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ABSTRACT 

 

Utilization of solar energy continues to be a prominent topic in our society. The 

chemical and thermal stability of semiconductors is of great interest due to their widespread 

appeal and applicability as photoactive materials and in energy conversion devices. However, 

aside from surface chemistry studies and photo degradation (under continuous illumination), 

the general chemical reactivity and thermal stability of these materials is poorly understood.  

In this thesis, we use CdSe and CdS nanorods as model systems to investigate the behavior of 

II-VI semiconductor nanorods against various conditions of “extreme” chemical and physical 

stress (acids, bases, oxidants, reductants, heat). We demonstrate CdSe nanorods completely 

degrade in the presence of acids, but retain their structural and optical properties when 

subjected to basic or oxidative environments. Reductants, such as n-butyllithium, reduce 

CdSe to cadmium metal but hydrogen does not. Thermal treatment of both CdSe and CdS 

nanorods results in annealing, axial melting, and then coalescence of the particles. Axial 

melting did not depend on the type of inorganic material but on the ligand(s) coating the 

nanorod surface. 

We also explore the synthesis of copper nitride (Cu3N) nanocrystals by nitridation of 

Cu2O nanocrystals with either ammonia or urea. We characterize the structure, optical 

properties, and morphology of both oxide and nitride phases using structural, optical and 

computational methods. Upon exposure to moisture and air, Cu3N decomposes to CuO.  

Simple thermodynamics calculations explain that the observed concomitant release of NH3 

and N2 is due to kinetic factors.  
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Finally, we investigate the thermal stability of bulk methylammonium lead halide 

perovskites (CH3NH3PbX3  where X = I, Br, or Cl) to determine the decomposition products. 

Using thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 

coupled with a quadrupole mass spectrometer (QMS) and Fourier-Transform infrared (FT-

IR) spectrometer, the decomposition temperature and evolved gas products are analyzed. 

Bulk iodide and bromide decompose by a similar route compared to that of the bulk chloride. 

For the iodide and bromide, ammonia and methyl halide evolve but the bromide evolves 

methylamine too. The chloride acts similar to reports in literature with evolution of 

methylamine and HCl. However, peaks for HCl overlap with the CH3 stretching of 

methylamine making it difficult to distinguish. Using this data and decomposition pathways, 

a way to achieve long-term thermal stability may be determined for methylammonium lead 

halide perovskites for solar cells. 
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CHAPTER 1 

INTRODUCTION 

General Introduction 

In one hour, more light energy (4.3 x 1020 J) from the sun hits the Earth than is used (4.1 

x 1020 J) in a year.1 Thus, utilization of this potential solar energy continues to be of great 

interest.  Two interesting processes for using solar energy are photovoltaics and photocatalysis. 

Recently, semiconductor materials such as nanocrystals have emerged as candidates for light 

harvesting. 

A semiconductor is a material with conductivity and other properties between a metal and 

an insulator.2,3 It has a band gap defined as the distance between the bottom of the conduction 

band and the top of the valence band (Figure 1A) energy levels. The band gap determines if the 

material is a semiconductor or not.2,4  In general, a semiconductor’s conductivity increases as 

temperature increases so conductivity cannot determine if a material is a semiconductor alone.2,3 

Semiconductors that have dimensions of 1-100 nm are nanocrystals and show a mix of solid-

state and atomic properties, for example size dependent optical and electronic properties, from 

tuning the size of the band gap.4,5 These nanocrystals can demonstrate the quantum confinement 

effect, which is similar to a particle in a box model.4,6  

Quantum confinement results from electrons and holes being compressed into dimensions 

close to the exciton Bohr radius, which is the energy difference between the electron in the 

conduction band and the “hole” left behind in the valence band.4,7-9 The exciton Bohr radius 

controls the size at which the energy levels are quantized instead of being treated as continuous 

such as a bulk semiconductor and changes the electronic and optical properties of the 

nanocrystals.4,7-9 As the nanocrystal size decreases, the spacing between the valence band and 
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conduction band increases, due to quantum confinement.6 The exciton Bohr radius is used to 

characterize a crystal a quantum confined nanocrystal or a bulk semiconductor.7-9 Bulk 

semiconductors, along with quantum confined nanocrystals, have a band gap energy, which is 

the minimum energy needed to excite an electron from the valence band to the conduction band,  

that is compositionally dependent. A hole is left in the valence band when a photon of greater 

energy is absorbed and exciton generated.4 The relaxation of the excited electron back to the 

valence band may emit a photon and remove the exciton. Along with the band gap being 

compositionally dependent, fluorescence and absorption wavelengths change with the size of the 

nanocrystal, Figure 1C.4,5 The size of the nanocrystal is controlled in the synthesis. 

 

Figure 1. (a) Electronic energy states of a semiconductor in the transition from discrete 
molecules to nanosized crystals and bulk crystals. (c) Absorption (upper) and fluorescence 
(lower) spectra of CdSe semiconductor nanocrystals.4 
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There are different types of dimensions for nanocrystal semiconductors, 0D quantum 

dots, 1D quantum wires, 2D quantum wells, and 3D bulk materials. Zero-dimensional materials 

are confined in all three directions, 1D quantum wires are confined in 2, 2D in one and bulk 

materials are not confined, see Figure 2.10  

 

Figure 2. Scheme showing the concept of dimensionality for a bulk semiconductor – 3D (a) 
quantum well – 2D (b) quantum wire – 1D (c), and quantum dot – 0D (d) along with the 
corresponding density of states for ideal cases.10 
 

The quantum confinement of nanocrystals is dependent on size, composition and shape.11 

Nanorods are in between quantum dots and quantum wires, and the diameter and length are 

controlled. The band gap decreases as the aspect ratio (length/diameter) increases.11 Nanorod 

optical properties differ significantly from quantum dots. Compared to QDs, nanorods have 

higher photoluminescence quantum efficiency, suppression of non-radiative Auger processes, 

linear polarized PL, an increase in Stokes shift, faster carrier relaxation, and multiple exciton 

generation.12-15 The properties of semiconductor nanocrystals, such as tunable band gaps, intense 
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and broad absorption, long-lived excitons, and good solubility, make them ideal as light 

harvesters.    

Nanocrystals have applications in areas such as solar energy, optoelectronic devices, 

biological imaging, photovoltaic devices, single-electron transistors, and ultrasensitive 

detection.4,16,17 Furthermore, the properties of quantum dots and rods such as the size tunable 

band gap, absorption, and photoluminescence, large molar extinction coefficients, and sizable 

dipole moment, are utilized in applications such as lasers, LEDs, photodetectors, transistors, 

thermoelectric purposes, memory elements, and biological imaging and analyses.17-21 The 

utilization of light as renewable energy continues to be of great research interest. Two main 

processes looked at are converting sunlight to electricity using photovoltaics and using sunlight 

for photocatalysis to produce fuels such as hydrogen.22-24 Semiconductors and colloidal 

nanocrystals are being explored as inexpensive and efficient materials for renewable 

energy.1,17,25,26 However, there are issues with solar cells and semiconductor nanocrystals that 

limit efficiencies such as optical absorption, charge recombination, electron injection, hole 

scavenging, electrolyte, and counter-electrode effect.18,19 The thermal and chemical stability of 

nanocrystals and light harvesting materials is also problematic for some applications.  

Chemical and Thermal Stability of Nanocrystals 

Nanostructured materials are in a non-equilibrium state. Stability of nanostructured 

materials is not uniform and the largest set of data is on grain growth where the chemical 

stability and deformation stability were not investigated.27-29 The stability of metallic 

nanostructured nanocrystals has been reviewed under extreme temperature, radiation and 

deformation conditions; however, it did not include semiconductors due to the lack of systematic 

data.30 Thermal activation, radiation, corrosion and deformation can stimulate and enhance 
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diffusion, grain growth, and homogenization resulting in partial or total loss of the nanostructure 

along with its associated properties. The thermal behavior is complicated by abnormal grain 

growth where larger grains consume smaller grains resulting in a bimodal size distribution 

observed at room and higher temperatures. This destroys the nanostructure and results in loss of 

physical and mechanical properties. Surface passivation can increase stability by forming a 

protective coating against corrosion, which is increased due to the high surface area of 

nanomaterials.31 Heat generation also affects the performance of the device; therefore, using 

optical spectroscopy, the thermal stability of semiconductor nanocrystals for photoluminescence 

was investigated. This was done for InP, Si, CdSe, and Mn:ZnCdS.32-35  

II-VI Semiconductors (CdSe and CdS) 

II-VI semiconductors are wide band gap materials displaying quantum confinement and 

tunable size dependent optical properties. Decreasing the size of the nanocrystals increases the 

band gap and shifts the absorbance and photoluminescence to lower wavelengths.36 Due to these 

optoelectronic properties, II-VI semiconductors such as CdS and CdSe are proposed for 

applications such as photocatalysis, light emitting devices, flat panel displays, sensors, and solar 

cells.36,37  The bulk band gap of CdSe is 1.74 eV (713 nm) and the band gap of CdS is 2.42 eV 

(515 nm).38 The size of both of these can be tuned to absorb in the visible spectrum. Nanorods, 

with their elongated structure are heavily utilized for properties, such as generation of multiple 

excitons, emitting linearly polarized light, and large Stokes shift, which can decrease 

reabsorption of light.4 For some applications of these materials, the environments are harsh and 

the structural stability in those situations has not been thoroughly investigated. Both the chemical 

(acidic, basic, oxidative, and reductive environments) and the thermal stability of II-VI nanorods, 



www.manaraa.com

6 

 

specifically CdSe and CdS, are investigated in Chapter 2 along with reactivity with silica 

coating. 

Metal Nitrides (From Metal Oxides) 

Transition metal oxides are among the most extensively studied and characterized 

materials. They have been investigated at for various applications including renewable energy. 

Compared to metal oxides, metal nitrides are not as well understood or characterized. Recently, 

however, transition metal nitrides have received attention due to their properties of high melting 

points, hardness, and resistance to corrosion.39 Furthermore, metal nitrides are interesting 

materials for a variety of applications. Compared to metal oxides, the conduction band 

(potential) stays the same but the valence bond forming orbital (2p) of nitrogen is higher in 

energy compared to the oxygen (2p) orbital, resulting in a higher oxidation potential.40 

Therefore, converting metal nitrides to oxides increases the valence band energy, resulting in a 

narrower band gap. Raising the valence energy band and narrowing the band gap impacts a 

material’s optical, electronic and photocatalytic behavior. Therefore, others have studied using 

transition metal oxides as precursors to the nitrides.41-43 We investigated this conversion (metal 

oxide to metal nitride) for copper(I) oxide nanocrystals and found interesting results. In Chapter 

3, the facile conversion of copper(I) oxide to copper(I) nitride is investigated using two different 

nitrogen sources (ammonia and urea), along with the instability and decomposition of the nitride 

to copper(II) oxide at room temperature in humid conditions. 

Methylammonium Lead Halides (CH3NH3PbX3, where X = I, Br, or Cl) 

A popular, new direction for photovoltaics is using semiconductor organometal halide 

perovskite materials. In 2009, a methylammonium lead halide perovskite produced a power 

conversion efficiency (PCE) of 3-4%.44 Then in 2012, the PCE doubled with a reported PCE of 
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9.7% for a solid-state perovskite solar cell. In 2014, the perovskite solar cell reached a PCE of 

19.3% and a certified PCE of 17.9% was shown. This performance increase was due to the high 

optical absorption, balanced charge transport, and long diffusion lengths of these perovskite 

materials.45 Perovskites have a crystal structure of ABX3 where A and B are two cations with 

different sizes and X is an anion, which is commonly oxygen or a halogen (Figure 3).46  For 

organic-inorganic perovskite halides, A is an organic ammonium cation, B is Pb or Sn, and X is 

the halide.47  The larger cation, A, occupies a cubo-octahedral site shared with 12 anions. The 

smaller B cations are in octahedral sites shared with 6 anions.44 The perovskites studied at in 

Chapter 4 are CH3NH3PbX3 (where X = I, Br, or Cl).  

 

Figure 3. Cubic perovskite crystal structure where A is a large cation, B is a small cation, and X 
is an anion.46 

 

The properties of these perovskite materials make them very interesting for applications 

in photovoltaics. For instance, CH3NH3PbI3 has a band gap of 1.5 eV (820 nm) and is highly 

fluorescent.48,49 Methylammonium lead bromide and chloride have a band gap of 2.3 eV (540 

nm) and 3.1 eV (400 nm), respectively.50,51 The red shift of the band gap from the chloride to 

iodide results from the increasing the covalent character of the lead-halide bond, which results in 

a decrease in electronegativity of the halide.52,53  However, the stability of the perovskites is an 
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issue for solar cells. The materials decompose in high humidity and high temperature, which is 

unwanted in solar cells.44,45 Recently, groups looked at different methods for long-term 

stabilization of the materials, such as using a carbon nanotube/polymer composite as a stable 

hole collection layer.45,54 The perovskite solar cell showed a notable increase in moisture and 

thermal stability. Others looked at using a hole transport material free solar cell with a carbon 

back contact that showed an increased resistance to water.45,55 However, the degradation 

mechanism of the perovskite is not yet understood, which would help improve the long-term 

stability of perovskite solar cells. Therefore, in Chapter 4, we investigated the thermal 

decomposition of bulk perovskite methylammonium lead halides to help determine a pathway 

which could lead to synthesizing more stable perovskite materials for use in solar cells. 

Thesis Organization 

This thesis discusses the chemical and thermal stability of the semiconductor materials to 

investigate how the different compositions and structures (both nano and bulk) of materials 

would react within different harsh environments (chemical and thermal) usually used for 

catalysis or solar cells. The following chapters contain a diverse range of materials and relevant 

literature is reviewed to give background and important results in each introduction.  

Chapter 2 describes the chemical and thermal stability of II-VI nanorods. We used acids, 

bases, oxidants, and reductants to see the effect on the CdSe nanorods. We used variable 

temperature powder XRD to explore the thermal stability of both CdSe and CdS nanorods. Chia-

Cheng Lin performed the silica coating of the CdSe nanorods and CdSSe drumsticks to 

determine the reactivity of the different types of surfaces of II-VI nanocrystals. In Chapter 3, the 

transformation of copper(I) oxide to copper(I) nitride and the stability of the nitride, under 

normal conditions (room temperature and humid/dry environments), is investigated. Miles A. 
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White performed the DOS and band structure calculations for the three materials, Cu2O, CuO, 

and Cu3N, along with discussion of the enthalpic contributions to determine the products of the 

decomposition (ammonia and nitrogen). Finally, the thermal stability of CH3NH3PbX3 where (X 

= I, Br, or Cl) was investigated in Chapter 4 to determine the decomposition pathway of the 

materials. Determining the decomposition products may lead to improved modification of the 

material, increasing the stability for use in solar cells. Long Men and Bryan Rosales synthesized 

and characterized the methylammonium lead halides. 
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CHAPTER 2 
 

HOW ROBUST ARE SEMICONDUCTOR NANORODS? INVESTIGATING THE 
STABILITY AND CHEMICAL DECOMPOSITION PATHWAYS OF PHOTOACTIVE 

NANOCRYSTALS  
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Abstract 

Anisotropic II-VI semiconductor nanostructures are important photoactive materials for 

various energy conversion and optical applications. However, aside from the many available 

surface chemistry studies and from their ubiquitous photo degradation under continuous 

illumination, the general chemical reactivity and thermal stability (phase and shape 

transformations) of these materials are poorly understood. Using CdSe nanorods and CdS 

nanorods as model systems, we have investigated the behavior of II-VI semiconductor nanorods 

against various conditions of “extreme” chemical and physical stress (acids, bases, oxidants, 

reductants, heat). CdSe nanorods react rapidly with acids, becoming oxidized to Se or SeO2. In 

contrast, CdSe nanorods remain mostly unreactive when treated with bases or strong oxidants, 

although bases do partially etch the tips of the nanorods (along their axis). Roasting (heating in 

air) of CdSe nanorods results in rock salt CdO, but neither CdSe nor CdO are easily reduced by 

hydrogen (H2). Another reductant, n-BuLi, reduces CdSe nanorods to metallic Cd. Variable 

temperature X-ray diffraction experiments show axial annealing and selective axial melting of 

the nanorods precede particle coalescence. Furthermore, thermal analysis shows that the axial 

melting of II-VI nanorods is a ligand dependent process. In agreement with chemical reactivity 
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and thermal stability observations, silica-coating experiments show that the sharpest (most 

curved) II-VI surfaces are most active against heterogenous nucleation of a silica shell. These 

results provide valuable insights into the fate and possible ways to enhance the stability and 

improve the use of II-V semiconductor nanostructures in the fields of optics, magnetism and 

energy conversion. 

Introduction 

II-VI semiconductor nanostructures are among the most hyped materials to date. 

Photophysics studies of CdSe, CdS, etc. have blanketed the scientific literature for the past thirty 

years, and numerous applications in energy conversion devices (photovoltaics, light emitting 

devices, etc.) have followed. In comparison, we know relatively little about the general chemical 

and thermal stability of low dimensional II-VI semiconductors. What little we know comes 

mostly from surface chemistry studies or from indirect observations related to the apparent 

instability and photo-degradation of these materials under continuous illumination, as described 

in many photocatalytic studies. 

Semiconductors are known to undergo photoinduced oxidative etching and degradation 

under continuous illumination,1,2 often in detriment of their photocatalytic properties.3-10 

Photocatalytic reactions tend to occur under relatively harsh, oxidative, reductive, acidic or basic 

conditions, contributing to the degradation process.11-13 Amine-passivated, wurtzite CdSe 

platelets photodegrade faster than carboxylate-passivated, zinc-blende CdSe nanoplatelets.14 

Nanocrystals with incompletely passivated surfaces degrade the fastest.15 Photopassivation, 

photooxidation, and photo introduction of defects occur in CdSe/CdS dot-in-rod nanoparticles.16 

Ways to prevent semiconductor photodegradation include hole scavenging with stoichiometric 

reagents such as sulfide (S2-).17 Additive-free methods include metal and metal-oxide 
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modification: SC-M heterostructures are more robust to photodegradation than unmodified 

SCs,18,19 likely due to electron-transfer between the SC and M components.20-22 Decoration of 

CdS nanorods with MFe2O4 (M = Zn or Co) also results in photochemically stable and 

magnetically recyclable photocatalysts.23,24 

Beyond these numerous straightforward photocatalytic observations, relatively little is 

known about the general chemical and thermal stability, degradation and reactivity of 

semiconductor nanorods in the presence of different reagents and/or “extreme” conditions. 

Tributylphosphine shortens the length of CdSe nanorods, nanowires and tetrapods through axial 

etching. When accompanied by photoirradiation, tributyphosphine and primary amines decrease 

nanocrystal diameter.25 Encapsulation in dendron boxes makes CdSe/CdS core/shells more stable 

against H2O2, HCl, UV irradiation in air and mild heating under vacuum.26 Aminosilane 

modification improves the chemical stability of ZnO nanorods in HCl solution.27 “Roasting” 

(heating in air) of GaP nanocrystals produces Ga2O3 hollow particles, nanorods or nanotubes, 

depending on the specific heating rate and final heating temperature.28 Roasting of GaN results 

in single-crystalline β-Ga2O3 nanowires and zigzag- nanostructures.29 Heating and adding acids 

corrode GeSe4 glasses to produce Se nanoparticles.30 In the case of metals, it is known that the 

chemical and thermal stability of nano gold correlates with nanoparticle size and 

morphology.31,32 Gold nanorods undergo anisotropic chemical dissolution (axial etching) when 

treated with cyanide, and are selectively shortened when treated with oxygen in HCl solution.33 

Small aspect ratio silver nanorods are unstable in air and light, likely due to photooxidation. 

However, Ag nanowires are relatively stable under similar conditions.34  

Low dimensional nanostructures undergo melting and other phase transformations at 

much lower temperatures than their bulk counterparts. Examples include: ZnO nanorods (750 
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°C) vs. bulk ZnO (1976 °C);35 CdSe nanorods (460–470 °C) vs. bulk CdSe (1239 °C); Ge 

nanowires (650–800 °C) vs. bulk Ge (930 °C);36 Cu nanowires (450 °C) vs. bulk Cu (1083 °C);37 

and RuO2 nanorods (600–650 °C) vs. bulk RuO2 (1200 °C).38,39 Additional relevant examples 

based on detailed thermal stability analyses have been reported for CdSe,40,41 CdS and SnS 

nanocrystals,42-44 CdSe/CdS octapods,45 PbS nanorods,46 Au nanorods,47,48 Au-tipped CdS 

nanorods,49 and layered inorganic (II-VI)–organic (ethylenediamine) nanostructures.50 Beyond 

experiments, molecular dynamics (MD) simulations predict heating-induced formation of 

anisotropic CdSe nanostructures at 600–1000 K.51 MD simulations also predict the melting point 

of Ni nanorods decreases with diameter, regardless of length. MD simulations on Pd, Au, Zr, Ni 

and Ti nanowires are also available.52 Nanocrystals have also been shown to undergo cation 

exchange.53 

Several surface chemistry studies have used X-ray photoelectron spectroscopy (XPS) to 

probe the inorganic-organic interface of nanosized II-VI semiconductors under a variety of 

conditions. XPS studies showed that CdO and SeO2 form on CdSe quantum dot surfaces, 

particularly under illumination.54-57 Upon exposure to H2O2, SeO2 and CdSO4 form on CdSe and 

CdS dot surfaces, respectively (and an increase in CdS photoluminescence).58,59 CdCl3-, Sex- 

clusters, and SeHx
- species form on CdSe nanorod surfaces in the presence of chloromethane 

solvents.25 In the majority of these cases, the new surface species were either produced in very 

small enough or were amorphous, and thus undetectable by XRD. Phase and shape 

tranformations of the whole nanocrystals under similar or even more “extreme” conditions were 

not usually addressed. 

In view of the perceived lack of substantive and systematic reports on the chemical and 

thermal stability of II-VI semiconductor nanocrystals, and because of their great importance and 
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widespread interest and applicability as photoactive materials for optics, magnetism and energy 

conversion, we decided to study their overall stability in detail. In this paper, we specifically 

focus our attention on one-dimensional (1D) nanocrystals (nanorods) of CdSe and CdS as model 

systems. 

Experimental 

Materials. Selenium (99.999%), cadmium oxide (99.998%), sulfur (99.999%), 

tetramethylammonium hydroxide (TMAH) (98%) and diphenylpropyl phosphine (DPP) were 

purchased from Alfa Aesar; octadecylphosphonic acid (ODPA) from PCI Synthesis; 1-

octadecene (ODE) (90%) from Acros Organics; trioctylphosphine oxide (TOPO) (99%), n-

butyllithium (1.6 M in hexanes), tetraethyl orthosilicate (TEOS) (98%), Igepal CO-520, 

ammonium hydroxide (NH4OH) (28 wt%) from Aldrich; trioctylphosphine (TOP) (97%) from 

Strem; hydrochloric acid, nitric acid, potassium permanganate, hydrogen peroxide (30% w/w), 

sodium hydroxide, ethanol (200 proof), and hexane from Fisher. All chemicals were used as 

received unless specified otherwise. 

II-VI Nanorod Synthesis. CdSe nanorods, and CdS nanorods, and compositionally-

graded, CdS0.4Se0.6 drumstick-like nanorods were made by literature procedures (see Supporting 

Information file).60-63 

Chemical Reactivity Studies. Acids and bases. Freshly made and purified CdSe 

nanorods (15-20 mg) (and/or in some cases, CdS nanorods, see Supporting Information for 

details) were allowed to dry overnight. 20 mL aqueous 4 M acid (HCl or HNO3) or 4 M base 

(NaOH or Me4NOH) was added and the mixture stirred for 3 days at room temperature (R.T.). 

Warning: Acid digestion of CdSe could potentially release H2Se, which is highly toxic. These 

and similar reactions should be carried inside a fume hood with other appropriate engineering 
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controls and while wearing personal protective equipment. Oxidants: KMnO4. Freshly made and 

purified CdSe nanorods (15-20 mg) were allowed to dry overnight. 20 mL aqueous 0.2 M 

KMnO4 was added and the mixture stirred for 3 days at R.T. Oxidants: H2O2. Freshly made and 

purified CdSe nanorods (15-20 mg) were allowed to dry overnight. 10 mL aqueous 30% w/w 

H2O2 were added and the mixture stirred for 1 day at R.T. Two additional additions of 5 mL 

aqueous 30% w/w H2O2 each were added after 1 and 2 day reaction, and stirring continued for a 

total of 3 days at R.T. Oxidants: O2 (Air). Freshly made and purified CdSe nanorods (15-20 mg) 

were allowed to dry overnight, placed in a combustion boat and inside a tube furnace (Lindberg 

55035). Air, dried through a Drierite tube, was passed (60 mL/min) while heating to 350 °C, 500 

°C or 600 °C at a rate of 10 °C/min, and kept at this temperature for a period of time (see below). 

Reductants: H2. Freshly made and purified CdSe nanorods (or CdO) (15-20 mg) were allowed to 

dry overnight, placed in a combustion boat and inside a tube furnace (Lindberg 55035). H2 (20% 

v/v in Ar) was passed (60 mL/min) while heating at a rate of 10 °C/min (see Supporting 

Information). Reductants: n-BuLi. 10 mL CdSe nanorod solution (optical density ~0.69 at λ = 

650 nm) in ODE was added to a three neck round bottom flask and degassed under dynamic 

vacuum at 80 °C for 20 min. The flask was refilled with argon, heated to a given temperature (25 

°C, 100 °C, or 300 °C), n-butyllithium (0.5 mL in 0.5 mL ODE) injected, and the mixture stirred 

for 1 h. 

Silica Coating. CdSe or CdS0.4Se0.6 nanorods were washed once with a mixture of 

toluene and methanol (1:5 v/v ratio). CdSe/SiO2. 3 mL CdSe nanorod solution (6×10-5 M in 

hexane), 0.8 g Igepal CO-520 and 9.5 mL hexane were mixed and stirred at room temperature 

(R.T.) for 30 min. 0.1 mL aqueous NH4OH (28% w/w) was added and stirring continued for 15 

min. 0.1 mL TEOS was added and the solution further stirred for 1 h. Particles were precipitated 
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by adding 10 mL methanol and centrifuged 5 min at 5000 rpm. Particles were re-dispersed in 5 

mL ethanol, centrifuged 5 min at 10000 rcf, and this washing procedure repeated once. 

CdS0.4Se0.6/SiO2.  0.1 mL CdS0.4Se0.6 nanorod solution (2×10-2 M in toluene), 0.8 g Igepal CO-

520 and 12.5 mL hexane were mixed and stirred at R.T. for 30 min. 0.1 mL NH4OH (28% w/w) 

was added and stirring continued for 15 min. 0.1 mL TEOS was added and the solution further 

stirred for 1 h. Particles were precipitated by adding 10 mL methanol and centrifuged 5 min at 

5000 rpm. Particles were re-dispersed in 5 mL ethanol, centrifuged 5 min at 10000 rcf, and this 

washing procedure repeated once. 

Optical Characterization. Absorption spectra were measured with a photodiode array 

Agilent 8453 UV-Vis spectrophotometer. Solvent absorption was subtracted from all spectra. 

Steady-state photoluminescence (PL) spectra were measured with a Horiba-Jobin Yvon Nanolog 

scanning spectrofluorometer equipped with a photomultiplier detector. 

Structural Characterization. X-Ray Diffraction. Powder X-ray diffraction (XRD) data 

were measured using Cu Kα radiation on a Rigaku Ultima U4. Transmission Electron 

Microscopy. TEM was conducted on carbon-coated copper grids using a FEI Technai G2 F20 

field emission scanning transmission electron microscope (STEM) at 200 kV (point-to-point 

resolution <0.25 nm, line-to-line resolution <0.10 nm). Particle analysis. Dimensions were 

measured manually and/or with ImageJ. Size measurements and particle statistics were obtained 

for at least >100 particles. Average sizes are reported along ± standard deviations. 

Thermal Stability Studies. VT XRD. Variable temperature (R.T. to 700 °C) XRDs were 

measured under an inert atmosphere (He or Ar) using Cu Kα radiation on a Philips PANalytical 

XRD. Individual XRD peak widths at half maximum intensity (FWHM, denoted β) were 

measured by modeling the experimental data using Origin or KaleidaGraph. The results were 
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used to calculate single crystalline (ordered) domain sizes (τ) along the main crystallographic 

directions using the Scherrer equation, τ = K × λ / (β × cos θ), where the shape factor K was 

assumed to be 0.9, λ is the X-ray wavelength (Cu Kα = 0.154 nm), and θ is the diffraction 

(Bragg) angle. Differential Thermal Analysis. DTA was performed using a PerkinElmer DTA 7 

on ~20 mg samples at a heating rate of 10 °C/min. Thermogravimetric Analysis. TGA was 

performed using a PerkinElmer TGA 7 on ~0.5 mg samples and at a heating rate of 10 °C/min. 

Results and Discussion 

Reactivity of II-VI semiconductor nanorods against acids: Chalcogenide oxidation. We 

began our investigation by probing the reactivity of CdSe nanorods against common acids, 

specifically HCl and HNO3 (equation 1, Table 1's entries 1 and 2). Powder X-ray diffraction 

(XRD) shows that, after 3 days stirring with 4 M HCl at room temperature (R.T.), the main 

crystalline product is elemental selenium (Se0), although some CdSe remains (Figure 1a). 

Transmission electron microscopy (TEM) reveals that the newly formed Se0 is made of 

elongated nanoparticles with a rod-like morphology; however, these Se0 nanorods (282±118 nm 

× 20±8 nm) are significantly larger than the original CdSe nanorods (18±2 nm × 7±1 nm) (Figure 

1b and Table 1). Optical spectroscopy shows that the absorption fine structure and band edge 

photoluminescence (675 nm PL) characteristic of the original CdSe nanorods disappears within 

the first 12 h of reaction, strongly suggesting that chalcogenide oxidation (from Se2- in CdSe to 

Se0) occurs relatively fast (Figure 1c). When we used HNO3 instead of HCl, we observed a very 

similar behavior. However, the more oxidizing HNO3 acid leads to the formation of crystalline 

SeO2 in addition to Se0, as evidenced by powder XRD (Figure 1a and Supporting Information 

Figure S1). 
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Figure 1. Reactivity of CdSe nanorods against acids: (a) Powder XRD patterns before and after 
treatment with aqueous 4M HCl or HNO3 at R.T. for 3 days. (The standard XRD patterns for 
"bulk" wurtzite CdSe, trigonal Se, and selenolite SeO2 are shown for comparison) (b) 
Representative TEM images and size histograms, and (c) time evolution of absorption and 
emission spectra before and after treatment with aqueous 4M HCl at R.T. for 3 days.  
 

CdSe + 4M Acid Se0 + SeO2 (unbalanced)   (1)
RT

3 day
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Table 1. Effect of common chemical reagents on CdSe nanorods. 
Entry 
# 

Reactants Conditions Before 
Length/Diameter 

(nm) 

After 
Length/Diameter 

(nm) 

Aspect 
Ratio 

Observed 
XRD 
Phases 

1 CdSe, 
HCl 

RT, 3 days 18±2 7±1 282±118 20±8 14 CdSe, Se 

2 CdSe, 
HNO3 

RT, 3 days 18±2 7±1 600±332 24±12 25 Se, SeO2 

3 CdSe, 
NaOH 

RT, 3 days 20±2 5±1 16±2 5±1 3 CdSe, Se, 
CdO 

4 CdSe, 
Me4NOH 

RT, 3 days 18±2 7±1 14±2 6±1 2 CdSe, Se, 
CdO 

5 CdSe, 
KMnO4 

RT, 3 days 10±1 5±1 9±1 4±1 2 CdSe (NR) 

6 CdSe, 
H2O2 

RT, 3 days 27±3 6±1 29±3 7±1 4 CdSe (NR) 

7 CdSe, O2 600 °C, 4 h 23±2 7±1 50a 50a 4 CdO 
8 CdO, H2 300 °C, 4 h 30a 30a 35a 35a 1 CdO 
9 CdSe, H2 500 °C, 2 h 20±2 6±1 20a 25a 3 CdSe (NR) 
10 CdSe, n-

BuLi 
300 °C, 1 h 23±2 7±1 50a 50a 4 Cd 

aEstimated from XRD peak widths. (RT = Room Temperature or 21 °C; NR = No Reaction) 
 
Reactivity against bases: Axial etching. We next investigated the chemical reactivity of 

CdSe nanorods against two common bases, NaOH and tetramethylammonium hydroxide 

(Me4NOH) (equation 2, Table 1's entries 3 and 4). Powder XRD and TEM data show that stirring 

with 4 M NaOH or Me4NOH at room temperature (R.T.) for 3 days results in partial axial 

etching, i.e. along the 002 set of planes (Figures 2 and S2). In XRD, this is evident by a decrease 

in intensity and widening of the 002 diffraction peaks relative to the 100 and 110 peaks (Figure 

2a and Figure 3). TEM confirms that, upon treatment with 4 M NaOH, the diameter of the CdSe 

nanorods stays the same (5±1 nm), but their length decreases somewhat (from 20±2 nm to 17±2 

nm) (Figure 2b and Table 1). Both NaOH and Me4NOH result in similar partial etching, however 

Me4NOH also results in the formation of small amounts of crystalline Se0 and CdO, while NaOH 

does not (Figure 2a and S2a). Interestingly, this base-induced, axial etching does not affect the 
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absorption band edge of the CdSe nanorods, confirming that their diameter remains unchanged; 

however, the relative photoluminescence (PL) intensity decreases by about one order of 

magnitude, likely due to the introduction of surface defects (Figure 2c). 

 

 

Figure 2. Reactivity of CdSe nanorods against bases: (a) Powder XRD patterns before and after 
treatment with aqueous 4M NaOH or Me4NOH at R.T. for 3 days. (The standard XRD patterns 
for "bulk" wurtzite CdSe, and trigonal Se are shown for comparison) (b) Representative TEM 

CdSe + 4M Base axial etching
+ CdO + Se (unbalanced)   (2)

RT
3 day
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images and size histograms, and (c) time evolution of absorption and emission spectra upon 
treatment with aqueous 4M Me4NOH at R.T. 

 
Relative stability against oxidants. To our surprise, CdSe nanorods appear to be relatively 

stable in the presence of strong oxidants such as KMnO4 or H2O2 (equation 3, Table 1's entries 5 

and 6). There are no significant changes in the powder XRD, TEM or absorption and emission 

spectra of CdSe nanorods after stirring for 3 days over 0.2 M KMnO4 at room temperature (R.T.) 

(Figure 4 and Table 1). Likewise, using H2O2 (30% w/w) under similar conditions does not 

change or impact the original crystalline structure (XRD), morphology (TEM) or absorption 

onset of the CdSe nanorods, although the relative PL intensity decreases significantly (Figure 

S3). This may be due to surface chemistry effects, undetectable by XRD but previously observed 

by XPS, such as the formation of amorphous and/or small amounts of CdO and SeO2.58,59 

 

Figure 3. Main lattice planes for the wurtzite unit cell (adopted by hexagonal CdE, where E = S, 
Se). 
 



www.manaraa.com

25 

 

Roasting. At elevated temperatures, CdSe nanorods react with oxygen from air to produce 

polycrystalline (bulk) CdO. As shown in Figure 5, CdSe particles are relatively stable up to 350 

°C under air for long periods of time (see thermal stability and morphology discussion further 

below). However, all hexagonal (wurtzite) CdSe diffraction peaks narrow with continued 

heating, and a new set of peaks indexing for rock salt CdO appears at 600 °C. This 

transformation, which is complete after a few hours at 600 °C, closely resembles the “roasting” 

process used to isolate group II metals from II-VI chalcogenide ores (equation 4, Table 1's entries 

7 and 8). Roasting is commonly used in extractive metallurgy and is followed by reduction of the 

metal oxide (II-O) over hydrogen gas. In our case, we find that the polycrystalline CdO made by 

roasting CdSe nanorods does not easily react with a stream of H2 (even at 300 °C for 4 h, Figure 

5). 

 
CdSe + Oxidant    (3)

RT
3 day

N.R
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Figure 4. Reactivity of CdSe nanorods against oxidants: (a) Powder XRD patterns before and 
after treatment with aqueous 0.2M KMnO4 or 30% w/w H2O2 at R.T. for 3 days. (The standard 
XRD pattern for "bulk" wurtzite CdSe is shown for comparison) (b) Representative TEM images 
and size histograms, and (c) time evolution of absorption and emission spectra upon treatment 
with aqueous 0.2M KMnO4 at R.T. for 3 days. 

 

 
(unbalanced)   (4)

O2 (air)
Δ, t

CdO N.R.
H2/Ar
Δ, t

CdSe
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Figure 5. Reactivity of CdSe nanorods against oxidants: Powder XRD patterns showing the 
effect of O2 (and moisture) from air upon heating at different temperatures. The polycrystalline 
(bulk) CdO product does not easily react with hydrogen (H2) gas. (The standard XRD patterns 
for "bulk" wurtzite CdSe, rock-salt CdO, and hcp Cd are shown for comparison) 

 

Reactivity against reductants. We also explored whether CdSe nanorods react with two 

common reducing agents, hydrogen and n-butyllithium. Upon treatment of CdSe nanorods with 

hydrogen gas (H2/Ar) at 500 °C, XRD shows a narrowing of the individual diffraction peaks, 

indicating an increase in particle size (see Figure S5). However, CdSe remains as the only 

crystalline material, and there is no evidence of reduction, much like in the aforementioned CdO 

case (equation 5, Table 1's entry 9). In contrast, CdSe nanorods react with n-butyllithium at 300 

°C to form metallic Cd0 (equation 6, Table 1's entry 10). The sharpness of the peaks in the XRD 

pattern indicates the Cd0 product is made up of large particles (Figure 6). Using reaction 

temperatures lower than 300 °C either did not enable reduction or resulted in incomplete 

reduction. The overall reactivity of CdSe nanorods against different common acids, bases, 

oxidants and reductants is summarized in Scheme 1. 

 
(unbalanced)   (5)N.R.

H2/Ar
Δ, t

CdSe



www.manaraa.com

28 

 

 

 

Figure 6. Reactivity of CdSe nanorods against reductants: Powder XRD patterns of CdSe 
nanorods before and after treatment with n-butyllithium and subsequent heating to 100 °C, 200 
°C, and 300 °C. (The peak at 2θ = 51° is an unidentified impurity, possibly Li2Se; the standard 
XRD patterns for "bulk" wurtzite CdSe, antifluorite Li2Se, and hcp Cd are shown for 
comparison) 

 

 

Scheme 1. Overall chemical reactivity of semiconducting CdSe nanorods against some common 
acids, bases, oxidants, and reductants (N.R. = no reaction). 

 

Thermal stability of II-VI semiconductor nanorods: Selective axial melting precedes 

particle coalescence. As mentioned above, CdSe nanorods are compositionally stable upon 

(unbalanced)   (6)Cd0CdSe + nBuLi
Δ
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heating and this stability continues up to at least 700 °C, provided that the sample is maintained 

in an inert atmosphere (Ar or He). This is not immediately surprising because the melting 

temperatures reported for polycrystalline (bulk) CdSe and CdS are 1268 °C and 1750 °C, 

respectively. Nevertheless, nanostructured materials are well known to melt at temperatures well 

below those reported for their polycrystalline (bulk) counterparts (see above),35-39 and II-VI 

nanorods are no exception; variable temperature (VT) or “hot stage” powder XRD data reveal 

orientation-selective melting and nanoparticle coalescence at temperatures as low as 300 °C and 

500 °C, respectively. Figures 7 and 8 show stack plots of VT XRDs, individual diffraction peak 

widths, and corresponding single crystalline domain sizes obtained using the Scherrer equation 

for CdSe and CdS nanorods. At room temperature (R.T.), the nanorod-like morphology of the 

wurtzite (hexagonal) nanocrystals is evident by looking at how sharp the 002 XRD peak, 

corresponding to planes along the axial direction is in comparison to all the other, much wider 

peaks, particularly the orthogonal 100 or 110 directions (see Figure 3). 
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Figure 7. Thermal stability of CdSe nanorods: (a) Hot stage (VT) powder XRD patterns starting 
from room temperature to 700 °C. Corresponding (a) XRD peak widths and (c) crystallite sizes 
(Scherrer) for the main CdSe diffraction planes (wurtzite) as a function of temperature (dashed 
lines show the initial and final grain sizes of the 002 planes, and the initial size of the 100 or 101 
planes). (Note: The peak at 2theta = 33 degrees corresponds to lava (aluminosilicate) sample 
holder; the standard XRD patterns for "bulk" wurtzite CdSe is shown for comparison) 
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Figure 8. Thermal stability of CdS nanorods: (a) Hot stage (VT) powder XRD patterns starting 
from room temperature to 700 °C. Corresponding (a) XRD peak widths and (c) crystallite sizes 
(Scherrer) for the main CdS diffraction planes (wurtzite) as a function of temperature. (The 
standard XRD patterns for "bulk" wurtzite CdS is shown for comparison) 
 

Careful inspection of how the peak widths (Figures 7b and 8b) and single crystalline 

domain sizes change with temperature (Figures 7c and 8c) shows that II-VI nanorods respond to 

heating in three well defined stages (Scheme 2): (i) Annealing: Heating between R.T. and 200 °C 

increases the single crystalline domain size along (perpendicular to) the 002 planes by 1-5 nm. 

This is most likely due to the extrusion of defects and elimination of stacking faults along the 

axis of the nanorods.47,48,64 Interestingly, the longer and higher aspect ratio CdS nanorods show 
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the steepest annealing. (ii) Axial melting: Continued heating between 200 °C and 500 °C causes 

the single crystalline domain size along the 002 planes to collapse by 5-10 nm. This clearly 

indicates that melting along the axial direction precedes melting on any other directions. (iii) 

Coalescence: Additional heating above 500 °C and up to 700 °C increases the grain sizes along 

all directions. Similarly to axial melting, coalescence appears to be an orientation-dependent 

phenomenon for CdSe nanorods, with the 100, 002, 110 and 112 peaks narrowing faster than the 

101, 102 and 103 peaks (Figure 7c). In contrast, coalescence occurs at similar rates along all 

crystallographic planes in the case of CdS nanorods, before reaching a plateau at around 700 °C 

(Figure 8c). 

 

Scheme 2. Temperature dependent behavior of CdS and CdSe nanorods: (i) Annealing of axial 
defects (R.T. to 200 °C), (ii) axial melting (200 °C to 500 °C), and (iii) particle coalescence (500 
°C to 700 °C and above). 
 

We were surprised that the change from selective axial melting to particle coalescence 

occurs at very similar temperatures (ca. 500 °C) for both CdSe and CdS nanorods. To better 

understand this, we conducted differential thermal analysis (DTA) and thermogravimetric 

analysis (TGA) on both samples (Figure 9). The first DTA heating cycle shows two clear 

endothermic transitions: (1st) A large and well-defined endotherm peaking at 500-510 °C that we 

ascribe to axial melting, thus lowering the aspect ratio of the nanorods and in accordance with 

our XRD observations above. Interestingly, the longer and higher aspect ratio CdS nanorods 

show the steepest axial melting endotherm. (2nd) A broader, less defined endotherm between 580-

730 °C that we ascribe to particle coalescence. As expected, these two melting transitions are 
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irreversible because after they occur, the resulting particles are much larger and are expected to 

melt at higher temperatures (closer to bulk). Consequently, the second DTA heating cycle shows 

the samples no longer melt at these temperatures (≤700 °C). 

 

Figure 9. DTA and TGA traces for (a) CdSe and (b) CdS nanorods (first endotherms appear at 
499 °C (CdSe) and 511 °C (CdS); second endotherms appear at 581-680 °C (CdSe) and 601-730 
°C (CdS)). 
 

Critically, TGA analysis shows that the 1st endotherm (500-510 °C) is coupled to a 

significant mass loss of 20-30% for both CdSe and CdS nanorods. Given that the same TOP (b.p. 

= 445 °C), TOPO (b.p. = 411 °C) and ODPA (b.p. = 463 °C) ligands are coating both samples, 

we conclude that axial melting is a ligand-dependent and not a material-dependent process. This 

suggests that the aspect ratio and degree of anisotropy of the nanorods can only be maintained as 

long as the particles remain encased by the passivating layer of organic ligands on their surface. 
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Figure 10. (a, c) TEM images and size histograms, and (b, d) absorption and emission spectra 
before and after slica coating of (a, b) CdSe nanorods and (c, d) axially 
anisotropic/compositionally graded CdS0.4Se0.6 nanorods. 
 

Probing the effect of curvature: Silica coating. The selective axial melting behavior 

observed above prompted us to more closely examine the role of surface curvature on the 

reactivity and (in)stability of II-VI nanorods. We were particularly drawn to the base-catalyzed 
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hydrolysis and condensation of tetraorthosilicate (TEOS) in the presence of II-VI nanorods.65-70 

As shown in Figure 10, this process results in the heterogeneous nucleation of silica (SiO2) shells 

on top of CdSxSe1-x nanorods.71 When CdSe is used (x = 0), SiO2 nucleates starting from the two 

tips of the nanorods at similar times (concomitantly) (Figure 10a). However, when axially-

anisotropic, drumstick-like CdS0.4Se0.6 nanorods are used, SiO2 first nucleates starting from the 

thinner, CdS end of the nanorods, followed at a later coating stage by slower nucleation from the 

thicker, CdSe-rich end of the nanorods (Figure 10c and Scheme 3b). 

 

Scheme 3. Time evolution of silica coating in (a) CdSe nanorods (b) and axially 
anisotropic/compositionally graded CdS0.4Se0.6 nanorods. (Red = CdSe, Blue = CdS, Gray = 
SiO2) 
 
Conclusion 

In this paper, we investigated the general (but relatively unknown) chemical reactivity of 

II-VI semiconductor nanorods, with an emphasis on CdSe nanorods. Acids (HCl and HNO3) 

react rapidly with CdSe nanorods; after 12 h, the CdSe absorption and band edge PL disappear 

and Se and SeO2 (HNO3) form. CdSe nanorods are relatively stable in basic conditions (NaOH 

and Me4NOH), as well as in the presence of strong oxidants (KMnO4 and H2O2). Neither bases 

nor oxidants caused significant changes in absorption spectra, although one oxidant (H2O2) 

caused a decrease in emission, likely due to the introduction of small amounts of CdO and SeO2 

on the nanorod surface. However, bases slightly etch the nanorods along their axis, as evidenced 

by a decrease in intensity and widening of the 002 XRD peak relative to the 100 and 110 XRD 

peaks. CdSe nanorods are relatively stable for long periods of time under air at temperatures up 
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to 350 °C. However, roasting (heating in air) CdSe to 600 °C produces polycrystalline rock salt 

CdO. Neither CdO nor CdSe nanorods are reduced to Cd in the presence of H2 at elevated 

temperatures. Using another reductant, n-BuLi, CdSe gets reduced to Cd metal at 300 °C. Lower 

reaction temperatures than 300 °C result in incomplete reduction or no reduction at all. 

Along with their chemical reactivity, we also explored the thermal stability and effect of 

curvature on the stability of II-VI semiconductor nanorods (CdSe and CdS). Variable temperature 

(VT) XRD studies showed that II-VI nanorods respond to heating in three stages: (i) annealing, 

(ii) axial melting and (iii) coalescence. Furthermore, thermal analysis experiments (DTA and 

TGA) of CdSe and CdS nanorods showed that axial melting is not reliant on the type of 

inorganic crystalline material but on the ligand(s) coating its surface. Ligands coating the 

nanorod surface help maintain their anisotropy and specific aspect ratio. In view of this axial 

melting behavior, we looked at the effect of curvature on the activity of II-VI nanorods: For 

example, heterogeneous nucleation of SiO2 on regularly-shaped CdSe nanorods starts at both tips 

at the same time, while heterogeneous nucleation of SiO2 starts from the thinner CdS-rich tip of 

axially anisotropic CdS0.4Se0.6 nanorods (drumsticks). A better and more systematic 

understanding of the chemical reactivity and general stability of II-VI semiconductor 

nanostructures may greatly help in furthering their application to photocatalysis, photovoltaics, 

optics and light emitting devices. 
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Supporting Information 

 

 

Figure S1. Reactivity of CdSe nanorods against acids: (a) Powder XRD patterns, (b) 
representative TEM images and size histograms, and (c) time evolution of absorption and 
emission spectra upon treatment with aqueous 4M HNO3 at R.T. for 3 days. 

 

CdSe + 4M HNO3 Se0 + SeO2 (unbalanced)   (S1)
RT

3 day

CdSe + 4M NaOH axial etching
+ CdO + Se (unbalanced)   (S2)

RT
3 day



www.manaraa.com

42 

 

 

Figure S2. Reactivity of CdSe nanorods against bases: (a) Powder XRD patterns, (b) 
representative TEM images and size histograms, and (c) time evolution of absorption and 
emission spectra upon treatment with aqueous 4M NaOH at R.T. for 3 days. 

 
CdSe + H2O2 N.R.    (S3)

RT
3 day



www.manaraa.com

43 

 

 

Figure S3. Reactivity of CdSe nanorods against oxidants: (a) Powder XRD patterns, (b) 
representative TEM images and size histograms, and (c) time evolution of absorption and 
emission spectra of CdSe nanorods upon treatment with aqueous 30% w/w H2O2 at R.T. for 3 
days. 
 

 
 

(unbalanced)   (S4)
O2 (air)
Δ, t

CdOCdSe
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Figure S4. TEM images and morphology of CdSe nanorods before and after roasting (heating in 
air) at 600 °C for 4 h. 

 

 

 

Figure S5. Reactivity of CdSe nanorods against reductants: (a) Powder XRD patterns of CdSe 
nanorods upon heating with H2. 
 

 

Figure S6. XRD patterns of CdO (made by roasting) before and after treating with H2 300 °C. 
 

(unbalanced)   (S5)N.R.
H2/Ar
Δ, t

CdSe
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Figure S7. Reactivity of CdS nanorods against oxidants: Powder XRD patterns showing the 
effect of O2 (and moisture) from air upon heating at different temperatures. 
 

 

Figure S8. Representative TEM images obtained after heating CdSe nanorods to 700 °C for a 
couple of hours (after VT experiments). 
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CHAPTER 3 
 

PREPARATION AND INSTABILITY OF NANOSIZED CUPROUS NITRIDE 
 

Reprinted with permission from Inorg. Chem. 2015, 54, 6356–6362. 
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Malinda D. Reichert, Miles A. White, Michelle J. Thompson, Gordon J. Miller, Javier Vela 
 
Abstract 

Low-dimensional cuprous nitride (Cu3N) was synthesized by nitridation 

(ammonolysis) of cuprous oxide (Cu2O) nanocrystals using either ammonia (NH3) or urea 

(H2NCONH2) as the nitrogen source. The resulting nanocrystalline Cu3N spontaneously 

decomposes to nanocrystalline CuO in the presence of both water and oxygen from air at 

room temperature. Ammonia was produced in 60% chemical yield during Cu3N 

decomposition, as measured using the colorimetric indophenol method. Because Cu3N 

decomposition requires H2O and produces substoichiometric amounts of NH3, we conclude 

that this reaction proceeds through a complex stoichiometry that involves the concomitant 

release of both N2 and NH3. This is a thermodynamically unfavorable outcome, strongly 

indicating that H2O (and thus NH3 production) facilitate the kinetics of the reaction by 

lowering the energy barrier for Cu3N decomposition. The three different Cu2O, Cu3N and 

CuO nanocrystalline phases were characterized by a combination of optical absorption, 

powder X-ray diffraction, transmission electron microscopy, and electronic density of states 

(DOS) obtained from electronic structure calculations on the bulk solids. The relative ease of 

inter-conversion between these interesting and inexpensive materials bears possible 

implications for catalytic and opto-electronic applications. 
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Introduction 

Copper(I) nitride (Cu3N) is a metastable semiconductor that has a low reflectivity and 

high electrical resistivity.1 It has been reported to have a narrow experimental band gap of 

1.2-1.9 eV2 and features a cubic anti-ReO3 structure.3 Because of these properties, Cu3N 

nanocrystals (NCs) are promising materials for optical storage devices, random access 

memory chips, conductive inks, high-speed integrated circuits, microscopic metal links, 

photocatalysis, and electrocatalytic hydrogen reduction devices.1-3  

Cu3N NCs can be synthesized by several methods. Cu3N nanocubes were synthesized 

by the one-pot decomposition of copper(II) nitrate in octadecene, octadecylamine, and 

oleylamine.1,2,4,5 Copper nitride nanocrystals were also produced by decomposing Cu(OAc)2 

with ammonia,3,6-9 a metastable CuCl2-sodium azide precursor,10 or  

{[Cu5(CN)6(NH3)6(N3)2]}n.11 Cu3N  nanopowders were produced by ammonolysis of CuF2.12 

Cu4N and Cu3N2 nanostructures have been prepared as thin films.13-16 

A versatile route for making nitrides and oxynitrides is the nitridation (ammonolysis) 

of metal oxides. CuO has been used as a precursor to Cu3N. Silica-supported CuO 

nanoparticles were converted to Cu3N by nitridation with ammonia.17 Nitridation of sol-gel 

CuO with ammonia produced silica-supported Cu3N nanocrystals.18 Ammonia is believed to 

reduce CuO to a zerovalent (metallic) copper intermediate during nitride formation.19 

Cupric (Cu2+) and cuprous (Cu+) oxide nanocrystals are well described in the 

literature. The synthesis, characterization, and optoelectronic properties of CuO 

nanostructures have been reviewed.20,21 Like CuO nanocrystals, nitridation of Cu2O 

nanocrystals could also lead to Cu3N. Controlled syntheses (monodispersity, size, 
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morphology) of Cu2O nanocrystals by electrodeposition, wet chemical, and solvothermal 

methods exist, along with reports on their surface, catalytic, and electrical properties.20,22,23 

An interesting feature of Cu3N is its documented decomposition upon heating or 

electron bombardment. For example, Cu3N thin films convert to CuO nanowire arrays by 

annealing in air.24 Cu3N deposited by magnetic sputtering converts to Cu and N2 under 

electron bombardment or by annealing in a vacuum.25,26 The optical properties of Cu3N thin 

films made by ion-assisted deposition remained unchanged upon conducting an aging test at 

60 °C and 95% humidity for 15 months, but degrade to copper metal when heated to 300 

°C.27 Cu3N nanocubes were reported to degrade thermally, forming CuO at temperatures 

ranging between 200-330 °C under an argon atmosphere.3  

In this work, we synthesize Cu3N nanocrystals by nitridation of Cu2O nanocrystals 

with either ammonia or urea. We characterize the structure, optical properties, and 

morphology of both oxide and nitride phases using structural, optical and computational 

methods. We also describe the spontaneous room-temperature decomposition of Cu3N 

nanocrystals upon exposure to moisture and air, and used simple thermodynamics 

calculations to explain that the observed concomitant release of NH3 and N2 is due to kinetic 

factors. 

Experimental 

Materials. Copper(II) chloride dihydrate (CuCl2·2H2O, 99.0%) and sodium 

nitroprusside dihydrate (Na2[Fe(CN)5NO]·2H2O, 99.0%) were purchased from Sigma-

Aldrich; ammonium carbonate ((NH4)2CO3, tech.), ascorbic acid (C6H8O6, tech.), and sodium 

hydroxide (NaOH, tech.) from Fisher; urea (H2NCONH2, tech.) and phenol (C6H5OH, tech.) 
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from Alfa Aesar; ammonia gas (NH3, 99.99%) from Airgas; and sodium hypochlorite 

(NaOCl, 8.25%) from Clorox. All chemicals were used as received. 

Synthesis. Cu2O nanocrystals. Cu2O nanocrystals were made by a modified literature 

procedure:28 Briefly, 100 mL of a 0.4 M NaOH solution was added to 100 mL of a 0.2 M 

CuCl2 solution. After the solution was stirred for 5 min, 100 mL of a 0.2 M C6H8O6 was 

added. The mixture was stirred for 25 min and centrifuged. The precipitate was collected, 

washed three times with distilled water and once with ethanol, and dried at room temperature 

(R.T., ca. 21-24 °C) for 12 h. Cu3N nanocrystals from ammonia. Cu2O nanocrystals (0.15 g) 

were placed in an alumina combustion boat and put in a fused silica tube inside of a tube 

furnace (Lindberg 55035). The tube was purged with NH3 (60 mL/min) for 30 min and then 

heated to 250 °C for 21 h. Cu3N nanocrystals from urea. Cu2O nanocrystals (0.15 g) were 

weighed along with H2NCONH2 (0.126 g) into a Teflon liner inside a 23 mL steel autoclave. 

The autoclave was placed in a Thomas Scientific (5300A25) muffle furnace and heated to 

190 °C (10 °C/min ramp rate, 6 h dwell time). CuO from Cu3N decomposition. Cu3N (~100 

mg, synthesized using either NH3 or H2NCONH2) was exposed to de-ionized water (10 mL) 

for 15 days. The product was isolated by centrifugation (4500 rpm, 10 min). To determine the 

amount of ammonia released during the Cu3N decomposition reaction, we used the 

indophenol method.29,30 Solution A: C6H5OH (5 g, 53 mmol) and Na2[Fe(CN)5NO]·2H2O 

(0.025 g, 0.084 mmol) were dissolved in deionized water (500 mL) using a volumetric flask. 

Solution B: NaOH (2.5 g, 62.5 mmol) was dissolved in deionized water, NaOCl (8.25%, 4.2 

mL) added, and solution diluted with deionized water to 500 mL in a volumetric flask. The 

two solutions were stored in amber bottles at ca. 8-10 °C using a refrigerator and used within 

2 weeks. Seven different calibration solutions were made using solution A (5 mL) and a 0.5 
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mM solution of (NH4)2CO3 in deionized water (0 to 350 µL in 50 µL increments). Solution B 

(5 mL) was added and the mixture stirred at 37 °C for 20 min. Absorbance values at λ = 623 

nm were used to construct the calibration curve. After centrifugation to isolate the CuO 

during Cu3N decomposition, the same indophenol method was to analyze the supernatant 

solutions (100 µL) for NH3 content. Values reported are three-run averages.  

Structural Characterization. X-Ray Diffraction. Powder X-ray diffraction (XRD) 

data were measured using Cu Kα radiation on a Rigaku Ultima U4 difractometer. Sample 

percent composition was determined using PowderCell 2.4 (PCW) refined against standard 

XRD patterns for Cu2O, Cu3N, and CuO. Single-crystalline domain sizes were calculated 

using the Scherrer equation and the typical uncertainty estimated to be ± 0.2 nm. 

Transmission Electron Microscopy. Transmission electron microscopy (TEM) was conducted 

on carbon-coated copper grids using a FEI Tecnai G2 F20 field emission scanning 

transmission electron microscope (STEM) at 200 kV (point-to-point resolution <0.25 nm, 

line-to-line resolution <0.10 nm). Particle dimensions were measured manually and/or by 

using ImageJ. Size measurements and particle statistics were obtained for at least >100 

particles. Average sizes ± standard deviations are reported.  

Optical Characterization. Absorption spectra were measured using a photodiode 

array Agilent 8453 UV-Vis spectrophotometer. Solvent absorption was subtracted from all 

spectra. Diffuse reflectance measurements were made using a StellarNet Inc. Black-Comet-

SR spectrometer (200-1080 nm). 

Density of States (DOS) Calculations. Electronic structure calculations of CuO, 

Cu2O, and Cu3N were performed using the Vienna Ab initio Simulation Package (VASP).31,32 

All VASP calculations were performed using projected augmented-wave (PAW) 
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pseudopotentials with a cutoff energy of 500 eV and a convergence energy of 1x10-6 eV.33 A 

conjugated algorithm was applied for the structural optimization with a 15 × 15 × 15 

Monkhorst-pack k-points grid.34 During structure optimization, atomic coordinates and cell 

volumes were allowed to optimize. Total energies were calculated using the tetrahedron 

method with Blöchl35 corrections applied. All VASP calculations treated exchange and 

correlation by the Perdew-Burke-Enzerhoff (PBE) method.36 Because of the highly correlated 

nature of these compounds, on-site Coulomb interactions were used (LDA + U). The U value 

applied was 5.0 eV for the Cu d states due to this value being successful for previous studies 

on strongly correlated Cu compounds.37,38 

Results and Discussion 

Synthesis of Cu2O nanocrystals. On the basis of previous reports of successful 

nitridation of CuO, we attempted to perform a similar reaction using nanocrystalline Cu2O as 

the starting material. We first synthesized Cu2O nanocrystals by reacting copper(II) chloride 

and sodium hydroxide using a modified literature procedure.28 This reaction proceeds 

through a blue copper-hydroxide intermediate, which upon treatment with ascorbic acid 

produces an orange solution of Cu2O. X-ray diffraction confirmed the formation of cubic 

copper(I) oxide (Cu2O) nanocrystals (Figures 1 and 2a). The unit cell of Cu2O consists of a 

body-centered cubic (bcc) arrangement of oxide ions (O2-) with two-coordinate cuprous ions 

(Cu+) linking every second corner with the central oxide (Figure 2a). The size of the Cu2O 

nanocrystals, as estimated from XRD peak widths using the Scherrer equation, is 

approximately 25 nm. Figure 3 shows the general appearance and optical absorption of the 

Cu2O nanocrystals. Absorption starts at 600 nm for both the diffuse reflectance of a solid film 

and the solution phase absorption spectrum of the Cu2O nanocrystals, which roughly agree 
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with a reported experimental Cu2O band gap of 2.2 eV (see calculated vs. experimental band 

gap discussion below).28 TEM shows that the Cu2O nanocrystals have a cubic morphology, 

with an average size of 43 ± 10 nm (Figure 4). Table 1 summarizes these observations. 

 

Figure 1. Experimental powder XRD patterns before and after treating Cu2O nanocrystals 
with ammonia (NH3) or urea (H2NCONH2). Reported powder XRD patterns for bulk cubic 
Cu2O and cubic (anti-ReO3) Cu3N are shown for comparison. 
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Figure 2. Crystalline unit cells for cubic (a = 4.27 Å)  (cuprite) Cu2O (a), cubic (a = 3.81 Å) 
(anti-ReO3) Cu3N (b), and monoclinic (a = 4.68 Å, b = 3.47 Å, c = 5.12 Å, and β = 99.7°)  
(tenorite) CuO (c). 
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Figure 3. General appearance (suspended in methanol) (a), solid phase diffuse reflectance 
(b), and solution phase electronic absorption spectra (in methanol) (c) of nanocrystalline 
Cu2O, Cu3N, and CuO. 
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Figure 4. Representative TEM micrographs of nanocrystalline Cu2O (a), Cu3N made from 
NH3 (b) and its decomposition product (c), and Cu3N made from urea (d) and its 
decomposition product (e). 

 
Nitridation of Cu2O nanocrystals. We used two different reagents to nitride 

nanocrystals of Cu2O to produce Cu3N, namely, ammonia (NH3) and urea (H2NCONH2) 

(equations 1 and 2, respectively, in Scheme 1). XRD shows that, in both cases, the main 

product is made of anti-ReO3 Cu3N nanocrystals with Scherrer sizes of 15 nm (NH3) and 22 

nm (urea) (Figure 1 and Table 1). The cubic, anti-ReO3-type unit cell of Cu3N consists of a 

primitive cubic arrangement of nitride ions with two-coordinate cuprous ions linking every 
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two neighboring nitrides (Figure 2b). The product of nitridation with ammonia contains some 

unreacted Cu2O (6%), while the product of nitridation with urea contains smaller amounts of 

Cu2O (1.6 %) and CuO (0.4 %) (Table 1). Figure 3 shows diffuse reflectance (solid) and 

optical absorption (solution) spectra of the Cu3N nanocrystals made using ammonia as the 

nitridation agent as a representative example. These nanocrystals show an absorption band 

edge of around 700 nm, which very roughly matches different reports of experimental Cu3N 

band gaps between 1.1 eV and 1.9 eV.39 The absorption spectra of the reddish-brown Cu3N 

nanocrystals in both solid form and in solution demonstrate this red shifting (Figure 3b,c). 

TEM measurements indicate a reagent-dependent change in nanocrystal morphology upon 

nitridation. Nitridation with ammonia leads to aggregated, spheroidal Cu3N nanocrystals with 

a size of 22 ± 7 nm (Figure 4b and Table 1). Nitridation with urea leads to aggregated Cu3N 

nanocrystals with a wider range of morphologies, including rods, sheets, and clusters with 

sizes of 370 ± 160 nm, 310 ± 160 nm, and 220 ± 140 nm, respectively (Figure 4d and Table 

1). 

Table 1. Synthesis and Instability Studies of Cuprous Nitride Nanocrystals. 

#  Dimensions (nm) XRD phase(s) 
(% composition)c 

Precursors Conditions XRD TEM 

1 CuCl2(aq) + 
NaOH + 
C6H8O6

a 

R.T.,b 
20 min 

25 43 ± 10 Cubic Cu2O (100) 

2 Cu2O + NH3(g) 250 °C, 
24 h 

15 22 ± 7 Cubic (anti-ReO3) Cu3N (94) + 
cubic Cu2O (6) 

3 Cu2O + 
H2NCONH2 

(urea) 

190 °C, 
6 h 

22 370 ± 160 (rods) 
310 ± 160 (sheets) 

220 ± 140 
(aggregates) 

Cubic (anti-ReO3) Cu3N (98) + 
cubic Cu2O (1.6) + 

monoclinic (tenorite) CuO (0.4) 

4 Cu3N (NH3) + 
H2O + O2 (air) 

R.T.,b 
15 d 

16 13 ± 3 (dots) 
140 ± 60 (aggregates) 

Monoclinic (tenorite) CuO (99.1) 
+ cubic Cu2O (0.7) +  



www.manaraa.com

57 

 

Table 1. continued 

     cubic (anti-ReO3) Cu3N (0.2) 

5 Cu3N (urea) + 
H2O + O2 (air) 

R.T.,b 
15 d 

12 100 ± 70 (aggregates) CuO monoclinic (100) 

aAscorbic acid. b21-24 °C. cSample percent composition was determined using PowderCell 2.4 
(PCW) refined against standard XRD patterns for Cu2O, Cu3N, and CuO. 

 

Electronic structure calculations. To gain more insight into the optical properties of 

the different nanocrystalline copper phases presented here, we performed first-principles 

electronic structure calculations on bulk solids to obtain electronic DOS curves (Figure 5). 

Cu2O and Cu3N both display similar electronic structures. In both species, a band gap is 

present at the Fermi level with a magnitude of 0.95 eV and 0.73 eV for Cu3N and Cu2O, 

respectively. This value agrees well with previously reported calculations: Cu2O is similar to 

prior calculations that reported a theoretical value of 0.78;40 Cu3N calculations claimed band 

gaps that were generally smaller but ranged in theoretical value from 0.23 to 0.9 eV.41 Our 

calculated band gap for Cu3N agrees well with experimental values, while the Cu2O band gap 

is much smaller than those obtained experimentally. An explanation for this discrepancy is 

the difference between electronic and optical band gaps in Cu2O. Previous work has found 

that the direct transition at Γ is forbidden, which leads to no appreciable optical absorption 

until above 2 eV.42 
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Figure 5. Density of State (DOS) curves for Cu2O (a), Cu3N (b), and CuO (c). Total DOS is 
depicted in black. Partial DOS (pDOS) are given in copper (Cu), red (O), and blue (N). 
 
Scheme 1. 

 

Spontaneous decomposition of Cu3N to CuO. During the humid summer time, we 

observed spontaneous decomposition of the Cu3N nanocrystals over a period of several days. 

To track their fate, we characterized the product using powder XRD and determined that it 

was made of nanocrystalline monoclinic (tenorite) CuO (Figure S1, Scheme 2). The tenorite 

CuO unit cell contains tetracoordinate cupric (Cu2+) ions in an approximately square planar 

configuration (Figure 2c). Scherrer particle sizes obtained from XRD are 16 nm and 12 nm 

for CuO nanocrystals derived from NH3- and urea-made Cu3N, respectively. TEM shows that 

the CuO produced is made of highly aggregated clusters (100-140 nm) of small nanocrystals 

(13 ± 3 nm) (Figure 4c,e and Table 1). 

Reported experimental band gap values for CuO lie in the 1.2-1.5 eV range (see 

below).43,44 The black-colored CuO produced here has a slightly redder absorption edge (ca. 

Cu2O(s) + NH3(g)                    Cu3N(s)               (unbalanced)    (1)

Cu2O(s) + (NH2)2CO(g)                    Cu3N(s)     (unbalanced)    (2)

250 °C
21 h

190 °C
6 h
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850 nm) than Cu3N (Figure 5). DOS calculations show that the electronic structure of CuO is 

much more complicated than Cu2O or Cu3N (Figure 5). The most notable feature of the DOS 

curve for CuO is the peak located at the Fermi level. In traditional band theory, this would 

indicate CuO is metallic. Along with CoO and NiO, CuO belongs to a class of late metal 

oxides known as Mott insulators. In addition to the strong Coulombic interactions mentioned 

above, a recent investigation, focused on elucidating the electronic structure of CuO, found 

that spin-orbit coupling (SOC) also plays an important role.45 Without SOC, the valence band 

ends 1.17 eV above the Fermi level, after which there is a small gap of 0.49 eV, consistent 

with prior theoretical estimates.41 However, calculations accounting for SOC found the band 

gap to start at the Fermi level and be 1.2 eV in magnitude.45 This value agrees better with 

experimental values, and supports the claim that SOC is an important factor for this class of 

compounds. 

To elucidate what caused the decomposition of Cu3N nanocrystals, we attempted to 

react them with water under argon (oxygen-free), with dry oxygen (water-free), or with water 

and oxygen together as control experiments (eqs 3, 4, and 5, respectively, in Scheme 2). As 

shown in Figure 6, treating Cu3N nanocrystals with water under an oxygen-free Ar 

atmosphere at room temperature (R.T.) for 15 days did not result in any observable change. 

The same was true when dry (moisture-free) O2 was used. In contrast, Cu3N completely 

transformed to nanocrystalline CuO in the presence of both water and O2 (Figure 6). This 

reproducible result is independent of the original nitridation source (NH3 or urea) that was 

employed in making Cu3N with very different sizes and morphologies. This result is also 

consistent with our observation that Cu3N decomposition occurred faster during the humid 

summer months than during the dry winter months. 
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Scheme 2. 

 

 

 

Figure 6. Experimental powder XRD patterns obtained before and after treating Cu3N 
nanocrystals (NCs) with H2O under Ar (O2-free), dry O2 (H2O-free), and H2O plus O2. 
Reported powder XRD patterns for bulk cubic Cu2O, cubic (anti-ReO3) Cu3N, and 
monoclinic (tenorite) CuO are shown for comparison (all reactions were performed at R.T. 
for 15 d). 

Tracing the fate of nitrogen after Cu3N decomposition. Two nonmutually exclusive, 

possible nitrogen-containing products of Cu3N decomposition are ammonia (NH3) and 

molecular nitrogen (N2). We first suspected that NH3 was produced after observing an 

increase in the pH of the original solution exposed to the Cu3N nanocrystals from slightly 

acidic or neutral before reaction, to basic after the decomposition of Cu3N to CuO was 

complete. To further examine this issue, we sought to confirm whether NH3 was produced 

and, if so, to measure exactly how much NH3 was produced, using the colorimetric 

indophenol method (eq 6 in Scheme 3 and Figure S2).46,47 As shown in Table 2, similar 

amounts of ammonia were released upon Cu3N decomposition regardless of the source of 
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nitrogen originally used for nitridation (NH3 or urea). In all cases, the experimentally 

measured chemical yield of NH3 remained constant and equal to 60% relative to the initial 

amount of Cu3N. 

Scheme 3. Colorimetric Indophenol Quantification of NH3. 

 
 

Table 2. Colorimetric determination of NH3 produced from Cu3N decomposition using the 
indophenol method. 
 Cu3Na NH3 

molesa molesb % yieldc 
Cu3N (NH3) 5.13 ± 0.07✕10-5 3.27 ± 0.04✕ 10-5 63.7 ± 0. 9 
Cu3N (urea) 5.33 ± 0.05✕10-5 2.98 ± 0.04✕ 10-5 56 ± 1 
aDecomposition reactions were carried out in 10 mL of deionized water. bSmall, 100 µL 
aliquots were further diluted with 10 mL of deionized water to produce the solutions in 
Figure S2. cBased on the total amount of nitrogen (from Cu3N). 

 
Thermodynamic rationale of CuO formation. In principle, formation of N2 or NH3 

from Cu3N decomposition (oxidation to CuO) could be rationalized by either of the balanced 

eqs 7 or 8 (Scheme 4). The enthalpies of formation (ΔHf) of all reactants and products in 

these equations are known, including those of Cu3N (ΔHf = 77 kJ/mol)48,49 and CuO (ΔHf =   

-157.3 kJ/mol)50 (near standard conditions). Using these values, the enthalpies of reactions 

(ΔHr) (7) and (8) are calculated to be -549 kJ/mol and -197 kJ/mol, respectively. Therefore, 

decomposition of Cu3N to exclusively N2 vs. NH3 (reaction 7 vs. 8) is favored enthalpically 

by ca. 350 kJ/mol (Figure 7). In other words, there is an inverse relationship between the 

enthalpy of the Cu3N decomposition and the amount of N2 produced by this reaction (relative 

to NH3). Unfortunately, we are presently unable to exactly calculate the free energies (ΔGr) 
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of reactions (7) and (8), because the free energy of formation (ΔGf) of Cu3N remains 

unknown. 

Scheme 4. 

 
 
 

 

Figure 9. Change in enthalpy (ΔHr) and free energy (ΔGr) of Cu3N decomposition to CuO as 
a function of NH3 chemical yield (percent = 100x). The circled cross marker in red represents 
the NH3 yield (x) observed in this study. 

 
In spite of the large enthalpic preference for exclusive N2 production, this was not 

observed experimentally. On the basis of our observations that H2O is required for Cu3N 

decomposition to occur and that NH3 is produced in 60% yield based on the initial amount of 

Cu3N ((x = 0.6, Table 2), we conclude that this reaction proceeds through a complex 

stoichiometry that involves the concomitant release of both N2 and NH3, according to eq 9. 
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We are able to calculate the true thermodynamic cost of ammonia production by considering 

the difference in Gibb’s free energies between reactions 9 and 7 (ΔΔG9-7), as follows: 

ΔΔG9-7 = ΔG9 - ΔG7 = xΔGfNH4+(aq) + xΔGfHO-
(aq) - 

5x/2ΔGfH2O(l) + x/2ΔGfN2(g) - 
3x/4ΔGfO2(g) 

In this equation, 3ΔGfCuO(s) and ΔGfCu3N(s) have been canceled out. In addition, by 

definition both ΔGfN2(g) and ΔGfO2(g)are zero under ideal or near-ideal conditions (25 °C, 1 

atm). This yields: 

ΔΔG9-7 = xΔGfNH4
+

(aq) + xΔGfHO
-
(aq) - 

5x/2ΔGfH2O(l)  

  = -x(79 kJ/mol) - x(157 kJ/mol)  

+ (5x/2)(237 kJ/mol)47 = x(358 kJ/mol) 

Figure 7 shows a plot of ΔΔG9-7 as a function of chemical yield of NH3 based on the 

initial amount of Cu3N. The experimentally observed value of 60% is 72 kJ/mol less 

favorable by free energy compared to when (if) no ammonia is produced. This strongly 

indicates that the role of H2O (and thus NH3 production) is to facilitate the kinetics of the 

reaction by lowering the energy barrier for Cu3N decomposition to CuO. 

Conclusion 

In summary, nanocrystalline Cu3N was synthesized from nanocrystalline Cu2O and 

one of two nitrogen sources, ammonia (NH3) or urea (H2NCONH2). Using urea leads to 

slightly more phase-pure Cu3N, as observed by XRD. In addition, the use of ammonia as the 

nitridation (ammonolysis) reagent requires a longer reaction time and higher temperature. 

TEM reveals that the cubic morphology of the initial Cu2O nanocrystals is lost upon 

nitridation to Cu3N. Nitridation with ammonia produces clusters of spherical particles 

whereas nitridation with urea produced a mixture of several different morphologies (rods, 

sheets, and aggregates). Electronic structure, calculations of the DOS appear to 
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underestimate, but agree with the presence of, a band gap of under 1 eV for both Cu2O and 

Cu3N phases. 

Cu3N nanocrystals spontaneously decompose to nanocrystalline CuO at room 

temperature. Control experiments show that both air (O2, an oxidant) and moisture (H2O, for 

hydrolysis to NH3) are necessary for this transformation to take place. Cu3N decomposition 

occurs within 15 days to produce substoichiometric amounts of ammonia. Specifically, 

ammonia was produced in 60% chemical yield during Cu3N decomposition, as measured 

using the colorimetric indophenol method. Because Cu3N decomposition requires H2O and 

produces substoichiometric amounts of NH3, we conclude that this reaction proceeds through 

a complex stoichiometry that involves the concomitant release of both N2 and NH3. This is a 

thermodynamically unfavorable outcome, strongly indicating that H2O (and thus NH3 

production) facilitate the kinetics of the reaction by lowering the energy barrier for Cu3N 

decomposition. Additional studies will be required to assess the potential reversibility and 

catalytic usefulness of this transformation. 
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Supporting Information 
 

 
 

Figure S1. Experimental powder XRD patterns obtained for nanocrystalline Cu3N (from 
nitridation of Cu2O with NH3 or urea) before and after decomposition (* = Cu2O impurity). 
Reported powder XRD patterns for bulk cubic Cu2O, cubic (anti-ReO3) Cu3N, and 
monoclinic (tenorite) CuO are shown for comparison. 
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Figure S2. Representative TEM micrographs of nanocrystalline Cu2O (a), SAED pattern for 
Cu2O (b), Cu3N made from urea (c), and its corresponding SAED pattern (d). These patterns 
show the presence of reflections consistent with the lattice planes of their respective crystal 
types. The one major reflection that is not observed is the (100) plane in Cu3N. This is due to 
a large d spacing of 3.81 Å. The reciprocal lattice spacing is thus very small; causing the 
powder ring to be blocked by the central beam making it unobservable. The consistency 
between SAED and powder diffraction data confirms the phase assignments. However, 
impurities are observed within both sets of data. The impurities present in the SAED are 
visible as the reflections contained between the powder rings. Based solely on SAED 
characterization of these crystal structures would not be reliable. For Cu3N, powder 
diffraction showed that these impurities are minor phases primarily composed of unreacted 
Cu2O. 
 

 
 

Figure S3. Representative calibration and sample solutions used to quantify the amount of 
ammonia produced from Cu3N decomposition using the indophenol method (in all cases, the 
total volume was 10 mL). 
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CHAPTER 4 

EXPLORING THE THERMAL DECOMPOSITION OF METHYLAMMONIUM 
LEAD HALIDES (CH3NH3PbX3, WHERE X = I, Br or Cl) 

 
Malinda D. Reichert, Long Men, Bryan Rosales and Javier Vela 

Abstract 

 Perovskites are promising, new materials for solar cells. The thermal stability has 

been investigated and different pathways are reported for decomposition. In the literature 

decomposition of methylammonium lead halides decompose to CH3NH2X followed by HX 

or HX followed by CH3NH2. However, further investigation by thermogravimetric 

analysis/differential scanning calorimetry with mass spectrometry and Fourier-Transform 

infrared spectroscopy (TGA/DSC/MS/FT-IR) for gas evolution reveals a different 

decomposition pathway occurring for each halide. Bulk methylammonium lead iodide and 

methylammonium lead bromide both decompose by a similar route that differs from that of 

bulk methylammonium lead chloride. For the iodide and bromide, ammonia and methyl 

halide evolve, and the bromide shows evolution of methylamine. The chloride acts similarly 

to what is previously reported in the literature, producing methylamine and HCl. However, 

FT-IR peaks for HCl overlap with the CH3 stretching of methylamine making it difficult to 

distinguish. Using this data and decomposition pathways, a way to achieve long-term thermal 

stability may be determined for methylammonium lead halide perovskites for solar cells. 

Introduction 

Interest in organic-inorganic lead halide perovskites as light harvesters in 

photovoltaics flourished the past few years, which lead to a power conversion efficiency 

(PCE) of 19% seen in methylammonium lead halide perovskites.1 These materials were 

initially used in dye sensitized solar cells but are now commonly used in solid-state devices 
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due to dissolution of the perovskite in the liquid electrolyte of dye sensitized cells.2,3,4 Other 

advantages of these materials are low production cost due to solution processability, tunable 

optical properties, high charge mobilities, and large absorption coefficients.5 However, 

CH3NH3PbX3  (where X =  I, Br, or Cl) perovskites also have drawbacks for use in solar 

cells. 

Methylammonium lead halides are susceptible to degradation from humidity, light, 

electron beam and heat. 4,6-9 These stability issues, along with being toxic, make the use of 

these materials problematic for solar cells. The moisture stability of perovskites was studied, 

and they were found to decompose due to the hygroscopic amine salts.10 Above 55% 

humidity, the perovskite degraded, as evidenced by a color change from dark brown to 

yellow. However, at low humidity (below 50%), CH3NH3PbI3 does not degrade significantly 

as evidenced from the PCE remaining stable. A mixed halide system, CH3NH3Pb(I1-xBrx)3, 

displayed decreased humidity sensitivity and the efficiency remained relatively unchanged 

with increasing bromine content. Previously, it was shown CH3NH3PbI3 is more moisture 

sensitive than CH3NH3PbBr3.11 A mechanism proposed for the degradation of CH3NH3PbI3 

under light produces CH3NH2 and HI, leaving PbI2.12 Also, another mixed perovskite, 

CH3NH3PbI2Cl was stable to processing in air and to prolonged light exposure (1000 h under 

simulated full sunlight) compared to CH3NH3PbI3.13 Looking to stabilize these materials, 

others have observed many things. For instance, introducing an aluminum oxide modification 

increased the moisture stability by protecting the CH3NH3PbI3 sensitized solar cells from 

moisture and sunlight.14 Recently, long-term stabilization of the materials has been 

examined, for instance; using carbon nanotube/polymer composites as stable hole collection 

layers.6,15  A perovskite solar cell with the composites showed notable moisture and thermal 
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stability. Others have also looked at using a hole transport material-free solar cell with a 

carbon back contact, which showed a resistance to water and stability for greater than 1000 

hours in ambient air under sunlight.6,16  However, a better understanding of degradation 

mechanisms of the perovskite would help improve the long-term stability of the perovskite 

solar cells.  

 As a collaboration with the Ames Lab DOE Nanodomains group, our group looked at 

the controllable syntheses of methylammonium lead halide materials for solar cells. Various 

morphologies of CH3NH3PbX3 (X = I or Br) nanocrystals were synthesized using different 

solvents and capping ligands.17 Single particle luminescence shows a shape-correlated PL 

emission with little photobleaching. However, during this study, the perovskite materials 

were sensitive to the TEM electron beam as well as humidity and high temperature, as 

reported in literature. 

 Previously, the structural changes in CH3NH3PbX3 (where X = I, Br, or Cl) were 

probed by thermal and spectroscopic methods.18-25 Recently, groups looked at the thermal 

stability and decomposition of the perovskites at higher temperatures. They studied the effect 

of temperature on photovoltaic performance, using thermogravimetric analysis (TGA), and 

found perovskite quantum dots are stable up to 300 °C.26 DSC of CH3NH3PbI3 shows there is 

a phase transition at low temperature from the cubic to tetragonal phase.27 TGA of the same 

material saw a 66% mass loss corresponding to complete decomposition of the perovskite to 

lead metal. Another report on the thermal properties of CH3NH3PbX3 (X = I or Cl) and its 

precursors determined that CH3NH3PbI3 decomposed by consecutive loss of HI and CH3NH2 

(20% and 5-6% mass losses).28  The chloride derivative decomposed to PbCl2 by losing 

CH3NH3Cl.28 Another study reported the thermal decomposition of both CH3NH3SnI3 and 
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CH3NH3PbI3.29 These results determined that CH3NH3PbI3 had a decomposition that started 

after 300 °C and again had a mass loss corresponding to production of CH3NH3I and HI. The 

thermal decomposition of CH3NH3PbBr3 monitored by TGA showed the crystals were stable 

to 238 °C but decomposed quickly due to escape of CH3NH2 and HBr.30 These three reports 

used only thermal analysis (TGA and/or DSC) to determine the decomposition of the 

perovskite materials. Another group used a tandem calorimetric-spectroscopic study to 

directly correlate evolved gases with calorimetric events.31 They looked at the decomposition 

of CH3NH3PbI3 and a mixed system CH3NH3PbI3-xClx in DMF, and found that for the iodide 

perovskite at 230 °C along with DMF, weak features from ammonia appear. For the mixed 

iodide-chloride, peaks from DMF are seen along with signals for CH3NH2 and HCl. 

 Although the thermal stability of various types of methylammonium lead halide 

perovskite materials has been investigated, not all three halides (I, Br, and Cl) or their 

evolved gases have been explored. In this chapter, we investigate the thermal stability of the 

bulk CH3NH3PbX3 (where X = I, Br, or Cl) perovskite materials to determine how these 

materials decompose. Using thermogravimetric analysis and differential scanning 

calorimetry coupled with a quadrupole mass spectrometer (QMS) and Fourier-Transform 

infrared (FT-IR) spectrometer, the decomposition temperature and evolved gas products were 

analyzed. Using this data to understand decomposition pathways may provide a way to 

achieve long-term thermal stability for organometal halide perovskite materials for solar 

cells. 

Experimental 

 Materials. Lead(II) iodide (99%), lead(II) bromide (≥98%), lead(II) chloride 

(99.999%), methylamine solution (33 wt.% in absolute ethanol), N,N-dimethylformamide 
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(DMF, anhydrous, 99.8%) were purchased from Sigma-Aldrich; hydroiodic acid (ACS, 55-

58%), hydrobromic acid (ACS, 47-49%) from Alfa Aesar; and hydrochloric acid (37%), 

acetonitrile (99.9%), ethanol (200 proof), toluene (99.9%) from Fisher. 

 Synthesis. Ammonium halides. Hydrogen halides were prepared by a modified 

literature procedure.13,17 Hydroiodic acid (10 mL, 0.075 mol), hydrobromic acid (8.6 mL, 

0.075 mol), or hydrochloric acid (6.32 mL, 0.075 mol) was added to a solution of excess 

methylamine (24 mL, 0.192 mol) in ethanol (50 mL) at 0 °C, and the mixture stirred for 2 h. 

The solution was concentrated under vacuum, and the resulting powder was dried under 

dynamic vacuum at 60 °C for 12 h, then recrystallized from ethanol. Methylammonium lead 

halides (X = I, Br or Cl). Bulk perovskites were prepared by a modified literature 

procedure.17,32 CH3NH3PbI3. PbI2 (4.1 mg, 0.089 mmol) and CH3NH3I (3.9 mg, 0.025 mmol) 

were dissolved in acetonitrile (20 mL). Toluene (15 mL) was added by fast injection into the 

precursor mixture (4 mL CH3CN solution) while stirring. The solution was stirred overnight 

and then centrifuged (10 min at 4000 rpm). The precipitate was re-dissolved in toluene. 

CH3NH3PbBr3. PbBr2 (7.4 mg, 0.02 mmol) and CH3NH3Br (2.2 mg, 0.02 mmol) were 

dissolved in DMF (0.5 mL). Toluene (15 mL) was added by fast injection into the precursor 

mixture (0.05 mL DMF solution) while stirring. The solution was stirred overnight and then 

centrifuged (10 min at 4000 rpm). The precipitate was re-dissolved in toluene. 

CH3NH3PbCl3. PbCl2 (5.3 mg, 0.02 mmol) and CH3NH3Cl (1.3 mg, 0.02 mmol) dissolved in 

DMF (0.5 mL). Toluene (15 mL) was added by fast injection into the precursor mixture (0.05 

mL DMF solution) while stirring. The solution was stirred overnight and centrifuged (10 min 

at 4000 rpm). The precipitate was re-dissolved in toluene. 
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Structural characterization. X-Ray Diffraction. Powder X-ray diffraction (XRD) 

data were measured using Cu Kα radiation on a Rigaku Ultima U4.  

Thermal analysis. Thermogravimetric analysis (TGA) and differential scanning 

calorimetry (DSC). Measurements were taken using a Netzsch STA449 F1 Jupiter® 

TGA/DSC instrument coupled to a Quadrupole Mass Spectrometer (QMS) and Bruker 

Tensor 27 FT-IR spectrometer.  Using ~10 mg samples in alumina crucibles were heated 

from 40 °C to 500 °C using Ar as the carrier gas and 10 °C /min for the ramp rate. 

Results and Discussion 

 With the great attention given to solar energy and the increased interest in 

CH3NH3PbX3 (X = I, Br, or Cl) perovskites for solar cells, the decomposition of these 

materials must be understood to devise means for enhancing the stability for 

commercialization of the solar cells. In this chapter, the thermal stability of the three different 

bulk CH3NH3PbX3 (X = I, Br, or Cl) perovskite materials is examined along with suggestions 

to increase the stability from the observed results. 

 Bulk CH3NH3PbX3 (X = I, Br, or Cl) perovskite materials were synthesized using a 

reported method by mixing the lead halide with the corresponding methylammonium halide 

(equation 1).17,32  Powder X-ray diffraction was used to demonstrate that the samples were 

crystalline and had the correct material. Figure 1 shows the three different bulk halide 

materials along with the standard bulk pattern for iodide and simulated patterns for the 

bromide and chloride. Both the bromide and chloride are cubic while the iodide is tetragonal. 

Once the samples were determined to be the correct composition from the powder XRD 

patterns, thermal analysis using TGA and DSC coupled to FT-IR and MS, was performed.  

PbX2 + CH3NH3X → CH3NH3PbX3    (1) 
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CH3NH3PbI3 

 For the iodide, as previously mentioned, literature found that decomposition occurred 

through two mass losses; one of 20% and the second of 5-6%.28 The first is due to 

decomposition of the lead methylammonium iodide to HI and then CH3NH2. Another paper 

also reported the decomposition to produce CH3NH2I and HI.27,31 However, using the Netzsch 

TGA/DSC system, we saw a different products. Table 1 shows the main compounds that we 

believe could be present with the decomposition, molecular weights, and their weight 

percentage of the methylammonium lead iodide. 

 

Figure 1. Powder XRD patterns for as synthesized CH3NH3PbX3 (X = I, Br, or Cl) bulk 
perovskites along with standard (iodide) or simulated (bromide and chloride) patterns. 
 

Table 1. Compound, molecular weight and mass percentage of CH3NH3PbI3. 

Compound MW (g/mol) Percentage (%) 

CH3NH3PbI3 620 100 

PbI2 461 74 

CH3NH2 31 5 

NH3 17 2.7 

CH3I 142 23 

HI 128 21 
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The thermogravimetric analysis (TGA) measurement for the CH3NH3PbI3, shown in 

Figure 2, shows a one-step decomposition starting at 340 °C. The mass loss is about 26%, 

which corresponds to only inorganic lead iodide remaining and is also similar to literature 

results. The melting point of PbI2 is 410 °C.33 Furthermore, CH3NH2I sublimes at 247 ± 26 

°C and CH3NH2 at 247 ± 26 °C.28 Differential scanning calorimetry (DSC) displays an 

endothermic transition at 358 °C which may be from both the decomposition of the organic 

cation and melting of PbI2. DSC data had not been shown for temperatures greater than 200 

°C in literature for CH3NH3PbI3. In literature, an endothermic peak is reported at 

approximately 60 °C which was assigned to a tetragonal to cubic phase transition.27,28,31,34 

This peak is not seen in Figure 2, which may be due to the transition just lowering the 

symmetry and not a chemical bond breakage or formation. Therefore, the change in heat 

capacity is low and no signal is seen.29  

 

Figure 2. TGA (black) and DSC (red) for bulk CH3NH3PbI3 40 °C to 500 °C.  

 Recently, FT-IR of the evolved gasses from methylammonium lead iodide and 

chloride were examined while in DMF.27 However, this is the first report of the thermal 
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decomposition of the perovskites without solvent using the Netzsch system. Figure 3 shows 

the 3D FT-IR plot of the evolved gases from 500 to 4500 wavenumbers (cm-1) and 40 to 500 

°C. This plot shows that the main evolution of gases starts above 300 °C. The IR spectrum of 

gases evolved at different temperatures are shown in Figure 4. At lower temperature (328 

°C), characteristic peaks of both ammonia and iodomethane are observed.35 As temperature 

increases (346 and 362 °C), both compounds still evolve and account for the 26% weight loss 

in the TGA (Figure 2). Furthermore, peaks at 950, 1600 and 3300-3400 cm-1 are due to 

ammonia and are NH symmetrical deformations, NH degenerate deformations, and NH 

symmetric stretches, respectively.36 Peaks at about 1250 and 3000 cm-1 are due to 

iodomethane and CH3 symmetrical deformations and CH3 symmetrical stretching, 

respectively.36 Previously in the literature, HI was said to be evolved; however, from the FT-

IR spectra in Figure 3, HI is not observed. Figure 5 shows an expanded portion of the IR 

where HI should be seen along with a standard spectrum of HI from the Pacific Northwest 

National Laboratory database.37 Furthermore, the decomposition of CH3NH3PbI3 follows the 

decomposition of CH3NH3I reported in the literature where both NH3 and CH3I gases 

evolve.31 
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Figure 3. IR spectra for CH3NH3PbI3 from 40 °C to 500 °C.  

 

Figure 4. IR spectra at different temperatures (328 °C, 346 °C, and 362 °C) showing the 
evolution of gases from CH3NH3PbI3 along with standard patterns for CH3I, NH3, and 
CH3NH2.35 HI shows bands at 4000 cm-1 that is not shown here, see Figure 5.  
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Figure 5. (a) and (b) IR spectra of HI regions (c) standard pattern for HI from Pacific 
Northwest National Laboratory.37 

 
 Mass spectrometry of the evolved gases shows a result similar to the IR data and has 

not been previously reported. Figure 6 shows the mass spectra from analysis at three 

temperatures:  328, 346, and 362 °C (these are the temperatures reported in the IR spectra in 

Figure 4). In all spectra, peaks at 19 and 39 m/z are due to tailing from the Ar2+ 20 and Ar+ 40 

peaks.38 An ammonia peak appears in all spectra at 17 m/z and ammonia evolves at even 

lower temperatures than observed in Figure 6. Peaks for iodomethane (142 m/z) increase 

with temperature, along with peaks for iodide (127 m/z) which is also from the 

iodomethane.35 Iodide 127 has 100% abundance so only one main peak is seen in each 

spectrum.39  



www.manaraa.com

80 

 

 

Figure 6. MS spectra for gas evolution from CH3NH3PbI3 at (a) 362 °C, (b) 346 °C, (c) 328 
°C. 
 
 As shown by the IR and MS, CH3NH3PbI3 decomposed into ammonia and 

iodomethane, not methylamine and HI reported in the literature. The TGA literature results 

matches with the decomposition of the material to CH3NH2 and HI but also agrees with what 

is seen here. We also looked at the other two CH3NH3PbX3 (X = Br or Cl) perovskites to 

determine if they decompose in a similar manner to the iodide or if they follow the literature 

reported decomposition. 
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CH3NH3PbBr 

Unlike methylammonium lead iodide, where the thermal decomposition has been 

examined at with both TGA and DSC, the thermal decomposition of CH3NH3PbBr3 was only 

studied with TGA.30 In the report, the perovskite was robust up to 238 °C and had a mass loss 

of 22.44%. The mass loss was said to be due to escape of CH3NH3Br because of the weak 

bond between the organic cations and inorganic anions of the perovskite. They concluded 

that CH3NH2 and HBr were emitted with the annealing of the bromide perovskite.30 Using the 

Netzsch TGA/DSC system, we saw similar results to the literature results for decomposition 

of the bromide and also to the decomposition of the iodide. Table 2 shows the main 

compounds that could be present with the decomposition, their molecular weights, and their 

weight percentage of the methylammonium lead bromide. The TGA measurement for the 

methylammonium lead bromide, shown in Figure 7, shows a one-step decomposition. The 

mass loss is about 24%, which corresponds to only having inorganic lead bromide left. DSC 

displays an endothermic transition at 385 °C, which along with the decomposition of the 

organic portion of the perovskite, may correspond to the melting point of PbBr2 (371 °C).33 

The organic portions of the perovskite sublime at lower temperatures, CH3NH3Br at ~250 °C 

and CH3NH2 at 247 ± 26 °C.28,40 

Table 2. Compound, molecular weight and mass percentage of CH3NH3PbBr3. 

Compound MW (g/mol) Percentage (%) 

CH3NH3PbBr3 479 100 

PbBr2 367 77 

CH3NH2 31 6.5 

NH3 17 3.5 

CH3Br 95 20 
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Table 2.  continued 

HBr 81 17 
 

 

Figure 7. TGA (black) and DSC (red) for bulk CH3NH3PbBr3 from 40 °C to 500 °C.  

Recently, an FT-IR study of the evolved gases from CH3NH3PbX3 (X = I or Cl) in 

DMF was investigated.27 However, the decomposition of CH3NH3PbBr3 was not investigated. 

Figure 8 shows the 3D FT-IR plot of the evolved gases from 500 to 4500 cm-1 and 40 to 500 

°C. The main evolution of gases starts after 350 °C. The evolved gases at different 

temperatures are shown in Figure 9. At 350 °C, characteristic IR peaks for both ammonia and 

methylamine are produced.35 IR bands due to ammonia at 950, 1600 and 3300-3400 cm-1 are 

NH symmetrical deformations, NH degenerate deformations, and NH symmetric stretches, 

respectively.36 The two very strong IR peaks from methylamine are at about 2900 and 780 

cm-1 from CH3 deformation/symmetrical stretching and NH2 wagging.36 As temperature 

increases, both compounds are still evolved along with an IR peak growing in at about 1300 

cm-1 due to bromomethane and CH3 symmetrical deformations.35 The CBr stretch is not seen 
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since it is located at 611 cm-1 and is out of range.36 Peaks at ~3200 cm-1 are attributed to NH 

stretching and observed in the FT-IR spectrum for CH3NH3PbI3.41 Characteristic peaks for 

HBr do not appear in the IR spectra. Figure 10 shows the region of the IR spectrum where 

HBr should appear (2350-2750 cm-1) along with the standard spectrum. In all three spectra 

HBr is not detected. CH3NH3PbBr3 seems to follow decomposition similar to CH3NH3PbI3, 

except for evolving methylamine. 

 

Figure 8. IR spectra for CH3NH3PbBr3 from 40 °C to 500 °C. 
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Figure 9. IR spectra at different temperatures (350 °C, 362 °C, and 386 °C) showing the 
evolution of gases from CH3NH3PbBr3 along with standard IR spectra for HBr, CH3Br, NH3, 
and CH3NH2.35 
 

 

Figure 10. Expanded region of FT-IR spectrum at different temperatures (350, 362 and 386 
°C) for HBr along with the HBr standard spectrum for comparison.35 
 

Mass spectrometry of the evolved gases from CH3NH3PbBr3 display masses for 

ammonia, bromomethane, and methylamine and support the IR data. Figure 11 shows the 
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mass spectra over three temperatures:  350, 362, and 386 °C, corresponding to the same 

temperatures used for the IR spectra in Figure 9. Again, mass peaks at 19 and 39 m/z are due 

to Ar tailing from Ar2+ 20 and Ar+ 40 m/z peaks.38 A peak for ammonia appears in all spectra 

at 17 m/z and for methylamine at 31 m/z. Both ammonia and methylamine evolve first as 

shown in Figure 11c. Masses for bromomethane at 95 m/z appear at 362 °C. Also, masses for 

bromine associated with the bromomethane (79 and 81 m/z) appear at 386 °C.38 For both 

bromomethane and bromine, the mass clusters are due to bromine having two main isotopes, 

79 m/z at 50.69% abundance and 81 m/z at 49.31% abundance.39  

For both CH3NH3PbX3 (X = I or Br) perovskite materials, the decomposition is 

similar with the evolution of ammonia and methyl halide. However, methylamine is seen 

from the CH3NH3PbBr3. Neither of these pathways has been discerned in the literature with 

coupling IR and MS to TGA/DSC. To see if CH3NH3PbCl3 followed a similar decomposition 

route, we investigated it using the Netzsch TGA/DSC/IR/MS system. 
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Figure 11. MS spectra for gas evolution from CH3NH3PbBr3 at (a) 350 °C, (b) 362 °C, (c) 
386 °C. 
 
 

CH3NH3PbCl3 

CH3NH3PbCl3 decomposes by a different route than CH3NH3PbI3 or CH3NH3PbBr3. 

Table 3 shows the main compounds that could be present with the decomposition, their 

molecular weights, and their weight percentage of the methylammonium lead chloride. The 

TGA measurement for the methylammonium lead chloride (Figure 12), shows a mass loss of 
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about 20%, which corresponds to only having inorganic lead chloride left. DSC displays an 

endothermic transition at 365 °C. The melting point of PbCl2 is 501 °C.33 Furthermore, 

CH3NH2Cl sublimes at 195 ± 9 °C and CH3NH2 at 247 ± 26 °C.28 DSC data in the literature, 

reported from room temperature to 100 °C, does not show any transitions, and has not been 

shown for temperatures greater than 200 °C. Here the DSC results at lower temperatures 

shows multiple transitions. The transition at 100 °C may be due to loss of water and 

corresponds to a similar mass loss in the TGA. 

Table 3. Compound, molecular weight and mass percentage of CH3NH3PbCl3. 

Compound MW (g/mol) Percentage (%) 

CH3NH3PbCl3 346 100 

PbCl2 278 80 

CH3NH2 31 9 

NH3 17 4.9 

CH3Cl 50 14 

HCl 36 10 

 

Figure 12. TGA (black) and DSC (red) for bulk CH3NH3PbCl3 from 40 °C to 500 °C.  
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 Recently, an FT-IR study of the evolved gases from a mixed halide perovskite, 

CH3NH3PbI3-xClx, in DMF was reported.27 In the literature, primary alkylammonium halides 

are predicted to decompose to CH3NH2 and HX.42 As shown previously, CH3NH3PbI3 and 

CH3NH3PbBr3 did not follow this decomposition; however, the chloride perovskite fits this 

decomposition pattern. Figure 13 shows the 3D FT-IR plot of the evolved gases from 500 to 

4500 cm-1 versus temperature (40 to 500 °C). The main evolution of gases start at much 

lower temperature (200 °C) compared to the iodide and bromide. Looking closer at different 

temperatures, the progression of evolved gases is determined (Figure 14). At 346 °C, 

methylamine is observed, along with HCl.35 Spectra for higher temperatures, 367 and 423 °C, 

are very similar to the spectrum at 346 °C. Two very intense peaks from methylamine are at 

about 2900 and 780 cm-1 from CH3 deformation/symmetrical stretching and NH2 wagging.36 

IR peaks at ~3200 cm-1 are attributed to NH stretching and reported in a literature FT-IR 

spectrum for CH3NH3PbI3.41 HCl peaks at 2700-3100 cm-1 are from both the vibrational 

mode, stretching, and rotation of the H-Cl bond.43 Figure 15 shows an expanded portion of 

the IR spectra where HCl is seen, overlapped with the CH2 stretch from methylamine, along 

with a standard spectrum of HCl.35,36 Furthermore, the peak at about 2350 cm-1 is due to C=O 

stretching vibrations from CO2.35,36 The sample contained some oxygen to evolve CO2. Peaks 

in the fingerprint region are hard to assign but may be due to contamination.  
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Figure 13. IR spectra for CH3NH3PbCl3 from 40 °C to 500 °C. 

 

Figure 14. IR spectra at different temperatures (350 °C, 362 °C, and 386 °C) showing the 
evolution of gases from CH3NH3PbCl3 along with standard IR spectra for HCl, CH3Cl, NH3, 
and CH3NH2.35 
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Figure 15. Expanded region of IR spectra for HCl that is overlapped with the CH3 stretching 
of methylamine.35 
 

Mass spectrometry of the evolved gases from decomposition of CH3NH3PbCl3 

supports the IR data and has not been previously reported, as is the case with CH3NH3PbX3 

(X = I or Br). Figure 16 illustrates the mass spectra over three temperatures:  346, 367, and 

423 °C; these correspond to the same temperature used for the IR spectra in Figure 14. In all 

spectra, mass peaks at 19 and 39 m/z are due to Ar as tailing from the Ar2+ 20 and Ar+ 40 

m/z.38 A mass peak for ammonia appears in all spectra at 17 m/z but the standard peaks were 

not clear in the FT-IR. There are mass peaks for both the methylamine and hydrochloric 

acid/chloride at 31 and 35 m/z, respectively.38 Chlorine has two main isotopes, 35 m/z with 

75.76% abundance and 37 m/z with 24.24% abundance.39 Since the peaks are so small for the 

35 isotope, the 37 is difficult to see unless the ion current axis expanded to smaller values. 
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Figure 16. MS spectra for gas evolution from CH3NH3PbCl3 at (a) 346 °C, (b) 367 °C, (c) 
423 °C. 
 
Conclusion 

In summary, the decomposition of CH3NH3PbX3 (X = I, Br or Cl) occurs differently 

for each of the halides that was studied. First, all the methylammonium lead halides 

decompose to the inorganic lead halide determined by the TGA mass loss data. From DSC, 

the endotherms of the materials are all different: Iodide at 358 °C, bromide at 385°C, and 

chloride at 365 °C. In the literature, the decomposition is reported to evolve HX and CH3NH2 
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or CH3NH3X and HX. However, we see by FT-IR and MS that the iodide perovskite 

decomposes to ammonia and iodomethane. The bromide perovskite decomposes by a similar 

route but produces ammonia, methylamine and bromomethane. In agreement with published 

reports, the chloride perovskite breaks down to methylamine and hydrochloric acid. 

Elucidating the different thermal decomposition pathways for the CH3NH3PbX3 (X = I, Br or 

Cl) perovskites helps to discern how to increase the stability of the materials.  

In the future, our group will look at different routes to increase the stability of 

methylammonium lead halide materials. The four routes are: 1. Using all inorganic cations 

such as CsPbX3, 2. Using C-D materials such as CD3NH3PbX3 or CD3ND3PbX3, 3. Changing 

the basicity or acidity by using HONH4
+ or NH4

+, 4. Strengthening the C-N bond by using 

NH2-CH=NH2
+ or CH3-NH2

+-CH3. Investigating these materials will give a better 

understanding of the decomposition and increasing the thermal stability of the 

methylammonium lead halide perovskites for solar cells. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

In conclusion, we investigated the chemical and thermal stability of different 

semiconductor materials. In chapter 2, CdSe and CdS nanorods were studied for robustness 

under harsh conditions usually used in catalysis. We synthesized copper(I) nitride and 

examined its decomposition to copper(II) oxide in Chapter 3. Finally, in Chapter 4, the 

thermal properties of bulk methylammonium lead halides were explored to determine the 

decomposition products; this could lead to an increased thermal stability of perovskite 

materials for solar cells. 

We investigated the general chemical reactivity of II-VI semiconductor nanorods, 

with an emphasis on CdSe nanorods. HCl and HNO3 react rapidly with CdSe nanorods; after 

12 h, the CdSe absorption and band edge PL disappear and Se and SeO2 (HNO3) form. CdSe 

nanorods are relatively stable in basic conditions, as well as in the presence of strong 

oxidants. Neither bases nor oxidants caused significant changes in absorption spectra, 

although H2O2 caused a decrease in emission, likely due to the introduction of small amounts 

of CdO and SeO2 on the nanorod surface. However, bases slightly etch the nanorods along 

their axis, as evidenced by a decrease in intensity and widening of the 002 XRD peak relative 

to the 100 and 110 XRD peaks. CdSe nanorods are relatively stable for long periods of time 

under air at temperatures up to 350 °C. However, roasting CdSe to 600 °C produces 

polycrystalline rock salt CdO. Neither CdO nor CdSe nanorods reduce to Cd in the presence 

of H2 at elevated temperatures. Using n-BuLi, CdSe reduces to Cd metal at 300 °C. Lower 

reaction temperatures than 300 °C result in incomplete reduction or no reduction at all. 
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Along with their chemical reactivity, we also explored the thermal stability and effect 

of curvature on the stability of CdSe and CdS nanorods. Variable temperature (VT) XRD 

studies showed that II-VI nanorods respond to heating in three stages: (i) annealing, (ii) axial 

melting and (iii) coalescence. Furthermore, DTA and TGA of CdSe and CdS nanorods 

showed that axial melting is not reliant on the type of inorganic crystalline material but on 

the ligand(s) coating its surface. Ligands coating the nanorod surface help maintain their 

anisotropy and specific aspect ratio. In view of this axial melting behavior, we looked at the 

effect of curvature on the activity of II-VI nanorods: For example, heterogeneous nucleation 

of SiO2 on regularly-shaped CdSe nanorods starts at both tips at the same time, while 

heterogeneous nucleation of SiO2 starts from the thinner CdS-rich tip of axially anisotropic 

CdS0.4Se0.6 nanorods. A better and more systematic understanding of the chemical reactivity 

and general stability of II-VI semiconductor nanostructures may greatly help in furthering 

their application to photocatalysis, photovoltaics, optics and light emitting devices. 

Nanocrystalline Cu3N was synthesized from nanocrystalline Cu2O and one of two 

nitrogen sources, ammonia or urea. Using urea leads to slightly more phase-pure Cu3N, as 

observed by XRD. In addition, the use of ammonia as the nitridation reagent requires a 

longer reaction time and higher temperature. TEM reveals that the cubic morphology of the 

initial Cu2O nanocrystals is lost upon nitridation to Cu3N. Using ammonia produces clusters 

of spherical particles whereas with urea produced a mixture of several different morphologies 

(rods, sheets, and aggregates). Electronic structure, calculations of the DOS appear to 

underestimate, but agree with the presence of, a band gap of under 1 eV for both Cu2O and 

Cu3N phases. 
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Cu3N nanocrystals spontaneously decompose to nanocrystalline CuO at room 

temperature. Control experiments show that both air and moisture are necessary for this 

transformation to take place. Cu3N decomposition occurs within 15 days to produce 

substoichiometric amounts of ammonia. Specifically, ammonia was produced in 60% 

chemical yield, as measured using the indophenol method. Because Cu3N decomposition 

requires H2O and produces substoichiometric amounts of NH3, we conclude that this reaction 

proceeds through a complex stoichiometry that involves the concomitant release of both N2 

and NH3. This is a thermodynamically unfavorable outcome, strongly indicating that H2O 

facilitates the kinetics of the reaction by lowering the energy barrier for Cu3N decomposition. 

Additional studies will be required to assess the potential reversibility and catalytic 

usefulness of this transformation. 

The decomposition of CH3NH3PbX3 (X = I, Br or Cl) occurs differently for each of 

the halides that were studied. First, all the methylammonium lead halides decompose to the 

inorganic lead halide determined by the TGA mass loss data. In the literature, the 

decomposition is reported to evolve HX and CH3NH2 or CH3NH3X and HX. However, we 

see by FT-IR and MS that the iodide decomposes to ammonia and iodomethane. The 

bromide decomposes by a similar route but produces ammonia, methylamine and 

bromomethane. In agreement with published reports, the chloride perovskite breaks down to 

methylamine and hydrochloric acid. Elucidating the different thermal decomposition 

pathways for the CH3NH3PbX3 (X = I, Br or Cl) perovskites helps to discern how to increase 

the stability of the materials.  

In the future, our group will look at different routes to increase the stability of 

methylammonium lead halide materials. The four routes are: 1. Using all inorganic cations 
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such as CsPbX3, 2. Using materials such as CD3NH3PbX3 or CD3ND3PbX3, 3. Changing the 

basicity or acidity by using HONH4
+ or NH4

+, 4. Strengthening the C-N bond by using NH2-

CH=NH2
+ or CH3-NH2

+-CH3. Investigating these materials will give a better understanding of 

the decomposition and increasing the thermal stability of the methylammonium lead halide 

perovskites for solar cells. 
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