
 
 
 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPROVED: 
 
Teresa D. Golden, Major Professor 
Diana Mason, Committee Member 
William E. Acree, Chair of the 

Department of Chemistry 
James D. Meernik, Acting Dean of the 

Toulouse Graduate School 

INCORPORATING ELECTROCHEMISTRY AND X-RAY DIFFRACTION 

EXPERIMENTS INTO AN UNDERGRADUATE INSTRUMENTAL  

ANALYSIS COURSE 

Cathy Molina 

Thesis Prepared for the Degree of 

MASTER OF SCIENCE 

 
 

UNIVERSITY OF NORTH TEXAS 
 

May 2012 



Molina, Cathy. Incorporating electrochemistry and x-ray diffraction experiments 

into an undergraduate instrumental analysis course. Master of Science (Chemistry - 

Analytical Chemistry), May 2012, 78 pp., 6 tables, 39 illustrations, references, 50 titles. 

Experiments were designed for an undergraduate instrumental analysis 

laboratory course, two in X-ray diffraction and two in electrochemistry. Those 

techniques were chosen due their underrepresentation in the Journal of Chemical 

Education. Paint samples (experiment 1) and pennies (experiment 2) were 

characterized using x-ray diffraction to teach students how to identify different metals 

and compounds in a sample. In the third experiment, copper from a penny was used to 

perform stripping analyses at different deposition times. As the deposition time 

increases, the current of the stripping peak also increases. The area under the stripping 

peak gives the number of coulombs passed, which allows students to calculate the 

mass of copper deposited on the electrode surface. The fourth experiment was on the 

effects of variable scan rates on a chemical system. This type of experiment gives 

valuable mechanistic information about the chemical system being studied.  
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction and Motivation for Work 

The field of chemistry is very dynamic; it is always changing, growing, and 

advancing. Analytical chemistry skills are highly sought after by many employers, 

therefore, chemists today should have the skills and knowledge base to match the wide 

and varied range of industries that now employ chemists. While general chemistry forms 

the foundation upon which these skills will be built, upper level analytical and 

instrumental laboratory classes are essential in giving students the hands-on 

experience they will definitely need in industrial laboratories. Unfortunately, there seems 

to be a lack of experiments specifically geared towards these advanced classes. The 

experiments for upper level chemistry students in the American Chemical Society’s 

Journal of Chemical Education (JCE) for the past year are mostly designed for organic, 

inorganic, and physical chemistry students. While these experiments incorporate many 

of the techniques and instrumentation covered in an instrumental analysis course, they 

focus on the synthesis of materials rather than on the analysis of the materials. In order 

to fill this gap, this thesis describes experiments specifically designed for use in an 

instrumental analysis laboratory. The experiments cover the topics of electrochemistry 

and x-ray diffraction (XRD).  

1.2 Literature Review 

1.2.1 Electrochemistry Literature Review 

Though electrochemistry is used in various areas of chemistry such as organic, 

physical, inorganic, and materials chemistry, it also has applications in biology and 
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biochemistry. There are several experiments in the JCE intended for use in inorganic 

chemistry labs that involve the use of electrochemistry [1-6]. These experiments employ 

cyclic voltammetry (CV) in the study of the coordination chemistry of organometallic 

compounds and transition-metal complexes, the mechanism of inorganic reactions such 

as that of inner-sphere and outer-sphere reactions, pi-bonding, and ligand-containing 

compounds. Electrochemistry can also be used in physical chemistry to study 

thermodynamics and kinetics [7]. Cyclic voltammetry is used in biology to study the 

reduction behavior of organic compounds in biological electron transport [8]. It is also a 

possible method for the manufacturing of electrochemical DNA hybridization detectors, 

which provide a faster way of screening DNA [9]. Electrochemical deposition methods 

have a wide range of applications such as electroplating [10], preparation of thin films, 

modified electrodes, and chemical and biological sensors [11-12].  

 Undergraduate students are typically introduced to electrochemistry in the 

second semester of general chemistry. Topics such as galvanic or voltaic cells, 

electrolytic cells, and the Nernst equation are usually covered along with balancing 

oxidation-reduction reactions. Several simple class demonstrations have been written 

about in the JCE. Simple voltaic and electrolytic cells can be demonstrated on an 

overhead projector or camera [13-14], or setup for a class to view and make 

observations [15-16]. Another class demonstration involving voltaic cells is the use of a 

lemon cell to power everyday household items [17]. This demonstration is especially 

interesting to students because of the use of common household items. Several 

experiments frequently performed in lower level undergraduate courses involve the use 

of a U.S. penny, and many of these experiments are covered in the JCE. United States 
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pennies are of particular interest because of their varying composition over the years. 

For instance, pennies manufactured between the years 1962-1982 are composed of 

95% copper and 5% zinc [18]. In the year 1982 the composition was changed to 2.5% 

copper and 97.5% zinc [18]. Pennies from these two eras are used to introduce 

fundamental concepts such as scientific methodology, experimental design, and density 

[19-21]. Another penny experiment uses the theory of gas laws to measure the quantity 

of zinc present in a penny [22]. Other advanced penny labs analyze the metal content of 

the coin using spectrophotometry [23] and atomic absorption spectrometry [24]. One 

very interesting penny lab did involve teaching electrochemistry but on a very 

introductory level, which is very well suited for a general chemistry course rather than 

an advanced chemistry course [25]. The experiment describes how to plate copper from 

a penny onto a nail without the use of electricity.  

In an upper level chemistry course such as instrumental analysis or analytical 

chemistry, electrochemistry can be further explored by introducing experiments that 

allow students to examine practical techniques with real world applications.  

1.2.2 X-ray Diffraction Literature Review 

Powder X-ray diffraction is a powerful analytical technique. It can be used to 

determine the composition of an unknown sample or to verify and characterize the 

structure of a specimen. A study published in the JCE written by Sojka and Che, 

analyzed the impact of experimental techniques in chemistry based on how often the 

technique was mentioned in seven different ACS journal articles for the year 2000 [26]. 

XRD was the third most mentioned technique for the sum of the seven journals, with 

over 1,000 mentions, but is underrepresented in the JCE, with under 100 mentions. This 
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could be due to the expense of the instrument but given the importance of the technique 

students should at least be aware of it and understand the basics of XRD. Several 

articles in the JCE that mention XRD are focused on the synthesis of a compound and 

only mention XRD in passing as a way for students to verify the structure of their 

compound without explaining how to do so [27-33].  

Many experiments geared towards inorganic, materials science, and solid-state 

chemistry classes involve extensive use of XRD for characterization of compounds. One 

such article involves the preparation and characterization of sodium tungsten bronze 

[34]. Students synthesize compounds with the formula NaxWO3 and use data from their 

x-ray diffraction patterns to determine the stoichiometry of the chemical formula, or ‘x’. 

The compounds produced range in color and luster based on the amount of sodium in 

the compound. Another inorganic experiment uses XRD to identify the mineral phases 

and propose reaction schemes for the heterogeneous reaction for the reduction of the 

mineral, ilmenite, with charcoal [35]. The students are provided with d spacing, or 

interatomic distances, and peak intensities for phases at different stages of the reaction 

process. Using a correlation sheet for the conversion of d spacing to degrees 2the 

students are able to confirm the presence or absence of compounds in each stage of 

the reaction. A similar experiment uses XRD for the phase identification of manganese 

dioxide [36]. 

X-ray diffraction can also be used to calculate particle size and strain in a 

compound as demonstrated in the experiment by Bolstad and Diaz [37]. Synthesis of 

nanocrystalline Y2O3:Eu3+ is followed by analysis via XRD. Students analyze line 

broadening in their XRD patterns due to particle size and prepare Williamson-Hall plots. 
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Several XRD experiments teach students how to determine unit cells and lattice 

parameters through the use of Bragg’s Law. An example is a physical chemistry 

experiment that has students determine the unit cell and lattice parameters of clathrate 

crystals [38]. Students use the d values and Bragg’s law to determine the dimensions of 

unit cell for a tetragonal system. 

Another good example of the use of Bragg’s law is the synthesis and 

characterization of layered manganese oxides [39]. Manganese-burserite shows first, 

second, and third order peaks. Students also learn about preferential orientation based 

on the intensities of the peaks in their patterns. This experiment also illustrates how 

interlayer spacing is affected by ion exchange.  

Powders of pure metals and their alloys are often used in an instrumentation 

course for teaching the determination of unit cells and lattice parameters. They can be 

easily purchased or made from pieces of pure metal and do not require extensive lab 

time to synthesize. An experiment using pieces of Ni and Cu along with some of their 

alloys is described by Butera and Waldeck [40]. Students examine the x-ray patterns of 

the pure metals along with those of the alloys. They are introduced to the seven 

different crystal-packing structures and are then required to determine the lattice 

parameters of each sample. Differences between the spectra of the pure samples and 

the alloys are easily observed.  

The following work describes experiments in electrochemistry and XRD, which 

utilize inexpensive samples that are easy for students to prepare and provide avenues 

for teaching several important concepts in those specific areas.  
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CHAPTER 2  

THEORY 

2.1 Electrochemistry 

2.1.1 Theory and Equations 

Many of the modern comforts and technologies enjoyed today are available 

because of the use and advances of electrochemistry. Electrochemistry is defined by 

McMurray and Fay as “the area of chemistry concerned with the inter-conversion of 

chemical and electrical energy” [41]. Electrochemistry involves the transference of 

electrical charges through solutions and across interfaces. It provides a simple method 

for conducting oxidation-reduction reactions, which are reactions involving the transfer 

of electrons between chemical species. The species that loses electrons is oxidized and 

the species that gains electrons is reduced. Two different types of electrochemical cells 

are used for electron generation. A galvanic cell, also called a voltaic cell, uses a 

spontaneous chemical reaction to generate electric current. An electrolytic cell uses an 

external electric current to drive a non-spontaneous reaction. Both types of cells are 

composed of electrodes, which are electronic conductors, and electrolytes, which are 

ionic conductors. The electrodes at which oxidation and reduction occur are known as 

the anode and cathode, respectively. The electrodes are immersed in the bulk solution 

called the electrolyte. Electrons flow from the anode to the cathode through conducting 

metal wires called leads, while ions flow through the electrolyte solution. The energy 

between the electrodes is measured in volts (V) and is called the cell potential, which is 

dependent on the chemical species making up the electrochemical cell. The standard 

cell potential, Ecell, can be calculated using the following equation: 

Equation 2.1: Ecell = Eoxidation + Ereduction 
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Most of the electrochemistry experiments students will encounter in an upper 

level chemistry lab utilize a simple three-electrode configuration as seen is Figure 1.  

 

Figure 2.1. Diagram of a three-electrode configuration for an electrochemical cell. 

 

The overall chemical reaction can be broken up into two half-reactions, each describing 

the chemical changes occurring at each electrode. Typically, only one of the half 

reactions is of particular interest and the electrode at which this reaction happens is 

called the working electrode. Working electrodes vary in size, shape, and composition; 

and because of this, each type of electrode has a specific range of potentials in which it 

can be used. This range is limited by the oxidation of water on the positive end, evolving 

oxygen gas, and the reduction of water on the negative end, evolving hydrogen gas. 

Working electrodes are commonly made of carbon, mercury, and metals such as gold, 

platinum, nickel, and stainless steel. The other electrode is designated as the counter 
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electrode, which can be any readily available material whose electrochemical properties 

will not interfere with those of the working electrode such as platinum or chromel. The 

potential of the working electrode is measured relative to the reference electrode, which 

maintains a constant interfacial potential difference regardless of the current. An ideal 

reference electrode should obey Nernst’s Law, maintain a stable potential over time, 

and be insensitive to temperature changes. There are several different reference 

electrodes available. The standard hydrogen electrode (SHE) was historically the 

electrode used to measure standard reduction potentials for half-reactions. However, 

the most common reference electrodes used for experiments today are calomel 

electrodes (SCE) and silver/silver chloride electrodes. Electrolyte solutions are typically 

aqueous solutions of ionic compounds, which commonly contain fully ionized salts [42].  

2.1.2 Electrochemical Methods 

 Electrochemical experiments can be conducted by either controlling the potential 

or keeping the current constant. Cyclic voltammetry is a type of potential sweep method 

in which the applied potential (E) is varied with time in a cycle of forward and reverse 

sweeps resulting in a triangular waveform of the excitation signal shown in Figure 2.2 

below.  
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Figure 2.2. Excitation signal for one CV cycle.  

A cyclic voltammogram is obtained when the current is plotted as a function of potential. 

CV is a very valuable tool in a chemist’s arsenal of analytical methods because it has 

the capability of rapidly showing the redox behavior of a system. The kinetics of a 

system can be described as a result of observing the flow of current over several cycles. 

The shape of the cyclic voltammogram indicates the reversibility of a reaction. The 

cyclic voltammogram for a reversible reaction is shown in Figure 2.3.  

 

Figure 2.3. Cyclic voltammogram for a reversible reaction [43]. 
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The formal reduction potential (E°ʹ) for a reversible reaction is calculated using equation 

2.2, where Epa is the anodic peak potential and Epc is the cathodic peak potential.  

Equation 2.2: E°ʹ = (Epa + Epc )/2 

The difference in the peak potentials for the oxidation and reduction are given by Ep 

(Equation 2.3). 

Equation 2.3: Ep = Epa - Epc  

The peak potentials obtained from the cyclic voltammogram can be used to 

determine the potential at which an electrochemical deposition is likely to take place. 

Electrochemical depositions are a type of electrolysis in which a solid is deposited on a 

conducting working electrode. If the reaction at the working electrode is a single 

reaction of known stoichiometry, the total number of coulombs consumed in the reaction 

can be used to determine the amount of species electrolyzed [43]. The Randles-Sevcik 

equation (equation 2.4) allows for the calculation of the peak current, ip, for a reversible 

system, 

Equation 2.4: ip = (2.687  105)n3/2v ½ D ½ AC, 

where the units on the constant, 2.687  105, are coulombs times inverse moles times 

inverse volts or C mol-1/2 V-1/2, n is the number of electrons, v is the scan rate in V/s, A is 

the electrode area in cm2, D is the analyte diffusion coefficient in cm2/s, and C is the 

analyte concentration in mol/L.  

An electrochemical technique that is useful for analyzing dilute solutions is 

stripping analysis. It can be used to determine the metal ions in solution by cathodic 

deposition or by pre-concentrating, followed by anodic stripping with a linear potential 

scan. The electrodeposition step is carried out in a stirred solution at a potential, Ed, 
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which is several tenths millivolts more negative than the formal reduction potential, E°ʹ 

[43]. The metal is deposited into a small volume of a mercury drop or onto the surface of 

an electrode. After the deposition step stirring is stopped, then the metal is redissolved 

or stripped from the electrode into the solution by scanning in the anodic direction. The 

measured voltammetric response or peak current can be used to determine the 

concentration of the metal in solution using the Randles-Sevcik equation.  

2.2 X-ray Diffraction 

2.2.1 Theory and Equations 

 X-rays were first discovered by German physicist, Wilhem Conrad   ntgen, in 

1895 [44-45]. X-rays are a form of electromagnetic radiation produced by interactions 

between an external beam of electrons and the electrons of the target atom. As high-

speed electrons hit the target atom and displace the electrons near its nucleus, 

electrons from outer shells move into the vacancies, thereby emitting X-rays. The 

change in energy (E) is proportional to its frequency () and Planck’s constant (h). 

Equation 2.5: E = h

Since frequency is related to wavelength () through the speed of light (c), the 

wavelength of the x-rays can be calculated using equation 2.6. 

Equation 2.6: c/

By combining the two equations, the energy of the x-ray can be related to its 

wavelength. 

Equation 2.7: hc)/E 

The wavelength of x-rays ranges from about 10 nm to 1 pm making them useful for the 

study of interatomic spacings in crystals which are typically about 0.2 nm or 2 Å. The 
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energy of the x-ray photon is characteristic of the target-emitting atom. Each atom has 

more than one characteristic line, each corresponding to electron transitions between 

different energy levels of the atom.  

 

Figure 2.4: Electron transitions in an atom, which produce characteristic lines. 

The characteristic lines are further complicated by the presence of subshells in the 

atom. Monochromatic beams are used to resolve this issue by allowing only one of the 

transitions to diffract, such as K or K radiation.  

 In 1912 Max von Laue proposed a theory stating the conditions for diffraction 

[45]. He proposed that if the wavelength of x-rays were similar to the spacing of atomic 

planes in crystals, then the crystal planes could diffract the x-rays, leading to important 

information about the arrangement of atoms in that crystal. Soon after von Laue’s 

theory, Sir William Bragg and his son began work on the analysis of crystal structure 

using x-rays [45]. Bragg was able to derive an equation relating the diffraction angle 

with the diffracted wavelength and the interplanar spacing, which is known today as the 

Bragg equation or Bragg’s Law (Equation 2.8): 

Equation 2.8: n = 2dsin
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where n is an integer, is the wavelength of the radiation, d is the distance between the 

planes of the atoms (interatomic spacing), and  is the diffraction angle. The diffraction 

angle, is the angle between the x-ray source and the target as seen in Figure 2.5.  

 

Figure 2.5. Diffraction of x-rays by a crystal. 

The discovery of these theories led to many application methods of x-ray diffraction 

including determination of crystal structures, precise lattice parameter measurements, 

crystal size, lattice strain, and percent composition of unknown samples.  

2.2.2 Crystal Structures 

 The crystal structure is represented by repeating units called unit cells. Each unit 

cell is a three dimensional arrangement of atoms, ions, or molecules. The size and 

shape of the unit cell is defined by six parameters, three sides (a, b, c) and three angles 

(), called lattice parameters.  
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Figure 2.6. Unit cell parameters. 

There are seven different unit cell shapes or crystal systems and fourteen possible point 

lattices called Bravais lattices.  

                          Table 2.1. Crystal Systems and Bravais Lattices 

Crystal System Bravais Lattices 

Cubic 
Simple 
Body-centered 
Face-centered 

Tetragonal 
Simple 
Body-centered 

Orthorhombic 

Simple 
Base-centered 
Body-centered 
Face-centered 

Monoclinic 
Simple 
Base-centered 

Triclinic Simple 

Trigonal Simple 

Hexagonal Simple 

 

Knowing the crystal system and Bravais lattice of a crystal does not provide enough 

information to uniquely identify that crystal. Miller indices, indicated by the letters hkl, 

are used to uniquely describe crystal planes within a lattice. While an infinite number of 

planes can be drawn through a structure, only those planes including all the atoms in 
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the structure are of crystallographic importance due to their ability to diffract x-ray 

beams. Miller indices are integer values which describe the spaces between a family of 

planes in a given unit cell with respect to the edges a, b, and c of that unit cell.  

  Applications of electrochemical theory have allowed chemists to study chemical 

mechanisms, synthesize films, develop electrochemical sensors, detect trace elements, 

and countless other things. Electrochemistry reaches beyond the scope of chemistry 

and has led to the development of numerous everyday technologies such as batteries.  

The advancement of x-ray diffraction theory has led to the characterization of important 

biological molecules such as DNA and penicillin. Students will benefit from being 

exposed to these techniques in upper level chemistry labs.  
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CHAPTER 3 

EXPERIMENTS 

3.1 Electrochemistry 

In these experiments, U.S. pennies were used as an inexpensive source of 

copper and zinc to do electrochemistry experiments with. This is an extension of the 

popular Analysis of a Penny experiment that is done in many introductory chemistry 

courses in which students dissolve the zinc from a penny and weigh the leftover copper 

to calculate the percent composition of the penny [46]. Several variations of penny 

experiments ranging from dry labs to wet labs have appeared in the JCE [19-21, 25, 

47]. Pennies were also used in experiments for students to do spectrophotometric 

analysis and atomic absorption analysis [23-24].  

3.1.1 Instrumentation 

Electrochemical instrumentation generally consists of a potentiostat and a 

computer. The potentiostat measures and controls the voltage difference between the 

working and reference electrodes while measuring the current flow between the working 

and counter electrodes. The three main components of a potentiostat are the control 

amplifier, electrometer, and the current to voltage converter (Figure 3.1). The control 

amplifier supplies the power used to maintain the potential between the working and 

reference electrodes. The electrometer measures the potential difference between the 

working and reference electrodes. The current to voltage converter measures the 

current between the working and counter electrodes.  
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Figure 3.1. Simplified schematic for an EG&G Princeton Applied Research 
Model 273A.  

 
3.1.2. Experimental Set-up 

 A three-electrode setup, as discussed in Chapter 2, was used for all of the 

following electrochemistry experiments. The working electrode was a polished stainless 

steel strip, the counter electrode was a carbon rod, and the reference electrode was a 

saturated calomel electrode. All experiments were carried out at room temperature 

using an EG&G Princeton Applied Research model 273A potentiostat/galvanostat. 

The solutions were prepared by first cutting the penny so that the zinc is exposed 

then putting the penny in 20 mLs of 6 M hydrochloric acid for 24 hrs. The solution was 

left under a fume hood due to the release of hydrogen gas. The colorless zinc solution 

was filtered and the left-over solid copper was placed in 20 mLs of 50% nitric acid under 

a fume hood due to the release of nitrogen dioxide gas. This reaction was complete in 

less than 10 min. The resulting solution is blue due to the presence of copper ions. The 
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intensity of the blue will depend on the year in which the penny was minted due to 

different concentrations of copper in the pennies, as seen in Figure 3.2. Pennies minted 

before 1982 are composed of a 5% zinc and 95% copper alloy while pennies minted 

after 1982 will be composed of zinc coated with copper at a 97.5% to 2.5% composition, 

respectively. For the purpose of these experiments, post-1982 pennies must be used in 

order to easily separate the zinc from the copper.  

 

Figure 3.2. Copper solutions from pennies. 

3.1.2.1. Electrochemical Stripping Experiments 

3.1.2.1.1. Cyclic Voltammetry to Deposit and Strip Copper Metal 

For this experiment, a 2003 penny was used. The copper solution was diluted to 

100 mL of solution with distilled water. The resulting solution has a very low pH, less 

than 1. A wide potential range CV, beginning at OCP and going from -1.0 V to +1.0 V at 

a scan rate of 50 mV/s, for the solution was obtained to determine the peak potential for 

the deposition of copper. The deposition peak was determined to be at a voltage of -250 

mV.  
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The stripping analysis was conducted by beginning at the open circuit potential, OCP, 

then scanning cathodically to -250 mV and holding the potential there for 15 s, then 

scanning anodically to +900 mV at a scan rate of 50 mV/s. The cycle was repeated two 

more times, once holding the potential at -250 mV for 30 s, then again for 60 s. The 

longer the metal is allowed to deposit, the larger the stripping peak will be. The 

voltammograms for the three cycles are shown in Figure 3.3.  

3.1.2.1.1.1 Results and Conclusion 

The three voltammograms for the copper stripping analysis were overlayed so the 

difference in peak height could be easily seen (Figure 3.3). 
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Figure 3.3. Voltammograms for copper after depositing at -250 mV for 15 s, 30 s, and  
 60 s. 
 

The longer deposition times correspond directly to larger currents for the corresponding 

stripping peaks.  
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 The amount of electricity or charge is given in coulombs, C. A coulomb is the 

amount of charge transported in one second by a constant current. For variable current, 

such as in this experiment, the number of coulombs Q is given by the following 

equation, 

Equation 3.1: Q = ∫ Idt, 

where I is the current in amps (A) and t is the time in seconds (s). To obtain Q, the 

current was plotted versus time for the stripping peaks in Figure 3.3 and the area under 

each peak was calculated using SciPlot software (Figures 3.4-3.6).  
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Figure 3.4. Plot of stripping current vs time for a deposition of 15 s. 

To calculate the mass of copper deposited onto the electrode, the coulombs are 

converted to mass in grams. For the deposition of 15 s the coulombs calculated from 

area under the peak was 6.5  10-5 C and mass of copper was 2.14  10-8 g (Equation 

3.2). 
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Equation 3.2: (6.50  10-5 C)(1 mol e-/96,485 C)(1 mol/2 mol e-)(63.5 g/mol)  

                                = 2.14  10-8 g 
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Figure 3.5. Plot of stripping peak current vs time for a deposition of 30 s. 

For the deposition of 30 s the coulombs calculated from area under the peak was 7.54  

10-4 C and mass of copper was 2.48  10-7 g (Equation 3.3). 

Equation 3.3: (7.54  10-4 C)(1 mol e-/96,485 C)(1 mol/2 mol e-)(63.5 g/mol) 

                      = 2.48  10-7 g 
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Figure 3.6. Plot of stripping peak current vs time for a deposition of 60 s. 

For the deposition of 60 s the coulombs calculated from area under the peak was 2.78  

10-3 C and mass of copper was 9.16  10-7 g (Equation 3.4). 

Equation 3.4: (2.78  10-3 C)(1 mol e-/96,485 C)(1 mol/2 mol e-)(63.5 g/mol)  

                      = 9.16  10-7 g 

The mass of a post-1982 penny is 2.5 g, which makes the theoretical mass of copper 

0.06 g since the penny is 2.5% copper. This was verified by drying and weighing the 

copper after it was separated from the zinc. Since the mass of copper in the penny is so 

small, the calculated masses of copper on the electrode makes sense for the amount of 

time they were deposited.  
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3.1.2.1.2 Anodic Stripping Voltammetry 

 The copper penny solution from a 1988 penny was diluted to 100 mLs with 

distilled water. A broad range CV was obtained to determine at which potentials the 

deposition and stripping peaks were occurring (Figure 3.7). 

-0.6 -0.4 -0.2 0.0 0.2 0.4
-0.02

-0.01

0.00

0.01

0.02

C
u
rr

e
n

t 
(A

)

Potential (V)

Deposition Peak

Stripping Peak

 

Figure 3.7. CV for copper solution, -0.5 V to +0.3 V, scan rate = 100 mV/s.  

The CV began at OCP, -0.1 V, then scanned from -0.5 V to +0.3 V then back to OCP at 

a scan rate of 100 mV/s. The deposition peak was at -440 mV and the stripping peak 

was at +0.05 V. The potential was held for 15 s at -440 mV for the deposition or 

reduction of copper metal, then the potential was applied in the anodic direction to a 

potential of +0.3 V for stripping or oxidation of copper. The solution was stirring during 

the deposition, then stirring stopped and the solution was allowed to equilibrate for 30 s 

before the voltage was applied again. The depositions were held for 15 s, then 30 s, 

followed by 60 s. The stainless steel strip was allowed to sit in the solution until the 

copper was dissolved; the strip was then cleaned off with 0.05 micron alumina between 

each deposition.  
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3.1.2.1.2.1 Results and Conclusions 

 The three stripping peaks for the different deposition times are show in Figure 3.8 

-0.4 -0.2 0.0 0.2 0.4
-0.20

-0.15

-0.10

-0.05

0.00

0.05
 60s

 30s

 15s

C
u
rr

e
n

t 
(A

)

Potential (V)
 

Figure 3.8. Stripping peaks for copper after 15 s, 30 s, and 60 s. 

The longer deposition times correspond directly to stripping peaks with larger currents.  

The deposition time is a very important parameter in stripping voltammetry; it affects the 

detection sensitivity and the analysis time. Figure 3.9 shows that the deposition time is 

linearly related to the deposition peak current for the time range of 60 s to 210 s. After 

210 s the current begins to plateau indicating that the electrode surface is saturated by 

copper ions. This plot is also useful in choosing a deposition time for further 

experiments. 
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Figure 3.9. Plot of peak current versus different deposition times (s): 60, 120,  
 150, 180, 210, 240, 270 for copper solution in nitric acid.  

3.1.2.2 Scan Rate Experiments 

The peak current is dependent on the scan rate, so as the scan rate increases, 

the peak current should also increase. The copper solution obtained from a post-1982 

penny was diluted in 100 mLs of distilled water. Cyclic voltammograms from OCP (-0.1 

V) to -0.5 V to +0.3 V back to OCP were used beginning from a scan rate of 100 mV/s 

then going down to 75 mV/s, 50 mV/s, 25 mV/s, 15 mV/s, and 10 mV/s. The experiment 

was repeated beginning at a scan rate of 10 mV/s then going up to 100 mV/s in the 

same increments as in the first experiment. The CVs were obtained with no stirring of 

the solution but the solution was stirred in between each different scan rate. The 

stainless steel strip was cleaned off with 0.05 micron alumina between each scan. 

3.1.2.2.1 Results and Conclusions 

 The voltammagrams for the scan rate experiments beginning from a scan rate of 

100 mV/s and going down to a scan rate of 10 mV/s are shown in Figure 3.10. 



26 
 

-0.6 -0.4 -0.2 0.0 0.2 0.4

-0.01

0.00

0.01

0.02

 100mV/s

 75mV/s

 50mV/s

 25mV/s

 15mV/s

 10mV/s
C

u
rr

e
n

t 
(A

)

Potential (V)
 

Figure 3.10. Cyclic voltammograms for different scan rates from fastest to slowest. 

Figure 3.10 shows the deposition peak current and the stripping peak current increasing 

as the scan rate increases. The experiment was repeated starting with the slowest scan 

rate, 10 mV/s, and going to the fastest scan rate of 100 mV/s (Figure 3.11). 
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Figure 3.11. Cyclic voltammograms for different scan rates from slowest to fastest. 
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Figure 3.11 also shows that the deposition peak currents and the stripping peak 

currents are increasing as the scan rate increase. The currents were slightly larger 

when the scan rates were ordered from slowest to fastest.  

 In the Randles-Sevcik equation (equation 2.4), the peak current, ip, is directly 

proportional to the square root of the scan rate. Figure 3.12 shows how the deposition 

peak current is proportional to the square root of scan rate. The current at the 

deposition peak, 440 mV, was recorded for the scan rates: 15, 25, 50, 75, and 100 

mV/s.  
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Figure 3.12. Plot of the square root of the scan rate versus the deposition current with  
 scan rates = 15, 25, 50, 75, 100 mV/s. The adjusted R2 is 0.97.  

The Randles-Sevcik equation holds under diffusion conditions, since the solution is 

being stirred during the deposition process, the equation is valid for the deposition 

current. Since the solution is not stirred during the stripping process, the Randles-

Sevcik equation is not valid for the stripping current. Therefore, the current at the 

stripping peak is directly proportional to the scan rate. Figure 3.13 shows that the 
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current at the stripping peak, 0 V, is directly proportional to the scan rates: 25, 50, 75, 

100 mV/s. 
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Figure 3.13. Plot of the scan rate versus the deposition current with scan rates = 25,  
 50, 75, 100 mV/s. The adjusted R2 is 0.98. 

 The experiments were repeated using a graphite rod for the counter electrode 

and a graphite rod as the working electrode. Using a graphite rod as the working 

electrode eliminated the need to clean the electrode off with alumina between each 

scan and deposit. The working electrode was cleaned of electrochemically by holding 

the potential at 0.6 V for 60 s between each scan and deposit. A CV of the system 

showed two reduction peaks for copper and two oxidation peaks for copper. 

Reduction Reactions: Cu+2 →Cu+1 and Cu+1 → Cu 

Oxidation Reactions: Cu → Cu+1 and Cu+1 → Cu+2 
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 Figure 3.14. Cyclic voltammogram for copper solution using graphite rods as CE and  
 WE, potential = -0.6 V to 0.8 V, scan rate = 100 mV/s.  

While this system was valuable in showing both the reduction and oxidation peaks for 

copper, the capacitance was too large to be useful for further experimentation. The high 

capacitance was due to the nature of the electrodes used, the graphite rods.  

3.2 X-ray Diffraction 

X-ray diffraction is useful for determining different metals and compounds found 

in pigments. Pigments are materials, usually insoluble powders, used as coloring in 

paints, ink, plastics, ceramics, fabrics, and cosmetics. Components of ancient pigments 

used on artifacts excavated from Egypt, Greece, and Italy have been discovered using 

XRD [48]. It is an advantageous method for these types of samples because it can be 

non-destructive and does not require large samples. XRD was used to determine the 

palettes of artists throughout history which enables scientists and historians to 

determine whether pigments found in works of art are historically accurate or not. Mary 

Virginia Orna describes an instance where she used XRD to analyze the Glajor Gospel 
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book [49]. Five different artists contributed to the work, and through the use of XRD she 

was able to determine exactly which parts each artist contributed because each artist 

was known to use different types of pigments to represent the same color.  

3.2.1 Instrumentation 

An x-ray diffractometer is made up of three basic components, the x-ray source, 

the goniometer, and the x-ray detector (Figure 3.15). The source and detector lie on the 

circumference of a circle known as the diffractometer or goniometer circle. The sample 

is in the center of the circle and is tilted at the diffraction angle, ,from the x-ray source.  

 

Figure 3.15. Schematic for goniometer circle set-up. 

The detector is on an arm that can rotate around the sample at an angle that is twice 

that of the diffraction angle, also known as the 2angle.  

The x-ray source has a metal target anode inside an evacuated tube. As 

previously described, when a high voltage electron beam hits the metal target, x-rays 
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are generated. The operating voltages depend on the target metal. Copper is frequently 

used target but other metals such as molybdenum, iron, and chromium are also used.  

Beginning at the x-ray source, the x-rays pass through a series of slits called 

Soller slits, which make the incident beam parallel. The beam hits the sample and is 

diffracted by the sample at various angles from the incident beam. The 2values are 

determined by the dimensions of the unit cell but the intensities of the reflections are 

determined by the electron distribution in the unit cell. Since electron density is higher 

around an atom, intensities are dependent on the type of atom in the unit cell and the 

density of atoms in the crystal plane. Planes going through areas of high electron 

density will have strong intensities while planes going through areas of low electron 

density will have weak intensities.  

 After the beam is diffracted by the sample it goes through antiscatter slits to 

reduce the amount of background radiation that reaches the detector. From there the 

beam passes through the receiving slits, which determine the width of the beam 

admitted to the detector. Then the beam goes through another set of Soller slits before 

reaching the monochromater. The monochromater further reduces unwanted radiation 

and allows only the K radiation to pass through to the detector. The x-rays are 

converted into usable signals through the use of a scintillation detector. Once the x-rays 

get through to the detector they hit a sodium iodide crystal that is doped with thallium, 

causing the crystal to fluoresce in the violet region (wavelength = 420 nm) of the 

electromagnetic spectrum. For every x-ray photon absorbed by the crystal, a flash of 

light is emitted, which is proportional to the x-ray intensity and is measured by a 
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photomultiplier tube. The intensities are counted by the detector for each 2 angle. A 

computer and software are used to plot the intensity at each angle in an x-ray pattern.  

3.2.2 X-ray Diffraction of Paint Samples  

3.2.2.1 Experimental Set-up  

In this experiment, different types of paint samples are analyzed by XRD to 

determine the metals and compounds present in the pigment. Three different types of 

paints were chosen, acrylics, spray paints, and automotive paints. Acrylics and spray 

paints are easily available and relatively cheap. The XRD of acrylics or pigments can be 

used to determine the difference between an authentic painting and a fake painting or 

even help determine the approximate date a painting was made. The analysis of 

automotive paints is often useful in forensic investigations when a car was involved in a 

crime. The samples were prepared by painting glass squares that fit in the instrument 

sample holder. The samples were allowed to dry in air overnight. Four acrylic samples, 

two spray paint samples, and two automotive paint samples were used. The prepared 

samples are shown in Figure 3.16 below. 

 

Figure 3.16. Paint samples. 
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 The samples were analyzed using a Siemens D500 diffractometer using Cu K 

radiation. The tube source was operated at 35 kV and 24 mA. Initial long-range scans 

were run to determine the range of peaks for each pigment. The parameters for the 

initial scans were a range of 5-100° for 2, step size 0.1, and dwell time 0.5 s. The 

optimal parameters for each paint sample are shown in Table 3.1.  

Table 3.1. Paint Sample XRD Parameters 

Sample Color 
Type 

Scan Range 
(degrees) 

Step Size  
(degrees) 

Dwell time  
(s) 

Cadmium Red 
Acrylic 

20-90 0.05 1.0 

Scarlet Red 
Acrylic 

20-60 0.05 1.0 

Cobalt Blue  
Acrylic 

20-100 0.05 1.0 

Naples Yellow 
Acrylic 

20-75 0.05 1.0 

Black Matte 
Spray Paint 

5-35 0.05 1.0 

Metallic Gold 
Spray Paint 

25-80 0.05 1.0 

Black Matte 
Auto Paint 

5-35 0.05 1.0 

Metallic Silver 
Auto Paint 

35-50 0.05 1.0 

 

3.2.2.2 Results and Conclusions 

The XRD patterns for the paint samples were analyzed using JADE 9.0 software. 

The acrylic paints listed the compounds used in each pigment on the bottles, while the 

spray paints and auto paints did not. Table 3.2 below lists each paint sample’s known 

compounds as listed by the manufacturer along with the powder diffraction file, or PDF, 

that matches its XRD pattern. The PDFs were obtained from the International Center for 
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Diffraction Data (ICDD) database. Following the table are the XRD patterns for each 

sample. 

Table 3.2: Compounds Given for Each Paint Sample 

Sample Color 
Type 

Compounds Listed PDF Match 

Cadmium Red 
Acrylic 

cadmium selenium sulfide 00-050-0720 
cadmium selenium sulfide 

Scarlet Red 
Acrylic 

naphthol, nickel titanate, 
benzimidazolone 

? 

Cobalt Blue  
Acrylic 

oxides of cobalt and 
aluminum 

00-043-1003 Co3O4 
00-005-0712 Al2O3 

Naples Yellow 
Acrylic 

benzimidazolone yellow, 
yellow iron oxide, red iron 
oxide, titanium dioxide 

? 

Black Matte 
Spray Paint 

None listed 
carbon black 

Metallic Gold 
Spray Paint 

None listed ? 

Black Matte 
Auto Paint 

None listed 
carbon black 
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Figure 3.17. XRD pattern for cadmium red acrylic paint. 
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Figure 3.18. XRD pattern for scarlet red acrylic paint. 
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Figure 3.19. XRD pattern for cobalt blue acrylic paint. *Al2O3, 
●Co3O4. 
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Figure 3.20. XRD pattern for Naples Yellow acrylic paint. 
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Figure 3.21. XRD pattern for metallic gold spray paint. 
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Figure 3.22. XRD pattern for black matte spray paint. 
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Figure 3.23. XRD pattern for black auto paint. 
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3.2.3 X-ray Diffraction of Coins 

X-ray diffraction is not only used to analyze the composition of ancient pigments 

but also ancient metal artifacts such as weapons, jewelry, and coins. The composition 

of coins has changed throughout history. In more recent times, this is often due to the 

strains on the economy and resources brought on by war [50]. The U.S. penny has had 

several different compositions. Table 3.3 lists the composition of the U.S. penny by year 

according to the U.S. Mint Website (*indicates the years x-rayed for this thesis) [19]. 

Table 3.3. U.S. Penny Compositions 

Year Composition 

1793 - 1837 100% copper 

1837 - 1857 bronze = 95% copper, 5% tin and zinc 

1857 - 1864 88% copper, 12% nickel 

*1864 - 1962 bronze = 95% copper, 5% tin and zinc 

*1943 zinc coated steel 

*1962 - 1982 95% copper, 5% zinc 

*1982 - present 97.5 % zinc, 2.5% copper, Cu coated Zn  

 
3.2.3.1 Experimental Set-up 

Three pennies between the years 1962-1982, two pennies from the year 1982, 

three post-1982 pennies, one 1943 stainless steel penny, and one bronze penny from 

1920 were chosen for this experiment. Each coin was washed with distilled water and 

rinsed with methanol. The coins were mounted onto an aluminum holder with modeling 

clay. The samples were analyzed using a Siemens D500 diffractometer using Cu K 

radiation. The tube source was operated at 35 kV and 24 mA. The 1920 penny and the 

1943 penny were scanned from 30° to 100° for 2 with a step size of 0.05 and a dwell 
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time of 1.0 s. All other coins were scanned from 35° to 95° for 2 with a step size of 

0.05 and a dwell time of 1.0 s. 

3.2.3.2 Results and Conclusions 

 The shortage of copper in 1943, due to World War II, led to the change in 

composition of the US penny to steel. The peaks for steel, which is mostly composed of 

iron, are clearly seen in Figure 3.24 below. The penny used for this thesis was coated in 

zinc for the purpose of selling the coin as a collector’s item; the zinc is not part of the 

original composition.  
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Figure 3.24. XRD pattern for a zinc coated 1943 penny, Zn is PDF# 00-004-0831 and 
 Fe is PDF# 00-006-0696. 
  

The composition of the 1920 penny is 95% copper and 5% bronze, which contains tin 

and zinc. The peaks for all three metals are clearly visible in the XRD pattern in Figure 

3.25 below. 
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Figure 3.25. XRD pattern for a 1920 penny, Cu is PDF# 01-071-4611 and Sn is PDF# 
 00-004-0673. 
 

For the years 1962 until present, pennies contained only copper and zinc in varying 

percentages. Table 3.4 below shows the peak positions and normalized intensities for 

copper and zinc used in XRD. The crystal structures for copper and zinc are cubic and 

hexagonal, respectively.  

Table 3.4. Copper and Zinc Peak Position and Intensities From PDF # 01-071-4611 
and 00-004-0831, Respectively 

Metal 2-theta Normalized Intensity 

Copper - cubic 43.166 100 

 50.270 42.8 

 73.839 17.3 

 89.559 15.7 

Zinc - hexagonal 36.297 53.0 

 38.993 40.0 

 43.232 100 

 54.337 28.0 

 70.058 25.0 

 70.029 2.0 

 82.104 23.0 

 83.767 5.0 

 89.922 3.0 
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From 1962-1982, the U.S. penny was composed of 95% copper and 5% zinc. Three 

pennies from this time period were sampled and their XRD patterns are shown below in 

Figures 3.26-3.28.  
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Figure 3.26. XRD pattern for a 1969 penny.  
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Figure 3.27. XRD pattern for a 1975 penny. 
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Figure 3.28. XRD pattern for a 1980 penny. 

In the year 1982 the composition of the penny was changed to be composed of mostly 

zinc instead of copper. Penny 1982A in Figure 3.29 is mostly copper and the 1982B 

penny in Figure 3.30 is mostly zinc.  
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Figure 3.29. XRD pattern for a 1982 penny, 1982A. 
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Figure 3.30. XRD pattern for a 1982 penny, 1982B. 

The pennies made after 1982 are 97.5% zinc and 2.5% copper. The XRD patterns for 

the three pennies sampled from this time period are shown in Figures 3.31-3.33 below. 

35 40 45 50 55 60 65 70 75 80 85 90 95

0

2000

4000

6000

In
te

n
s
it
y

2-theta (degrees)

101 Zn, 111 Cu

200 Cu

 

Figure 3.31. XRD pattern for a 1993 penny. 
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Figure 3.32. XRD pattern for a 1995 penny. 
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Figure 3.33. XRD pattern for a 2006 penny. 

The small amount of copper used in post-1982 pennies is evident in the XRD patterns 

(Figures 3.31-3.33) by the change in intensities of the peaks. The (111) Zn peak is 

much larger than the (200) Cu peak, which is the different from the pre-1982 pennies. 

The intensities for each peak were averaged for the three pennies in each time period. 
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The peak with the largest average intensity, Io, was compared to the average intensities 

of the other peaks, I, by calculating the relative peak ratios, I/Io. Due to the fact that 

intensities often differ from instrument to instrument and from sample to sample, the I/Io 

values are often used as a way of standardizing peak intensities. Table 3.5 lists the I/Io 

values for each peak for the averages of the three pennies before 1982 and the three 

pennies after 1982.  

Table 3.5. Average I/Io Values for Each Peak  

Year 2-theta Intensity (I/Io) (hkl) 

Pre-1982 average 43.2 98 (111) Zn, (101) Cu 

 50.4 100 (200) Cu 

 74.1 24 (220) Cu 

 89.9 25 (311) Cu 

Post-1982 average 43.2 100 (111) Zn, (101) Cu 

 50.4 23 (200) Cu 

 

The post-1982 pennies have such small amounts of copper in them that the (220) and 

(311) copper peaks are hard to distinguish from noise due to their small intensities. 

 Coins are useful as samples in x-ray diffraction due to their availability and low 

cost. The sample preparation is quick and easy for students who are just beginning to 

learn how to use an x-ray diffraction instrument. They are a great tool used to show 

students the basics of x-ray diffraction and how to detect different metals in samples. 
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Introduction 

Powder X-ray diffraction (XRD) is a powerful analytical technique. It can be used 

to determine the composition of an unknown sample or to verify and characterize the 

structure of a specimen. A study published in JCE written by Sojka and Che, analyzed 

the impact of experimental techniques in chemistry based on how often the technique 

was mentioned in seven different ACS journal articles for the year 2000 [1]. XRD was 

the third most mentioned technique for the sum of the seven journals, with over 1000 

mentions, but is underrepresented in JCE, with less than 100 mentions. This could be 

due to the expense of the instrument but given the importance of the technique students 

should at least be aware of it and understand the basics of XRD. Several articles in JCE 

that mention XRD are focused on the synthesis of a compound and only mention XRD 

in passing as a way for students to verify the structure of their compound without 

explaining how to do so [2-8].  

Purpose 

What follows is an experiment designed for an upper-level undergraduate course 

in instrumental analysis that provides students an introduction to identifying metals in 

XRD patterns using the International Center for Diffraction Data (ICDD) database. When 

analyzing an x-ray pattern it is important not only to note the peak position but the peak 

intensity. Due to the fact that intensities vary from sample to sample and from 

instrument to instrument, the normalized peak intensities are reported on a powder 

diffraction file (PDF) for easy comparison. A change in peak intensities for a sample 

may be indicative of preferred or random orientation of the sample.  

Materials and Equipment 
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  U.S. pennies were used as the samples to be analyzed for this exercise. The 

composition of the U.S. penny has changed throughout the years and therefore 

provides an inexpensive and interesting yet simple sample for students to analyze via 

XRD. See Table 1.  

Table 1. The Composition of U.S. Pennies Over Time  

Year Composition 

1793 – 1837 100% copper 

1837 – 1857 bronze = 95% copper, 5% tin and zinc 

1857 – 1864 88% copper, 12% nickel 

*1864 – 1962 bronze = 95% copper, 5% tin and zinc 

*1943 zinc coated steel 

*1962 – 1982 95% copper, 5% zinc 

*1982 - present 97.5 % zinc, 2.5% copper, Cu coated Zn  

 

The coins were mounted directly onto an aluminum holder using modeling clay.  

The instrument used was a Siemens D500 diffractometer using Cu K radiation. 

The tube source was operated at 35 kV and 24 mA. The patterns were analyzed using 

Jade 9.0 software. 

Experimental Procedure 

Pennies from years with four different compositions were chosen; 1920, 1943, 

1962 to pre-1982, and post-1982. The 1920 penny and the 1943 penny were scanned 

from 30° to 100° for 2 with a step size of 0.05 and a dwell time of 1.0 s. All other coins 

were scanned from 35° to 95° for 2 with a step size of 0.05 and a dwell time of 1.0 s. 

Three samples for the pre-1982 and post-1982 pennies were x-rayed and their 

intensities for each peak were averaged. The I/Io was calculated for each peak and 

compared to the normalized intensities for copper and zinc.  
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Results and Discussion 

 Each x-ray pattern was analyzed using Jade 9.0 software and compared to 

powder diffraction files (PDF) in the ICDD. The 1920 penny is composed of bronze 

which is 95 % copper with 5 % tin and zinc. The peaks for the three metals can be seen 

in the x-ray pattern Figure 1. 
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 Figure 1. XRD pattern for a 1920 penny, Cu is PDF# 01-071-461, Zn is  
 PDF# 00-004-0831 and Sn is PDF# 00-004-0673.  

Due to the war, the composition of the penny changed in 1943 to stainless steel which 

is mostly composed of iron (Figure 2). The penny used in this paper was purchased as 

a souvenir and had been coated with zinc for the purpose of selling. Zinc is not originally 

part of the composition of the 1943 penny.  
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Figure 2. XRD pattern for a 1943 US penny, Zn is PDF# 00-004-0831 and  
 Fe is PDF# 00-006-0696. 

Three samples for the pre-1982 pennies were x-rayed for the years 1969, 1975, 

and 1980. The composition of the penny at this time was 95 % copper and 5 % zinc. 

This changed after 1982 to 97.5 % zinc coated with 2.5 % copper. The reduction in 

copper peak intensities from the pre-1982 pennies to the post-1982 pennies is evident 

in their XRD patterns (Figures 3 and 4). Three samples for the post-1982 pennies were 

x-rayed for the years 1993, 1995, 2006. Representative samples from the two time 

periods were chosen. 
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Figure 3. XRD pattern for a 1969 US penny 
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Figure 4. XRD pattern for a 2006 US penny, Cu is PDF # 01-071-4611 
 and Zn is PDF# 00-004-0831. 

 

The peak positions and normalized intensities for copper and zinc used in XRD are 

shown in Table 2. The crystal structures for copper and zinc are cubic and hexagonal, 

respectively.  
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Table 2. Copper and Zinc Peak Position and Intensities  

Metal 2-theta Normalized Intensity 

Copper - cubic 43.166 100 

PDF # 01-071-4611 50.270 42.8 

 73.839 17.3 

 89.559 15.7 

Zinc - hexagonal 36.297 53.0 

PDF# 00-004-0831 38.993 40.0 

 43.232 100 

 54.337 28.0 

 70.058 25.0 

 70.029 2.0 

 82.104 23.0 

 83.767 5.0 

 89.922 3.0 

 

The intensities for each peak in each time period, pre-1982 and post-1982, were 

averaged. The peak with the highest intensity is Io and will be 100 %. The I/Io values 

were calculated for each averaged peak intensity to compare to the normalized 

intensities from the PDFs (Table 3). The 100 peak for zinc and copper is very close to 

the same 2angle so the peaks cannot be distinguished from each other.  

 Table 3. Average Intensities for the Pre-1982 Pennies 

Year Angle Intensity 
Average 

Intensity, I 
I/Io, % 

1969 

43.15 

2843 

2745 98 1975 2605 

1980 2788 

1969 

50.27 

3707 

2811 (Io) 100 1975 2122 

1980 2605 

1969 

73.83 

658 

665 24 1975 720 

1980 616 

1969 

89.55 

635 

695 25 1975 780 

1980 671 
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Conclusions 

 Using pennies as an x-ray sample for metals is easy and inexpensive. Students 

can bring in their own penny samples to analyze, making the experience more 

memorable. Coins from around the world can be x-rayed and analyzed for their different 

metal content allowing for a lesson on the different crystal structures of metals. Another 

extension to the exercise is to have students bring in pennies for the year 1982 because 

they are mixed between the pre-1982 and post-1982 composition, this allows them to 

determine if their penny is of the “old” or “new” composition.  
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Introduction 

 X-ray diffraction (XRD) is useful for determining different metals and 

compounds found in pigments. Pigments are materials, usually insoluble powders, used 

as coloring in paints, ink, plastics, ceramics, fabrics, and cosmetics. Components of 

ancient pigments used on artifacts excavated from Egypt, Greece, and Italy have been 

discovered using XRD [1]. It is an advantageous method for these types of samples 

because it can be non-destructive and does not require large samples. XRD was used 

to determine the palettes of artists throughout history which enables scientists and 

historians to determine whether pigments found in works of art are historically accurate 

or not. Orna describes an instance where she used XRD to analyze the Glajor Gospel 

book [2]. Five different artists contributed to the work, and through the use of XRD she 

was able to determine exactly which parts each artist contributed because each artist 

was known to use different types of pigments to represent the same color. The type of 

materials used in the pigment may also be indicative of the time period in which the 

pigment was used. What follows is an experiment designed for an upper-level 

undergraduate course in instrumental analysis that provides students an introduction to 

characterizing samples using the International Center for Diffraction Data (ICDD) 

database. Students will analyze acrylic paint samples to determine their composition. 

Experiments 

 Liquitex brand acrylic paints in were used for this exercise. The two colors x-

rayed were cadmium red and cobalt blue. The samples were prepared by painting glass 

squares that fit in the instrument sample holder (Figure 1). The samples were allowed to 
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dry in air overnight. They were analyzed using a Siemens D500 diffractometer using Cu 

K radiation. The tube source was operated at 35 kV and 24 mA.  

                            

Figure 1. Paint samples of cadmium red on the left and cobalt blue on the right. 

Initial long-range scans were run to determine appropriate parameters each 

pigment. The parameters for the initial scans were a range of 5-100° for 2, step size 

0.1, and dwell time 0.5 s. The cadmium red was then scanned from 20-90° for 2, step 

size 0.05, and dwell time 1.0 s. The cobalt blue was scanned from 20-100° for 2, step 

size 0.05, and dwell time 1.0 s. 

Results and Discussion 

Each x-ray pattern was analyzed using Jade 9.0 software and compared to 

powder diffraction files (PDF) in the ICDD. The cadmium red paint listed cadmium 

selenium sulfide as the pigment, which was confirmed by the XRD pattern (Figure 2).  
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Figure 2. XRD pattern for cadmium red acrylic paint with hkl values for cadmium 
 selenium sulfide, PDF # 00-050-0720. 

The cobalt blue paint listed oxides of cobalt and aluminum as the pigment. The XRD 

pattern confirmed that Co3O4 and Al2O3 are present in the paint (Figure 3).  
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Figure 3. XRD pattern for cobalt blue paint with hkl values for *Al2O3  

(PDF # 00-005-0712) and ●Co3O4 (PDF # 00-043-1003). 
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Conclusions 

 This exercise provides a good introduction to using a database to identify 

different compounds in a sample. It can also be used to introduce crystal structure and 

miller indices. Acrylic paints were chosen because of their high metal content but any 

paint available can be used. Automotive paints and spray paints can also be used for 

this exercise but are slightly more difficult to identify due to the various ingredients such 

as binders and aerosols. Students can be actively engaged by bringing in their own 

paint samples to analyze. X-ray diffraction is a useful technique to learn for nearly all 

chemistry disciplines due to its ability to characterize a large variety of compounds.  
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Introduction 

Electrochemistry offers a wide variety of electroanalytical techniques that are 

often quick and inexpensive. In the following experiments, U.S. pennies were used as 

an inexpensive source of copper to conduct stripping analysis experiments. Stripping 

analysis allows for the detection of analytes with very low concentrations. Stripping 

analysis makes use of a bulk electrolytic step to preconcentrate the analyte onto the 

working electrode surface. This is an important technique in environmental, clinical, 

food, and forensic analysis.  

Several experiments involving the use of pennies have been published in the 

JCE. A very popular experiment for undergraduate general or introductory chemistry 

labs is the Analysis of a Penny experiment in which students dissolve the zinc from a 

penny and weigh the leftover copper to calculate the percent composition of the penny 

[1]. Several variations of penny experiments ranging from dry labs to wet labs have 

appeared in the JCE [2-6]. The following experiments also use pennies as their metal 

source but are designed for an undergraduate upper-level instrumental or analytical 

laboratory course. 

Materials and Equipment 

 The source of copper was from post-1982 pennies. Pennies after made after the 

year 1982 are composed of 97.5 % zinc coated with 2.5 % copper. Pennies minted 

before 1982 were a 95 % copper and 5 % zinc alloy so the copper and zinc are not 

easily separated like they are for pennies minted after 1982. Other chemicals needed 

are 6 M hydrochloric acid and 50 % nitric acid. All experiments were carried out at room 
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temperature using an EG&G Princeton Applied Research model 273A 

potentiostat/galvanostat. 

Copper Solution Preparation 

  A three-electrode setup was used for all of the following experiments. The 

working electrode was a polished stainless steel strip, the counter electrode was a 

carbon rod, and the reference electrode was a saturated calomel electrode.  

All copper solutions were prepared by first cutting the penny so that the zinc is 

exposed then putting the penny in 20 mLs of 6 M hydrochloric acid for 24 h. The 

solution was left under a fume hood due to the release of hydrogen gas. The colorless 

zinc solution was filtered and the left over solid copper was placed in 20 mL of 50% 

nitric acid under a fume hood due to the release of nitrogen dioxide gas. This reaction 

was complete in less than 10 min. The resulting solution is blue due to the presence of 

copper ions. The copper solution was diluted to 100 mL of solution with distilled water. 

The resulting solution has a very low pH, less than 1.  

Cyclic Voltammetry to Deposit and Strip Copper Metal 

A wide potential range cyclic voltammogram (CV), beginning at OCP and going 

from -1.0 V to +1.0 V at a scan rate of 50 mV/s, for the solution was obtained to 

determine the peak potential for the deposition of copper. The deposition peak was 

determined to be at a voltage of -250 mV. The stripping analysis was conducted by 

beginning at the open circuit potential, OCP, then scanning cathodically to -250 mV and 

holding the potential there for 15 s, then scanning anodically to +900 mV at a scan rate 

of 50 mV/s. The cycle was repeated two more times, once holding the potential at -250 

mV for 30 s, then again for 60 s. The longer the metal is allowed to deposit, the larger 
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the stripping peak will be. The voltammograms for the three cycles are shown in Figure 

1.  

Results and Discussion 

The three voltammograms for the copper stripping analysis were overlayed so the 

difference in peak height could be easily seen (Figure 1). 
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Figure 1. Voltammograms for copper after depositing at -250 mV for 15 s, 30 s, and  
 60 s. 

 

The longer deposition times correspond directly to larger currents for the corresponding 

stripping peaks.  

 The amount of electricity or charge is given in coulombs, C. A coulomb is the 

amount of charge transported in one second by a constant current. For variable current, 

such as in this experiment, the number of coulombs Q is given by the following 

equation, 

Equation 1: Q = ∫ Idt, 



64 
 

where I is the current in amps (A) and t is the time in seconds (s). To obtain Q, the 

current was plotted versus time for the stripping peaks in Figure 1 and the area under 

each peak was calculated using SciPlot software. To calculate the mass of copper 

deposited onto the electrode, the coulombs are converted to mass in grams. For the 

deposition of 15 s the coulombs calculated from area under the peak was 6.5  10-5 C 

and mass of copper was 2.14  10-8 g (Equation 2). 

Equation 2: (6.50  10-5 C)(1 mol e-/96,485 C)(1 mol/2 mol e-)(63.5 g/mol)  

 = 2.14  10-8 g 

For the deposition of 30 s the coulombs calculated from area under the peak was 7.54  

10-4 C and mass of copper was 2.48  10-7 g (Equation 3). 

Equation 3: (7.54  10-4 C)(1 mol e-/96,485 C)(1 mol/2 mol e-)(63.5 g/mol)  

= 2.48  10-7 g 

For the deposition of 60 s the coulombs calculated from area under the peak was 2.78  

10-3 C and mass of copper was 9.16  10-7 g (Equation 4). 

Equation 4: (2.78  10-3 C)(1 mol e-/96,485 C)(1 mol/2 mol e-)(63.5 g/mol)  

= 9.16  10-7 g 
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Anodic Stripping Voltammetry 

 A broad range CV was obtained to determine at which potentials the deposition 

and stripping peaks were occurring (Figure 2). A CV should be obtained for each time a 

fresh solution is used. 
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Figure 2. CV for copper solution, -0.5 V to +0.3 V, scan rate = 100 mV/s.  

The CV began at OCP, -0.1 V, then scanned from -0.5 V to +0.3 V then back to OCP at 

a scan rate of 100 mV/s. The deposition peak was at -440 mV and the stripping peak 

was at +0.05 V. The potential was held for 15 s at -440 mV for the deposition or 

reduction of copper metal, then the potential was applied in the anodic direction to a 

potential of +0.3 V for stripping or oxidation of copper. The solution was stirring during 

the deposition, then stirring stopped and the solution was allowed to equilibrate for 30 s 

before the voltage was applied again. The depositions were held for 15 s, then 30 s, 

followed by 60 s. The stainless steel strip was allowed to sit in the solution until the 

copper was dissolved; the strip was then cleaned off with 0.05 micron alumina between 

each deposition.  
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Results and Discussion 

 The three stripping peaks for the different deposition times are show in Figure 3 

-0.4 -0.2 0.0 0.2 0.4
-0.20

-0.15

-0.10

-0.05

0.00

0.05
 60s

 30s

 15s

C
u

rr
e

n
t 

(A
)

Potential (V)
 

Figure 3. Stripping peaks for copper after 15 s, 30 s, and 60 s. 

The longer deposition times correspond directly to stripping peaks with larger currents.  

The deposition time is a very important parameter in stripping voltammetry, it affects the 

detection sensitivity and the analysis time. Figure 4.10 shows that the deposition, or 

preconcentration, time is linearly related to the deposition peak current for the time 

range of 60 to 210 s, (R2 = 0.96). After 210 s the current begins to plateau indicating 

that the electrode surface is saturated by copper ions.  
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Figure 4. Plot of peak current versus different deposition times (s): 60, 120, 
 150, 180, 210, 240, 270 for copper solution in nitric acid.  

This plot is also useful in choosing a deposition time for further experiments. Students 

can calculate the R2 value for their plot. 

Conclusions 

 In order to do almost any electrochemical experiment, students need to know 

how to run a CV and how to use the information it provides. These experiments provide 

students with the opportunity to use a CV to determine their reduction and oxidation 

peaks for use in stripping analysis. Stripping analysis is a valuable tool in many 

analytical fields. Pennies prove to be an easily accessible and inexpensive source of 

copper, which is useful for doing quality experiments on a budget. 
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Introduction 

Electrochemistry is not only varied in its available techniques and applications 

but also in experimental variables. Several parameters need to be taken into 

consideration before conducting useful electrochemical experiments. One of these 

parameters is scan rate (V/s). The scan rate will have great effects on electrochemical 

experiments. One technique which utilizes variation in scan rate is cyclic voltammetry. 

Cyclic voltammetry is an important tool for the study of mechanisms and rates of 

oxidation/reduction processes. The scan rate often determines the window for these 

observations. The following experiments are designed for an undergraduate 

instrumental analysis laboratory course. Their purpose is to expose students to the 

effects of the scan rate on an electrochemical system. The peak current is dependent 

on the scan rate, so as the scan rate increases, the peak current should also increase.  

Materials and Equipment 

 The source of copper was from post-1982 pennies. Pennies after made after the 

year 1982 are composed of 97.5% zinc coated with 2.5% copper. Pennies minted 

before 1982 were a 95% copper and 5% zinc alloy so the copper and zinc are not easily 

separated like they are for pennies minted after 1982. Other chemicals needed are 6 M 

hydrochloric acid and 50% nitric acid. All experiments were carried out at room 

temperature using an EG&G Princeton Applied Research model 273A 

potentiostat/galvanostat. 
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Copper Solution Preparation  

  A three-electrode setup was used for all of the following experiments. The 

working electrode was a polished stainless steel strip, the counter electrode was a 

carbon rod, and the reference electrode was a saturated calomel electrode.  

All copper solutions were prepared by first cutting the penny so that the zinc is 

exposed then putting the penny in 20 mLs of 6 M hydrochloric acid for 24 hrs. The 

solution was left under a fume hood due to the release of hydrogen gas. The colorless 

zinc solution was filtered and the left over solid copper was placed in 20 mLs of 50% 

nitric acid under a fume hood due to the release of nitrogen dioxide gas. This reaction 

was complete in less than 10 min. The resulting solution is blue due to the presence of 

copper ions. The copper solution was diluted to 100 mL of solution with distilled water. 

The resulting solution has a very low pH, less than 1.  

Experimental Set-up 

Cyclic voltammograms from OCP (-0.1 V) to -0.5 V to +0.3 V back to OCP were 

used beginning from a scan rate of 100 mV/s then going down to 75 mV/s, 50 mV/s, 25 

mV/s, 15 mV/s, and 10 mV/s. The experiment was repeated beginning at a scan rate of 

10 mV/s then going up to 100 mV/s in the same increments as in the first experiment. 

The CVs were obtained with no stirring of the solution but the solution was stirred in 

between each different scan rate. The stainless steel strip was cleaned off with 0.05 

micron alumina between each scan. 

Results and Discussions 

 The voltammagrams for the scan rate experiments beginning from a scan rate of 

100 mV/s and going down to a scan rate of 10 mV/s are shown in Figure 1. 
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Figure 1. Cyclic voltammograms for different scan rates from fastest to slowest. 

Figure 1 shows the deposition peak current and the stripping peak current increasing as 

the scan rate increases. The experiment was repeated starting with the slowest scan 

rate, 10 mV/s, and going to the fastest scan rate of 100 mV/s (Figure 2). 
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Figure 2. Cyclic voltammograms for different scan rates from slowest to fastest. 
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Figure 2 also shows that the deposition peak currents and the stripping peak currents 

are increasing as the scan rate increase. The currents were slightly larger when the 

scan rates were ordered from slowest to fastest.  

 In the Randles-Sevcik equation (equation 1), the peak current, ip, is directly 

proportional to the square root of the scan rate.  

Equation 1: ip = (2.687 x 105)n3/2v ½ D ½ AC, 

where the units on the constant, 2.687 x 105, are coulombs times inverse moles times 

inverse volts or C mol-1/2 V-1/2, n is the number of electrons, v is the scan rate in V/sec, A 

is the electrode area in cm2, D is the analyte diffusion coefficient in cm2/sec, and C is 

the analyte concentration in mol/L.  

Figure 3 shows how the deposition peak current is linearly proportional to the square 

root of scan rate (R2 = 0.97). The current at the deposition peak, 440 mV, was recorded 

for the scan rates: 15, 25, 50, 75, and 100 mV/s.  

2 4 6 8 10
0.005

0.010

0.015

C
u
rr

e
n

t 
(m

A
)

Scan Rate^1/2 (mV/s)

R
2
 = 0.97

 

Figure 3. Plot of the square root of the scan rate versus the deposition current with  
 scan rates = 15, 25, 50, 75, 100 mV/s. The adjusted R2 is 0.97.  
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The current at the stripping peak is directly proportional to the scan rate. Figure 4 shows 

that the current at the stripping peak, 0 V, is directly proportional to the scan rates: 25, 

50, 75, 100 mV/s. 
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Figure 4. Plot of the scan rate versus the stripping peak current with scan rates = 25,  
 50, 75, 100 mV/s. The adjusted R2 is 0.98. 

 The experiments were repeated using a graphite rod for the counter electrode 

and a graphite rod as the working electrode. Using a graphite rod as the working 

electrode eliminated the need to clean the electrode off with alumina between each 

scan and deposit. The working electrode was cleaned of electrochemically by holding 

the potential at 0.6 V for 60 s between each scan and deposit. A CV of the system 

showed two reduction peaks for copper and two oxidation peaks for copper (Figure 5). 

Reduction Reactions: Cu+2 →Cu+1 and Cu+1 → Cu 

Oxidation Reactions: Cu → Cu+1 and Cu+1 → Cu+2 
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 Figure 5. Cyclic voltammogram for copper solution using graphite rods as CE and  
 WE, potential = -0.6 V to 0.8 V, scan rate = 100 mV/s.  

While this system was valuable in showing both of the reduction and oxidation peaks for 

copper, the capacitance was too large to be useful for further experimentation. The high 

capacitance was due to the nature of the electrodes used, the graphite rods. 

Conclusions 

Cyclic voltammetry is a very useful technique in electrochemistry. It provides 

necessary information about the chemical system to be studied. It is necessary to 

understand how the scan rate affects the system. This experiment gives students a 

good introduction to cyclic voltammetry and variable scan rates. Pennies provide an 

inexpensive and readily available source of copper. Further experiments can be done to 

see how other variables affect the system, such as changing the material used for the 

counter and/or working electrodes. 
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