm, which are 

very close to the (-120) and (030) plane spacing in the MOF-74(Ni) structure.  These 

plane spacing are also close to the values obtained from the PXRD data where 2θ = 

6.8° and 11.8° correspond to dhkl = 1.299 and 0.751 nm, respectively. The increase of 

relative crystallinity shown by PXRD and Raman spectroscopy for TMW = 70 °C may 

be attributed to a balance between increased nucleation and reduction of both 

agglomeration and growth induced by fast reaction rates in microwave zone. The 

grain sizes for the samples synthesized at TMW = 70 °C are larger in comparison to 

samples synthesized at higher TMW and comparable to grains in the samples 

synthesized without microwave heating. 

Particle size measurements were also compared for a range of TMW. In Figure 

32 we show that as TMW increased the particle size increased and a broader particle 

size distribution was also observed.  These results are summarized in Table 1. 

  Higher nucleation rates should occur for the reactions run at higher TMW, 

especially since TGB remained constant, and should result in a reduction of particle 

size since formation of more nuclei in the microwave zone would lead to smaller 

particles after the growth bath. However, high TMW could lead to growth with high 

rates of diffusion, which could lead to formation of non-uniform and agglomerated 
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particles (Table 2). 

LaMer et al.99 has described a model for nucleation and growth which 

illustrates the benefits of keeping these regimes separate. High, but still uniform, 

nucleation rates can be achieved when nucleation temperatures (i.e., TMW) increase 

and can influence the final properties of particles since available precursor 

concentrations decrease rapidly while uniform nuclei are generated. However, the 

increase of nucleation temperatures also enhances diffusion and reaction rates. At 

higher nucleation temperatures rapid diffusion could influence the continuous growth 

of particles after fractions of a second in the microwave zone. Therefore, tuning the 

microwave reactor to achieve a regime in which significant nucleation occurs but 

diffusion and concentration are low enough to ensure slow and more uniform growth 

becomes a key factor to obtain more uniform particle synthesis. 

The increase of nucleation rate as a function of TMW could be confirmed by 

the increasing number of smaller grains observed on the sample synthesized at TMW = 

150 °C. However, this complex system, which was optimized for a high space-time-

yield of MOF-74(Ni), has high reagent diffusion rates and increased mobility due to 

the high concentrations employed. Therefore, application of microwave energy that 

induced significant nucleation with a combination of less driven growth (TMW = 70 

°C) as opposed to highly driven growth (TMW = 150 °C) resulted in larger grains and 

higher relative crystallinity. High TMW does induced faster nucleation, but 

overheating results in new nuclei being formed due to high diffusion and mobility of 

precursors resulting in increased particle sizes. Increased broadening for the sample 

TMW = 150 °C in the dynamic light scattering (DLS) results may indicate that growth 
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and new nucleation occurred rather than isolated nucleation. 

Another factor that could be considered as a plausible cause for agglomeration 

could be high microwave absorption by MOF-74(Ni). These particles could potential 

be hotspots and create higher temperature gradients closer to their surface. Several 

experiments were performed by measuring the temperature of MOF-74(Ni) 

suspensions at different concentrations in the microwave zone. Initially we used a 

high absorbing solvent (deionized water and dimethylformamide (DMF) - 50 % v/v) 

containing different concentrations of MOFs (9.5, 4.75, and 1.9 g.L-1) to evaluate 

their effect on TMW at constant microwave power. None of the suspensions had 

significant temperature differences (± 2 °C) when compared to pure solvent. A 

second experiment was carried out using pure toluene (very low microwave 

absorbing solvent) and a suspension of MOFs containing 9.5 g.L-1 of MOF-74(Ni). 

Again no significant differences in temperature were observed for the solvent 

compared to the suspensions.  

In Figure 33, we show physisorption results for MOF-74(Ni) for different 

TMW. For samples synthesized at TMW = 70 °C, or without any microwave heating, the 

resulting N2 physisorption isotherms were of type I (Brunauer classification) which is 

characteristic of microporous materials.100,101  High TMW changed the general 

behavior of measured isotherm to type 2, which is identified by an increase of N2 

uptake at high relative pressures. This change can be attributed to the agglomeration 

of the small crystals shown in Figure 31. In Figure 34 we show surface area 

measurements for the MOFs. High surface areas were obtained for all samples which 

were close to values available in the literature (1070 m2.g-1), even though the reaction 
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times in this study were significantly shorter.74 A summary of results for different 

reaction conditions are provided in Table 2. An approximate pore diameter (dp) of 11 

Å was calculated for all samples using an incremental surface area analysis, which is 

in agreement with literature estimates for MOF-74(Ni).54 However, a lower surface 

area and slightly shifted peak can be seen for the sample prepared at TMW = 150 C. 

In addition different intensities of cumulative surface area varying with TMW was also 

observed, which may be related to the agglomerated grains obtained for this sample. 

These results also indicate that the total surface area for each sample differs as a 

function TMW. Pores and intracrystalline diffusion appear to be responsible for nearly 

all the area obtained by these measurements (dp < 20 Å), although some contribution 

appears to occur in the region of 20 – 100 Å which could be attributed to regions in 

between agglomerated particles (intercrystalline diffusion).  

The influence of different activation procedures and their relationship to the 

presence of pore collapse in MOFs has been previously studied.102 For these studies 

interparticle mesoporosity was observed due to the misalignment of micropores at 

interparticle regions and grain boundaries. The presence of structural defects, with 

trapped solvent in the pores, can effect internal diffusion and therefore decrease total 

adsorption capacities. Therefore, the agglomeration seen in our samples could hinder 

intracrystalline diffusion due to grain/grain boundaries and consequently reduce 

available surface area for adsorption. 

In Figure 35 we show thermogravimetric analysis data for MOF samples 

under flowing N2. These data indicate that samples had mass losses associated to 

water and DMF desorption during the temperature ramp. The isothermal steps 
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indicate steep weight losses that are correlated with desorption of moisture and 

residual solvents that remained in the pores after the activation process. The data also 

indicate that MOF-74(Ni) thermally decomposed at approximately 350 °C, which is 

consistent with prior studies.92  

 

Conclusions 

 

In summary, a continuous and segmented flow microwave-assisted synthesis 

of the MOF-74(Ni) was performed under mild conditions of pressure (~2.5 bar) with 

high conversion of reagents (~ 96.5 %) and space-time yield (~ 80 – 90 g.h-1.L-1). 

Segmented flow was employed to improve mixing and reduce particle fouling which 

allowed long reactions to be run with very good reproducibility of results. Very stable 

TMW were obtained in the segmented flow regime for all reactions reported.  The 

microwave zone helped reduce reaction times down to 8 min and increased 

nucleation. Faster nucleation at higher TMW resulted in the formation of smaller 

grains, which resulted in different adsorption behavior even after the growth bath.  

This was due an agglomeration of grains and formation of structural defects at higher 

TMW, and may result in misaligned and collapsed pores.  High microwave absorption 

by solvents and higher diffusion conditions could significant influence growth in 

microwave zone and possibly result in more heterogeneous particles.  
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Table 1: Particle size obtained from dynamic light scattering and scanning 

electron microscope. Particles were measured using software ImageJ®. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conditions dp - DLS  

(nm) 

dp - SEM  

(nm) 

No MW  1483 ± 140  1200 ± 430 

MW 70 C  1557 ± 142 1333 ± 470 

MW 150 C  2505 ± 170 2240 ± 1110 
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Table 2: Reagents conversion (evaluated using UV-Vis spectroscopy for Ni+2 

concentration), mass production rate of MOF-74(Ni), and XRD full width at half 

maximum (FWHM) from reactions operated in segmented flow at different TMW. 

Conditions Conversion 

(%) 

Mass 

prod. rate 

MOF-74(Ni) 

(g/h) 

XRD 

FWHM at 

31.75 () 

SBET 

(m2/g) 

No MW 90.8 3.93 0.660 1012 ± 6 

MW 70 C 92.3 4.46 0.536 938 ± 6 

MW 110 C 94.3 4.51 0.662 936 ± 6 

MW 150 C 96.5 4.56 0.850 840 ± 3 
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Figure 26: Schematic of segmented continuous flow microwave-assisted synthetic 

reactor for MOF-74(Ni). Model on top right was obtained using Comsol® shows 

turbulence in between slugs in segmented flow.  
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Figure 27: XRD data from MOF-74(Ni) synthesized at different TMW compared to a 

sample, which has been synthesized using a combination of both microwave zone and 

growth zone. (Peak at 2θ = 44 ° present in samples from microwave only synthesis is 

due to XRD metal sample stage) 
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Figure 28: Raman spectra of MOF-74(Ni) samples, which were synthesized at 

different TMW compared to a sample that went through a combination of microwave 

zone and growth zone. 
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Figure 29: XRD data of samples synthesized at different TMW while growth zone was 

maintained at constant temperature and residence time. (XRD peaks at 31.75 ° are 

shown in inset) 
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Figure 30: Raman spectroscopy of MOF-74(Ni) samples synthesized at different TMW 

while growth zone was maintained at constant temperature and residence time. 
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Figure 31: TEM images of samples synthesized without microwaves (A) and at TMW = 70 and 150 

°C (B and C, respectively). 
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Figure 32: Particle size measurements using on dynamic light scattering taken for 

samples synthesized with and without microwaves, and different TMW.   
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Figure 33: N2 physisorption isotherms obtained for segmented continuous flow 

synthesis of MOF-74(Ni) with and without the use of microwaves. TMW was also varied 

keeping the average residence time constant (0.93 s) while growth zone conditions were 

fixed at 130 °C for 8 min. 
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Figure 34: Cumulative surface area (solid lines) and Incremental surface area (crosses) 

for MOF-74(Ni) synthesized using segmented flow with and without the use of 

microwaves. TMW was also varied keeping the average residence time constant (0.93 s) 

while heating zone conditions were fixed at 130 °C for 8 min. 
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Figure 35: Thermographic analysis performed on MOF-74(Ni) samples synthesized 

with and without microwaves, and at two different TMW. 
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Abstract 

 

 In this study, microwaves and chemical modulators were used in combination 

to improve the uniformity of synthesized MOF-74(Ni) materials. A segmented flow, 

microwave-assisted reactor was used where rapid nucleation in the microwave zone 

was separated from growth processes in an oil bath. High temperatures in the 

microwave zone induce fast nucleation, which can result in the formation of 

polydisperse products through agglomeration that reduces the available surface area. 

Benzoic acid was used as a chemical modulator where higher benzoic acid to Ni2+ 

concentration ratios resulted in a substantial increase in reaction apparent activation 

energies for short reaction times (~1 s). Optimization of the synthetic process resulted 

in MOF-74(Ni) particles with high crystallinity, high surface area, and narrow 

particle size distributions. These synthesized MOF-74(Ni) particles were used to 

prepare MOF-Nafion® matrix based membranes to investigate the removal of metal 

ions from aqueous solutions with high efficiencies. 
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Introduction 

 

One of the main challenges in nanomaterials synthesis is controlling particle 

uniformity, which often impacts the physical and chemical properties of 

nanomaterials. Batch synthetic methods, such as hot injection and extended LaMer’s, 

leads to the formation of products with very similar reaction history and narrow 

particle size distributions.103,104 From the manufacturing perspective, control over 

particle size using these approaches becomes much more difficult for significantly 

larger batch sizes. The combination of microwave heating with continuous flow 

approaches can provide improved scalability and higher uniformity for the synthesis 

of nanomaterials.105,106,107 It has been proposed that continuous flow, microwave-

assisted reactors (CFMR) can potentially enable the production of nanomaterials that 

currently lack scalable synthetic approaches, such as metal-organic frameworks 

(MOFs).108  

MOFs are a relatively new class of hybrid materials with increasing scientific 

interest. The development of scalable methods to synthesize MOFs is of increasing 

academic and industrial interest. MOFs consist of metal ions (or metal containing 

clusters) coordinated with polytopic organic linkers (bridging ligands) which form a 

crystalline porous coordination polymer. The main characteristics of MOFs are high 

surface area, tunable pore structure, and a diversity of chemistries, structures, and 

post-synthetic processes that can significantly modify the MOFs chemical properties. 

All of these attributes make MOFs suitable for a wide range of applications including, 

gas separation, adsorption, selective catalysis, sensing, and 
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pharmaceuticals.109,110,111,112,113 

Continuous flow methods have recently demonstrated promising results for the 

synthesis of MOFs,114 where CFMR has shown improvements in reagent utilization, 

with a significant reduction in reaction times.105,107,115,116 Microwave radiation can 

rapidly heat reactants to high temperatures allowing fast nucleation rates, while 

shortening reaction times, and increasing conversion rates. However, high microwave 

temperatures can also result in the formation of agglomerated particles, which can 

reduce the available surface area and decrease the MOFs adsorption performance.115   

Chemical modulators have also been used to control MOF nucleation and 

growth.117,118 Modulation has been investigated by using monocarboxylic acids, 

which compete with polytopic organic linkers for coordination with metal ions. These 

competitive reactants have been shown to modify both nucleation and growth of 

MOF particles for relatively long reaction times (1 to 24 hours), and have resulted in 

more monodisperse particles.117,118,119,120,121,122,123 However, the effect of modulators 

for short reaction times has not been demonstrated for MOFs.  

MOFs have extremely high adsorption areas and chemical selectivity, which 

have led to their use to remove a range of toxic and undesired 

compounds.124,125,126,127,128 Several MOFs have shown selective adsorption of toxic 

metals.129,130  The MOF-74 series is of interest for these applications due to the 

relatively good stability in the presence of moisture,131 and may also improve the 

removal of toxic metals from aqueous media when incorporated in composite 

membranes.132,133,134 

In this study, chemical modulation was investigated for the synthesis of MOF-
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74(Ni) using a CFMR. Benzoic acid (BA) was used as the modulator and we 

determined the optimal concentration of chemical modulators to reduce 

agglomeration, increase crystallinity, and provide improved adsorption performance. 

The synthesized MOF-74(Ni) particles were used to prepare composite Nafion® 

membranes, and these composite membranes were investigated for the removal of 

metal ions from aqueous solutions. 

 

Experimental section 

 

Chemicals: All chemicals were used as purchased without any further 

purification. Nickel acetate tetrahydrate (> 98 %) was obtained from Alfa Aesar, 2,5-

dihydroxyterepthalic acid (DOBDC, > 98 %), was obtained from TCI America, 

dimethylformamide (DMF, 99.8 %) was obtained from EMD, sodium hydroxide and 

methanol (ACS grade) were obtained from Macron, and benzoic acid (BA, 99.5 %) 

was obtained from J.T. Baker. DupontTM D2020 Nafion solution was obtained from 

Ion Power and was used for the composite preparation.  

Synthesis: The segmented flow microwave-assisted synthesis procedure for the 

MOF-74(Ni) has been described previously.115 The metal precursor solution was 

prepared by mixing nickel (II) acetate tetrahydrate (0.06 M) in 50 mL of deionized 

(DI) water, while DOBDC (0.03 M) was dissolved in 50 mL DMF. The metal 

precursor solution was prepared with different BA to Ni2+ concentration ratios. NaOH 

was used to neutralize benzoic acid by keeping the pH of all reagent solutions at 8.0. 
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For these experiments, the microwave zone temperature (TMW) was set to 423 K and 

the temperature was monitored using an infrared camera (FLIR model E40).  The 

total irradiated length was 4.7 cm and the volumetric flowrate was ~ 5.2 mL.min-1, 

which results in a microwave zone residence time of ~1 second (Teflon® tubing – I.D. 

= 1/16 inch). The growth zone used the same tubing with a length of 39.5 m, and was 

submerged in an oil bath held at 373 K. This resulted in an average residence time of 

~ 15 min. After the reaction, a liquid dispersion of the product was cooled and 

collected in a glass vial and then centrifuged to separate particles from solvents and 

unconverted reagents. MOF particles were then treated in a purification step by 

adding approximately 10 mL of water to an equal amount of product liquor, followed 

by a second centrifugation, removal of supernatant, and addition of 10 mL of 

methanol. Over the course of three days the particles were centrifuged and washed in 

10 mL of fresh methanol up to four times. Activation was performed by keeping the 

samples under vacuum at 80 °C for three days prior to characterization.  

Composite preparation and adsorption tests: MOF-74(Ni) particles 

synthesized using CBA/CNi
2+ = 0.1 were mixed with a Nafion® solution. This mixture 

was prepared with 4 mL of a Nafion® solution in n-propanol (20% wt.) with 5 % wt. 

MOF in the polymer matrix. After stirring for 20 min, the mixture was spin coated onto 

1 x 1 inch2 silicon substrate. Prior to spin coating, the substrate was rinsed with acetone, 

methanol, and deionized water, followed by a 15 minute long UV-Ozone treatment 

(PSD Pro Series – Novascan). A layer of pure polymer (Nafion®) was deposited on the 

substrate by spin coating (500 rpm/30 s), followed by drying at 60 °C for 20 minutes. 

This was followed by five spincoating cycles of the MOF-74(Ni)/Nafion® mixture 
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using the same spin coating conditions and drying process between each coat. A final 

layer of pure polymer was coated on top of the stack to form a protective layer to 

prevent loss of MOF particles. The total thickness of the film was 300 µm as 

determined using a 3D optical profiler (ZeScope – Zemetrics). When the substrate was 

covered with water the film would peel off of the substrate and float to the water 

surface. The films were held under vacuum for 24 hours before characterization or 

further experiments. A piece of the composite and pure polymer were immersed in 50 

mM solutions containing metals salts (i.e., Cu(NO3)2, Zn(NO3)2, Pb(NO3)2, and 

AgNO3). The concentration of metals in each composite and pure polymer was 

determined using inductively coupled plasma-optical emission spectroscopy (ICP-

OES). 

Characterization: Powder X-ray diffraction (PXRD) was performed at room 

temperature using a Rigaku Ultima IV diffractometer (λCu-Kα = 0.1542 nm, 40 kV, 40 

mA). Prior to PXRD, the dried powder was ground for about 2 min using a mortar and 

pestle. Raman spectra were obtained using a Horiba-Jobin Yvon HR-800 Raman 

spectrometer with a 532 nm incident laser source. UV-Vis spectroscopy was performed 

using an AvaSpec-3648 spectrometer. N2 physisorption measurements were obtained 

using a Micromeritics ASAP 2020. Particle size was determined using dynamic light 

scattering (DLS) on a Brookhaven Instruments Corp. Zeta Potential analyzer. For the 

DLS measurements MOF-74(Ni) suspensions (in ethanol) were analyzed after 30 

minutes of sonication (Branson model 2510 – Max power 130 W). Elemental analysis 

was performed using a Teledyne Leeman Prodigy inductively coupled plasma-optical 

emission spectrometer. For ICP-OES analysis a fixed amount of MOF composite films 
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(approx. 20 mg) was digested for 5 hours at 185 °C in a 20 mL Parr reactor. For 

digestion of the polymers and composites 2.25 mL concentrated nitric acid and 0.25 

mL H2O2 30 % v/v was used. As a testing procedure, the amount of MOF-74(Ni) in the 

composite was determined by measuring the amount of nickel after the digestion of 

samples. Using this method, it was determined that 4.6 % wt. of MOF was in the 

composite. This value was very close to the amount of MOF (~ 5 % wt.) used in the 

preparation of the composite films.  

 

Results and discussion  

 

In Figure 36(A) we compare the percent conversion of metal precursors for 

different microwave zone reaction temperatures (TMW) and BA to Ni2+ concentration 

ratios.  For these results the percent conversion was estimated based on the reduction 

in the Ni2+ absorption using UV-Vis spectroscopy.  These reactions were performed 

only using the microwave zone to better contrast the effect chemical modulators have 

on nucleation rates. Higher concentration ratios of BA to Ni2+ resulted in a significant 

reduction in Ni2+ conversion, suggesting a decrease in reaction nucleation rates. 

These data allow us to calculate a reaction rate constant (k), which can then be plotted 

in an Arrhenius form as shown in Figure 36(B). The apparent activation energies (Ea) 

are given in Figure 36(B), and the Ea for the highest BA to Ni2+ concentration ratio 

was found to be ~43 % higher than for reactions without BA. These results suggest 

that the BA and polytopic organic linker competitively react with Ni2+ during the 

synthesis of MOF-74(Ni). This competition can decrease the reagent conversions, 
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however chemical modulators can also modify the crystal morphology of MOFs and 

result in improved performance for sensing and catalytic applications.120 To further 

improve conversion efficiencies and particle uniformity we have added a heated bath 

after the microwave zone.  This setup allows us to effectively separate nucleation 

processes, in the microwave zone, and growth processes, in the growth zone. For the 

remaining experiments, all reactions were performed with BA as the chemical 

modulator, TMW = 423 K and the growth bath temperature (TGB) set to 373 K.   

In Figure 37, we show powder X-ray diffraction (PXRD) for samples 

synthesized with several different BA to Ni2+ concentration ratios.  PXRD allowed us 

to characterize structural changes in MOF-74(Ni) due to changing the BA to Ni2+ 

concentration ratios, with all other reaction parameters held constant. PXRD patterns 

confirmed the formation of MOF-74(Ni), except for the sample synthesized with the 

highest BA to Ni2+ concentration ratio. The most intense PXRD peaks used to 

identify MOF-74(Ni) are at 2θ = 6.8 and 11.8°, which correspond to the crystal 

interplanar spacings (-120) and (030), respectively. These main peaks were present 

for both samples synthesized at low BA to Ni2+ concentration ratios, and samples 

synthesized without any modulators. When a small amount of BA was added to the 

reaction mixture solution, an increase in intensity for the PXRD peak was observed, 

as shown in the inset of Figure 38. The highest PXRD peak intensity was observed 

for a 10 % BA to Ni2+ concentration ratio (CBA/CNi
2+ = 0.1), where higher 

concentration ratios resulted in an increase in the full width at the half maximum 

(FWHM) of the diffraction peak and a reduction in the diffraction peak intensities. 

These results suggest there is a reduction in the relative MOF-74(Ni) crystallinity for 



109 

 

 

these higher concentration ratios. For the highest BA to Ni2+ concentration ratio no 

diffraction peaks were observed which suggests the formation of an amorphous 

phase. 

 In Figure 38 we show Raman spectra for the samples characterized in Figure 

37. The spectra have peaks at wavenumbers that have previously been reported for 

MOF-74(Ni).115,135 A similar trend to the PXRD data is observed for the Raman 

spectra where an increase in FWHMs and reduction in peak intensities were observed 

for CBA/CNi
2+ > 0.1. These changes can be related to the significant increase in Ea for 

higher BA to Ni2+ concentration ratios, which can lead to significant structural 

disorder.  High BA concentration leads to the formation of less crystalline materials, 

and even amorphous materials for the highest concentration ratios used in this study. 

In Figure 39 we show dynamic light scattering (DLS) results for MOF-74(Ni) 

synthesized with different BA to Ni2+ concentration ratios. Increasing the BA to Ni2+ 

concentration ratios result in larger effective particle diameters with tighter particle 

size distribution. In a prior study, we obtained more polydisperse particles without the 

use of modulators for reactions performed for similar reaction conditions.115 In the 

present study, we find chemical modulators significantly decrease the FWHM of the 

effective diameter of the synthesized MOFs.    

In Figure 40 we show a model used to describe nucleation and growth of 

nanoparticles, which was initially proposed by LaMer et al..136 The traditional 

nucleation and growth model describes a concentration profile change for a 

hypothetical reagent at a concentration above supersaturation, where there is enough 

energy to initiate nucleation. Formation of nuclei occurs rapidly and as a result, the 
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concentration of reagents is quickly reduced. After nuclei formation, diffusional 

growth takes place as the concentration gradient of reagents to crystals is reduced. 

Finally, Ostwald ripening becomes the dominant growth regime.  Chemical 

modulation effects are a result of competitive interactions between metal precursors 

and the modulators and organic linkers. This interaction leads to growth and 

nucleation tuning due to an increase in the energy needed to overcome the nucleation 

threshold and allow diffusional growth.118,119 The increase in activation energy for 

increased BA to Ni2+ concentration ratios (Figure 36(B)) can be attributed to the 

competitive interactions between Ni2+, and the modulator and polytopic organic 

linker. This causes a change in the nucleation threshold and results in decreased 

growth rates. This change is qualitatively described in Figure 40. The increase in 

activation energy leads to lower reaction rates in the microwave zone. This decreases 

the amount of nuclei and therefore larger crystals can be formed as a product. 

Another aspect of using modulators is that the slower growth rates result in tighter 

particle size distributions. 

In Figure 41 we show N2 physisorption isotherms for MOF-74(Ni) particles 

grown with and without modulators. Different amounts of chemical modulators, and 

the resulting difference in relative crystallinity, significantly modifies the adsorption 

behavior of the synthesized MOF particles. For low BA to Ni2+ concentration ratios, an 

increase in the amount of adsorbed nitrogen was observed. An isotherm that is 

characteristic of microporous materials (type I - according to the Brunauer 

classification) was obtained for these samples.137 For higher BA to Ni2+ concentration 

ratios, the isotherm was similar to samples with no modulators, where the isotherm was 
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characteristic of mesoporosity. For the highest BA to Ni2+ concentration ratio, the 

isotherm had an intermediate behavior between type II and type III that is characteristic 

of materials that have predominantly multilayer adsorption, which implies a lack of 

microporosity. Figure 42 shows the incremental and cumulative surface areas extracted 

from data presented in Figure 41. These surface area curves show similar trends where 

the highest (lowest) cumulative surface area occurs for the sample synthesized with the 

lowest (highest) BA to Ni2+ concentration ratio. The pore size distribution agreed well 

with the average size expected for MOF-74(Ni), which is ~11 Å.138 Finally, a wide 

distribution of pore sizes was observed for the highest BA to Ni2+ concentration ratio, 

which agrees with the formation of an amorphous material.  These results are consistent 

with PXRD results. 

Figure 43 summarizes the increase in relative mass of the absorbed metal ions 

for MOF-74(Ni)/Nafion® composites compared to pure Nafion® samples. The increase 

in relative mass was estimated using the difference in metal wt.% between the 

composite and pure Nafion® films as determined by ICP-OES. This difference in mass 

was then divided by the mass of the MOF in the composite samples to obtain a relative 

mass absorbed. Samples containing pure Nafion® were found to adsorb metal ions, 

however the amount of adsorbed Cu2+, Pb2+, and Ag+ were significantly higher for 

MOF-74(Ni)/Nafion® composites. The MOF-74(Ni)/Nafion® composite adsorption 

capacity for Cu2+, Pb2+, and Ag+ were within the range of values obtained for industrial 

waste materials commonly used to remove heavy metals from aqueous solutions.139 In 

order to investigate the metal ion adsorption mechanism for MOF-74(Ni)/Nafion® 
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composite films we have further characterized the composites after exposure to metal 

ion containing aqueous solutions.  

In Figure 44 we show XRD results for pure Nafion® and MOF-74(Ni)/Nafion® 

composite samples before and after exposure to a solution containing copper or silver 

nitrate. XRD was performed to determine if any structural changes occurred for the 

MOF particles after the extended adsorption experiments in aqueous solutions. Nearly 

identical XRD patterns were obtained for MOF-74(Ni)/Nafion® composite samples 

after exposure to Zn2+ and Pb2+ solutions. The broad XRD peak observed at 2θ = 8 - 

22° is due to Nafion®.140 Close inspection indicates diffraction peaks at 2θ = 6.8 and 

11.8°, which are characteristic of MOF-74(Ni) dispersed in the polymer. No diffraction 

peaks characteristic of copper or silver particles were found at higher 2θ. The inset 

indicates that there is a slight broadening of the XRD peak at 2θ = 6.8° after exposure 

to Ag+, while not for Cu2+. The XRD results suggest that there is an interaction between 

Ag+ and the MOF-74(Ni) in the composite film, whereas there is a less significant 

structural interaction for Pb2+, Zn2+, or Cu2+. 

In Figure 45(A) and (B) we show Raman spectra for MOF-74(Ni)/Nafion® 

films before and after exposure to solutions containing Cu2+ and Ag+ ions. No 

difference in the Raman spectra was observed between the Nafion® and MOF/Nafion® 

composites prior to exposing the samples to solutions, due to the low concentration of 

MOF particles in the composite films. The Raman spectra did not change after exposure 

to copper nitrate solution, whereas significant changes were observed after exposure to 

silver nitrate solution. In Figure 45(B) Raman spectra from Nafion® is shown where 

four distinct vibrational bands at 731, 1216, 1297, and 1377 cm-1 are observed, which 



113 

 

 

correspond to [-(CF2CF2)-] groups present in the polymer backbone. Side chains in 

Nafion® result in the five other vibrational bands observed at 805, 971, 1060, 1180, and 

1360 cm-1.141,142,143 Prior studies have paid special attention to the two peaks located at 

971 and 1060 cm-1 due to their sensitivity to cation exchange in Nafion®.144,145,146 These 

peaks correspond to symmetric stretch modes of the ether group and the S-O bonds in 

the Nafion® structure and change when dehydration or cation exchange processes 

occur. After exposure to an aqueous solution of silver nitrate the Raman spectra of 

composite films significantly changes, where two intense peaks at 1358 and 1585 cm-

1 are observed. These results suggest the formation of silver nanoparticles upon Ag+ 

ion exposure.   

Previous studies have used surface-enhanced Raman spectroscopy to 

investigate the interaction Nafion® ionomers and gold and platinum surfaces.141 New 

Raman peaks, and an increase in intensities, was observed in these experiments due to 

interactions between the Nafion® ionomers and the SERS-active materials.147 In Figure 

45(B), the adsorption of Ag+ results in the disappearance of the Raman peak at 1060 

cm-1 and the appearance of new Raman peaks at 912, 938, and 960 cm-1. A red shift of 

the symmetric stretching mode SO3
- (usually located at 1060 cm-1) has previously been 

observed using bis(3-sulfopropyl)disulfide on copper surfaces139 and when using 

different sulfonate polymers on gold and platinum surfaces.148 These changes may be 

attributed to either a lowered symmetry of the vibrational modes after adsorption of 

Nafion® molecules on metal surfaces, field gradient effects, or the interaction between 

metal ions and the functional groups present in Nafion®.141,147,149 Other low intensity 

peaks that are very intense in the Raman spectrum of pure Nafion® prior to exposure to 
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metal solutions, also appear in the spectrum in Figure 45. However, the very low 

intensity implies that the functional groups corresponding to these peaks have little 

interaction with the silver ions.150,151,152,153  

Previously, MOFs have demonstrated high removal efficiencies of metal ions 

from aqueous solutions.129,130 Furthermore, Nafion® is a prototypical cation conductor 

where metal ions can exchange with protons at the sulfonic acid groups.154 For our 

experiments we observed a significant increase in silver ion adsorption when compared 

to copper, zinc, and lead for MOF-74(Ni)/Nafion®. Out of the four metal ions studied, 

silver has the highest reduction potential, and can be readily converted to a metal via 

chemical reduction in MOFs.155  Although we are not intentionally adding a chemical 

reductant to the system, it is possible that impurities in the composite facilitate these 

reduction reactions.  Recent studies have shown that metallic silver clusters can be 

formed in MOFs by in-situ reduction of Ag+ with ethanol.156 FTIR spectra indicate 

changes in M-O and C=O stretching modes in the silver loaded MOF samples, and 

Raman spectra show significant broadening of peaks (similar to what we observed in 

Figure 45). Our MOF-74(Ni)/Nafion® composites are formed with a n-propanol 

Nafion® solution, and potentially this solvent can be trapped in the MOF-74(Ni). This 

solvent can react with silver ions in the composite, which then leads to the greater silver 

adsorption capacity for the MOF-74(Ni)/Nafion® composite compared to pure Nafion®.  

However, it should also be noted that significant relative mass increases are also 

observed for Cu2+ and Pb2+ in the MOF-74(Ni)/Nafion® composites, compared to 

Nafion®.  These results suggest that other mechanisms, other than metal cation 

reduction, leads to the increase in the relative mass increases.  
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FTIR spectroscopy has previously been used to evaluate the adsorption of Hg+2 

in aqueous solutions by MOF-74(Zn), where peak shifts and peak intensities for 

hydroxyl and carboxylate groups associated with the organic linkers were monitored.157 

Changes in these peaks suggest the formation of Hg-O bonds which was the primary 

mechanism for the removal of mercury ions from solution. Lanthanide-based MOFs 

have been used for the adsorption of lead and copper ions from aqueous solutions.158 It 

was suggested that the adsorption mechanism for heavy metals was related to Lewis 

acid-base interactions between hydroxyl groups and metal ions. Changes in the 

adsorption capacities for MOFs for different pH values indicates that deprotonation of 

hydroxyl groups in a basic medium allowed for an increase in the adsorption capacity 

of metal ions. A decrease in pH was shown to desorb ions from the MOFs and allow 

for a mechanism to regenerate the MOF particles. Low pH ranges have also been used 

for the regeneration of Nafion® membranes that have been used in adsorption 

experiments of heavy metals.159 The adsorption mechanism of metal ions in Nafion® is 

based on interactions between cations and the sulfonic acid groups, where the sulfonic 

acid groups deprotonate at high pH values. This regeneration mechanism may 

potentially work for the MOF-74(Ni)/Nafion® composites in the current study, 

however was not tried since structural instabilities of MOFs at low pH values has been 

observed.158,160,161,162  

For porous materials there are many parameters that can influence the 

adsorption capacity for metal ions, including pore size, porosity, surface area, hydrate 

ionic radius, electronegativity, initial concentration, pH, temperature, and competing 

ions.159 MOFs can be chosen where these parameters can be tailored to enhance the 
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selectivity to a specific metal cation out of a mixture of metal cations. For example, the 

flexibility in MOF design allows the use of organic linkers that possess chemical 

functionality to increase the selectivity in adsorption of certain species.129,163 These 

changes can be employed to increase the selectivity difference in between the matrix 

(Nafion®) and the MOF particles to a certain adsorbate in a mixture of ions for example. 

Future investigations focused on the optimization of MOF/polymer composite 

chemistries may lead to membranes that improve the selectivity and capacity for the 

absorption of metal cations from aqueous solutions while maintaining the structural 

properties of the MOF particles, and may result in promising approaches for water 

treatment processes.  

 

Conclusions 

 

MOF-74(Ni) was successfully synthesized using a continuous flow, 

microwave-assisted reactor with benzoic acid as a chemical modulator. These studies 

indicated that benzoic acid was an effective modulator, even for very short reaction 

times. Competing reactions pathways for organic linkers and modulators resulted in 

an increase in the relative apparent activation energies for higher BA to Ni2+ 

concentration ratios. These higher ratios resulted in the formation of larger and more 

uniform particles, with high reagent conversions. Optimization of the MOF synthesis 

conditions gave good control of particle size distributions, particles with high 

crystallinity, and high surface area.  
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The stability of MOF-74(Ni)/Nafion® composites in aqueous solutions with 

metal ions was confirmed by XRD. ICP-OES results indicated a significant difference 

between the amount of metal ions adsorbed by MOF-74(Ni)/Nafion® composite films 

compared to Nafion® alone. Copper, lead, and silver were removed with high 

efficiencies by the MOF-74(Ni)/Nafion® composite film. Silver was removed with 

the highest efficiencies due to the formation of silver nanoparticles, which was 

indicated by Raman spectroscopy. We have demonstrated that MOF-based 

membranes are a relatively simple approach to remove ions from solutions with high 

efficiencies.  

 

Acknowledgements 

 

The authors gratefully acknowledge Abdulrahman Aldossary, Nick 

Wannemacher, and Andy Ungerer for initial MOF reaction studies, BET isotherm 

experiments, and ICP-OES measurements, respectively.  

This research was funded by the United States National Science Foundation – 

Scalable Nanomanufacturing program (Grant CBET-1449383). A portion of this 

research was performed at the Northwest Nanotechnology Infrastructure, a member of 

the National Nanotechnology Coordinated Infrastructure, which is supported by the 

National Science Foundation (Grant ECCS-1542101). 

 

 



118 

 

 

  

Figure 36: Percent conversion of Ni2+ for reactions carried out with different microwave 

temperatures and BA to Ni2+ concentration ratios (A), and a plot of natural logarithm of 

the rate constant (k) versus inverse temperature for each BA to Ni2+ concentration ratios 

(B), where the estimated activation energies are provided. 
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Figure 37: Powder X-ray diffraction of samples synthesized at different BA and Ni2+ 

concentration ratios. Inset provides and expanded view of the peak at 31.75 °. 
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Figure 38: Raman spectroscopy of samples synthesized at different BA and Ni2+ 

concentration ratios. 
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Figure 39: Dynamic light scattering results for samples synthesized at different BA and Ni2+ 

concentration ratios. 
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Figure 40: LaMer model134 and modulating effects in relatively short synthesis of 

MOFs causing formation of larger and more uniform crystals. (After Diring et al.)117 
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Figure 41: Adsorption (Ads.) and desorption (Des.) cycles of N2 physisorption 

isotherms for samples synthesized using different BA and Ni2+ concentration ratios. 
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Figure 42: Incremental surface area (ISA) and cumulative surface area (CSA) 

estimated from N2 physisorption isotherms for samples synthesized using different 

BA and Ni2+ concentration ratios. 
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Figure 43: Relative mass of metals adsorbed in MOF-74(Ni)/Nafion® composite 

films. Relative mass was estimated by the difference in metal wt.% between 

composite and pure polymer film determined by ICP-OES divided by the amount of 

MOF estimated in samples. 
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Figure 44 X-ray diffraction of pure polymer (Nafion®) and composite films as 

prepared and after exposure to copper nitrate solution. The exposed sample was 

representative of other samples exposed to metals. Inset shows the most intense 

diffraction peak that characterizes the MOF-74(Ni) - interplanar spacing (-120). 
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Figure 45: Raman spectra of unexposed composite film, of a composite film after 

exposure to copper nitrate, and of a composite film after exposure to silver nitrate. 

(A) Raman spectra of composite samples exposed to silver and copper nitrate. (B) 

Expanded range of composite samples exposed to copper and silver nitrate that shows 

formation of new peaks for the case in which silver nitrate was used. 
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Abstract 

 

The most efficient inorganic thin film chalcogenide-based solar cells use CdTe 

or CuInGaSe2 (CIGS) as absorber layers, which rely on toxic (Cd) and/or other scarce 

elements (In, Te). The desire for more sustainable solar technologies has led to the 

development of Earth abundant and non-hazardous copper chalcogenide absorber 

materials. Cu3SbS4 (Famatinite) is a promising Earth abundant p-type semiconductor 

that has a low band gap (0.9-1.05 eV), high absorption coefficient (α ~ 104-105 cm-1), 

and has potential as the absorber layer for thin-film solar cells. In this study, we 

describe a method for synthesizing Cu3SbS4 nanocrystals and the solution-based 

coating of nanocrystal precursors. Optical and structural characterization was 

performed after thermal processing the Cu3SbS4 films, where changes in the film due 

to the annealing conditions were characterized using X-ray diffraction, Raman 

spectroscopy, electron microscopy, and X-ray absorption near edge structure. 
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Introduction 

 

Greenhouse gas emissions, scarcity of minerals, increasing pollution, and 

global warming have forced changes in the world’s energy makeup. Due to increasing 

demands for cleaner sources of energy, the solar energy production in the U.S. has 

grown dramatically in the last decade.164,165 Crystalline silicon (c-Si) is still the major 

commercial solar cell technology with solar conversion efficiencies of 26.3 %, 

however other inorganic solar cell technologies have shown promising efficiencies, 

such as Cu2ZnSnS4-ySey (12.6 %), CdTe (22.1 %), CuIn1-yGaySe2 (22.6 %), and GaAs 

(28.8 %).166  

The maximum efficiencies for single junction devices is approximately 33.2 

%, which is based on the Shockley-Queisser limit.167 As single junction solar cells 

approach the Shockley-Queisser limit, other approaches to increase efficiencies are 

required. One promising approach is the development of multi-junction solar cells, 

where two or more solar cells with different band gaps are stacked into a single 

device.168 Multijunction designs allow more effective absorption of photons from the 

entire solar spectrum, and consequent an increase in the maximum possible 

efficiency.  

Copper antimony sulfide (CAS), a ternary I-V-VI semiconductor, is composed 

of relatively inexpensive and abundant elements, which makes it a promising 

alternative material to CIGS and CdTe.165 CAS can be synthesized in four major 

phases including CuSbS2 (Chalcostibite), Cu12Sb4S13 (Tetrahedrite), Cu3SbS3 

(Skinnerite), and Cu3SbS4 (Famatinite). The bandgap of these four CAS phases can 
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vary from 0.5 to 2.0 eV which is within the optimal range for high efficiency single 

junction solar cells.169 The high absorption coefficient for the Cu3SbS4 phase in 

combination with its low band gap (~1.0 eV)170 makes it a promising material for 

integration into tandem solar cells.  

Higher efficiency solar cells are typically fabricated using vacuum deposition 

techniques. However, the use of nanoparticle inks to prepare thin film solar cells is 

considered a cost-effective and promising approach. Several studies have shown 

functional solar cells for the CAS system but the vacuum deposition methods still 

have low efficiencies of 0.46 % for sputter deposited Cu3SbS4
171 and 0.02 % for an 

atomic layer deposited CuSbS2.
172 Higher efficiencies of 3.12 % were obtained for 

spin-coated CuSbS2 precursors.173 Most studies presented so far, have been focusing 

on different CAS phases and on their structural and optical bulk properties. Therefore, 

there are opportunities to improve CAS solar cell performance, and to understand 

what factors lead to the low efficiencies in current CAS solar cells.  

The synthesis of uniform colloidal nanoparticles with precise control over 

composition and optoelectronic properties still has many challenges. The hot-

injection method is a promising approach to synthesize uniform nanoparticles, where 

supersaturation of reagents for a very short time induces rapid formation of nuclei.174 

The combination of rapid nucleation and capping agents lead to the formation of 

monodisperse, uniform nanoparticles. This study focused on the characterization of 

the structural, chemical, and optical properties of Cu3SbS4 films deposited using 

nanoparticle inks, and the effect of annealing temperature and environment on these 

properties. CAS films were characterized using Raman and UV-Vis spectroscopy, X-
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ray diffraction (XRD), electron microscopy, and X-ray absorption near edge structure 

(XANES). The ultimate goal of this work was to also use the continuous flow 

microwave system in the synthesis of Cu3SbS4 nanoparticles. However, the faster 

development of the hot injection approach, allowed the use of solution-based 

deposition techniques and evaluation of the structural and optical behaviors of this 

phase in the thermal processing that may be part of a solar cell device processing 

steps. 

 

Experimental section 

 

Cu3SbS4 nanocrystals synthesis: All the reagents used in the synthesis were 

stored in an N2-filled glove box that kept oxygen and moisture concentrations below 

0.5 ppm. Prior to storage the solvents were purged in with N2 for 60 min using flasks 

containing molecular sieves. Copper chloride (CuCl, 97 %) and antimony chloride 

(SbCl3.6H2O, 99.5 %) were obtained from Alfa Aesar. Sulfur precipitated powder 

was obtained from Fisher-Scientific. Chloroform was obtained from J.T. Baker 

(99.8 %). Oleylamine (OLA, ≥ 98 %) and 1-hexanethiol (95 %) were obtained from 

Sigma-Aldrich.  

The synthesis of Cu3SbS4 nanocrystals was modified from a previously 

reported method, which uses two separate flasks of reagents.175 In the first flask, 1.4 

mmol of copper chloride and 1.4 mmol of antimony chloride were dissolved in 22 mL 

of oleylamine. This mixture was heated to 85 °C while being vigorously stirred for 

about 15 min until the solution became clear. This solution was then transferred to a 
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three-necked pear-shaped flask. In the second flask, 6.3 mmol of sulfur was added to 

8 mL of oleylamine which was heated to 85°C while stirring for about 5 minutes. The 

three-necked pear-shaped flask containing metal precursors was then connected to a 

Schlenk line for degassing under low vacuum, followed by purging with high purity 

Argon. This alternating (degassing/purging) procedure was repeated twice to remove 

most of the remaining nitrogen. A similar procedure was performed to the sulfur 

source flask. Finally, the metal precursor flask was heated to 200 °C, at which point 

the solution from the sulfur source flask was rapidly injected into the metal precursor. 

The initial temperature was maintained for 30 min. After cooling, about 6 mL of 

toluene was added to equal volume of product liquor. This liquid was centrifuged at 

2400 rpm for 30 minutes and the supernatant was collected and purified using a liquid 

extraction process with methanol and increasing amounts of acetone. The 

nanoparticles were crashed with methanol then dispersed in toluene twice before 

being centrifuged at 4000 rpm in a mixture containing 7 mL of dispersed particles, 1 

mL of acetone, and ~ 4 mL of methanol. After the purification steps, the particles 

were characterized, and preparation of a nanoparticle ink with 20 wt.% CAS in 1-

hexanethiol. 

Film deposition and sulfurization process: The Cu3SbS4 nanoparticle inks 

were spin-coated at 3000 rpm for 10 s on 19 mm x 19 mm glass substrates that had a 

200 nm Mo coating (Eagle® 2000, 800 µm of thickness) or 20 mm x 20 mm quartz 

substrates (GM Associates, 1 mm of thickness). The CAS films were annealed in air 

in two steps: Step 1 was a 180°C anneal for 2 min and step 2 was a 280°C anneal for 

10 s. The spin-coating and annealing process was repeated 25 times to obtain films 
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that were ~1 μm thick. The films were then annealed in a sulfur-rich atmosphere in a 

tube furnace. The substrates were mounted face down above an alumina crucible 

containing sulfur powder. The quartz tube (2” diameter) was purged with a 50 

mL/min nitrogen flow rate. After one hour the nitrogen flow rate was reduced to 12 

mL/min. A 20 min. total temperature ramping time was used for all anneals. Films 

were characterized within 24 hours of final preparation. 

Characterization: X-ray diffraction (XRD) was performed using a Rigaku 

Ultima IV diffractometer (λCu-Kα = 0.1542 nm, 40 kV, 40 mA). Prior to XRD analysis 

the nanoparticles were drop casted onto glass slides and the solvent was evaporated in 

a N2 environment. XRD was performed using a fixed X-ray incidence angle (ω = 1.5 

°). The Raman spectra were obtained using a Horiba-Jobin Yvon HR-800 Raman 

spectrometer with two different incident laser sources (λ1 = 532 nm and λ2 = 785 nm). 

Absorbance measurements were obtained from films deposited on quartz substrates 

using a Cary 5 UV-Vis-NIR spectrophotometer. Transmission electron microscopy 

(TEM) and scanning transmission electron microscopy (SEM) images were taken 

using a FEI Titan FEG with acceleration voltage at 200 kV and a FEI Quanta 600 

FEG SEM with 20-30 kV accelerating voltage, respectively. For TEM imaging, 

samples were prepared from Cu3SbS4 particles dispersed in a chloroform solution that 

was sonicated for 2 minutes (Branson model 2510 – Max power 130 W). The solution 

was then drop casted onto a carbon coated copper grid, which was mounted in the 

microscope after drying for 5 minutes at 60°C. Scanning electron microscopy (SEM) 

imaging and energy dispersive X-ray spectroscopy (EDS) were performed using an 

FEI Quanta 600 FEG SEM with 5-30 kV accelerating voltage. EDS scans were taken 
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in 4 different locations on the films and the average and standard deviation are shown 

in the chemical formula obtained by EDS. The films were cleaved after being frozen 

in liquid N2 for cross section images. X-ray near edge structure (XANES) 

spectroscopy was performed at the Advanced Light Source of the Lawrence Berkeley 

National Laboratory on Beamline 6.3.1.2. The energy resolution was set to 0.5 eV 

using a 1200 lines/mm grating. In these experiments the Cu L3 edge was analyzed and 

the base pressure of the experimental chamber was below 1x10-8 Torr. High purity 

copper metal was used as a reference sample and the spectra were energy corrected 

by fixing the Cu L3 edge inflexion point at 932 eV. Data were recorded in total 

fluorescence yield and total electron yield in order to obtain bulk and surface 

sensitive information, respectively. 

  

Results and discussion 

 

In Figure 46 we show an XRD pattern obtained from the as-synthesized 

nanocrystals. The main XRD peaks were observed at 2θ = 29.0°, 48.3°, and 57.2°, 

which are due to diffraction from the (1 1 2), (2 0 4), and (3 1 2) crystallographic 

planes for the Cu3SbS4. No XRD peaks were observed which would indicate the 

formation of impurity phases, such as copper sulfide, antimony sulfide, and the 

tetrahedrite CAS phase. This result suggests that the synthetic procedure had high 

selectivity for the Cu3SbS4 phase nanocrystals. 

Transmission electron microscopy was used to characterize the as-synthesized 

Cu3SbS4 particles, as well as to determine the particle size distribution. Figure 47(A) 
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shows a single particle high-resolution transmission electron microscopy (HRTEM) 

image of a Cu3SbS4 particle. The HRTEM image showed well defined 

crystallographic planes, where the spacing was estimated to be 0.31 nm which is 

associated with the (1 1 2) planes. Figure 47(B) shows a selected area electron 

diffraction (SAED) image, which was obtained from a group of particles. Diffraction 

spots associated with the (2 1 1), (2 2 4), and (3 2 1) crystallographic planes were 

observed. These planes also identify that Cu3SbS4 was the synthesized phase. In 

addition to crystallographic information, scanning transmission electron microscopy 

(STEM) was also used to determine the particle size distributions (PSD) shown in 

Figure 47(C & D). The analysis of this data indicated that the Cu3SbS4 particles had a 

19 nm mean diameter, with a PSD full width of half maximum (FWHM) of 10 nm. 

Cu3SbS4 particles capped with oleylamine (OLA) were used to prepare 

dispersions of nanoparticle inks that were used to spin-coat thin films. After spin-

coating, the films were annealed in air to remove the capping agents in order to 

prevent formation of an insulating layer surrounding the semiconducting particles. As 

a second step, a higher temperature anneal in a sulfur-rich atmosphere (sulfurization) 

was used to enhance grain growth.176  

Figure 48(A) illustrates the structural changes that occurs for the films after 

several different sulfurization processes. A phase change from Cu3SbS4 (Famatinite) 

to Cu12Sb4S13 (Tetrahedrite) can be determined since the peak at 2θ ≈ 30°, which is 

characteristic of the (2 2 2) crystallographic plane of Cu12Sb4S13 phase, increases in 

intensity. This change was observed for 400 and 450 °C annealing temperatures when 

0.3 g of sulfur was used. Several studies have indicated that antimony sulfide 



137 

 

 

sublimates at high temperatures which results in a phase change from Cu3SbS4 to 

Cu12Sb4S13.
177,178 The Tetrahedrite phase is metallic, and must be avoided during the 

thermal processing for solar cell applications.179 Figure 49 shows a ternary phase 

diagram for the Cu-Sb-S system, which indicates that excess sulfur for a fixed 

temperature should result in a chemical potential that favors the formation of 

Cu3SbS4. Therefore, we increased the amount of sulfur during the annealing step, 

which allowed us to use higher temperatures. This process led to the formation of 

films that had narrower FWHM for the XRD peaks, suggesting higher crystallinity of 

the Cu3SbS4 films. The increase in grain size and crystallinity is important to reduce 

grain boundaries and defects in the lattice, and ultimately produce films with 

improved optical and electrical properties. Although, high temperature sulfurization 

processes increased the crystallinity of films, short anneals were used to avoid 

formation of MoS2. Using Raman, we found that MoS2 formation occurred on 

exposed Mo on the substrates when we annealed to 500°C for 30 minutes.  

Figure 48(B) shows that using 5 g of S at 500°C for an annealing time of 10 

minutes. The FWHM of the XRD peaks became narrower as the sulfurization process 

induced formation of larger grains and consequently increased the crystallinity of the 

prepared films. A closer look at the XRD pattern for both samples showed a minor 

formation of copper (II) sulfide after the air annealing and after the sulfurization 

process. 

SEM images for the Cu3SbS4 films are shown in Figure 50 after several 

sulfurization conditions. Figure 50(A & B) show distinct gaps between Cu3SbS4 

grains, which suggests material loss for anneals > 500 °C and > 30 min. However, 
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Figure 50(C) shows no loss occurred for the optimized sulfurization condition (5 g S 

/500 °C/10 min). When comparing the samples before and after the optimized 

1sulfurization process, the cross-section images in Figure 50(D1 & D2) show the 

formation of large grains after the sulfurization process. However, even for the 

optimized conditions of the sulfurization process, a 150 nm layer of small grains and 

residual carbon from the capping agents remained after the sulfurization process. This 

issue was minimized as much as possible using both annealing steps in this study. 

EDS spectra of both films shown in Figure 50 (D) indicated that after the air 

annealing step and after the subsequent sulfurization step. The composition of the 

films was determined to be Cu3.0±0.02Sb1.0±0.08S4.1±0.10 and Cu3.2±0.10Sb1.0±0.06S4.3±0.20, 

respectively. The EDS results indicate that the composition of the films after 

sulfurization were both slightly copper and sulfur rich which could be indicating the 

formation of CuS also shown in the results obtained by XRD. 

  Along with the structural changes due to the sulfurization process, an increase 

in the optical absorption properties for Cu3SbS4 films were also observed. Figure 51 

shows absorption for each of the Cu3SbS4 films before and after the optimal 

sulfurization process. Both samples have absorption coefficients above 104 cm-1 in the 

visible regime, and for the sample after sulfurization there was a rapid increase in 

absorption at the band gap (~ 0.9 eV). The sulfurized sample has a high absorption 

coefficient over a larger range of wavelengths compared to the air annealed sample. 

The high absorption coefficient and rapid increase in absorption is of interest for solar 

cell applications since Cu3SbS4 can absorb longer wavelengths when used as the 

bottom absorbing layer of a tandem device based on silicon. 
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Raman spectroscopy results are shown in Figure 52. For this technique, two 

different wavelengths were used in order to explore the effect of penetration depth to 

characterize both films. The peaks located at 247.2 cm-1, 272.5 cm-1, 322.5 cm-1, 360 

cm-1, and 641.1 cm-1 in the Raman spectra of films using a visible laser (λ = 532 nm, 

low penetration depth) were used to identify the Cu3SbS4 phase. When the IR laser 

was used (λ = 785 nm, high penetration depth) additional peaks that are characteristic 

of the Cu3SbS4 phase were identified (271.5 cm-1, 317.2 cm-1, 348.7 cm-1, and 629.2 

cm-1). However, for the visible excitation source, a low intensity peak was found at 

493.3 cm-1, which indicates the formation of copper (II) sulfide. This observation is 

consistent with the XRD analysis. For Raman, no peaks for copper sulfide were 

observed when longer wavelengths were used (longer penetration depth).  

 XANES was used to evaluate the bulk and the surface of the Cu3SbS4 

samples. Figure 53 shows XANES for Cu3SbS4 samples from the fluorescence and 

the total electron yield detectors. A major difference between the two samples was 

observed at the pre-edge peak, located at approximately 931 eV. In the figure we also 

show results for reference samples that have different Cu oxidation states. Cu0, Cu+, 

and Cu2+, which have the electronic configurations (Ar)3d104s1, (Ar)3d104s0, and 

(Ar)3d94s0, respectively. For higher oxidation states the partial occupation of the “d” 

orbitals allows absorption of X-rays due to 2p-3d transitions.180 Therefore, the pre-

edge peak found at 931 eV should only be observed for samples containing Cu2+ 

species. The Cu3SbS4 samples had a Cu L3 pre-edge peak in both detection modes, 

due to the presence of Cu2+ species. Therefore, CuS is likely present in both the bulk 

and surface of the Cu3SbS4 films as a result of multiple air annealing steps that were 
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performed for the samples. However, the sample that underwent the optimal 

sulfurization process only had Cu+ in the bulk and a much lower Cu2+ intensity using 

the total electron yield mode. This suggests that only the surface of films after the 

sulfurization process contained CuS. As mentioned previously, the Cu3SbS4 

absorbing layer solar cell devices have low efficiencies, which are close to 0.50 %.171 

These lower efficiencies could be caused by the changes in the composition of the 

films in the bulk and at the surface after the imposed thermal processing. 

Inhomogeneity, growth orientation effects, and interface structural and electronic 

properties are of fundamental contribution to the efficiencies of solar cell devices.181 

The presence of CuS due to decomposition of the Cu3SbS4 phase during the thermal 

annealing processes was detected by XANES and XRD, and these changes could be 

the main reasons why lower efficiencies of Cu3SbS4 devices have been reported. 

 

Conclusions 

 

In summary, the Cu3SbS4 phase thin films were successfully treated in a 

sulfur-rich atmosphere anneal, which resulted in films of higher crystallinity using 

relatively economical deposition and processing methods. An optimization of a 

sulfurization process was performed in order to increase crystallinity of Cu3SbS4 

films without a major change of crystal phase. Small changes in the stoichiometric 

ratio were observed as films were thermally processed and bulk characterization 

techniques like XRD and Raman spectroscopy revealed that Cu3SbS4 and CuS were 

present in samples. SEM images corroborated the formation of larger grains in films 
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that were treated at the optimal operating conditions of sulfurization. The UV-Vis 

spectroscopy results indicated that the sulfurization process also increased the 

absorption coefficients of films in the visible and near-IR range. 

XANES spectra revealed that after the air annealing process the Cu3SbS4 

films contained Cu2+ in both the bulk material and at the surface of the film, which 

corroborates with EDS metal ratios and the impurity peaks observed in XRD and 

Raman spectroscopy. However, after the sulfurization process at the optimal 

conditions the only remaining Cu2+ was detected by the total electron yield detector, 

which indicates the formation of CuS at the surface of these films. The observed 

structural and composition changes at the surface level can affect the interface of 

solar cell devices. These findings could be related to the low efficiencies of Cu3SbS4 

solar cells found so far. 
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Figure 46: X-ray diffraction pattern of as-synthesized Cu3SbS4 nanoparticles. Patterns 

for Cu12Sb4S13
182 and Cu3SbS4

183 were published elsewhere.  
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Figure 47: (A) HRTEM image of single Cu3SbS4 particle, (B) SAED of a group of 

Cu3SbS4 particles, (C) STEM image of as synthesized Cu3SbS4 particles, and (D) 

Particle size distribution obtained using the STEM image shown in (C) 
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Figure 48: (A) X-ray diffraction of Cu3SbS4 films after air anneal only and after 

air anneal followed by different conditions of sulfurization. (B) X-ray diffraction 

of film prepared at optimized sulfurization condition and air anneal only. Labeled 

peaks: (*) CuS and (**) Mo. Patterns for Cu12Sb4S13
182 and Cu3SbS4

183 were 

published elsewhere. 
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Figure 49: Ternary diagram for Cu, Sb, and S showing regions of formation of binary 

and ternary phases that can be formed at T = 300 °C.184,185 (After Braga et al.)  
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Figure 50: (A) Top-view SEM image of Cu3SbS4 film that underwent sulfurization at 

500°C / 50 min, (B) Top-view SEM image of Cu3SbS4 film that underwent 

sulfurization at 550°C / 30 min, (C) Top-view SEM image of Cu3SbS4 film that 

underwent sulfurization at 500°C / 10 min, (D1) Cross-section SEM image of Cu3SbS4 

film that underwent sulfurization at 500°C / 10 min, and (D2) Cross-section SEM 

image of Cu3SbS4 film that was only annealed in air. 
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Figure 51: UV-Vis spectroscopy of films annealed in air only and annealed in air along 

with undergoing the optimized sulfurization process.  
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Figure 52: Raman spectroscopy (A) using λ = 785 nm laser and (B) using λ = 532 nm 

laser. Samples analyzed were films annealed in air only and annealed in air along with 

undergoing the optimal sulfurization process. δP is the estimated penetration depth 

calculated based on the absorption coefficient of each sample. Reference spectra are part 

of the RRUFF database: Famatinite (ID: R110022) and Covellite (ID: R060306) 
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Figure 53: X-ray Absorption Near-Edge Structure (XANES) of films after the air 

annealing process only and of films after the air annealing process and the following 

optimal sulfurization process. (A) XANES results from the fluorescence detector and 

(B) XANES results from the detection of total electron yield. References shown in 

dashed lines were published elsewhere.180,186 
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CHAPTER 7 

CONCLUSIONS AND FUTURE DIRECTIONS 
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In the presented chapters, the scalable synthesis of nanoparticles and the use 

of nanoparticle inks for the solution-based processing of solar cells has been 

explored. The continuous flow microwave-assisted synthesis of nanomaterials was 

successfully performed for different nanomaterials. MOF-74(Ni) was synthesized 

under milder conditions of pressure (~2.5 bar) with high conversion of reagents (~ 

96.5 %) and high space-time yield (~ 80 – 90 g.h-1.L-1) compared to continuous 

synthesis with conventional heating sources. Microwaves reduced reaction times 

down to minutes, as opposed to days in a batch synthesis, and allowed control of 

nucleation rates. The faster nucleation at higher TMW resulted in the formation of 

smaller grains, which resulted in different adsorption behavior even after the growth 

bath. Different adsorption behavior was also observed at higher microwave 

temperatures. This behavior is attributed to the agglomeration of grains and the 

formation of structural defects, which may result in misaligned and collapsed pores.     

The use of benzoic acid as a chemical modulator in the MOF-74(Ni) was 

proposed as a solution for the agglomeration observed at higher microwave 

temperatures. The modulation in the synthesis of the MOF-74(Ni) created competing 

reactions pathways for organic linkers and modulators, and there was an observed 

increase in the relative apparent activation energies for the MOF-74(Ni) reaction as 

higher BA to Ni2+ concentration ratios were used. As a result, synthesis with higher 

BA to Ni2+ concentration ratios led to larger and more uniform particles. 

Optimization of the MOF synthesis conditions allowed for good control of particle 

size distributions, the formation of particles with high crystallinity, and the formation 

of particles with high surface area. 
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The high adsorption capacities of the MOF-74(Ni) and resistance in presence 

of moisture were tested in a water purification test. ICP-OES results indicated a 

significant difference between the amount of metal ions present in MOF-

74(Ni)/Nafion® composite films compared to Nafion® alone. Copper, lead, and silver 

were removed with high efficiencies by the MOF-74(Ni)/Nafion® composite film. 

Silver was the most efficiently removed metal, where Raman spectroscopy indicated 

this was due to the formation of silver nanoparticles. A scalable method to produce 

MOF-74(Ni) with excellent control over particle sizes was demonstrated. The 

synthesized particles were used in a composite in a water purification application 

showing the removal of metal ions from aqueous solutions. It is suggested that this 

work would be complemented with regeneration studies of the prepared composites, 

as well as mechanistic investigations into the amplification of selectivity for more 

hazardous metal ions.  

 We developed a scalable synthetic method to create silver nanocubes with 

high cube selectivities using microwave-assisted methods. Due to surface-enhanced 

Raman scattering (SERS) effects, nanocubes have important applications in sensing 

experiments. Different synthesis conditions were varied to yield nanocubes of 28, 45, 

and 58 nm edge lengths. The optimization of the reactor led to routes for producing 

particles with cubic-shape selectivity above 70% and narrow size distribution for the 

cubes of smaller edge length (28 and 45 nm). Further development can use this 

method to achieve the formation of silver nanocubes with smaller diameters than 15 

nm and explore the potential enhancement in sensitivity caused by SERS.   
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A method for solution-based processing to synthesize and characterize 

Cu3SbS4 thin films, a low band gap and superabsorbing material, was successfully 

developed. This work presented a cost-effective approach in preparing Cu3SbS4 films, 

which allowed a study to address structural changes that could be related to the low 

efficiencies presented by of solar cells using this phase. An optimization of a 

sulfurization process allowed for an increase in the crystallinity of Cu3SbS4 films 

without a major change of crystalline phase. Changes in the stoichiometric ratio of the 

films were observed through the thermal processing. Bulk characterization techniques 

such as XRD and Raman spectroscopy revealed that Cu3SbS4 and CuS were present 

in samples. XANES revealed changes in the oxidation state of copper in the bulk and 

at the surface level of the films. XANES combined with total electron yield detection 

further demonstrated the presence of Cu2+ after the optimized sulfurization process, 

which indicates the possible formation of CuS at the surface of these films. Further 

studies using XPS are suggested to confirm the observed changes in the XANES 

spectra. This information could be useful in the optimization of annealing steps so as 

to avoid the formation of copper sulfide via prevention of the sublimation reactions of 

antimony sulfide. These studies could lead to the enhancement of efficiencies of solar 

cell devices that use Cu3SbS4 as an absorbing layer. 
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