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Abstract: 

Nanomaterials have attracted great attention in the past decades due to their 
unique properties. Up to the present time, various nanoparticles with tunable size and 
shape have been produced using solution-based synthetic methods. The highly diversified 
sizes and shapes make nanoparticles suitable for a wide range of applications. The 
following chapters will focus on solution-based synthesis and conversion of metal 
nanoparticles and semiconductor nanoparticles. Fabrication of ZnO and ZnO/ZnS 
nanorods coated cotton fabrics will be introduced, and their promising flame retardant 
properties will also be presented. In addition to direct synthesis, shape-controllable 
conversion of nanoscaled Zn3P2 to ZnS and gold nanorods to Au3Ni intermetallic 
nanorods will be demonstrated. 
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CHAPTER I 
 

 

SOLUTION-BASED SYNTHESIS, CHARARTERIZATION, AND APPLICATIONS 

OF NANOMATERIALS 

 

Introduction 

The concept “nanotechnology and nanomaterials” was firstly predicted by Feynman in 

1959.1 Solid materials can be confined to an extremely small dimension and these “small 

materials” may possess interesting properties.2 In 1980s, electron microscopy techniques 

were invented that provided reliable tools that allowed direct human observation and 

manipulation of atoms.3-4 Since then, the pace of development of nanotechnology has 

been significantly accelerated and a great number of studies were carried out.5-7 

Nanomaterials are considered the foundation of nanotechnology and have been a hot 

topic since the beginning of 21 century.8-12 According to the most widely accepted 

definition provided by the Nanocale Sciences, Engineering and Technology (NSET) 

group in 2000, materials with dimensions ranging from 1-100 nm that possess unique 

features and functionalities, which differ from their bulk analogies are identified as 

nanomaterials.13-15  
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Semiconductor nanoparticles are classic examples of nanomaterials. They have been playing 

an increasingly important role and widely investigated in the past few decades due to the 

unique band gap.16 Transition metal oxides (TMOs) are an important semiconductors and 

have drawn considerable attention due to the abundance in the earth’s crust of these materials 

as well as their size- dependent optical and electrical properties and multi-functionality 

suitable for diverse applications.17-18 ZnO, one of the most well-studied transition metal oxide, 

is classified as a group II-IV semiconductor with a large band gap (3.4 eV), high bond energy 

(60 meV) and high chemical and mechanical stability.19 So far, ZnO nanomaterials can be 

obtained in one- (1D), two- (2D), and three- (3D) dimensional structures.20 One- dimensional 

(1D) structures include nanorods, nanobelts, nanowires, nanoneedles, etc. Two- dimensional 

(2D) ZnO nanomaterials could have shapes of sheets and plates. ZnO can also be generated 

in three- dimensional (3D) structures such as nanofilms and nanoflowers. To grow ZnO 

nanomaterials with different morphologies, various synthetic procedures were established.21 

The sol-gel method22 and hydrothermal method23 are both widely used to synthesize ZnO 

nanoparticles, due to low cost, simplicity, ease of scaling, and high degree of crystallinity of 

the products.24 Another popular method is controlled precipitation, which requires the 

presence of a surfactant and can be done at room temperature.25 In addition, ZnO 

nanoparticles can be further modified to improve chemical and physical properties that could 

be crucial for certain applications. For example, ZnO nanoparticles (core) can be coated by 

materials with larger band gaps (shell) such as ZnS, CdS, and TiO2, to generate core/shell 

structures.26-27 Its piezo-, pyro-, and optical-electric properties make ZnO a multifunctional 

material that can be used as sensors,28 energy convertors and generators,29 and catalysts.30 

The high biocompatibility and biodegradability along with low toxicity give ZnO potential to 
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be used in the biomedical field.31 Besides, the low heat conductivity and high thermal 

stability of ZnO also make it a great candidate for flame retardant coatings. In recent years, 

ZnO has been coupled with other organic flame retardant materials and used as coatings on 

fabrics surface to improve flame retardancy. In chapter 2, we report a unique multi-step 

hydrothermal method to grow ZnO nanorods on the surface of cotton fabrics. ZnO/ZnS 

core/shell nanorods were obtained after a sulfidation. A cone calorimeter was used to test the 

flame retardancy of the coatings. The results show significant reduction on heat and smoke 

release and suppression of flame growth and spreading.  

Transition metal chalcogenides (MX) are another widely studied class of semiconductors, 

which consists of d-transition metals (M = Fe, Co, Zn, etc), and chalcogen atoms (X = S, 

Se).32 ZnS is a typical example. It has a large band gap: 3.72 eV for the cubic (zinc blende) 

structure and 3.77 eV for the hexagonal (wurtzite) structure, which make it an excellent 

candidate for visible-blind ultraviolet (UV) light based optoelectronics or 

electroluminescence devices, such as light-emitting diodes (LEDs), photodetectors, 

biosensors, and infrared windows.33-34 Up to the present time, numerous synthetic strategies 

to generate ZnS nanomaterials with different shapes and sizes have been published, including 

chemical vapor deposition, hydrothermal methods, and wet chemical methods, etc.35 

Compared with sulfides, transition metal phosphides (M3P2) are a more recently discovered 

semiconductor	which has higher photocatalytic activity due to the more promising electronic 

properties and an electron-rich metal surface.36-37 Zinc phosphide (Zn3P2) has a perfect band 

gap (1.5 eV) that matches with the theoretical optimum for solar energy conversion, as well 

as a large absorption (104 cm-1) and long minority diffusion length (5-10 µm).38 These 

features make Zn3P2 a promising candidate material for photovoltaic applications.39 However, 
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because of the severe synthetic reaction conditions and the use of flammable phosphorous 

sources, developments of these materials and applications are somewhat restricted.40 In 

chapter III, we proposed to synthesize a new semiconductor material, zinc sulfophosphide 

(ZnPS3) using anion exchange and diffusion reactions. Two strategies were applied. One 

starts with ZnS nanoparticles as templates that react with trioctylphosphine as a phosphorous 

source. By doing this, we wish to incorporate phosphorous atoms into ZnS structure and 

eventually generate ZnPS3. However, no formation of ZnPS3 was observed under any 

conditions. Another strategy is to use Zn3P2 nanoparticles as a template which react with 

elemental sulfur in oleylamine.  From the results, we found that instead of generating ZnPS3 

as we planned, the original Zn3P2 structure was converted to ZnS structure by H2S that was 

released by sulfur and oleylamine complex.  

Another popular and well-studied class of nanomaterials are metal nanoparticles. When the 

dimension of a metal solid is confined to the nanoscale, the effect of absorption of photons 

by the metal is amplified enough to cause oscillations of the electron cloud on the surface.41 

The collection of oscillations is called a “plasmon”, which gives them unique and interesting 

optical properties.42,43 Typical examples of this property are gold nanorods, which have 

attracted a great deal of attention and have been studied intensively due to their anisotropic 

shape and the ease to functionalize the surface.44 Additionally, metal nanoparticles may also 

contain multiple types of metals. Intermetallic nanoparticles, consist of two different metal 

atoms and possess the properties of both metals. One of the most common intermetallic 

nanoparticle is gold-based, AuM(M = transition metal), such as Au3Fe, Au3Ni, AuNi3, and 

AuFe. So far, gold-based intermetallic nanoparticles are synthesized by solution based in-situ 

reactions at high temperature, which make it difficult to control the shapes and sizes as well 
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as avoiding agglomerations. Chapter IV reports a novel procedure using ex-situ reaction to 

make Au3Ni nanorods. Gold nanorods were synthesized using a previously published method 

with minor modification, followed by surface functionalization with oleylamine by a phase-

transfer ligand exchange method. The resultant gold nanorods reacted with nickel precursor 

and yield Au3Ni nanorods with no significant change in size and shape. 
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CHAPTER II 
 

 

ZINC OXIDE MICROSTRUCTURES AS FLAME RETARDANT COATINGS ON COTTON 

FABRICS 

Note: This chapter was published in ACS Omega, 2018, 3 (6), pp 6330–6338. DOI: 

10.1021/acsomega.8b00371, and reprinted with permission. Copyright [2018] American 

Chemical Society. 

ABSTRACT 

In this study, we report a unique strategy that utilizes ZnO and ZnS microparticles and rods as fire 

retardant materials when coated onto cotton fabrics. ZnO and ZnO/ZnS microparticles or rods 

were grown or adsorbed to the surface of cotton fibers. Properties such as heat release rate, total 

smoke release and mass loss rate of the materials were tested using a cone calorimeter. ZnO and 

ZnO/ZnS rods were able to reduce the heat release rate and total smoke release from 118 kW/m2 

and 18.3 m2/m2 to about 70.0 kW/m2 and 6.00 m2/m2, respectively. The maximum average rate of 

heat emission (MARHE) and fire growth rate (FIGRA) index, which evaluate the fire spread rate, 

the size of the fire, and the propensity of fire development, are significantly improved with these 

coatings and indicate that there are potential applications of these materials as fire retardants. 

Vertical flame test was carried out and showed reduction in burning rate. 

Introduction 

Cotton fabrics have played an important role in the manufacturing of clothing and furniture in 
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the military and civilian sectors due to their desirable properties such as biodegradability, water 

absorbency breathability, and the vast availability of the raw materials for large-

scaleproduction.45-46 Cotton fabrics, however, can be easily ignited and pose a high risk for fires 

because cellulosic fibers have a low limiting oxygen index (LOI), a onset ignition temperature 

(360-425°C), and provide a rich source of hydrocarbon fuels during combustion that makes these 

materials highly flammable.47-51 According to recent statistics, fires cause approximately 1.3 

million accidents annually that result in more than three thousand deaths, fifteen thousand 

injuries, and an estimated $11.6 billion in direct property losses.52 Home fires, where the main 

fire hazard is the combustion of textiles, are responsible for 80% of civilian fire deaths. 53 

The most widely used flame retardant strategy for cotton fabrics includes weaving or coating the 

cellulose fibers with a flame retardant polymer or compound to form a composite material.54-60 

Cotton fabrics can be directly coated with halogenated, nitrogen-containing or phosphorus-

containing additives to improve their fire resistant properties but many of these compounds are 

limited in use because of their demonstrated toxicity. Halogenated flame retardants react with 

oxygen or hydroxyl radicals in the gas phase to effectively interrupt combustion.50 However, 

toxic species released from the combustion of halogenated flame retardants are hazardous to 

human health and to the environment.61-64 

Due to these concerns, the use of halogenated flame retardant materials has been rigorously 

restricted.65-66 In addition to the gas phase flame retardant mechanism, nitrogen and phosphorus-

containing compounds also exhibit flame retardant action in the condensed phase which is 

attributed to the formation of a ceramic-like char during thermal degradation that provides a layer 

of insulation to the underlying polymer.50, 67, 68 Char forming compounds such as ammonium 

polyphosphate (APP), tetrakishydroxymethyl phosphonium chloride (THPC), sodium 

hypophosphite (SHP) and spirocyclic pentaerythritol diphosphoryl chloride (SPDPC) have been 

widely used as effective and durable flame retardant coatings for cotton fabrics.69-70 Nevertheless, 
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studies suggest that phosphorus containing compounds produce large amounts of smoke, may be 

toxic, potential mutagens, or pose unwanted risks to human health and the environment.47, 71-74 

New flame retardant strategies are based on incorporating insulating inorganic materials into 

cotton fabrics, a strategy that mimics the formation of a char layer of nitrogen and phosphorous 

containing compounds. Silicate nanoclays and ZnO nanoparticles have been introduced into 

phosphorus based polymeric flame retardants using the sol-gel method,55 dual-cure processes,57 

and layer by layer assembly.75 Lam and co-workers combined N-methylol dimethylphosphono 

propionamide (MDPA) with nano and micro scaled ZnO particles and showed that ZnO can act 

as co-catalyst to promote the formation of a char layer to enhance the flame retardant action of 

cotton fabrics.76-77 Sharaf’s group also observed better flame retardancy when they combined 

nano-ZnO with polycarboxylic acids and sodium hypophosphite with cotton fabrics.47 

Based on these promising reports and work previously performed by our co-workers,78 we 

investigated the combustion properties of cotton treated with spherical and rod shaped particles of 

ZnO and ZnS, as potential fire retardants, using cone calorimetry. To the best of our knowledge, 

no studies have investigated the flame retardant properties of these ZnO based coatings on cotton 

surfaces alone without the aid of other, usually harmful, flame retardant additives. The designed 

Zn-based microparticle coatings were expected to act as a protective layer of insulation78, 79 and as 

smoke suppressants since zinc salts have been shown to reduce the production of smoke during 

burning.80-82 ZnO and ZnO/ZnS rods were grown on cotton fabrics using a hydrothermal method 

previously published by our group.83 84 In this paper, we show that even loosely adsorbed 

spherical microparticles of ZnO and ZnS can have a fire retardant effect on cotton fabrics 

independent of an organic flame retardant. For comparison, ZnO short rods with a similar mass 

loading as microparticles were grown on cotton fabrics and showed better performance in flame 

retardancy tests. We also show that the uniform protective coating of ZnO and ZnO/ZnS rods on 

the cotton surface results in a lower peak heat release rate (PkHRR), a lower fire growth rate 
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index (FIGRA), a lower maximum average rate of heat emission (MARHE), and a lower specific 

excitation area (SEA) compared to cotton alone.68, 85 

Materials 

Sodium hydroxide (ACS reagent, ≥ 97.0%, pellets), Triton X-100 (Bioxtra), zinc acetate 

dihydrate (ACS reagent, ≥ 98%), triethylamine (≥ 99%), zinc nitrate hexahydrate (≥ 99.0%, 

crystallized), hexamethylenetetramine (ACS reagent, ≥ 99.0%), zinc oxide (ACS reagent, ≥ 

99.0%, powder) and zinc sulfide (10 µm, 99.99%, powder) were purchased from Sigma-Aldrich 

(St. Louis, MO). Citric acid (ACS reagent, ≥ 99.0%, crystal) was purchased from Spectrum 

Chemical Mfg. Corp. (New Brunswick, NJ). Sodium sulfide (nonahydrate, ≥ 99.0%) was 

purchased from Fisher Science Education (Nazareth, PA). Isopropyl alcohol (ACS reagent, ≥ 

99%) and ethyl alcohol 200 proof (absolute, anhydrous, and ACS/USP grade) were purchased 

from Pharmco-AAPER (Shelbyville, KY). Bleached, desized cotton fabric (400) was purchased 

from Test Fabrics (West Pittston, PA). Polytetrafluoroethylene (PTFE) sheets (1/8" thick, 6 × 6"), 

Nylon 6/6 black wing nuts and Nylon off-white with shoulder screws (0.75" length) were 

purchased from McMaster-Carr (Douglasville, GA). Square PTFE frames were machined using 

an Epilog Mini 24 Laser Cutting System (40W) at the Oklahoma State University Visual 

Resource Center with a thickness of 1/8", outer dimensions of 6" × 6", and inner dimensions of 4" 

× 4" (empty space).  

Procedures 

Pre-treatment of cotton fabric. The cotton scouring solution was prepared by dissolving 2.50 g of 

NaOH, 0.75 g of Triton X-100, and 0.38 g of citric acid in 250 mL of high purity nanopure water 

(18 Ω/cm). Five cotton swatches (7" × 7") were placed in a 500 mL round bottom flask 

containing 250 mL of the scouring solution. The mixture was stirred at 100 °C for 1 h. The 
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scoured swatches were removed from the solution, rinsed thoroughly with high purity water (18 

Ω/cm), and dried under ambient conditions. 

 

Synthesis of ZnO rods on cotton fabric. ZnO rods were grown on the cotton surface using a 

previously published protocol by Athauda et. al.83 A 50 mM solution of ZnO seeds was prepared 

by dissolving 2.75 g Zn(CH3COO)2 • 2H2O in 250.0 mL of isopropanol. The resulting solution 

was stirred vigorously (300 rpm) at 85 °C for 20 min. Then, 1.745 mL of triethylamine was added 

drop-wise to the solution and stirred at 85 °C for an additional 15 min. This seed solution was 

allowed to cool to room temperature. Pre-treated cotton swatches were submerged in the seed 

solution for 15 min. and dried in a furnace (Binder®) at 120 °C for 1 h.  

 

A 100 mM growth solution was made by dissolving 12.61 g of hexamethylenetetramine in 900 

mL of high purity water (18 Ω/cm). Then, 26.77 g of Zn(NO3)2 • 6H2O were added and the 

resulting solution was stirred for 24 h at room temperature. The ZnO growth solution was filtered 

(Whatman®, 150 mm) prior to use. Cotton treated with the ZnO seed solution was mounted onto 

a Teflon frame and submerged in 2.7 L of growth solution in a 4-L glass tank, and kept in a 

furnace at 95 °C for 5 h and 24 h to generate cotton coated with ZnO short rods (13% mass 

loading) and long rods (85% mass loading). The cotton was then rinsed with deionized water and 

dried under ambient conditions. 

 

Preparation of the ZnO/ZnS rod- coated cotton samples. A 200 mM Na2S solution was made by 

dissolving 43.23 g of Na2S in 900 mL deionized water while stirring over night at room 

temperature. Precipitates were removed using filter paper (Whatman®, 150 mm). The Na2S 
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solution (2,700 mL) was added into a 4000-mL glass jar. The cotton swatches functionalized with 

ZnO rods with 85% mass loading were mounted in a PTFE frame and submerged in the filtered 

Na2S solution at 60 °C for 4 h. The cotton was then rinsed with deionized water and dried in air. 

 

Preparation of the ZnO & ZnO/ZnS microparticle coated cotton samples. Suspensions of 

commercially available ZnO (24.41 g/L) and ZnS (19.49 g/L) microparticles were prepared in 

ethyl alcohol and stirred at room temperature overnight. The cleaned cotton swatches were 

soaked in a dispersion of colloids while stirring for 1 h followed by drying in an oven at 120 °C 

for 1 h. For samples containing ZnO + ZnS microparticles, cotton swatches was first soaked in 

the suspension of ZnO and, subsequently, in a suspension of ZnS. 

Characterization 

The morphology of the ZnO/ZnS structures as well as their attachment to the surface of the cotton 

samples was verified using a scanning electron microscope with beam voltage of 25 kV (FEI 

Quanta 600 FE-ESEM equipped with an EVEX Energy Dispersive X-ray Spectroscopy (EDS) 

system). The samples were coated with a thin (5 - 10 nm) layer of Au/Pt prior to SEM imaging. 

Transmission electron microscopy (TEM) was performed on ZnO and ZnO/ZnS nanostructures 

using a JEOL-JEM 2100 TEM equipped with an EVEX EDS system. Thermogravimetric analysis 

(TGA) was used to investigate the thermal decomposition of cotton samples with microparticle 

coatings using a Q-50 Thermogravimetric Analyzer (TA instruments, New Castle, DE). Samples 

weighed about 15-20 mg and were heated in a Pt pan. Experiments were carried out in both an air 

and nitrogen atmosphere (50 mL/min) using a heating rate of 20 °C/min in a temperature range of 

25°C to 700 °C. Diffraction patterns were taken on a Rigaku SmartLab X-ray diffractometer (Cu 

Kα radiation) with a scan rate of 1 degree/min.  



12	
	

The combustion behavior of the cotton samples was investigated with a cone calorimeter (ISO 

5660-1, Fire Testing Technology) at a heat flux of 50 kW/m2 in a horizontal configuration. An 

electric ignitor was utilized to ignite the cotton during tests. The calorimeter was equipped with a 

gas analyzer. Nine layers of cotton were placed in the aluminum holder of the cone calorimeter. A 

metallic grid was placed on top of these cotton layers to maintain the configuration and eliminate 

the space between layers in the retaining frame. A surface area of 100 mm × 100 mm was 

exposed to radiation from the conical heater. The following data were collected: time to ignition 

(TTI, s), total heat release (THR, kW/m2), heat release rate (HRR, kW/m2), peak heat release rate 

(PkHRR, kW/m2), effective heat of combustion (EHC, MJ/kg), mass loss rate (MLR, g/s), total 

smoke release (TSR, m2/m2), specific extinction area (SEA, m2/kg), and CO and CO2 yield 

(kg/kg). The maximum average rate of heat emission (MARHE) was evaluated as a measure of 

the propensity for the development of fire under real scale conditions.85 The fire growth rate 

(FIGRA) index was calculated as the ratio of PkHRR to time to PkHRR, which is a figure used to 

evaluate the fire spread rate and the size of the fire.68, 85 

Vertical flame tests were performed on 12 x 3" strips of fabric to study the effectiveness of the 

flame retardant coatings on cotton.  The cotton strips were fastened to a metal frame and hung 

inside a VC-2 vertical flame cabinet (Govmark, Farmingdale, NY).  The samples were then 

exposed to a Bunsen burner flame for 12 s and the after-flame and after-glow times were recorded 

following ASTM D6413-08 protocol.  

Results and Discussion 

Characterization of Cotton Samples 

ZnO and/or ZnS particles were coated onto cotton surfaces by physisorption. ZnO and ZnO/ZnS 

rods were grown on the cotton fibers through a seed-mediated, two-step hydrothermal process as 

described in the experimental section. Commercially available ZnO and ZnO + ZnS 
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microparticles were physisorbed onto a cotton surface by dip-coating in a suspension of ZnO 

(~10 µm) and ZnS microparticles (~10 µm), sequentially. Figures 2.1a & 2.1b show SEM images 

of the ZnO and ZnO + ZnS spherical microparticles adsorbed to the cotton mesh. Poor adhesion 

between the ZnO and ZnS microparticles with the cotton surface resulted in an uneven 

distribution of the particles and, hence, exhibited some clustering as can be seen from the 

elemental maps of Zn and S (Figures 2.1c & 2.1d). Figures 2.2a-d show representative SEM 

images of cotton fibers coated with ZnO and ZnO/ZnS core/shell rods generated by 24-hour 

reaction, which were fabricated using a hydrothermal process previously reported by Athauda et. 

al.83 (see Experimental Section). ZnO rods were produced with an average length of 1300 ± 285 

nm and width of 137 ± 39 nm (Figures 2.2a & 2.2c). A slight reduction in the average sizes of the 

ZnO/ZnS core/shell rods occurred during the sulfidation process (l = 1207 ± 323 nm, w = 234 ± 

42 nm) (Figures 2.2a & 2.2c).83 Figure 2e shows that single crystals of ZnO coated the entire 

cellulose fiber. The average thickness of the polycrystalline ZnS shell was 42.4 ± 7.5 nm as 

measured from TEM images (Figure 2.2f).86 Figures 2.3a-b shows representative SEM images of 

cotton fibers coated with ZnO short rods (l = 201.1 ± 35.33 nm, w = 210.1 ± 14.6 nm) generated 

by a 5-hour reaction hydrothermal reaction. Short ZnO rods evenly grew on fibers surface and 

formed a thin uniform layer. 

 

Figure 2.1. SEM images of cotton coated by (a) ZnO microparticles and (b) ZnO + ZnS 

microparticles. Elemental maps of (c) zinc and (d) sulfur show the uneven distribution of ZnO 

and ZnS microparticles adsorbed to the cotton surface.  
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Figure 2.2. Electron microscopy images of ZnO and ZnO/ZnS rods grown on natural cotton. 

SEM images of (a) ZnO and (b) ZnO/ZnS rods on individual cellulose fibers. High magnification 

SEM images showing the hexagonal habit of the (c) ZnO rods and the rough texture of the 

polycrystalline (d) ZnS shell generated on the surface of the ZnO rod after sulfidation. 

Representative TEM images of (e) ZnO and (f) ZnO/ZnS core/shell rods detached from cotton 

surface.  

 

Figure 2.3. Electron microscopy images of ZnO short rods grown on natural cotton. SEM images 

of (a) ZnO on an individual cellulose fiber. (b) ZnO rods on fiber surface at high magnification.  
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Cone Calorimetry 

The percent mass loading, A, of the coatings was calculated according to the following formula:  

A =  !!!!!
!!

 × 100%, 

where W! is the weight of samples after treatment with particles and W! is the weight of the 

scoured cotton.87-88 Table 2.1 shows the percent mass loading of the seven sets of cotton samples 

analysed. ZnO/ZnS core/shell rods had a higher mass loading percentage (85-92%) since they 

were chemically attached to the cotton fiber (Figures 2.1 & 2.2), unlike ZnO and ZnS 

microparticles. However, none of the coatings qualitatively changed the flexibility of folding and 

twisting significantly. 

Table 2.1. Mass-loading of particles on cotton samples. 

Sample wt.% 
Scoured cotton 0 

ZnO microparticles 13.06 
ZnO + ZnS microparticles 21.01 

ZnO seeds 1.600 
ZnO short rods (5 hours) 13.70 

ZnO rods (24 hours) 85.24 
ZnO/ZnS rods 92.55 

 

Results of the combustion are presented in Table 2.2 from triplicate experiments. The data show 

similar trends. The various zinc coatings did not significantly or systematically improve time to 

ignition (TTI) of the cotton fabrics. However, total heat release (THR) was reduced by all of the 

coatings except for coatings bearing ZnO + ZnS microparticles. With the similar mass loading, 

ZnO short rod coatings had slightly better effect on reducing THR than ZnO microparticles. This 

is due to the more evenly formed protective short rod layers and stable chemical bonds. Cotton 

samples coated with ZnO and ZnO/ZnS rods released the least total amount of heat during 

combustion when compared to untreated cotton and cotton samples treated with microparticle 
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coatings (Table 2.2). Rod coatings exhibited the best reduction in THR as a result of their 

improved overall surface coverage on the cellulose fibers. ZnO/ZnS core/shell rod coatings were 

more efficient at reducing total heat release compared to ZnO rods. This is likely due to 

endothermic decomposition of the ZnS shell on the ZnO surface.25, 26 The mass loading of ZnO 

short rod- coating was very similar and less than ZnO microparticles and ZnO + ZnS 

microparticles, but the ZnO short rod- coating was able to reduce total heat release more than 

ZnO microparticle and ZnO + ZnS microparticle coatings. The same trend was also observed for 

the effective heat of combustion (EHC) data (Table 2.2). All coatings reduced the EHC, but the 

effect was more pronounced for ZnO, ZnO/ZnS rod and ZnO short rod coatings. Figure 2.4a 

shows a graph of the heat release rate (HRR) of Zn coatings compared to untreated cotton. After 

ignition, the HRR of untreated cotton increased rapidly in the first 60 s and, subsequently, peak 

heat release rate (PkHRR) occurred at 60 s. PkHRR was reduced by the all of the coatings and, 

importantly, the time to reach PkHRR increased (Figure 2.4a). The HRR curves of ZnO seeds, 

ZnO short rods, ZnO microparticles, and ZnO + ZnS microparticles cotton samples had similar 

features but the peaks were shifted by 65-75 s compared to untreated cotton. Cotton samples 

coated with microparticles and ZnO seeds reduced the PkHRR by about 20-24%. The ZnO short 

rods coated cotton sample was able to reduce PkHRR by 33%, which was more effective than 

microparticles coated cotton samples with similar mass loading. This could be due to the better 

coverage and stronger bonding of ZnO short rods on the fiber surface, which provided a well 

distributed barrier between flame and fibers. The HRR of ZnO and ZnO/ZnS rod- coated cotton 

samples increased dramatically within the first 25 s, just like untreated cotton, but a slowdown 

was evident in the following 80 s, which indicates the flame retardant mechanism of the rod 

coatings was initiated at 25 s. ZnO and ZnO/ZnS core/shell rod coatings were more effective at 

retarding burning since PkHRR occurred at a much later time (95-110 s) and was reduced by 

50%. This is mainly due to the uniform coverage of the ZnO and ZnO/ZnS rods on the fiber 

surface that provides a protective layer during combustion. The lower thermal conductivity of the 



17	
	

rod layer retards burning by slowing down heat transfer and spreading, and reduces the thermal 

pyrolysis rate of cotton.89-91 These data suggest that more time would be available to escape, 

providing a better chance of survival, in case of an accidental fire. 

Table 2.2. Combustion data. 

 TTI 
(s) 

THR 
(MJ/m2) 

EHC 
(MJ/kg) 

Mean CO 
yield 

(kg/kg) 

Mean CO2 
yield 

(kg/kg) 

Mean 
MLR 

(g/m2s) 

Scoured cotton 15.0 
(3.0) 

16.0 
(0.1) 

14.53 
(0.11) 

0.0118 
(0.0008) 

1.38 
(0.04) 

9.30 
(0.66) 

ZnO 
microparticles 

13.0 
(1.7) 

14.9 
(1.2) 

13.25 
(0.52) 

0.00853 
(0.002) 

1.29 
(0.03) 

8.25 
(0.53) 

ZnO + ZnS 
microparticles 

14.7 
(0.6) 

16.7 
(0.66) 

13.81 
(0.41) 

0.0184 
(0.002) 

1.32 
(0.04) 

7.48 
(0.76) 

ZnO seeds 12.7 
(2.0) 

14.5 
(0.53) 

13.27 
(0.68) 

0.00950 
(0.001) 

1.29 
(0.06) 

9.11 
(0.69) 

ZnO 
short rods 

9.33 
(0.67) 

14.3 
(0.42 ) 

12.74 
(0.62) 

0.00165 
(0.0005) 

1.29 
(0.00) 

6.84 
(0.41) 

ZnO rods 9.32 
(0.6) 

13.8 
(1.1) 

12.94 
(0.42) 

0.00743 
(0.001) 

1.27 
(0.03) 

5.78 
(0.05) 

ZnO/ZnS 
rods 

13.3 
(1.2) 

12.1 
(3.1) 

12.27 
(0.63) 

0.0139 
(0.001) 

1.20 
(0.06) 

6.23 
(0.37) 

+ Data is from triplicate experiments. Values in parenthesis represent standard deviation ± σ. 

Table 2.3. The smoke data of samples from cone calorimeter 

 

CO2 production rate curves from calorimetry experiments are represented in Figure 2.4b.  Cotton 

samples with coatings had a lower average CO2 yield and longer burning time. This indicates that 

the combustion was retarded by coatings as a result of the protective layer of the crystals on the 

surface of the fibers. Figure 4b reveals that the fire retardant mechanism occurs in the condensed 

 Mean SEA (m²/kg) Total Smoke Release (m2/m2) 
Scoured cotton 13.76 (2.1) 16.06 (1.9) 

ZnO microparticles 10.25 (0.44) 9.900 (2.1) 
ZnO + ZnS microparticles 8.200 (1.1) 12.13 (0.32) 

ZnO seeds 10.90 (2.5) 12.60 (2.1) 
ZnO rods 6.583 (2.3) 7.433 (2.9) 

ZnO/ZnS rods 6.756 (1.9) 7.867 (2.0) 
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phase.92 Specific excitation area (SEA) and CO and CO2 yield are also shown in Table 2.2 and 

Table 2.3. SEA is a smoke measurement that represents the instantaneous amount of smoke 

released and the effective optical obscuring area generated per unit mass loss of specimen.93 

Untreated cotton produced an optical obscuring area of 14.66 m2 per 1 kg mass loss during 

burning (Table 2.3). Zn coatings significantly reduced the SEA, which means coatings could 

provide improved visibility for escape in case of a real fire. This is consistent with work by others 

showing that Zn salts can act as smoke suppressant and reduce the SEA as well.80-82 Compared to 

microparticle and seed coatings, rod coatings reduce the SEA more effectively. This trend 

correlates well with THR and EHC data, which also result from the protective insulation layer on 

the fiber surface that reduces the rate and intensity of combustion. ZnO microparticles, ZnO 

seeds, and ZnO rod and short rod coatings reduced CO yield, which results from slower and more 

complete combustion of the fabric. ZnO + ZnS microparticle and ZnO/ZnS rod- coated cotton 

samples release more CO than untreated cotton. This is because sulfur radicals produced from 

ZnS compete with other gas phase radical species for oxygen radicals to generate SO2, which 

affects the combustion reactions in the flaming zone and leads to incomplete combustion (less 

CO2 production). 94-96 The total smoke release (TSR) curve and data are shown in Figure 4c and 

Table 3. A similar trend was observed for untreated cotton samples and cotton samples coated 

with ZnO seeds, ZnO, ZnO + ZnS microparticles. Total smoke release curves generated by cone 

calorimeter tests are showed in Figure 4c. After ignition, the TSR increased rapidly within the 

first 15 to 20 s.  After a slight reduction in the subsequent 20 to 25 s, the TSR then rapidly 

increased again until 100 s. This data is consistent with the PkHRR of the materials. At around 75 

s, the TSR of untreated cotton samples surpasses all others. Cotton samples coated by ZnO and 

ZnO/ZnS rods had the lowest TSR. Additionally, the mean mass loss rate (MeanMLR) of the 

untreated cotton samples during combustion was 8.54 g/s, a value that was reduced by all of the 

coatings. ZnO and ZnO/ZnS rod coatings had the highest reduction, of about 32%, in MeanMLR. 

ZnO short rod coatings also had effect on reducing MeanMLR especially compared to ZnO 
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microparticle coatings with the similar mass loading. This result is consistent with ZnO and 

ZnO/ZnS rods forming a protective barrier to prevent burning and/or reduce the intensity of 

combustion compared to loosely adsorbed microparticles and small ZnO seeds crystals. 

The fire growth rate (FIGRA) index and maximum average rate of heat emission (MARHE) are 

the two accepted evaluation parameters of a material’s reaction to fire (Table 2.4). The FIGRA 

index is used to evaluate the fire spread rate and the size of the fire, and calculated as the ratio of 

PkHRR to time to PkHRR. MARHE is used to evaluate the propensity of fire development and 

calculated as a ratio of the accumulative heat emission to time. From the samples tested, coatings 

with ZnO/ZnS core/shell rods exhibited a lower FIGRA index and MARHE (0.990 kW/m2s and 

76.70 kW/m², respectively) and slightly out performed ZnO rod coatings (1.09 kW/m2s and 77.30 

kW/m², respectively). The nano-layer of ZnS on the core/shell rods is likely responsible for this 

improvement. At high temperatures, ZnS decomposes endothermically to release sulfur radicals, 

which react with oxygen to generate the non-flammable gas sulfur dioxide that further retards 

combustion. 95, 97-98 

 Table 2.4. The fire growth rate (FIGRA) index and maximum average rate of heat emission 

(MARHE) values.  

 

  

 FIGRA 
(kW/m2s) 

MARHE 
(kW/m²) 

Scoured cotton 2.86 (0.21) 140.4 (4.67) 
ZnO microparticles 1.96 (0.11) 116.9 (7.05) 

ZnO + ZnS microparticles 2.06 (0.045) 120.1 (8.24) 
ZnO seeds 2.56 (0.41) 131.1 (9.50) 

ZnO short rods 2.13 (0.29) 114.5 (2.18) 
ZnO rods 1.19 (0.090) 86.40 (8.09) 

ZnO/ZnS rods 1.19 (0.19) 85.90 (8.06) 
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Figure 2.4. Graphs of combustion data of untreated and treated cotton fabrics showing (a) heat 

release rate (HRR), (b) CO2 product rates, and (c) total smoke release (TSR). (MP = 

microparticle)  
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Figure 2.5. Pictures of (a) untreated cotton samples and cotton samples coated with (b) ZnO 

microparticles, (c) ZnO + ZnS microparticles, (d) ZnO seeds, (e) ZnO short rods (5 h), (f) ZnO 

rods (24 h), and (g) ZnO/ZnS rods after combustion tests. 

Images of the cotton samples taken after the combustion tests are shown in Figure 2.5. After 

burning, the untreated cotton sheets were completely turned to ash as shown in Figure 5a. Cotton 

samples coated with ZnO microparticles, ZnO + ZnS microparticles, and ZnO seeds leave a white 

and/or light yellow solid residue that adheres to the aluminum holder (Figures 2.5a – 2.5d). The 

aluminum sample holders were burned through due to the high intensity of heat loading from 

combustion. ZnO short rod, ZnO rod and ZnO/ZnS rod-coated cotton samples maintain the 

original shape of the cotton fabric and, as a result, the aluminum holders survive intact after 

combustion (Figures 2.5e – 2.5g). SEM images of ZnO and ZnO/ZnS rod- coated cotton samples 

were taken after cone calorimetry experiments and are shown in Figure 2.6. ZnO and ZnO/ZnS 

rod coatings preserved the woven structure of the cotton fabric as seen in Figures 2.6a and 2.6b, 

respectively. This woven structure can also be observed in the cotton sample with the ZnO short 
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rod coating in Figure 2.6c. It appears to be loose due to the thinner short rod layers. Individual 

cotton fibers were completely consumed but a hollow shell of ZnO rods remained in place 

(Figures 2.6d and 2.6e). Figure 6f showed a similar hollow shell polycrystalline structure with 

porous and much thinner walls. High magnification SEM images of ZnO rods that form the 

protective layer around the cotton fibers are shown in Figures 2.6g and 2.6h. No damage or 

sintering of neighboring rods was observed after combustion. Decomposition of the ZnS shell on 

the ZnO/ZnS core/shell rods leaves behind ZnO rods with textured surfaces as shown in Figure 

2.6h. Figure 2.6i represented a high magnification SEM image of ZnO short rods after burning. 

Compared with the morphology before burning, ZnO short rods appeared to have the same size 

and shape. This confirmed the excellent thermal stability of ZnO rods at high temperature 

regardless of size. Energy dispersive spectroscopy (EDS) and X-ray diffraction experiments 

confirm that the ZnS shell is no longer present on the surface of ZnO/ZnS core/shell rods after 

combustion (Figure 2.7 & 2.8). SEM data together with the cone calorimetry experiments suggest 

that the flame retardant mechanism at play is the formation of a protective layer of ZnO rods that 

acts as a barrier to slow down radiative heat and flames from penetrating the cotton surface. ZnO 

materials also exhibit size dependent thermal conductivity, i. e.  reduced thermal conductivity 

with decreasing particle size.90-91 This may be one reason why even ZnO seeds show good fire 

retardant properties and it also presents an opportunity to further tune or exploit this property to 

produce fire retardant products and textiles. 
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Figure 2.6. SEM images of ZnO and ZnO/ZnS rod- coated cotton samples after combustion. ZnO 

rods form woven structures from the combustion of cotton samples bearing (a) ZnO rods, (b) 

ZnO/ZnS core/shell rods, and (c) ZnO short rods. Hollow shells of ZnO rods are formed after 

cotton fibers were burned during calorimetry experiments of cotton samples decorated with (d) 

ZnO rods, (e) ZnO/ZnS core/shell rods, and (f) ZnO short rods. (f) The thickness of the formed 

hollow shell is much thinner for ZnO short rods than the other two samples, which is consistent 

with shorter length. Long (g) and short (i) ZnO rods retain their shape after combustion; whereas, 

the ZnS shell of the ZnO/ZnS core/shell rods decomposed to leave behind textured ZnO rods (f). 

Inset: Magnified images of a rod to show surface roughness. 
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Figure 2.7. XRD pattern of ZnO and ZnO/ZnS nanorods coated samples before and after 

combustion. 

 

Figure 2.8. Energy-dispersive X-Ray spectrum of ZnO/ZnS rod coated cotton sample after 

combustion. Sulfur is converted to SO2 gas, leaving no trace of sulfur behind.  
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Vertical flame tests 

Table 2.5. Data of vertical flame tests 

Samples Residual Wt 
(%) 

After-Flame Time 
(s) 

After-Glow Time 
(s) 

Burning Rate 
(in2/s) 

Untreated Cotton 0 11.4 ± 0.40 8.4 ± 0.60 3.16 ± 0.12 

ZnO Microparticles N/A 12.7 ± 0.90 9.5 ± 0.90 2.83 ± 0.21 

ZnO + ZnS 

Microparticles 
N/A 11.7 ± 0.50 8.5 ± 0.60 3.08 ± 0.12 

ZnO Seeds N/A 12.6 ± 1.9 9.5 ± 1.9 2.09 ± 0.41 

ZnO short rods (5h) N/A 9.90 ± 1.9 7.2 ± 1.4 3.72 ± 0.78 

ZnO rods (24h) 40.5 ± 1.8 9.90 ± 1.5 3.3 ± 0.50 3.67 ± 0.50 

ZnO/ZnS rods 43.2 ± 0.8 13.6 ± 2.0 3.8 ± 1.8 2.68 ± 0.41 

 

 

Figure 2.9. Pictures of untreated and treated cotton fabrics before and after vertical flame tests. 

Flame tests were carried out on vertical orientations and the data were showed in Table 2.5. 

During the test, none of the samples were able to terminate burning, which indicates the absence 

of the self-extinguishing property. However, while burning, ZnO, ZnO + ZnS, ZnO seeds, and 
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ZnO short rods coated cotton became quite flaky and brittle, and eventually fell apart and 

detached from the frame due to the vertical configuration. This is due to the loose binding of 

particles on fiber surface and poor coverage of layers formed by particles. Light or no flakiness 

was observed for ZnO and ZnO/ZnS rods coatings. Residues of ZnO rods and ZnO/ZnS rods 

coated cotton samples maintained the original shape after burning and were able to stay in sample 

holders, while untreated cotton samples, cotton samples coated by ZnO, ZnO + ZnS 

microparticles, ZnO seeds and ZnO short rods were completely consumed and did not have 

residues left after the combustion (Figure 2.9). This result is consistent with cone calorimeter test 

results (Figure 2.5) and SEM images of samples after burning (Figure 2.6).  The total burning 

time was increased when cotton samples were coated by ZnO microparticles, ZnO + ZnS 

micropartcles, ZnO seeds, and ZnO/ZnS rods. This indicates that the burning was slowed down 

due to the particle coatings on fiber surface. The rate of burning was calculated as the ratio of 

sample area to after-flame time, which represents how fast the samples are consumed by flame. 

Compared with untreated cotton, all coatings, except ZnO rods, more or less reduced the burning 

rate and slowed down the spread of flame. The after-glow time was reduced by ZnO and 

ZnO/ZnS rods, which might be due to the ceramic property of ZnO and ZnS thick coating layers 

on the fiber surface.  

Thermal stability 

Thermal decomposition was studied by thermogravimetric analysis (TGA) and differential 

thermal analysis (DTA) performed in air and nitrogen (Figure 2.10). The TGA curves collected in 

air (Figure 2.10a) shows that the onset temperature of degradation of untreated cotton was around 

340 °C and peak decomposition rate appeared at 350 °C (Figure 2.10b), which matches with 

previously observed data.99-101 The onset temperature of degradation of untreated cotton was 

found to be higher in nitrogen (Figure 2.10c) at around 350 °C. The peak decomposition rate 

occurred at 360 °C (Figure 2.10d), which is due to slower pyrolysis of cellulose under an inert 



27	
	

atmosphere.101-102 Compared to untreated cotton, the onset temperature and peak decomposition 

rate were not significantly changed by ZnO microparticle coatings in air and nitrogen, which 

indicates the coating did not improve the thermal stability of cotton. The curve of ZnO + ZnS 

microparticle coatings shows a decomposition onset temperature of 290 °C and a steeper decrease 

in weight percentage from 290 to 340 °C, which is due to the catalytic effect of sulfur on 

decomposition of cellulose that causes mass loss at a lower temperature compared to untreated 

cotton.99, 103-104 ZnO seed coated cotton samples show a similar trend with untreated cotton below 

350 °C in both air and nitrogen. A significant weight loss event occurred during TG experiments 

of ZnO seed coated cotton performed in air observed at 370 °C in TGA curves (Figures 2.10a) 

and at 475 °C in DTA curves (Figure 2.10b). This is attributed to the collapse of the thin 

protective layers of ZnO seeds on the fiber surface and further oxidation and decomposition of 

the char residue of the cotton, which is missing in tests in nitrogen due to lack of oxygen (Figure 

2.10c & 2.10d).105 In both air and nitrogen, ZnO rod and short rod coatings had similar onset 

temperature of degradation and did not improve the thermal stability of cotton samples since the 

onset temperature of degradation occurred a similar temperature. Compared to cotton samples 

with other coatings, the onset temperature of mass loss is slightly increased by ZnO/ZnS rod 

coatings, which might result from the endothermic decomposition of ZnS shell.106-107 The left 

over residue is ZnO (which does not decompose) and an oxidized char of cotton (0.54 mass %).87, 

108-109 The TGA data are consistent with the time to ignition (TTI) data and show good correlation 

with the residue mass results from the calorimetry experiments. 
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Figure 2.10. Thermogravimetric (TG) analysis and differential thermal analysis (DTA) curves of 

untreated cotton and cotton samples with coatings in air (a) and (b), respectively, in nitrogen (c) 

and (d), respectively. (MP = microparticles) 

Conclusion 

We show that ZnO materials, in general, are effective at reducing PkHRR even when unassisted 

by an organic fire retardant. Cotton samples with ZnO and ZnO/ZnS rod- coatings (85-90% mass 

loading) showed improved HRR when compared to untreated cotton. ZnO particles chemically 
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grown on cotton formed a uniform protective coating on the cotton surface resulting in lower 

peak heat release rate (PkHRR), lower fire growth rate index (FIGRA), and a lower maximum 

average rate of heat emission (MARHE) compared to cotton. ZnO/ZnS rods with a core/shell 

structure had a slightly better effect at retarding combustion likely from the release of sulfur 

radicals. However, the lack of self-extinguishing properties suggested that coupling with other 

chemical/molecular flame retardant materials, ZnO materials could show better flame retardancy. 

The functional properties of ZnO such as low thermal conductivity, high mechanical strength,110 

air permeability,111 UV-absorption,112 favourable whiteness index,113 and biocompatibility114 

coupled with the combustion behaviour indicate that these materials have a promising future as 

eventual fire retardant coatings on cotton fabrics. 
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CHAPTER III 
 

 

CONVERSION OF NANOSCALED ZINC PHOSPHIDE TO ZINC SULFIDE 

 

Introduction 

Semiconductor materials have conductivities falling between conductors and insulators and due 

to their special conductivities, they have been playing increasingly important roles in daily life as 

well as the development of sciences and technologies.115-117 Compared with bulk materials, 

nanoscale semiconductors possess unique size- and shape- dependent optical and electrical 

properties.118-120 In the 1980s, Brus introduced the concept of the “quantum confinement effect” 

to explain the correlation between the morphology of materials and their properties.121-124 These 

properties make semiconductor nanomaterials excellent candidates for applications in various 

systems, such as catalysis,120, 125 energy conversion systems,126-127 and photoluminescence and 

optical devices.128-129 In the last century, semiconductor nanomaterials have been investigated 

intensively and multitude synthetic methods have been developed to generate different 

semiconductors.130-132  

The majority research focuses on II-VI semiconductor nanomaterials (ZnX, CdX, X=O, S, and 

Se) due to their prominent high-quality and crystalline particles.122, 133-134 One of the most well 

studied II-VI semiconductors is ZnS nanocrystal that has the wide band gap (3.73 eV), the large 

bond energy (37 meV) and high photocatalytic activity.118, 122, 135-136 ZnS nanocrystal is an ideal 

material and has been used extensively in photo- and electro- luminescence (PL & EL),
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devices,137-138 photocatalysts for the splitting of water,139 and light emitting diodes (LEDs).136 

Moreover, the efficiency of ZnS nanomaterials can be affected by the particle morphology, 

crystal structure, and degree of crystallinity.136, 140 Up to the present time, colloidal ZnS 

nanocrystals with different shapes and sizes have been successfully synthesized using various 

methods, such as chemical precipitation method,141-142 hydrothermal method,143-144 sol-gel 

method,145 and chemical vapor deposition method,146 etc. Among all synthetic methods, 

hydrothermal is one of the most widely used methods as it readily generates uniform and un-

agglomerated nanoparticles with pure phases.35 Zinc salts (zinc acetate, zinc nitrate, and zinc 

chloride) and organometallic compounds (zinc acetylacetonate) are typically adopted as zinc 

precursors while elemental sulfur, dodecanethiol (DDT), and thiourea are used as sulfur 

sources.35, 124, 144, 147-148  

Compared to II-VI semiconductors, transition metal phosphides are relatively new 

semiconductors that have also attracted broad attention in recent years.40, 149 Among the earth 

abundant transition metal phosphides, zinc phosphide (Zn3P2) exhibits an ideal band gap (1.5 eV) 

for solar energy conversion, large absorption coefficient (>104 cm-1) and long minority carrier 

diffusion length (5-10 µm).38, 150 Zn3P2 nanomaterials have great potential as photovoltaic 

materials.151-152 However, as a fairly new semiconductor material, colloidal Zn3P2 nanoparticle 

has very limited synthetic methods available. In 2001, O’Brien and co-works successfully 

generated uniform Zn3P2 nanospheres using highly reactive and hazardous reagents such as 

dimethyl zinc, di-fert-butylphosphine (HPtBu2) and n-Trioctylphosphine (TOP).153 In 2013, this 

method was slightly modified by Buriak group to generate Zn3P2 nanospheres with pure crystal 

phase and uniform size, which were applied on photovoltaic devices.154-155  

Based on previously published methods and mechanisms of synthesizing ZnS and Zn3P2 in 

solution, we attempt to develop synthetic methods to produce a new semiconductor nanomaterial, 

zinc sulfophosphide (Zn2P2S6 or ZnPS3). Zn2P2S6 bulk crystal was first generated in 1986s by 
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Brec.156 The experiment was carried out by melting elemental Zn, P, and S in the 1:1:3 

stoichiometric ratio at 500 °C for two months.157 In 1987, Nevett and Foot claimed they 

synthesized K0.30Zn0.85PS3 in solution phase via cation-exchange reaction and annealing at high 

temperature.158 In 2017, Mayorga-Martinez and co-workers developed a synthetic procedure to 

generate various layered metal thiophosphite materials (MPS3, M=Zn, Fe, Ni, Cr, Mn, Co, Cd, 

Ga, Sn, and Bi). 158,159 They also proved that certain materials have high efficiency and excellent 

performance for hydrogen and oxygen evolution reactions.159 However, all systems mentioned 

above present drawbacks, such as requirements for severe reaction conditions, low surface area 

due to the large size of products, and difficulty when dispersing in solvents. 

To the best of our knowledge, there is no study on synthesizing ZnPS3 crystals at a nanoscale in 

solution phase with mild reaction conditions. In this project, we utilized pre-synthesized ZnS and 

Zn3P2 nanocrystals as templates to react with phosphorus or sulfur precursors.40, 144, 147-148, 154-155 

The experiments were categorized into two major strategies: 1) Reacting ZnS nanoparticles with 

phosphorus precursors and 2) reacting Zn3P2 nanoparticles with sulfur precursors. Under each 

strategy, several systematic studies on reaction time, temperature, size and shape of templates, 

and ratio of reactants were carried out in order to understand reaction mechanism and find 

appropriate conditions to generate Zn2P2S6. During this process, we are also interested to 

investigate the behavior of chemical species (ions and organic compounds) in solutions and roles 

they play during the reaction. 

Materials 

Tri-n-octylphosphine oxide (98%), dimethyl zinc (96%), and tri-n-octylphosphine (tech, 90%) 

were purchased from Alfa-Aesar. Zinc chloride (≥98%), oleylamine (tech, 70%), elemental 

sulfur, tetramethylammonium hydroxide (≥95%), ethylene glycol, thiourea (≥99%), zinc sulfide 

microparticles (~10 µm), and zinc stearate (ZnO, 12.5-14%) were obtained from Sigma-Aldrich. 
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Ethanol, acetone, isopropanol and reagents mentioned above were used without further 

purification. Toluene was degassed and distilled before use.  

Characterization 

The crystal structure was characterized by X-ray diffraction (XRD) using a Rigaku SmartLab X-

ray diffractometer (Cu Kα radiation, λ = 1.54059 nm). The XRD powder samples were prepared 

by either directly drying nanoparticle suspensions on previously cleaned glass slides or grinding 

vacuum-dried samples on glass slides. Differential scanning calorimetry (DSC) measurements 

were carried out on a TA Instruments Q2000 equipped with a liquid nitrogen cooling system, at a 

gas flow rate of 50 mL/min. Powder samples were sealed in “Tzero” aluminum pans. The 

morphology of particles was studied by using a JEOL-JEM transmission electron microscope 

(TEM) operating at an accelerating voltage of 200 kV. The TEM	samples were made by casting a 

drop of the isopropanol dispersion of nanoparticles onto a carbon coated copper grid. Fourier-

transform infrared (FTIR) spectra were taken on a Nicolet iS50 ATR-FTIR spectrometer to 

identify ligands on particles and possible organic molecules in the structures. 

Experimental 

Strategy 1: ZnS nanoparticles + phosphorus source (TOP) 

1. In situ reactions:  

A solution containing 2 mmol ZnCl2 and 2.3 g trioctylphosphine oxide (TOPO) was prepared in 

10 mL oleylamine with brief sonication in a 100-mL 3-neck flask. This solution was heated to 

170 °C and appeared to be clear and colorless. A reddish orange sulfur-oleylamine solution was 

prepared by dissolving 6 mmol of elemental sulfur powder in 2.5 mL oleylamine with vigorous 

stirring and brief heating in oil bath (60-70 °C), which was then injected into the 3-neck flask at 

170 °C. Right after the injection, the mixture in 3-neck flask was heated to 320 °C and kept at 320 
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°C for 1 h, during which the color of the mixture turned to lighter orange.148, 160 Sequentially, the 

temperature of the mixture was brought up to 330 °C and specific amount of trioctylphosphine 

(TOP) as phosphorus source was injected, after which the solution was heated to 370 °C and kept 

at this temperature for specific amount of time (Table 3.1). After the reaction, the mixture was 

cooled and quenched with 5-8 mL of ethanol. The product was collected after separation and 

purification with ethanol.  

Table 3.1. Reaction time and the amount of TOP of in situ reactions.  

Volume of TOP (mL) Reaction time (h) 

2.0 0.5 

2.0 1.0 

2.0 1.5 

0.5 1.0 

1.5 1.0 

2.5 1.0 

3.0 1.0 

 

2. Ex situ reaction:  

2.1 Reactions of ZnS nanocrystals with TOP 

Synthesis of ZnS nanocrystals144 In a 100-mL 3-neck flask, 3.67 mmol of ZnCl2 was mixed with 

7.43 mmol tetramethylammonium hydroxide in 25 mL of ethylene glycol (EG) and heated in oil 

bath to 100 °C with vigorous stirring. A solution of 3.67 mmol thiourea in 25 mL EG was 

prepared and injected into the 3-neck flask at 100 °C. After the injection, the mixture was heated 

to 150 °C and kept at 150-160 °C for 2 h. White powder was obtained after washing with ethanol 

and acetone and drying in vacuum.  
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Reaction of ZnS nanocrystals with TOP: A ZnS nanocrystal-TOP dispersion was prepared by 

mixing 0.0220 g of as-prepared ZnS nanocrystals in 1.0 mL of TOP with brief sonication. In a 

100 mL 3-neck flask, a solution of 2.000 g of TOPO in 2.0 mL TOP was heated to 120 °C under 

Ar for 1 h to remove low boiling point impurities, moisture and oxygen from the system. The 

solution was heated to 360 °C, at which point the ZnS nanocrystal-TOP dispersion was injected 

into the flask and the mixture was kept at 360 °C for specific times (Table 3.2). For the 

temperature study, after reaching 360 °C, the temperature was brought down to a specific 

temperature, followed by injecting the ZnS nanocrystal-TOP dispersion and kept at this injection 

temperature for 1 h (Table 3.2).  

Table 3.2. Reaction temperatures and times for reactions of ZnS nanocrystals with TOP. 

Reaction temperature (°C) Reaction time (h) 

150 1 

200 1 

300 1 

320 1, 2, and 3 

340 1, 2, and 3 

360 1, 2, 3, 4, 5, and 6 

 

2.2 Reactions of ZnS microparticles with TOP 

Commercially available ZnS microparticles (≈10 µm) were adopted as the ZnS source in this 

experiment series. 0.0220 g of ZnS microparticles was measured and dispersed in 1 mL of TOP 

with brief sonication. In a 3-neck flask, a solution of 2.000 g TOPO in 2.0 mL TOP was heated to 

120 °C and kept at this temperature for 1 h under an Ar flow to remove low boiling point 

impurities, moisture, and oxygen. The resulting solution was then heated to 360 °C and the ZnS 

microparticles-TOP dispersion was injected, after which the mixture was refluxed under Ar for 1 
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to 7 h. White and slightly dark powder products were collected after separation and purification 

with ethanol.  

2.3 Reactions of ZnS nanorods and nanospheres with TOP: 

Synthesis of ZnS nanorods and spheres:147 In a typical reaction, zinc stearate was used as zinc 

source and reacted with elemental sulfur to generate ZnS nanorods and thiourea to generate 

nanospheres in oleylamine as solvent and ligand. A 6.0 mL oleylamine solution of 0.15 mmol 

zinc stearate and 0.75 mmol sulfur source (elemental sulfur or thiourea) was prepared in a 50 mL 

3-neck flask by brief heating and vigorous stirring under an Ar flow. After the solids dissolved, 

the clear resultant solution was heated to 280 °C during a period of 2 h and kept at this 

temperature for 3 h. The product was separated by centrifugation and purified with ethanol. A 

powder product was obtained after drying under vacuum. 

Reactions of ZnS nanorods and nanospheres with TOP: In a typical reaction, 0.0220 g as-

prepared ZnS nanorods or nanospheres were dispersed in 1.0 mL TOP with brief sonication. In a 

3-neck flask, 2.000 g TOPO was mixed with 2.0 mL of TOP and heated to 120 °C and kept at this 

temperature under an Ar flow for 1 h to remove low boiling point impurities, moisture, and 

oxygen. Sequentially, the solution was heated to 360 °C followed by injection of the ZnS 

nanorods or ZnS nanospheres-TOP dispersion. The mixture was kept at 360 °C under Ar for 

different amounts of time, then cooled and quenched by ethanol (Table 3.3). White or black 

powder products were collected after separation; purification was performed with ethanol, 

followed by drying under vacuum.  
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Table 3.3. Reaction time of reactions of ZnS nanorods/nanospheres with TOP 

 Reaction time (h) 

ZnS nanorods 

1 

3 

5 

7 

ZnS nanospheres 

1 

3 

5 

7 

 

Strategy 2: Zn3P2 nanoparticles + sulfur source  

1. In the solid state:  

Synthesis of Zn3P2 nanoparticles40, 154-155: In a typical synthetic reaction, dimethylzinc was used as 

a zinc precursor, which is highly reactive and explosive and can spontaneously ignite in the air. 

Thus, it is important and necessary to remove moisture and oxygen from the systems. Before the 

reaction, a 3-neck flask was connected to a condenser, gas and thermometer inlet adapter, and a 

rubber septum. A pear-shaped flask was sealed with a rubber septum. Both systems were 

degassed by heating the glassware setups under vacuum and purging Ar. The 3-neck flask was 

placed in a heating mantle. 8.0 mL and 2.0 mL TOP was injected into the 3-neck flask and pear-

shaped flask, respectively, with a syringe. The 3-neck flask was heated to 320 °C under an Ar 

flow. 0.1 mL dimethylzinc was transferred to the pear-shaped flask to mix TOP solution, which 

was then transferred to the 3-neck flask with a syringe. Right after injection, the mixture in 3-

neck flask turned grey indicating the formation zinc formation and was heated to 350 °C in a 

period of 2 h and kept at 350 °C for 3 h. After the reaction, the resultant mixture appeared to be 
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dark and was cooled to room temperature. 10.0 mL dry toluene was injected into the 3-neck flask 

to dilute the mixture and quench the reaction. The final solution was settled over night and 

filtered by a 0.45 µm syringe filter to remove large agglomerations, after which Zn3P2 

nanoparticles were precipitated by adding 40.0 mL isopropanol to the filtration. The Zn3P2 

nanoparticles were separated by centrifuge and washed three times with isopropanol.  

DSC experiment of Zn3P2 nanoparticles and elemental sulfur powder: A mixture of 3.5 mg as-

prepared Zn3P2 nanoparticles and 3.5 mg sulfur powder was placed in a DSC aluminum pan and 

sealed with a lid. The pan with sample was placed in the instrument. Three settings were applied 

to run samples: (1) the sample was heated to 350 °C at a rate of 10 °C/min and cooled to room 

temperature; (2) the sample was heated to 420 °C at a rate of 10 °C/min and cooled to room 

temperature; (3) the sample was heated at a rate of 10 °C/min to 420 °C and held for 20 min prior 

to quenching to room temperature. Samples were collected afterwards.  

2. In the solution phases:  

2.1 Zn3P2 nanoparticles with Na2S in methanol 

A 0.2 M Na2S methanol solution was prepared by mixing Na2S pellet in methanol with long time 

sonication. 0.0126 g of Zn3P2 nanoparticles was weighed and added to the Na2S methanol 

solution. With vigorous stirring, part of Zn3P2 was not able to dissolve and precipitate in the 

bottom. The final mixture was centrifuged and washed several times with methanol.  

2.2 Reactions of Zn3P2 nanoparticles with elemental sulfur in oleylamine147-148, 160-161  

Variation of temperature: A 6 mL oleylamine solution containing 0.05 mmol Zn3P2 and 0.75 

mmol sulfur powder was placed in a 50 mL 3-neck flask with brief sonication. The solution 

appeared to be reddish orange, clear solution. The flask was then heated to 50, 80, 110, 140, 170, 

and 200 °C under argon and refluxing at the same temperature for 1 h. After reactions were 
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cooled to room temperature, 6 mL of isopropanol was injected to the flask to quench the reaction 

as well as precipitate product. After centrifuge and purification with isopropanol, product was 

dried in vacuum and appeared to be white solid.  

Table 3.4. Different temperatures used for 1-hour reaction of Zn3P2 and elemental sulfur.  

Reaction time (h) Temperature (°C) 

1 Room temperature 

1 50 

1 80 

1 110 

1 140 

1 170 

1 200 

 

Variation of time with temperature161: A 6 mL oleylamine solution containing 0.05 mmol Zn3P2 

and 0.75 mmol sulfur powder was placed in a 50 mL 3-neck flask with brief sonication. The flask 

was heat to 110 °C, 120 °C, and 130 °C under Ar and kept at the same temperature for 1 or 2 h.  

 Variation of the ratio of Zn to S: In oleylamine, 0.014 mmol of as-prepared Zn3P2 nanoparticles 

(~4 nm) was mixed with specific amount of sulfur to yield ratio of Zn to P from 1:1 to 1:4. With 

brief sonication, the mixture appeared to be dark brown and turbid solution, which was heated to 

140 °C under argon and kept at the same temperature for 1 h. Afterwards, the reaction was cooled 

to room temperature and quenched with isopropyl alcohol to yield a lighter reddish brown and 

clear solution.  
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Table 3.5. Different Zn to S ratio used for 1-hour reactions of Zn3P2 and elemental sulfur. 

Reaction time (h) Ratio of Zn:S 
1 1:1 
1 1:2 
1 1:3 
1 1:4 
1 1:5 
3 1:5 
5 1:5 

 

Table 3.6. Different Zn to S ratio used for 1-hour reactions of Zn3P2 and elemental sulfur.  

Reaction time (h) Ratio of Zn:S 
1 1:6 
1 1:8 
1 1:10 
1 1:12 
1 1:14 
1 1:16 
1 1:18 

 

Variation of the reaction temperature: In oleylamine, 0.025 mmol of as-prepared Zn3P2 

nanoparticles were mixed with 0.375 mmol of sulfur. The mixture was heated under argon to 140 

°C and kept at the same temperature for 1, 3, and 5 h.  

Result and discussion 

Strategy 1: ZnS nanoparticles + phosphorus source (TOP) 

In situ reaction 

The in situ reactions had two major steps. In the first step, Zn precursors (ZnCl2) were reacted 

with the S-oleylamine complex and formed ZnS nanospheres at 320 °C.148 The next step was 

initiated by injecting TOP to the ZnS nanospheres mixture, which was subsequently heated and 

kept at 360 °C. Systematic studies on the amount of TOP were carried out by varying the injected 
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TOP volume while the remaining parameters were kept the same. The collected products were 

tested by XRD (Figure 3.1) and their patterns show that the product matches with the crystal 

structure of Zn(NH3)2Cl2 (space group P21/n).162 When the amount of TOP was increased from 

1.5 mL to 2.5 mL, the same product, Zn(NH3)2Cl2, was obtained. However, when 3 mL of TOP 

was used, the intensity of the pattern was relatively low compared to others and some peaks 

merged together as well. The –NH3 in the formula is from the amine group in the oleylamine 

molecule. When oleylamine is heated above its boiling point (350 °C), the C-N bonds cleave and 

the long carbon chains dispersed in the solution while the NH3 group incorporated into the 

products.163 For the systematic study of reaction time, the mixture was heated to 360 °C and kept 

at the same temperature for 0.5 h, 1.0 h, or 1.5 h after injection of 2 mL of TOP. The XRD 

patterns of the collected products are shown in Figure 3.2. After 0.5 h and 1.0 h reactions, 

obtained crystals have the structure that matches with Zn(NH3)2Cl2. When the time was extended 

to 1.5 h, the XRD pattern of the obtained crystal structure matches with NH4Cl, instead of 

Zn(NH3)2Cl2. The results of two systematic studies indicate that longer reaction time at high 

temperature may cause the decomposition of the Zn(NH3)2Cl2 compound. This is likely due to the 

high temperature and corrosive chemical environment created by TOP. 

 

Figure 3.1. Powder XRD data for 1h in situ reactions with different amount of TOP. 
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Figure 3.2. Powder XRD data for in situ reactions with 2 ml of TOP for different time. 

 

Figure 3.3. FTIR spectra for products from 1h in situ reaction with different amount of TOP. 

The organic groups attached to nanoparticles are identified by FTIR and spectra are shown in 

Figure 3.3. The strong absorption peaks from 3000 to 2700 cm-1 in TOP, TOPO, and oleylamine, 

which due to the C-H stretching vibration, are not observed in any of the spectra of produced 

crystals.164-166 This indicates that there may not be any ligands or organic surface stabilizers 

binding on crystals surface. Three peaks between 3400 and 3000 cm-1 from products spectra are 
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attributed to NH3 stretching.167 The peak located around 1600 cm-1 is from degenerate 

deformation and two peaks from 1370 and 1000 cm-1 are from symmetric deformation.167 The 

peak at around 660 cm-1 is due to rocking vibration of NH3.167  

The TEM images of nanocrystals generated from 1-hour reactions with different amount of TOP 

are presented in Figure 3.4. Various interesting shapes and sizes were observed. TEM images for 

nanoparticles from 0.5 and 1.0-hour reaction with 2 mL TOP are shown in Figure 3.5(a) and (b). 

Nanoparticles presented multiple different shapes similar to nanoparticles from 1.0-hour 

reactions. Figure 3.5(c) shows the 1.5-hour reaction at 360 °C with 2 mL TOP. No nanoparticles 

were found under microscope. The reason could be that being heated in a corrosive solvent at 

high temperatures caused the decomposition of the crystalline products between 1.0 h and 1.5 h. 

 

Figure 3.4. TEM images for nanoparticles from 1-hour in situ reactions with (a) 1.5 mL TOP b) 

2.0 mL TOP c) 2.5 mL TOP and d) 3.0 mL TOP. 
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Figure 3.5. TEM images for nanoparticles from in situ reactions with 2 ml TOP for a) 0.5 h, b) 1 

h and c) 1.5 h. (d) HRTEM image of (b). 

Ex situ reaction 

Reactions of ZnS nanocrystals with TOP: 

 

Figure 3.6. Powder XRD data for 1-hour reactions at different temperature. 
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XRD patterns of nanocrystals from reactions of ZnS with TOP are presented in Figure 3.6 for 

temperature study and Figure 3.7 for the time study. In Figure 3.6, with increasing temperature, 

the intensity of the reflections from the ZnS hexagonal structure were weak and new peaks begin 

to appear, some of which match with Zn3P2 structure. XRD patterns at the bottom came from 

products of reactions of ZnS and TOP at 150 and 200 °C. They are hexagonal structures with 

reflections at 26.9°, 28.5°, 30.5°, 39.7°, 47.6°, 51.8°, and 56.9° that result from planes (100), 

(002), (101), (102), (110), (103), and (112), respectively. The result indicated that ZnS did not 

react with phosphorus from TOP below 300 °C, which could be due to the requirement of high 

temperature to release phosphorus from TOP molecules. Hence, the temperature used in other 

experiments was increased. After ZnS reacting with TOP at 300 °C, 320 °C and 340 °C for 1 h, 

the products still showed a diffraction pattern of wurtzite type of zinc with reflections at 28.6°, 

30.2°, 47.8°, 51.9°, and 56.5°, but intensities of these peaks were significantly reduced. For the 

product generated from the reaction of ZnS nanocrystals with TOP at 300 °C, three new peaks 

appeared at 20.8°, 26.6°, and 36.0°. After compared with the database, no match was found with 

the peak at 20.8°, but the peak at 26.6° and 36.0° matched with the most intense reflection plane 

(-120) in the ZnP2 monoclinic structure (PDF No. 00-054-0208) and the plane (131) in the ZnPS3 

structure (PDF No. 03-065-4750). For the product from 320 °C reaction, there are three new 

peaks at 22.5°, 33.8°, and 35.9°, which matched with plane (200), (113), and (301) from 

Zn3(PS4)2 structure (PDF No. 01-072-5951). Additionally, it is also possible that the peak at 35.9° 

was corresponding to the plane (131) in ZnPS3 structure (PDF No. 03-065-4750). For the product 

from 340 °C reaction, five new peaks can be observed and attributed to two structures. Peaks at 

26.6° and 45.8° might be from plane (202) and (400) in Zn3P2 tetragonal structure (PDF No. 1-

074-1156). Peaks at 22.5°, 33.7°, and 36.0° might be corresponding to plane (200), (113), and 

(301), respectively, in Zn3(PS4)2 structure (PDF No. 01-072-5951).  
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It is not likely that crystals with a mix structure of ZnS hexagonal and Zn3P2 were formed during 

reactions, since new peaks do not follow certain patterns. These new patterns seemed to match 

with some peaks in zinc sulfophosphide compounds, such ZnPS3, Zn3(PS4)2. When ZnS reacted 

with phosphorous atoms at high temperature, it is possible that ZnS crystal structure became 

loose and labile, some sulfur atoms were substituted by phosphide, and phosphide atoms were 

able to diffuse into zinc sulfide structure to form zinc sulfophosphide planes.  

 

Figure 3.7. Powder XRD patterns for reactions at 360 °C with different time, from 1 h to 6 h.  

Figure 3.7 shows the nanocrystals generated from 360 °C reactions with different reacting time. 

The original ZnS hexagonal crystal structure has been destroyed after reacting with TOP for 7 h 

since no features from ZnS can be observed in the XRD pattern. However, the only observable 

peak is at 36.5°, which matched with the plane (131) from ZnPS3 (PDF No. 03-065-4750). This 

plane results in the most intense peak in this specific structure. All other peaks are characteristic 

of the ZnS hexagonal structure. Peaks at 28.4°, 30.4°, 47.6°, 51.7°, and 56.7° correspond to 

planes (002), (101), (110), (103), and (200). In addition, some of the products show new peaks. 

After 1-hour reaction of ZnS and TOP, there were three new peaks at 26.6°, 35.8°, and 50.1° on 
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the XRD pattern. The peak at 35.8° matched with the most intense peak in ZnPS3 structure (PDF 

No. 03-065-4750), which is corresponding to the plane (130). The other two peaks matched with 

peaks from ZnP2 monoclinic structure (PDF No. 00-054-0208), which come from plane (120) and 

(322). The peak at 26.6° was also observed in the XRD pattern of the 3-hour reaction product. In 

the XRD pattern of 5-hour reaction product, a new peak at 21.5° was observed but could not 

match with any possible compound, which might come from impurities. Another new peak 

located at 44.5°, which matched with the most intense peak (400) in Zn3P2 tetragonal structure 

(PDF No. 1-074-1156).  In conclusion, during high temperature reaction with TOP, ZnS structure 

was eventually destroyed and a few new phases, including zinc phosphide and zinc 

sulfophosphide, were likely formed.  

As analyzed with TEM images, one reason why the ZnS hexagonal structure can be easily 

damaged without forming new crystals could be that ZnS precursors used in these experiments 

are polycrystalline clusters, which are not as stable as single crystals and do not have a specific 

shape. In order to prevent the original template from being destroyed, either larger particles or 

single crystals should be used. Thus, we moved to microparticles as well as nanorods and 

nanospheres with ZnS single crystal structures.  

Reactions of ZnS microparticles with TOP:  

XRD patterns of particles after reacting with TOP for different time are presented in Figure 3.8. 

The crystal structures appeared to be the same as before. This might be due to the size of 

particles, which is around 10 µm. It is too difficult for the phosphorus released at high 

temperature to diffuse into the microparticles.  
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Figure 3.8. Powder XRD data of products from ZnS cubic microparticles and TOP reactions at 

360 °C with different time. 

Reactions of ZnS nanorods and nanospheres with TOP: 

 

Figure 3.9. Powder XRD data of products from ZnS nanorods and TOP reactions at 360 °C with 

different reaction time. 
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The XRD patterns of nanoparticles from reactions of ZnS nanorods and TOP are shown in Figure 

3.9. Four peaks at 47.4°, 51.7°, 56.4°, and 76.5° can be attributed to ZnS hexagonal structure, 

corresponding to the (110), (103), (112), and (210) planes, respectively. The intensities of these 

peaks were significantly reduced in the XRD pattern of product from 7-hour reaction suggesting 

smaller crystals. A small peak at 26.5° in the XRD pattern of the product from 1-hour reaction is 

from the plane (100) in the ZnS hexagonal structure, which can no longer be observed in other 

products from longer time reactions. A peak at 28.4° resulted from plane (002), which also 

belongs to ZnS hexagonal structure. The intensity of this peak decreases with increasing reaction 

time. These changes in peaks and intensities are indicating that when the reacting time was 

increased; ZnS structure was diminished due to the high temperature, corrosive reagent used in 

the reactions, and possible diffusion and exchange of anion happened during the reactions.  

Compared with the XRD pattern of the product generated by 1-hour reaction, in the XRD pattern 

of 7-hour reaction product, three characteristic peaks from 45° to 60° and the sharp peak at 28° 

are barely visible. However, two new sharp peaks at 21.3° and 23.7° appeared in all XRD 

patterns and the intensity increased with the increasing reaction time. These two peaks matched 

with the planes (111) and (210) in monoclinic ZnP2 structure (PDF No. 00-054-0208). In 

addition, a small peak located at 37° appeared with increasing reacting time in XRD patterns of 

products from 5- and 7-hour reactions. It matched with plane (302) in tetragonal Zn3P2 (PDF No. 

01-074-1156) structure. In this process, original structure was slowly converted to a new 

structure. In the product, it is possible that a mixture structure of zinc sulfide hexagonal and zinc 

phosphide monoclinic/tetragonal was formed.  

The TEM images (Figure 3.10) of nanorods after reactions show that the long reaction time and 

high temperatures neither damaged the shape nor change the size of the particles. The high-

resolution TEM images show lattice structure, which proved that resulting nanorods are still 

single crystals. The lattice spacing was measured to be 0.33 nm in the 1-hour reaction sample, 
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which is corresponding to the plane (100) in ZnS hexagonal structure and the peak at 26.5°. In the 

samples from 3- and 5-hour reactions, the lattice of 0.32 nm was measured, which could be 

attributed to plane (002) in ZnS hexagonal structure and the peak located at 28.4°.  In the sample 

prepared from 7-hour reaction, the lattice spacing of 0.37 was measured and it is corresponding to 

the new peak at 23.7°. No lattice spacing of 0.32 or 0.33 were captured, which could be due to the 

destruction of plane (111) and (002) during the reaction. This result is consistent with the XRD 

pattern of the sample from 7-hour reaction, where peaks at 26.5° and 28.4° were not observed.  

 

Figure 3.10. TEM images for nanorods from reactions of ZnS nanorods and TOP at 360 °C for 

(a) 1 h, b) 3 h, c) 5 h, and d) 7 h. Inset images are HRTEM images. 



51	
	

 

Figure 3.11. Powder XRD data of products from ZnS nanospheres and TOP reactions at 360 °C 

with different reaction time. 

Figure 3.11 shows the XRD patterns of nanoparticles from ZnS nanospheres and TOP reactions. 

Unlike ZnS nanorods, after reacting with TOP, products generated from short time reactions did 

not maintain the ZnS hexagonal structure feature left. In 1-, 3- and 5-hour reactions, the collected 

products all had small peaks at around 30°, which is from plane (101) from ZnS hexagonal 

structure. Besides, a peak at 47.6° was observed after 1-hour reaction and peaks at 39.9° were 

observed after 3- and 5-hour reactions, which matched with plane (110) and (102) in ZnS 

hexagonal structure. For the sample from the 7-hour reaction, peaks at 26.6°, 28.4°, 47.5°, 56.4°, 

and 76° were observed and matched with plane (100), (111), (110), (112), and (210), 

respectively, in ZnS hexagonal structure. Similar to ZnS nanorods TOP reaction, three new peaks 

showed up after reacting with TOP, which could be from a new structure. In the XRD patterns of 

samples generated by short reaction times (1 h, 3 h, and 5 h), new peaks appeared at 21.4°, 23.8°, 

and 36.1°. These three peaks could be attributed to monoclinic and tetragonal Zn3P2 structures. 

This result is indicating that reactions with TOP might have caused a conversion from ZnS to 

Zn3P2 structure, so that the resulting products were mixture structure of both.  
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Figure 3.12. TEM images for nanoparticles from reactions of ZnS nanospheres and TOP at 360 

°C for (a) 1 h, b) 3 h, c) 5 h, and d) 7 h. Inset images are HRTEM images. 

TEM images show that nanoparticles were able to maintain the spherical shape after reacting with 

TOP (Figure 3.12 (a), (c), and (d)), except 3-hour reaction (Figure 3.12 (d)). A few particles grew 

to rod-shape during the reaction. Lattice spacing was measured to be 0.3 nm in the 3-hour 

reaction sample which was corresponding to plane (101) in ZnS hexagonal structure and a peak at 

around 30° was observed in XRD pattern. However, after 7-hour reaction, lattice spacing of 0.31 

and 0.33 nm were captured in HRTEM, which are corresponding to plane (111) and (100) in ZnS 

hexagonal structure and sharp peaks at 26° and 28° were observed on XRD patterns. 

 

Strategy 2: Zn3P2 nanoparticles + sulfur source  

In the solid state 

Figure 3.13 shows the XRD patterns of solids after DSC tests. After being heated to 350 °C and 

420 °C, the several new peaks appeared on the XRD patterns. The peaks at 13.7°, 32.7°, and 
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55.1° matched with ZnPS3 (PDF No. 03-065-4750) crystal structure and possibly resulted from 

plane (001), (131), and (330), respectively. Two peaks at 26.9° and 28.5° matched with ZnS 

hexagonal structure corresponding to plane (100) and (002). Additionally, the peaks at 30.5°, 

47.6°, and 56.4° might be attributed to either ZnS hexagonal structure or ZnPS3 (PDF No. 03-

065-4750) crystal structure. They could be generated from plane (101), (110), and (103) in ZnS 

structure, or plane (201), (202), and (311) in ZnPS3 structure. A peak matched with both Zn3P2 

and ZnPS3 appeared at 65.4°, which became more intense and clear with increasing temperature 

and time. It is likely to be a more crystallized plane in Zn3P2 due to calcination at high 

temperature or a newly formed plane from ZnPS3 structure. The XRD results indicate that, upon 

mixing and melting together, elemental sulfur reacted with Zn3P2 and formed a new structure, 

which might be ZnS hexagonal the sulfophosphide crystal structure we have been aiming at. 

Therefore, the strategy 2 might be a right path to generate ZnPS3 compounds.  

 

Figure 3.13. Powder XRD data of solids after DSC tests. 
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In the solution phases 

Variation of the reaction temperature: 

Figure 3.14 showed the XRD pattern of nanocrystals collected from 1-hour reactions of Zn3P2 and 

sulfur at 110 °C, 140 °C, 170 °C, and 200 °C, as no crystalline products were generated from 

reactions under 110 °C. It could be observed that the original Zn3P2 structure is no longer visible. 

Instead, with increasing temperature, a ZnS hexagonal structure becomes more intense and clear. 

The broad peak between 26° and 31° could be resulting from three peaks merging together. There 

three peaks are corresponding to plane (100), (002), and (101) in ZnS hexagonal structure. 

Moreover, another three peaks located at 47.4°, 51.6°, and 56.4° also match with characteristic 

peaks that generated by plane (110), (103), and (112), which are often considered as typical 

features of the ZnS hexagonal structure.  

 

Figure 3.14. Powder XRD patterns of nanocrystals generated from 1-hour reactions at 110 °C, 

140 °C, 170 °C, and 200 °C, comparing with ZnS hexagonal and Zn3P2 references. 
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Figure 3.15. TEM images of nanocrystals generated from 1-hour reaction of Zn3P2 with 

elemental S in oleylamine at (a) and (b) 110 °C, (d) and (e) 140 °C, (g) and (h) 170 °C, and (j) 

and (k) 200 °C. Corresponding EDS spectra are presented on the right.   

Figure 3.15 shows TEM images of the nanocrystals that were collected after 1-hour reactions of 

Zn3P2 and sulfur in oleylamine at 110 °C, 140 °C, 170 °C, and 200 °C. After the reaction, 

nanocrystals still maintain spherical shape and the average size is 4.2 ± 0.5 nm, as shown in low 

magnification images [Figure 3.15 (a), (d), (g), and (J)]. In TEM images with higher 

magnification [Figure 3.15 (b), (e), (h), and (k)], lattice fringes can be observed, which indicates 

the present of good crystalline structure in generated nanocrystals. Figure 3.15 (c), (f), (i), and (l) 
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show EDS spectra of nanocrystals generated from reactions under 110 °C, 140 °C, 170 °C, and 

200 °C, respectively. According to the spectra, elements Zn, P, S, Si (from glassware), and Cu 

(from Cu TEM grids) present in the nanocrystals TEM grids.  

FTIR spectra of products are shown in Figure 3.16. Three peaks from 3000 to 2750 cm-1 are 

stretching bands of –CH2– from oleylamine or TOP. The small peak at around 2350 cm-1 comes 

from P-H stretch. Two peaks at 1465 and 1377 cm-1 are attribute to bending of –CH2–. Compared 

to Zn3P2, there is a new peak at around 720 cm-1 (denoted by green star), which could be P+àS- 

band or -CH2- in plane deformation rocking. According to the crystal structural analysis from 

XRD, no phosphorous containing compounds were formed in any samples, so this peak most 

likely came from organic ligands with carbon long chain.  

 

Figure 3.16. FTIR spectra of nanocrystals generated from 1-hour reactions of Zn3P2 and 

elemental sulfur at 140 °C, 170 °C, and 200 °C. 

 

 

 



57	
	

Variation of reaction time: 

 

Figure 3.17. Powder XRD patterns of crystals generated from 1-hour, 3-hour, and 5-hour 

reaction of Zn3P2 and sulfur powder in oleylamine. 

Zn3P2 nanoparticles and sulfur were mixed with a ratio of 1:5 in oleylamine and reacted at 140 °C 

for different amounts of time. Products were precipitated by isopropanol and separated by 

centrifugation. After purifying with isopropanol several times, the products were dried in the 

vacuum and grinded to powder for XRD. The patterns obtained were showed in Figure 3.18. As 

can be observed, no characteristic peaks from the Zn3P2 crystal structures are present in the 

patterns. However, three peaks at 47.4°, 51.6°, and 56.4° match with plane (110), (103), and 

(112) of the ZnS hexagonal structure. These three peaks became more intense with increasing 

reaction time. Besides, in the pattern of 5-hour reaction, a broad peak appeared at around 28°, 

which due to three peaks that matched with plane (100), (002), and (101) in ZnS hexagonal 

structure merging together. This peak only presents in the pattern of 5-hour reaction product. It 

indicates that longer reaction time allows a more complete conversion from phosphide to sulfide 

and better formation of the ZnS hexagonal structure.  
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Figure 3.18. TEM images of nanocrystals collected from a), b) 1-hour, c), d) 3-hour, and e), f) 5-

hour reactions of Zn3P2 nanoparticles and sulfur in oleylamine. 

The products were also prepared to take TEM images and showed in Figure 3.18. The left column 

[(a), (c), and (e)] are low magnification TEM images of nanocrystals generated from 1-hour, 3-

hour, and 5-hour reaction that show nanoparticles maintained spherical shape after the conversion 

reaction. The average size of the as-synthesized nanocrystals was measured to be 4-5 nm from 

high magnification TEM images [(b), (d), and (f)], which is the same as before the conversion 

reaction. 

Variation of the ratio of zinc to sulfur (Zn:S): 

In the systematic study on ratio of Zn to S, both Zn3P2 nanoparticles (~4 nm) and large 

agglomerated Zn3P2 clusters (~200 nm) were used as templates. The results indicated that the size 

of Zn3P2 nanoparticles significantly influenced the phosphide à sulfide conversion process.  
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Figure 3.19.  Powder XRD patterns of nanocrystals generated from 1-hour reactions with 

different Zn:S. 

Zn3P2 nanoparticles were mixed with sulfur with ratio of 1:1, 1:2, 1:3, and 1:4 in oleylamine. 

After reactions, products were precipitated by isopropanol and collected by centrifugation. 

Purified products were re-dispersed in toluene to prepare TEM grids (Figure 3.20) and vacuum-

dried samples were grinded to powder for XRD tests (Figure 3.19). Nanocrystals produced from 

reactions with Zn:S as 1:2, 1:3, and 1:4 all have three visible peaks located between 26° to 32° 

that match with ZnS hexagonal structure. In addition, nanocrystals from 1:1 and 1:2 also show 

three characteristic peaks that match with peaks corresponding to planes (110), (103), and (112) 

in ZnS hexagonal structure. TEM images (Figure 3.20) show that nanocrystals were still spherical 

as before reacting with sulfur.  
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Figure 3.20. TEM images of nanocrystals generated from 1-hour reaction with Zn:S as a) 1:1, b) 

1:2, c) 1:3, and d) 1:4. Insert images: high magnification TEM images.  

Agglomerated Zn3P2 nanoparticle clusters were then used as templates and mixed with sulfur with 

ratio of 1:6 to 1:18 in oleylamine. After reacting at 140 °C for 1 h, the products were separated 

and purified. Powder XRD patterns were taken and presented in Figure 3.21. After reacting with 

low amount of sulfur (1:6 to 1:10), the products remained the majority of the Zn3P2 crystal 

structure. In the XRD pattern of the sample generated from the reaction with Zn:S of 1:6, peaks 

from 20° to 75° perfectly matched with the original Zn3P2 crystal structure. The XRD patterns of 

the sample from the reaction with Zn:S of 1:8 and 1:10 showed peaks at 27°, 29°, 31°, 32°, 34°, 

37°, 41°, 45°, and 53°, which were corresponding to planes (202), (212), (004), (203), (301), 

(302), (105), (400), and (206) of the Zn3P2 crystal structure. At the same time, new peaks from 

new phases were observed in XRD patterns of these three samples, such as new peaks shown up 

lower than 25 ° in the XRD patterns of the product from 1:6 reactions including peaks at 7°, 9°, 

11°, 14°, and 19°. The peaks below 10° seemed not to match with any structure of ZnPS3 and 

probably came from polymers formed during the reactions, but peaks at 14° and 19° might come 

from planes (101) and (111) in Zn3(PS4)2 structure (PDF No. 01-072-5951). When the ratio of 
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sulfur was increased to Zn:S of 1:12, 1:14, 1:16, and 1:18, the only characteristic peak left from 

Zn3P2 structure was located at 45 degree. In order to see features of newly appeared peaks more 

clear, XRD patterns of products from reactions with Zn:S ratio of 1:12, 1:16, and 1:18 were 

shown in a separate figure [Figure 21(b)] to compare with the PDF card of the ZnS hexagonal 

structure. Three broad peaks were located at 47°, 52°, and 57° that matched with ZnS hexagonal 

structure from planes (110), (103), and (112), respectively. It is possible that Zn3P2 was converted 

to ZnS during the reaction. The softness of Zinc, phosphorus and sulfur is 2~2.5, 0.5, and 2.5, 

respectively. Zn has more similar softness with sulfur than phosphorus, which could be the reason 

why Zn3P2 converted to ZnS in the presence of excess sulfur in reactions. 

 

Figure 3.21. Powder XRD data of products collected from 1-hour reactions at 140 °C with Zn to 

S ratios ranging from (a) 1:6 to 1:18 and (b) 1:12, 1:16, and 1:18. 
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Figure 3.22. TEM images of products from 1-hour reaction at 140 °C with different Zn to S ratio: 

(a) 1:5, (b) 1:6, (c) 1:8, (d) 1:10, (e) 1:14, (f) 1:16, and (f) 1:18. Insets were HRTEM images. 

EDS spectra of (e), (f), and (g) were shown in (h) from top to bottom. 

TEM images of nanocrystals generated from reactions with different ratio of Zn:S are presented 

in Figure 3.22. Nanoparticles were spherical in shape and ranged in size from 3 to 5 nm with an 

exception of in nanoparticles from reaction with Zn:S of 1:6 [Figure 3.22 (b)], which contains 

bigger particles (15 to 20 nm). The inset images show clear lattice fringes and indicate that all 
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products still have crystal structures. The lattice spacing was measured to be 0.34 nm from 

images of TEM from the Zn:S of 1:5 [Figure 3.22 (a)] and 1:8 [Figure 3.22 (c)] samples, which 

was from the plane (211) in Zn3P2 structure (PDF No. 01-074-1156). The lattice spacing was 

measured to be 0.28 nm from TEM images from the Zn:S 1:6 ratio reaction and it also matched 

with the plane (203) in Zn3P2 structure (PDF No. 01-074-1156). When the sulfur amount was 

increased to 14 times that of the Zn amount, the lattice spacing was measured to be 0.33 nm, 

which is corresponding to plane (100) in ZnS hexagonal structure. Both TEM lattice spacing and 

XRD patterns confirm the presence of ZnS. In samples from Zn:S of 1:16 and 1:18, lattice 

spacing of 0.31 nm was measured and matched with plane (002) in ZnS hexagonal structure.  

Figure 3.22 (h) shows EDS spectra of nanoparticles from reactions with Zn:S ratio of 1:14, 1:16, 

and 1:18. There was no trace of phosphorous. The small peak at 200 was identified as Si, which is 

attributed to leaching from the glassware during synthesis reaction of Zn3P2 from the high 

temperature and use of corrosive reagents.  

Conclusions 

Two strategies were utilized to attempt synthesizing zinc sulfophosphide. When ZnS nanocrystal 

was used as a template in the in situ reaction, the original ZnS structure was reacted with 

oleylamine and chlorine anions and resulted in the salt, Zn(NH3)Cl2. This revealed that it is 

necessary to eliminate unwanted ions from the system. Sequentially, ZnS nanocrystals with 

different sizes and shapes were adopted as templates and reacted with n-trioctylphosphine at 

different temperature and time. Unfortunately, ZnS templates were consumed in the reaction 

probably due to the highly corrosive solvent and high temperature, but no positive signs of zinc 

sulfophosphide were observed. In the other strategy, which starts with Zn3P2 nanocrystal as 

template, even though there was no formation of zinc sulfophosphide, a conversion from Zn3P2 to 

ZnS was observed. The conversion reaction did not affect the size or shape of the nanoparticles. 
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This inter-conversion between phosphide to sulfide was ever observed for the first time and is 

likely result from an uncommon anion exchange mechanism. 
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CHAPTER IV 
 

 

SOLUTION-BASED EX-SITU SYNTHESIS OF GENERATING GOLD-NICKEL 

INTERMETALLIC NANORODS 

 

Introduction 

Among noble metal nanomaterials, gold nanoparticle is one of the most well studied materials 

due to their unique optical properties and has been used in various applications.168 Upon 

interacting with photons, the electrons in the conduction band are excited to generate a series of 

oscillation that is called Localized Surface Plasmon Resonance (LSPR).169 Rod-shaped gold 

nanoparticles have an anisotropic shape so that the oscillation may occur along the short axis 

resulting in transverse band as well as the long axis resulting in longitudinal band.170 These two 

bands can be observed in the UV-Vis spectra. In the spectra, the transverse peaks normally 

located in visible region at 520 nm.171 The longitudinal peak appears in near infrared (NIR, 600-

1100 nm) region and the location can be effected by the size and the aspect ratio of nanorods.172  

Up to the present time, gold nanorods have been synthesized by several methods, such as 

electrochemical method, chemical reduction, galvanic replacement, and the seed-mediated growth 

method.173 The seed-mediated growth method was firstly reported in 1989 by Wiesner and 

Wokaun.174 Their protocol started from preparing gold nucleus by reducing Au (III), followed by 

growing in HAuCl4 solution with a couple drops of H2O2. In 2000s, Jana and Murphy further 

developed the seed-mediated method and successfully generating uniform nanospheres and 
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nanorods.175 Since then, this method has become the most popular synthetic strategy due to the 

ease in controling the shape and size of gold nanoparticles, simplicity of the procedure and 

technique, and relatively low cost.176 The resultant gold nanoparticles using this procedure are 

usually synthesized in aqueous media and stabilized by surface ligands, such as CTAB bi-

layers.177 However, the CTAB molecules have high cytotoxicity and are only stable in the 

aqueous phase, which greatly restricted the utilization.178 Thus, it is crucial to replace the initial 

ligands and functionalize the surface of gold nanorods in order to fulfill certain multifunctional 

requirements.179 The most widely used organic group is thiol group due to the strong covalent 

bond formed between Au and S that can efficiently stabilize gold nanorods and reduce 

cytotoxicity.180 A common surface functionalization strategy is phase transfer ligand exchange, 

which involves both aqueous and organic phases. For example, dodecanethiol (DDT) is a 

hydrophobic compound that forms Au-S on gold nanorods surface and stabilizes gold nanorods in 

organic solution.  

In the metallic material family, alloys, which contain two or more types of metal atoms, often 

possess a broad range of properties due to synergistic effects.181 Alloys have drawn great attention 

and have been adopted in widespread applications in engineering, electronics, and catalysis.182-183 

In industry, the traditional alloying procedures involve melting two or more metals together, 

which requires high temperature and pressure as well as heavy-duty equipment.184  

On the scale of nanometers, however, the superior phase miscibility enables the combining and 

mixing of different metal components at mild conditions to yield intermetallic or multimetallic 

alloys.185-186 Moreover, the tunable structures and controllable morphology at the nanoscale allow 

the manipulation of properties.187-188 Intermetallic nanoparticles are the most common alloy 

nanomaterials.189 So far, many intermetallic nanomaterial systems with different metallic 

compositions have been produced.190 For instance, gold-based intermetallic nanoparticles 
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(AuxMy, M = transition metals), including AuAg,191 Au3Pd,192 Au3Cu,193 AuCu3,194 etc, are some 

of the most well studied intermetallic nanomaterial systems. 

Here, we report a novel shape-controlled synthetic procedure of producing Au3Ni intermetallic 

nanorods with the L12 superlattice structure. Instead of using conventional one-pot hot injection 

reactions, which make it difficult to control shape and size, we demonstrate a ligand exchange 

method that can evenly disperse pre-made gold nanorods in organic solvent as well as sustain the 

shape and size of particles.  

Materials 

Hexadecyltrimethylammonium bromide (CTAB, ≥ 99.0%), sodium borohydride (NaBH4, 

99.99%), gold chloride hydrate (HAuCl4·3H2O, 99.995%), silver nitrate (AgNO3, ≥ 99.0%), L-

ascorbic acid (20-200 mesh, ≥ 98%), oleylamine (technical grade, 70%), dioctyl ether (99%), iron 

(III) acetylacetonate [Fe(acac)3, 97%], nickel (II) acetylacetonate [Ni(acac)2, 95%], and cobalt 

(III) acetylacetonate [Co(acac)3, 99.99%] were purchased from Sigma. All chemicals were use as 

arrival without further purification.  

Experimental 

Preparation of gold nanorods (AuNRs)175: A previously published seed mediated method is used 

with slight modifications. All solutions were prepared in deionized water. The gold seed solution 

was prepared by mixing the CTAB solution (5 mL, 0.2 M), HAuCl4·3H2O solution (5 mL, 0.0005 

M), and ice cold NaBH4 solution (0.6 mL, 0.01M) followed by aging at 37-40 °C for 2 h. The 

seed solution appeared to be dark brown and clear. A growth solution was prepared by adding a 

freshly made ascorbic acid solution (0.0788M) to a mixture solution containing CTAB (0.2 M), 

HAuCl4·3H2O (0.001M), and AgNO3 solution (0.004 M). The mixture turned from orange to 

colorless upon adding ascorbic acid, which indicated Au3+ ions were reduced to Au1+. 

Sequentially, an appropriate amount of as-prepared seed solution was slowly added to the growth 
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solution. After aging at 37-40 °C for 24 h, the solution appeared to be blue and purified with 

deionized water. 

Preparation of gold nanostars (AuNStars): The method employed to make gold nanostars was 

slightly modified from a previously published procedure. All solutions were prepared with 

deionized water. HAuCl4·3H2O solution (0.36 mL, 0.01M) was added to 10 ml deionized water in 

a 15-mL centrifuge tube, which was placed on a vortex. AgNO3 solution (20 µL, 0.01M) was 

added drop-wise to the centrifuge tube while vortexing. After vortexing 15 s, ascorbic acid 

solution (60 µL, 0.1M) was added to the centrifuge tube while vortexing. After another 20 

seconds, as a sign of AuNStars formation, the solution in the centrifuge tube turned to blue. 

Warm CTAB solution (5 mL, 0.1M) was quickly added to the centrifuge tube to stabilize the 

AuNStars. Afterwards, the particles were centrifuged and purified with deionized water.  

Ligand exchange: After purification, gold nanoparticles (including nanorods and nanostars) were 

stabilized by CTAB bilayers, which could be replaced by oleylamine using a phase transfer 

ligand exchange method. In a glass vial, 4 mL of acetone was added to 1 mL of oleylamine to 

yield a 20% diluted oleylamine solution. Gold nanoparticle water dispersion was transfered to the 

oleylamine-acetone solution, which resulted in two visible layers immediately. After settling for 

10-15 min, a bluish purple organic layer containing gold nanoparticles coated by oleylamine 

(denoted by “AuNRs@oleylamine” or “AuNStars@oleylamine) was on the top, while a white 

and cloudy aqueous layer was in the bottom (Figure 4.1). The oleylamine coated gold 

nanoparticles were separated by centrifuging the top layer and could be re-dispersed in dioctyl 

ether with brief sonication. 
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Figure 4.1. A scheme of phase transfer ligand exchange. 

Diffusion reactions with 3d transition metals: Figure 4.2 shows the experimental setup of the 

reaction. In a 50 mL 3-neck flask, AuNRs@oleylamine and Ni(acac)2 (or Fe, Co) were dispersed 

in dioctyl ether to form dark blue solution, which was heated to 100 °C under argon and kept at 

the same temperature for 1 h to remove moisture, oxygen, as well as low boiling point impurities. 

In a 100 mL 3-neck flask, dioctyl ether was heated to 100 °C and kept at the same temperature for 

1 h, which was followed by injecting n-butyl lithium. Sequentially, inject the solution containing 

AuNRs and Ni(acac)2 to the 100 mL flask. The mixture was heated to 250 °C and kept at the 

same temperature for different amount of time. The solution was cooled to room temperature 

after the reaction and the product was collected and washed with ethanol several times.  
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Figure 4.2. A diagrammatic image of the experimental setup. 

Characterization 

The crystal structure was characterized by X-ray diffraction (XRD) using a Rigaku SmartLab X-

ray diffractometer (Cu Kα radiation). The samples were prepared by grinding vacuum-dried 

samples on glass slides. The morphology of particles was studied by using a JEOL-JEM 

transmission electron microscope (TEM) operating at an accelerating voltage of 200 kV. The 

TEM samples were prepared by casting ethanol nanoparticles dispersion onto carbon coated 

copper grids. The dimension of nanoparticles was measured by the ImageJ and the aspect ratio 

was calculated as the ratio of length to width. Fourier-transform infrared (FTIR) spectra were 

taken on a Nicolet iS50 ATR-FTIR spectrometer to identify ligands on particles.  UV-Visible 

spectra were taken on a DU 530 Beckman Colter UV-Visible spectrophotometer. 
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Result and discussion 

AuNRs were synthesized using a seed-mediated method that has been published elsewhere with 

slight modification. In the step of preparing seed solution, NaBH4 was used as a strong reducing 

agent to reduce Au3+ ions to Au0 ions, which formed gold nanospheres and were used as seeds. 

After the seeds were added to growth solution, Au1+ ions deposited onto the surface of gold 

nanospheres and started growing. At certain point, due to underpotential deposition,195-196 Ag+ 

ions gathered on Au 10 facet and resulted in a monolayer that inhibits the growth of these facets. 

Therefore, AgNO3 acts as a shape-tuning agent during gold nanoparticle growing process. In 

addition, CTAB molecules acted as surface stabilizers and formed bilayers on the nanoparticle 

surface due to van de Waals interaction.  

Characterization of gold nanoparticles and ligand exchange 

Typically, due to the special rod-shape, AuNRs show two absorption bands in the ultraviolet-

visible (UV-Vis) spectra because the electron oscillation may take place along two directions 

while interacting with light (photons). Figure 4.3 shows the UV-visible spectra of as-prepared 

AuNRs before and after purification with deionized water. Two peaks are present in the spectrum. 

The one located at 520 nm is attributed to transversal surface plasmon resonance (TSPR), which 

is due to the electron oscillations along short axis. While the other one is located between 660 to 

680 nm, which resulted from electrons oscillating along the long axis, also known as longitudinal 

surface plasmon resonance (LSPR). Two curves overlapped, which means centrifuge and 

purification process did not change the shape, size of AuNRs, or cause any agglomerations.  
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Figure 4.3. UV-visible spectra of AuNR before (red) and after (black) purification with deionized 

water. 

After ligand exchange, UV-Vis spectra and TEM images were taken again to ensure there was no 

change in morphology or agglomerations. The samples for UV-Vis were prepared by re-

dispersing purified AuNR@CTAB in deionized water or purified AuNR@oleylamine in acetone 

with brief sonication. Figure 4.4a presents the UV-Vis spectra of gold nanorods coated by CTAB 

and oleylamine. Compared with the spectrum of AuNR@CTAB, the LSPR peak was 

significantly broadened and shifted to lower wavelength (650 nm). This blue shift may be caused 

by using acetone, which has lower polarity than water, as a solvent to disperse 

AuNR@oleylamine. In the case of gold nanostars, there is only one peak in the spectrum of 

AuNR@CTAB (figure 4.4b). After ligand exchange, this peak was broadened, which is 

consistent with AuNR. However, a red shift could be observed, which is likely caused by the 

reduction of particle size.  
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Figure 4.4. UV-Visible spectra of a) AuNR and b) AuNStars coated by CTAB in water and 

oleylamine in acetone. 

Figure 4.5a and 4.5b show the TEM images of gold nanorods before and after ligand exchange. 

Before the ligand exchange, AuNR@CTAB was measured to be 50.8 ± 4.1 nm in length and 20.2 

± 2.4 nm in width. The aspect ratio of the AuNR@CATB is 2.43 - 2.60. After the ligand 

exchange, the AuNR@oleylamine has length of 49.8 ± 4.4 nm and width of 19.3 ± 2.9 nm. The 

aspect ratio the AuNR@oleylamine is 2.44 - 2.76. No change in size, shape or any 
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agglomerations seen in the images. For the gold nanostars (Figure 4.5c & d), size seems to be the 

same after the ligand exchange and the morphology does not pose any significant change. The 

shrinkage of the particles is likely what caused the red shift observed in UV-vis spectra. 

 

 

Figure 4.5. TEM images of AuNR coated by a) CTAB, b) oleylamine and AuNStar coated by c) 

CTAB, d) oleylamine. 

 

Figure 4.6. FTIR spectrum of oleylamine coated gold nanorods. 
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Fourier-transform infrared (FTIR) spectrum of gold nanorods after ligand exchange is presented 

in Figure 4.6. The spectrum shows a broad peak at 3378 cm-1 and a small peak at 1603 cm-1 that 

come from –NH2 asymmetric stretching and scissoring modes. Two peaks at 2921.93 cm-1 and 

2852 cm-1 are symmetric and asymmetric stretching vibrations bands of CH2 and CH3. Another 

peak at 1490 cm-1 is C-H bending mode. Two peaks at 1426 cm-1 and 1029 cm-1 can be attributed 

to C-N stretching and bending vibration modes. Compared to free amine (1000-1350 cm-1), the 

blue shift is likely caused by the interaction of Au and N. Additionally; the alkene group in the 

oleylamine molecule also shows a band at 866 cm-1 in the spectrum. Moreover, it is worth noting 

that the N-H stretching band (3017 cm-1) and halogen vibration band (500-700 cm-1) were no 

longer present, which belong to the CTAB molecule. This indicates CTAB molecules have been 

completely removed during the ligand exchange process and the surface of gold nanorods 

stabilized by oleylamine.  

To prepare TEM samples, the products were first purified by ethanol 2-3 times and re-dispersed 

in ethanol with brief sonication. A 0.4 µL dispersion was added onto a carbon coated filmed 

copper grid and dried under vacuum.  Figure 4.7 (a) and (b), (d) and (e), (g) and (h), and (j) and 

(k) are TEM images for gold nanorods after reacting with Ni(acac)3 for 0.5 h, 1.0 h, 1.5 h, and 2.0 

h with Au:Ni=2:1, respectively. Compared with pure gold nanorods in Figure 4.5, all four 

samples are able to maintain the rod-shape, which indicates oleylamine molecules on gold 

nanorods surface acted as surface stabilizer and protected nanorods from being etched or 

collapsing. The sizes of nanorods did not change significantly and measured to range from 45 to 

55 nm after reacting with Ni(acac)3. The EDS spectra of nanorods collected after 0.5-, 1.0-, 1.5-, 

and 2.0-hour reactions can be seen in Figure 4.7 (c), (f), (i), and (l), respectively. Traces of Ni can 

be observed and with the increasing reaction time from (c) to (l), the amount of Ni in samples is 

also increasing. This results show that longer reaction times might be necessary to allow Ni atoms 

to diffuse into the gold.  
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Figure 4.7. TEM images of AuNi nanorods after a) & b) 0.5 h, d) & c) 1 h, g) & h) 1.5 h, and j) 

& k) 1.75 h reactions. EDS spectra show elemental analysis of AuNi nanorods produced from c) 

0.5 h, f) 1 h, i) 1.5 h, and l) 1.75 h reactions. 

The products were also dried under vacuum for powder XRD experiments.  
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Figure 4.8. Powder XRD patterns of products collected from reactions with 2:1 Au to Ni mole 

ratio (Dots: diffracting peaks of gold face center cubic structure. Diamonds: L12 super lattice 

diffracting peaks) 

After the reactions, the purified products were either directly dried on cleaned glass slides or 

dried in centrifuge tubes and grinded to powder to limit oriented attachment. The XRD patterns 

were shown in Figure 4.8. All of the samples exhibit distinct peaks at 38.1°, 44.3°, 64.5°, and 

77.7° denoted by dots, which correspond to the planes (111), (200), (220), and (311) of the face 

center cubic structure. It is also worth noting that, with increasing reaction time, these four peaks 

are slightly shifted to the higher reflection angles by 1 to 2 degree. This shift is due to the lattice 

spacing shrinking that results from the substitution of the corner gold atoms of the face center 

cubic by smaller nickel atoms (Figure 4.9).  The cubic structure on the right in Figure 4.9 shows 

the L12 cubic after Ni atoms replaced Au atoms on the corner. It can be calculated that there is 1 

Ni atom (8×⅛) and 3 Au atoms (6×½) in each unit cell that leads to Au3Ni formula. The inserted 

Ni atoms form new planes in the crystal structure and as a result, new peaks can be observed in 

the XRD patterns. In Figure 4.8, the XRD pattern of the nanocrystals generated from 2-hour 

reaction shows 6 new peaks denoted by diamonds are corresponding to plane (100), (110), (210), 
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(211), (221), and (310) of L12 cubic structure that resulted from the replacement of Au by Ni 

atoms. However, these peaks only started showing up after reacting for 1.5 to 2 h. This result 

agrees with the EDS spectra in Figure 4.7. Reacting for less than 1.5 h did not result in the 

formation of the L12 intermetallic nanorods. Compared with the reactions of synthesizing Au3Ni 

nanoparticles, the requirement of longer reaction time might be due to the larger dimensions of 

the initial Au nanorods templates compared to the published procedure for Au3Ni 

nanoparticles.197  

 

Figure 4.9. A scheme of conversion of Au face centered cubic to Au3Ni L12 cubic structure. A 

unit cell of Au is on the left and yellow spheres represent Au atoms. the unit cell on the right, Ni 

atoms, which are blue spheres, replaced Au atoms on the corners and the resultant structure is L12 

cubic.  

After Au nanorods reacting with Ni(acac)3 for different time with 1:1 mole ratio of Au/Ni, the 

purified products were tested by TEM. Figure 10 (a) to (e) represent TEM images of generated 

nanorods after 0.5 h, 1.0 h, 1.5 h, 2.0 h, and 3.0 h, respectively. Most particles still maintain the 

rod-shape with the same size and no agglomeration was formed even after being kept at high 

temperature for 3 h. This coincides well with Figure 7, due to the surface stabilizer oleylamine. 
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However, EDS spectra of samples from 1.0-, 2.0-, and 3.0- hour reactions in Figure 10 (f) show 

no signal of Ni. It is not likely that Ni atoms have successfully diffused into the Au nanorods. In 

order to further confirm this hypothesis, powder XRD patterns were taken to exam the crystal 

structure shown in Figure 4.11. 

 

Figure 4.10. TEM images of nanorods produced from reaction with 1:1 mole ratio of Au/Ni for 

(a) 0.5 h, (b) 1.0 h, (c) 1.5 h, (d) 2.0 h, and (e) 3.0 h. (f) EDS spectra of sample from 1 hour- 

(top), 2 hour- (middle), and 3- hour (bottom) reactions. 
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Figure 4.11. Powder XRD patterns nanorods produced by reactions with 1:1 mole ratio of Au/Ni.  

In Figure 4.11, all patterns clearly match with face centered cubic structure of Au. Even after long 

reaction time, no sign of the formation of complete L12 cubic structure and it indicates that the 

majority was still pure Au nanorods. A sharp peak at around 33° appears in the pattern of sample 

from 1-hour reaction, which is more likely to be an impurity. There are two insignificant peaks 

can be observed at 31° that might be from the (110) plane of L12 structure.  

Conclusions 

In this study, Au nanorods were successfully generated using a seed mediated method in aqueous 

solution and stabilized by a bi-layer ligand, CTAB. UV-Vis spectroscopy can be used to 

characterize the optical property and the shape. The CTAB molecules on the nanorod surface can 

be problematic due to the low hydrophobicity and low thermal stability. Oleylamine can be used 

as an alternative stabilizer on Au nanorod surface to improve the stability and solubility in 

organic solvent. The replacement of CTAB with oleylamine can be achieved by a phase transfer 

ligand exchange method. Sequentially, the oleylamine coated Au nanorods reacted with Ni under 
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high temperature. The TEM images shown that oleylamine as a surface ligand was able to protect 

the rod-shape from crashing and prevent any agglomeration from forming.  

According to the results of systematic studies on reaction time and Au/Ni mole ratio, the Au3Ni 

L12 superlattice crystal structure was produced when the ratio of Au/Ni was 2:1 and the reaction 

was kept at high temperature for at least 1.5 h. It reveals that in diffusion reactions, it is important 

to find the appropriate mole ratio of metals as well as the best reacting temperature and time. 
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CHAPTER V 
 

 

SUMMARY, CONCLUSIONS, AND FUTURE WORK 

 

Chapter II focuses on fabrication of ZnO nanorods and ZnO/ZnS core/shell nanorods coated 

cotton fabrics and the application as potential flame retardant materials. ZnO nanorods were 

grown on the surface of pre-cleaned cotton fabrics using a multi-step hydrothermal procedure. 

The length of ZnO nanorods and the thickness of nanorod coatings can be controlled by altering 

the growing time. ZnO nanorods were partially converted to ZnS through a sulfidation process in 

Na2S solution to yield ZnO/ZnS nanorods with the core/shell structure. Commercially available 

ZnO and ZnS microparticles coated cotton fabrics were prepared using a dip coating method as 

comparison. The flame retardant properties were tested by a cone calorimeter and a vertical flame 

test. The results show all nanorod and microparticle coatings were able to reduce the heat release 

rate and total smoke release of cotton fabrics during the combustion. In addition, ZnO and 

ZnO/ZnS nanorod coatings have better effect than microparticle coatings on improving the flame 

retardancy and slowing down the spreading of combustion. However, none of the coatings exhibit 

self-extinguishing properties, as demonstrated by the test results of vertical flame tests. Therefore, 

the coatings can be further modified by incorporating other flame retardant materials, in order to 

reinforce the self-extinguishing properties. 

In Chapter III, our original goal was to explore synthetic strategies of generating a new   

semiconductor nanomaterial, zinc sulfophosphide (Zn2P2S6). Two strategies were designed and
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carried out. Firstly, ZnS nanoparticles with different size and shape were prepared using 

previously established protocols. The as-prepared ZnS nanoparticles were utilized as templates 

and reacted with a phosphorous source, trioctylphosphine. However, the reactions under various 

reaction temperature and time showed no sign of the formation of Zn2P2S6. In the second strategy, 

Zn3P2 nanoparticles were generated and used as templates to react with sulfur sources. 

Systematical studies on reaction time, temperature, ratio of Zn to S, and size of Zn3P2 

nanoparticles were carried out. The XRD results of the resultant products show no formation of 

Zn2P2S6. Interestingly, a conversion of Zn3P2 to ZnS was observed. While reacting with sulfur 

source, Zn3P2 quantum dots can be readily converted to ZnS over 130°C for 1 h with a small 

amount of sulfur. When the large Zn3P2 particles were used as template, it required larger amount 

of sulfur in the reaction to result in a more complete conversion. In the future, the reaction 

condition can be further optimized to potentially generate Zn3P2@ZnS core/shell nanoparticles. 

In Chapter IV, a synthetic procedure for preparing Au3Ni intermetallic nanorods with controlled 

size and shape was reported. Gold nanorods were firstly synthesized by a previously published 

seed-mediated method with minor modification. The prepared gold nanorods were stabilized by 

CTAB bilayers and can only be dispersed in hydrophilic solvent. The surface of gold nanorods 

was functionalized by oleylamine using a phase-transfer ligand exchange method and dispersed in 

dioctylether, which sequentially reacted with Ni precursor. The XRD results of resultant products 

show no signal of Au3Ni structure when 1:1 ratio of Au:Ni was used. However, when the ratio of 

Au to Ni was increased to 1:2, the products showed superlattice structure of Au3Ni after reacting 

for 3 h. No significant change in size or shape was observed with TEM. In this project, the ex-situ 

reaction reported was able to maintain the size and shape of the original gold nanorods. This 

strategy can be applied on gold nanoparticles with other shape and size. Ni precursor may be 

replace by other transition metals to generate different gold-based intermetallic nanoparticles.  
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