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1. Introduction

Objective
The objective of this experiment is to familiarize with the workings of an x-ray powder diffractometer by determining the phase and particle-size of cadmium sulfide (CdS) using the Scherrer formula. The experiment also aims to provide hands-on practice for sample preparation. 

Background
X-ray diffraction techniques are a very useful characterization tool to study, non-destructively, the crystallographic structure, chemical composition and physical properties of materials and thin films. It can also be used to measure various structural properties of these crystalline phases such as strain, grain size, phase composition, and defect structure. XRD is also used to determine the thickness of thin films, as well as the atomic arrangements in amorphous materials such as polymers. 

Cadmium (II) sulfide (CdS) exists as two different minerals in nature: greenockite and hawleyite. Greenockite crystallizes forming the wurtzite structure and hawleyite adopts the sphalerite (zinc-blende) structure producing hexagonal and cubic crystal structures respectively. Such a material that adopts two crystal structures with the same chemical composition is said to exist as polymorphs. The phase transition for CdS under ambient pressure occurs at approximately 320°C and the colour appearance ranges from yellow to orange.

Uses
Powder diffraction is a technique used to characterize the crystallographic structure, crystallite size (grain size), and preferred orientation in polycrystalline or powdered solid samples. Powder diffraction is commonly used to identify unknown substances, by comparing diffraction data against a database maintained by the International Centre for Diffraction Data (ICDD). As such, powder diffraction is mainly used for finger-printing solid materials. It may also be used to characterize heterogeneous solid mixtures to determine relative abundance of crystalline compounds which can provide structural information on unknown materials.
2. Theoretical Principles

Figure 1 shows the basic features of an X-ray diffractometer, in which the diffraction angle 2 is the angle between the incident and diffracted X-rays.
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Figure 1 Basic features of an X-ray diffractometer
A typical diffraction spectrum consists of a plot of reflected intensities versus the detected angle 2. The 2 values of the peak depend on the wavelength of the anode material of the X-ray tube. By choosing the right anode and energy of accelerated electrons, a known wavelength and therefore a known energy of X-rays will be generated. Copper X-ray tubes are most commonly used for X-ray diffraction of inorganic materials. For practical applications of X-ray diffraction, we typically want to use x-rays of a single wavelength, i.e. monochromatic radiation to improve experimental results. In general, K radiation is used for analytical work while all other radiation (K, etc.) are removed by means of a nickel filter.

The incident X-rays interact with the sample to create secondary “diffracted” beams. These diffracted beams are related to the interplanar spacings between the numerous crystalline planes in the crystalline powder. The equation governing this diffraction angle is known as Bragg’s Law:
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 (Eq. 1)
where
n is any integer,


λ is the wavelength of the incident X-rays

d is the interplanar spacing, and

θ is the diffraction angle

Particle sizes (D) can be estimated from X-ray diffraction data using the Scherrer formula [2]:
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 (Eq. 2)

where
K = Scherrer constant,
FWHM = full width at half maximum of the reflection peak that has the same maximum intensity in the diffraction pattern,
λ = wavelength of x-rays, and

θ = diffraction angle of x-rays
The Scherrer constant (K) in the formula accounts for the shape of the particle and is generally taken to have the value 0.9 [3]. The size obtained from the Scherrer formula yields the apparent or average particle-size for a material. Powders of materials are generally aggregates of smaller particles, and thus consist of a distribution of particle sizes.
Heat treatment causes particles to anneal and form larger grains, thereby increasing the degree of crystallinity of the sample. This effect is often seen as increased peak intensity in the diffraction data. Heat treatment of samples provides an opportunity to compare diffraction patterns of nanoparticles and bulk materials, thereby seeing how the shape and intensity of peaks change between samples of various particle sizes.

There are some important differences between the diffraction patterns of nano and bulk materials. Nano materials have small particle size and this causes the lines in their diffraction peak to broaden. The broadening of the peak is due to a small number of crystal planes. This broadening in turn causes a loss of intensity in the signal of their diffraction patterns. Bulk materials, on the contrary, have sharp, narrow and high-intensity peaks.
3. Experimental

The instrument used in this investigation was a PANalytical X’Pert Pro X-Ray Powder Diffractometer. The material tested in this investigation was CdS quantum dots, with four samples tested from four different sources:

· Sample 1: Inverted Micelle Synthesis of CdS

· Sample 2: Bulk CdS purchased from Sigma Aldrich

· Sample 3: Aqueous solution synthesis of CdS

· Sample 4: High Temperature treatment of CdS

The syntheses of these samples were not a part of this investigation, but are outlined in [1] under Experiment 4.
The experimental procedure used is also outlined in [1] under Experiment 4, with some revisions made.  First of all, for the sample preparation section, only samples 2 and 3 were prepared and ran in the diffractometer. For phase determination of CdS, samples 2 and 4 were assessed, using pre-collected data. Finally, for particle size determination, all four samples were assessed. 
The basic setup of the diffractometer was shown in figure 1. The sample is placed in the middle and remains fixed, while the X-ray source and the detector rotate at the same rate but in opposite directions while scanning. This is known as a θ:θ scan. The data of intensity at the detector is acquired by the computer and a graph is displayed showing intensity versus the angle 2θ (which is labeled in figure1).
4. Observations and Results

Initial Observations
The appearance and physical properties of the four samples were assessed prior to measurement. These observations are shown below:

Sample 1: pale yellow powder

Sample 2: orange powder

Sample 3: orange powder, similar in appearance to sample 3

Sample 4: dark yellow powder

Note that all original observations are included in Appendix A. 
Phase Analysis

The XRD patterns for sample 2 and 4 are shown in Appendix D. The first observation is that the pattern for sample 2 has very broad peaks and a noisy baseline compared to bulk CdS samples (such as [5]). Sample 4, on the other hand, has more narrow and higher-intensity peaks, with less noise, and is more comparable to [5].  The XRD peaks were matched using a database of known XRD patterns. Sample 2 was determined to be mainly in the cubic crystal phase, with some hexagonal phase present as well. As for sample 3, the material was mainly in the hexagonal phase, with some cubic phase present. There were also two peaks, at around 32( and 39( that could not be attributed to either phase of CdS. This pattern corresponds to that of CdO.

Particle Size Determination

All four samples were assessed, and the position of the highest intensity peak was determined, along with the width of this peak at half maximum, and the d-spacing. The results are shown in table 1. 
Table 2 Highest Intensity Peak Data

	Sample #
	Position (2θ)
	FWHM (2θ)
	d-spacing

	1
	28.2337
	4.3296
	3.16087

	2
	26.5536
	0.9840
	3.35692

	3
	26.5602
	0.9840
	3.35611

	4
	28.2877
	0.1968
	3.15496


Using this data and (Eq. 2), the particle size of each sample was determined. A sample calculation is shown in Appendix B. The calculated values are displayed in Table 2.
Table 2 Particle Sizes

	Sample #
	Particle Size (nm)

	1
	1.8944

	2
	8.3055

	3
	8.3056

	4
	41.681


5. Discussion

Phase Analysis
As was mentioned, the XRD pattern for sample 2 had very broad peaks and a noisy baseline compared to bulk CdS measurements [5]. This is expected, as the presence of nanoparticles causes a major line broadening, and a loss of intensity in the signal, which of course would lead to more noise. This pattern is quite consistent with other nanoparticle XRD patterns, such as other literature on CdS quantum dots [6].  Sample 4, on the other hand, has a pattern much similar to bulk CdS (such as [5]), which would indicate that the sample has a much larger particle size. This will be addressed in the next section. Additionally, this sample appears to have much higher-intensity peaks, indicating that there is more crystallinity present. This is in fact true, as sample 4 is a heat-treated version of sample 2. The heat treatment process causes particles to anneal and form larger grains, which increases the crystallinity. [1]
As was mentioned, sample 2 was primarily cubic, with some hexagonal phase present. This is feasible, as many CdS samples have a cubic structure, and it is common for there to be some of the other phase present as well. [6] This result indicates that the inverted micelle synthesis of CdS produces primarily cubic-phase CdS. Sample 4 was the opposite; primarily hexagonal with some cubic phase present. Again, this is feasible as it is also common to have mainly hexagonal-phase. However, what is interesting about this sample is that, as mentioned before, it is essentially a heat-treated sample of sample 2, which was primarily cubic. This indicates, first and foremost, that heat treatment causes CdS quantum dots to undergo a change from cubic to hexagonal phase. This is a well-documented result, as it has been reported in the literature that high-temperature treatment causes a transformation of CdS from cubic to hexagonal phase, and the higher the temperature, the more phase transformation from cubic to hexagonal occurs (such as [8] at 260°C and below, [9] at 400-500°C, and [10], 460°C in He).
Another major observation was that two peaks were present in the pattern for sample 4 that were attributed to CdO. This is somewhat expected, since high temperatures often lead to oxidation. This sample was clearly oxidized to some extent. Even though the heat treatment occurred in an argon ambient, it is impossible to fully protect it from oxygen, and some likely was able to react with it during or directly after the high-temperature treatment, leading to some CdO crystal phases in the sample.
Particle Size Analysis

Sample 1 had the smallest particle size, while sample 2 and 3 were much larger than the first, and both about the same size. Sample 4 was much larger than all of the samples.  First off, although there was a large range of values observed, this is feasible because CdS can exist in a variety of particle size. An example of small particles would be [7], and large particles would be [5] or the heat treated particles in [8], [9], and [10]. To begin with, the small particle size for sample 1 is expected, because the synthesis is occurring inside the hydrophilic portion of the micelle, and the size of the micelle should theoretically limit the size that the CdS particle can grow to. Sample 3, on the other hand, involves the reaction occurring under less constrained conditions, and since larger particles are more stable, it seems reasonable that the particles would grow to a larger size. Sample 2, provided by Sigma Aldrich, was likely synthesized using a similar procedure as sample 3 (aqueous solution synthesis), based on the fact that the crystal sizes were almost identical, an aqueous solution synthesis seems like the most feasible process to carry out commercially. Sample 4 was a heat-treated version of sample 2. Heat treatment causes the particles to anneal and form larger grains, which of course indicates that the particles become larger. Hence, the large particle size of sample 4 is expected. This also agrees with the higher crystallinity observed in the previous section, as having larger grains mean more long-range order, and hence more crystallinity.
The particle sizes also agree with the initial qualitative observations of the appearances of the four samples. As particles of CdS become smaller, the bandgap of the particles increases (see question 1 in Appendix C for an explanation). This means that smaller particles should appear as higher energy colours when fluorescing. Sample 1 was the smallest, and appeared yellow, while samples 3 and 4 were larger and appeared orange. Since yellow is a higher energy colour than orange, this observation corresponds with theory. However, a lot of other variables could have caused this colour change. For example, the crystal phase of sample 1 was not determined in this investigation. However, it could have been hexagonal, which would suggest that hexagonal crystals appear yellow, while cubic crystals appear to be more orange. This alternate theory would explain the yellow colour of sample 4, which is not explained by bandgaps, as it would theoretically have been an even lower energy colour than the other three samples.
Error Analysis

For the phase determination, the pattern was acquired by the diffractometer, and so any errors in measurement would have arisen from the detector. However, the overall result of this test (the crystal phase) was purely qualitative, and so error was not a major factor. Errors could have occurred in the exact measured 2θ values, but there were many peaks in total and the errors would likely have average out. Also, the measured values were very consistent with database values (Appendix E).
There was a much greater source of error present in the particle size measurements, as the calculation relied on the 2θ value, the FWHM value, and the X-Ray wavelength. Hence, the detector and X-Ray source were both sources of error. Due to noise, the greatest source of error was likely in the FWHM value, as the kα is characteristic of the source material and usually does not change, and the 2θ values were fairly consistent with the database values. Taking multiple measures would maybe have increased the accuracy by averaging out noise, especially for the small-particle samples, whose XRD patterns are very susceptible to noise. An alternate possibility would be to use TEM or HRTEM, and to visually measure the size of the particles. This overcomes the limitation of the Scherrer equation in assuming that particles are spherical, and also prevents the effect of impurities on the measured particle size value (as reported in [7]). Nevertheless, the values were consistent with theory, and made sense in relation to each other as well. 
The general setup of an X-Ray Diffractometer is fairly standard, so one would expect similar precision in this experiment to those in the literature.
6. Conclusion
The main objective of this experiment was to determine the crystal phase and particle size of CdS samples. This was essentially achieved, as all four samples of CdS were measured for particle size, and two were tested for crystal phase. The former was made possible using the Scherrer equation and measurement of the highest intensity peak and width at half max. The latter was done by comparing the patterns to database patterns.
The principle results of this experiment are, first off, that inverted micelle synthesis of CdS leads to cubic-phase CdS, and heat treatment of such causes a phase transformation from cubic to hexagonal, while also allowing for some oxidation of the CdS to ocurr. The other major results were that inverted micelle synthesis produces lower particle-size CdS, while aqueous solution synthesis leads to largeer particles. Finally, it was concluded that heat treatment increases the particle size and the crystallinity.

Overall, all of the results of this investigation are consistent with that reported in previous experiments throughout the literature. As such, the results of this investigation serve as a confirmation of these published results, and also provide proof that such trends can be reproduced using the materials and equipment available in the NE 320L laboratory.
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Appendices

Appendix A – Original Observations

The following data were recorded for the four pre-prepared samples:
	Sample #
	Position (2θ)
	FWHM (2θ)
	d-spacing

	1
	28.2337
	4.3296
	3.16087

	2
	26.5536
	0.9840
	3.35692

	3
	26.5602
	0.9840
	3.35611

	4
	28.2877
	0.1968
	3.15496


Table 1 Particle Size Data
The following observations were made while determining the phase of Samples 2 and 4:

Sample 2: This sample was heat treated. It was a mixture of cubic and hexagonal structures, but was mostly comprised of cubic. 

Sample 4: This sample was also a mixture of cubic and hexagonal structures, but was predominantly hexagonal structures with trace amounts of cubic structures. We found peaks that should not exist in CdS samples. This was probably due to impurities. The sample may have been oxidized during testing to form cadmium oxide or cadmium sulfate.
Appendix B – Sample Calculations

Calculation of particle size for sample 1: 

Scherrer formula:
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K = 0.9

λ = K1 + K2 = (1.54060 Å + 1.54443 Å) / 2 = 1.54252 Å = 0.154252 nm
FWHM = 4.3296° = 0.075566 radians

2θ = 28.23367° = 0.4927705 radians

Substituting these values into the Scherrer formula, we get:
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Therefore, Sample 1 has an average particle size of 1.8944 nm.
Appendix C – Questions

Question 1

What would you expect to happen to band-gap energies as particle size increases? Does this correlate with the colours of the powders for samples 1, 2, and 3, and if so, why?

As the particle size decreases, the number of atoms making up the particle decreases. Hence there are fewer energy levels that can be occupied, thus making the band gap larger. [8] If we were to consider the energy levels of the conduction and valence bands of a CdS quantum dot to be two arbitrary yet consecutive energy levels, the band gap will be larger for smaller particles. We can thus conclude that larger dots will have a smaller band gap. Hence, we expect the band-gap energy to decrease as the particle size increases.
This conclusion holds well with the colours of the samples examined. Sample 1 with the smallest diameter (largest band-gap) was yellow, while samples 2 and 3 with larger diameter (smaller band-gap) were bright orange in colour. A larger band-gap must correspond to a smaller-wavelength colour since the colour of the sample originates from electrons releasing energy in the form of photons while relaxing from the conduction band to the valence band. Since orange has a larger wavelength (lower energy) than yellow, sample 1 must have a larger band-gap than samples 2 and 3. This conclusion agrees with our expected result above.
Question 2

If you were to collect a diffraction pattern of ZnS (isostructural to CdS), would you expect the 2θ values to decrease or increase? Explain.
Since Zn has a smaller atomic radius than Cd, Zn atoms can pack more closely than Cd. Hence for the same crystalline structure (i.e. isostructural), the distance between the planes of atoms in the ZnS crystal will be smaller than that in the crystal of CdS. Bragg’s Law (Eq. 1) for maximum intensity peaks tells us that to keep the product nλ constant, one would have to increase the value of the diffraction angle θ to counter the decrease in the inter-planar distance d.  We thus conclude that the values of 2θ corresponding to the maximum intensity peak for ZnS should be larger than that obtained for CdS.
Question 3

Why is it so important to perform heat treatment of CdS in an inert atmosphere, such as argon, and not in air?
As mentioned in Appendix A – Original Observations, we observed that the x-ray diffraction pattern report for sample 4 contained peaks that did not correspond to CdS. Sample 4 was the sample subjected to heat treatment to study the effects of particle size on diffraction peak intensity. These “extraneous” peaks were attributed to oxides of Cd and CdS, namely cadmium oxide and cadmium sulfate. We can conclude that cadmium reacts with oxygen to form its oxide at high temperatures.
In addition to oxygen, the Cd may also react with other atoms present in the heat chamber. This is clearly undesirable since such unwanted chemical reactions may negatively affect the sample by altering its crystal structure. Hence, limiting the formation of oxides is of prime importance, and as a consequence, the heat treatment of CdS is performed in an inert atmosphere, such as argon, and not in air which contains oxygen and other potential contaminants.
Appendix D – XRD Spectra
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Figure 3 XRD spectrum for sample 2 using 1.543 Å x-rays
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Figure 4 XRD spectrum for sample 4 using 1.543 Å x-rays
Appendix E – Cubic and Hexagonal Structure Data
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Figure 5 Crystallographic Parameters for CdS Cubic Crystal System
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Figure 6 Crystallographic Parameters for CdS Hexagonal Crystal System
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