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PUBLICATION DISSERTATION OPTION 

This dissertation has been prepared in the format used by Solid State lonics, 

Chemist1y of Materials, Science, and the Journal of the American Chemical Society. This 

dissettation consists of the three mticles that have been published and two atticles 

intended for submission. Paper I found on pages 87-114 is published in Solid State lonics. 

Paper II is written for submission to Chemist1y of Materials (pages 115-149). Paper III on 

pages 150-163 is prepared for publication in the Science. Paper IV is published in 

Chemislly of Materials (pages 164-208) while Paper V is published in the Journal of the 

American Chemical Society (pages 209-217). The appendices include discussions on 

growth morphology, x-ray diffraction characterization, and electrochemical 

biomineralization. It also includes the supporting information published with Paper V. 
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ABSTRACT 

This dissertation investigates the electrodeposition of metal oxide films and 

biomaterial deposits on polycrystalline and single crystal substrates. Paper I describes 

the mechanisms and the characterization of an electrodeposited polycrystalline insulator, 

ceria (Ce02), on Hastelloy substrates produced by the electrochemical oxidation of 

Ce(III) acetate complexes. In Paper II, epitaxial films of magnetite (Fe304) and 

fenihydrite (Fe100 14(0H)2) are deposited on gold single c1ystals. Paper III reports the 

electrodeposition of epitaxial Fe304 and zinc ferrite (ZnFe204) periodic nanostructures 

known as superlattices by pulsing between two potentials. Papers IV and V describe 

chiral electrodeposition. In Paper IV, epitaxial, chiral orientations of cupric oxide (CuO) 

are electrodeposited on Au(OOl) single crystals. In Paper V, chiral morphologies of the 

biomaterial calcite (CaC03) are electrochemically deposited on stainless steel substrates. 

In both chiral electrodeposition studies, the chirality of these materials is controlled by 

the enantiomer in solution. 

The first two appendices of this disseliation cover morphology and x-ray 

diffi"action characterization. The third appendix has supplementary information from the 

calcite paper (Paper V) followed by unpublished biomineralization results. 
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1. INTRODUCTION 

Electrodeposition is a low temperature processing method by which films are 

deposited from solution precursors at an electrode surface. A major focus in the Switzer 

group has been the use of the deposition solution (temperature, pH, and complexing 

agents) and potential to control the shape, orientation, and chirality of epitaxial metal 

oxide films. This dissertation includes a study on the electrodeposition of polycrystalline 

ceria, as well as studies of epitaxial magnetite and ferrihydrite, superlattices of magnetite 

and zinc fen·ite, chiral cupric oxide, and calcite with chiral morphologies. 

Paper I repotts experiments in which thin films of ceria (Ce02) were 

electrodeposited onto Hastelloy substrates by the electrochemical oxidation of Ce(III) 

acetate complexes. The mode of deposition was dependent on the applied potential. At a 

potential of +0.5 V vs. Ag/ AgCl, the deposition proceeded by direct oxidation of Ce(III) 

to Ce02. At a higher potential of + 1.1 V vs. Ag/ AgCl, the films grew by an indirect 

mechanism in which the electrochemical oxidation of water formed 0 2, which then 

reacted with Ce(III) to form Ce02 nanoparticles in the growth solution. Consistent with 

this mechanism, nanometer-scale Ce02 powder was produced by bubbling the solution 

with molecular oxygen. 

Paper II describes the cathodic electrodeposition of magnetite (Fe30 4) and 

fenihydrite (Few014(0H)2) films from an alkaline Fe(III)-triethanolamine solution. The 

concentration of Fe(III) and Fe(II) at the electrode surface was controlled by the applied 

potential. Determined from X -ray diffraction patterns, the lattice parameter of the 

magnetite decreased as the overpotential increased. Ribbon-like morphologies of 

ferrihydrite were deposited in the mass-transport limited region. Verified by X-ray pole 
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figures, epitaxial films of magnetite and ferrihydrite were electrodeposited on the 

low-index gold surfaces. 

Paper III reports that the exploitation of the electrochemical-chemical (EC) nature 

of the reaction permitted the deposition of magnetite superlattices by pulsing the applied 

potential. The EC mechanism also allowed for the incorporation of electrochemically 

inactive cations into the system to produce other ferrite superlattices. The addition of 

Zn2
+ to the magnetite deposition bath allowed for the electrodeposition of zinc ferrite 

(ZnFe204). By increasing the overpotential, the concentration of zinc and lattice 

parameter of the film decrease. This work demonstrates by X-ray diffraction and cross­

sectional FIB images that compositional superlattices based on zinc ferrite were 

deposited by varying the applied potential. 

A chiral surface lacks min·or or glide plane sy=etry. An approach to produce 

chiral surfaces is to electrodeposit a low symmetry material with possible chiral 

orientations on achiral substrates. Paper IV describes work in which copper(II) oxide 

(CuO), which is intrinsically achiral, was electrodeposited onto single-crystal Au. The 

chiral orientations of these films were produced using an enantiomer of tm1aric acid or 

the amino acids alanine and valine to control the handedness of the electrodeposited 

films. Electrochemical chiral recognition experiments showed that the chiral orientations 

also expose chiral surfaces. 

Paper V addresses the deposition of chiral structures of calcite by electrochemical 

biomineralization. Calcite deposits that exhibit chiral facets were grown in the presence 

of an enantiomer of tartaric, malic, or aspat1ic acid. Symmetric calcite facets were 

produced in the presence of a racemic mixture of malic acid or achiral succinic acid. 
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In addition, two appendices cover morphology and X-ray diffraction 

characterization. A third appendix provides supplementary information on the work 

described in Paper V, followed by unpublished biomineralization results. 

1.1 FILM DEPOSITION AND CHARACTERIZATION 

Electrodeposition is the process of producing a film on a conductive substrate by 

applying an electrical current. The simplicity of this method has cettain advantages and 

disadvantages when compared to other deposition processes. 1
•
2 Whereas other methods 

often require a high vacuum, high temperature, pure gases, or pure solid-state targets, 

electrodeposition is a low cost process using electrically conductive aqueous, organic, or 

fused salt solutions. Electrodeposition is not a line-of-sight method; therefore, complex 

shapes can be coated. Another advantage of electrodeposition is its ability to control the 

deposition rate by varying the applied current or overpotential. Electrodeposition also 

offers the ability to tune the characteristics of the film by varying factors such as the 

electrolyte composition, the additives, the pH and temperature of the electrolyte, and the 

applied overpotential or cutTent density_3·14 

Electrodeposition does, however, have its drawbacks. The process requires an 

electrically conductive substrate on which to deposit a film. The resistivity of the 

deposited material can limit the thickness of the film. Impure films can result from 

undesirable electrochemical and chemical side reactions during deposition, dissolution of 

the film, and incorporation of electrolyte components. Furthermore, competing 

electrochemical reactions can inhibit film deposition such as the generation of gas 

bubbles at the electrode surface, which produces pinholes in the film. Nonetheless, the 
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advantages of electrodeposition outweigh the difficulties, making it a valuable method for 

film deposition. 

1.1.1 Electrodeposition by an Oxidation State Change. Electrodeposition is a 

versatile method for depositing metals, metal oxides, semiconductors, and biomaterials. 

The most familiar method to electrodeposit a film involves electrochemically oxidizing 

or reducing the cation in the electrolyte at the electrode surface. For metal deposition, the 

cation is directly reduced to the metal at the electrode surface. Both oxidation (anodic) 

and reduction (cathodic) reactions are used for metal oxides. The electrochemically 

produced species reacts with water or hydroxide ions to form a metal oxide on the 

electrode. Equation 1 offers a simple example in which Ce3+ is stable in the aqueous 

solution and then electrochemically oxidized to produce Ce02.15
-
17 

(1) 

A more complex example of electrodeposition is iron(II,III) oxide, known as magnetite 

(Fe304). Magnetite can be deposited by electrochemically oxidizing Fe(II)18
-
26 or 

reducing Fe(IIIi7
-
29 in solution and then eliciting a chemical reaction between the 

generated species and the original cation to produce a film. This type of reaction is called 

an electrochemical-chemical (EC) reaction. The oxidation of Fe2+ (Eq. 2) and the 

chemical reaction (Eq. 3) that produce magnetite occur as follows: 

Fe2+ ~ Fe3+ + e-

Fe2+ + 2Fe3+ + 4H20 ~ Fe304 + 8 H+ 

(2) 

(3) 

The reduction and chemical reaction to produce magnetite can be represented in 

Equations 4 and 5: 

Fe(OH)4TEA2- + e- ~ Fe(TEA)}+ + 40R (4) 
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2Fe(OH)4 TEA2- + Fe(TEA)2 2+ !::; Fe304 + 6TEA + 4H20 (5) 

where TEA is triethanolamine, an iron(III) complexing agent. 29 The Switzer group has 

used electrochemical reduction and oxidation of metal cations to produce materials such 

as Cu 0 3-7,13,14,30,31 Fe 0 19,27-29 Tl 0 32,33 AgO 34 Bi 0 35,36 PbO 37 and metal oxide 
2 ' 3 4, 2 3, ' 2 3, 2, 

superlattices.38-43 This disse1iation describes the use of this method to produce Ce02, 
15 

1.1.2 Electrodeposition by pH Change. A second method to produce films such 

as metal oxides and biomaterials is to electrochemically change the pH of the electrolyte 

at the electrode surface. Initially, the cation in solution is stable and in its appropriate 

oxidation state for the film. Because the solubility of any material is dependent on pH, 

the pH can be electrochemically changed at the electrode surface, thus lowering the 

solubility of the material and resulting in the precipitation of the material only on the 

electrode surface. The pH can be decreased by electrochemically oxidizing water, 

ascorbate, hydroquinone, and other organics to produce materials like zinc oxide. ZnO 

nanospears have been deposited from an alkaline solution by oxidizing ascorbate, which 

lowered the pH at the electrode surface.44 This ZnO deposition occurs as follows: 

0' HO 

HO 

(6) 

(7) 

Likewise, the pH can be electrochemically increased by reducing water, 

molecular oxygen, nitrate, peroxide, or organic molecules such as quinones to produce 
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biomaterials and films such as zinc oxide. For instance, biominerals such as calcium 

carbonates can be produced by the following EC reations:45 

(8) 

(9) 

The Switzer group has produced Zn0,44 Ce02,
46

•
47 Zr02,

48 and various biomaterials45 by 

electrochemically changing the pH. 

1.1.3 Thermodynamics of Electrochemical Cells. Whereas a galvanic cell 

produces current when a reaction proceeds spontaneously, an electrolytic cell uses 

electrical energy to produce chemical change by an otherwise nonspontaneous reaction. 

All cells are a combination of two half reactions, each of which is associated with a 

characteristic electrode potential. One of the half reactions involves oxidation, while the 

other involves reduction. In electrodeposition, the electrode at which oxidation occurs is 

called the anode; the electrode at which reduction occurs is called the cathode. 

Each half reaction is written, by convention, as a reduction reaction, as seen in 

Equation I 0: 

ox+ ne· !:+red (10) 

where the oxidized ions are designated as ox, the reduced ions as red, and the number of 

electrons (e·) as n. The formal potential of each reversible half-cell reaction can be 

calculated by means of the Nernst equation: 

E= Eo+ RT In [ox]= Eo +2.303 RT log [ox] 
nF [red] nF [red] 

(11) 

where E is the formal potential (V vs. reference electrode), E0 is the standard reduction 

potential (V vs. reference electrode), R is the gas constant (8.314 mol'1K'\ T is 

temperature (K), n is the number of electrons in the reaction, and F is the Faraday's 
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constant (96485 C mort). The standard reduction potential (E0
) is equal to the formal 

potential (E) when the reaction is at equilibrium and both the oxidized and reduced 

species are at unit activity. When the concentrations of these species are not at 

equilibrium, the formal potential (E) for the reaction can be calculated using the 

Nemst equation. For instance, the formal potential moves toward more positive potentials 

when the concentration of the oxidized species is larger than that of the reduced species. 

Standard reduction potentials are known for numerous half-reactions. Many have 

been determined directly from voltage measurements of cells. However, it is possible to 

calculate E0 values from thermodynamic values. The standard reduction potential (E0
) 

for a half-cell can be calculated by Equation 12: 

L'lG0 =-nfE0 (12) 

where L'lG0 is the Gibbs free energy, n is the number of electrons, and F is Faraday's 

constant (96485 C mort). Using Equation 12, the two reduction reactionsofFe3+/Fe (E0 

= -0.037 V vs. NHEt9 and Fe2+/Fe (E0 = -0.44 V vs. NHE)49 can be used to calculate the 

E0 for the reduction of Fe3+ to Fe2+ as follows: 

L'lG1 = -3* 96485*(-0.037) = 10709.8 J/mol (13) 

"-F e"-=!:>'-F"-'e"-2_+ --'-+--'2'-'e'---· ---""L'l""-G2 = + 2 * 964 85 * ( -0.44) = -84 906. 8 J /mo I (14) 

F 3+ + - +- F 2+ e e -+ e L'lG1 + L'lG2 = -74107.0 J/mol (15) 

Because the reaction in Equation 14 is written as an oxidation reaction, the sign changes. 

Therefore, E0 
= -L'lGtotatl(nF) = -74107 /( -1 )/96485 = 0. 77 V vs. NHE. This value is 

consistent with the rep01ied E" = 0.771 V vs. NHE.49 
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Many anions and molecules fom1 complexes with metal cations. These metal 

complexes are normally more stable than the uncomplexed cations, and their increased 

stability can shift the potential. Based on thermodynamics, the equilibrium constant, K, 

is associated with free energy (6G0
) by Equation 16: 

6G0 =-RTlnK (16) 

where R is the molar gas constant (8.314 mol"1K"1
) and Tis the absolute temperature (K). 

Using the equilibrium constant for the formation of the complex, the standard potential 

can also be calculated. 

The E0 for a reaction can be calculated for any system with Equations 12 and 16 

using known equilibrium constants and standard potentials. For example, the formation 

of Fe(CN)/ shown in Equation 17 has a K value of 1 x 1042
, whereas the formation of 

Fe(CN)/ has a K value of 1 x 1032 (Eq. 18).50 

(17) 

(18) 

The E0 for the reduction ofFe(CN)/can be calculated from the E0 for Fe3+/Fe2
+ (0.771 V 

vs. NHE)49 and the iron cyanide K as shown below: 

F 3++ ·<--p2+ e e .... e 6G1 = -1 *96485*0.771 = -74389.9 J/mol (19) 

Fe(CN)/ !::; Fe3+ + 6CN. 6G2 = -8.31415*298.15*ln(10.42
) = 239727.4 J/mol (20) 

Fe2+ + 6CN.!::; Fe(CN)6
4

• 6G3 = -8.31415*298.15*ln(]035)= -99772.8 J/mol (21) 

Fe(CN)/ + e· !::; Fe(CN)/ 6G1 + 6Gz + 6G3 = -34435.4 J/mol (22) 

A sign change in the K value occurs in Equation 20 because the reaction is written as a 

dissolution reaction instead of a formation reaction such as that in equation 17. So, E0 
= 

-6G1otal/(nF) = -34435.4/(-1)/96485 = 0.36 V vs. NHE. This value is consistent with the 
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rep01ied value of E0 = 0.356 V vs. NHE.49 Comparison of the repotied values of the E0 

of Fe3+ /Fe2+ to the E0 of Fe(CN)/!Fe(CN)6 
4

• indicates that the reduction potential shifts 

to a more negative value by 0.415 V vs. NHE by complexing the Fe3
+ and Fe2

+ with 

cyanide, assuming the species involved are at unit activity. 

1.1.4 Electt·ochemical Characterization. 51
-
54 Calculated potentials only indicate 

the possibility of a reaction. To characterize the electrochemical reactions occurring in 

solution, cyclic voltammetry, linear sweep voltammetry, clu·onoamperometry, and 

cluonopotentiometry are used. 51
"
54 Cyclic and linear sweep voltammetry are used in 

electrodeposition to classify the electrochemical reactions in solution, to study the effect 

of additives on the system, and to determine the conditions necessary to deposit a film. 

The range of potentials that can be used in aqueous solutions depends upon the electrode 

material and the composition of the electrolyte. Chronopotentiometry and 

clu·onoamperometry are used to determine the kinetics of a system and to monitor the 

electrochemical reactions. In all the electrochemical plots in this dissertation, cathodic 

currents are always negative values whereas anodic currents are positive. 

1.1.4.1 Modes of Mass Tmnsfer.51
"
54 A main component of electrochemical 

reactions is the movement of the reactant to the electrode surface. The reactant is carried 

to the surface of the electrode by three modes of mass transfer: migration, convection, 

and diffusion. Migration is the movement of ions under the influence of an electric field. 

Convection is movement of a volume of solution by hydrodynamic or mechanical 

stirring. In diffusion, the movement is due to the concentration differences between the 

solution at the electrode surface and the bulk solution. Electrochemical experiments can 

be designed to minimize the effect of one or more modes of mass transfer. Although 
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diffusion cannot be eliminated in electrolysis, convection can be avoided by preventing 

stilTing or vibrations in the solation. The effect of migration can be minimized by the 

addition of a snppmting electrolyte. An excess of an inactive supporting electrolyte is 

added normally to the deposition solution to increase its conductivity. This addition also 

reduces the resistance between the working electrode and the counter electrode to help 

maintain a uniform current and potential distribution. Finally, it reduces the resistance 

between the working electrode and the reference electrode to minimize potential error. 

When the concentration of the suppmting electrolyte is normally 100 times greater than 

that of the electrochemically active species, the majority of the current is carried by the 

suppmting electrolyte. As a result, the rate of migration of the active species towards the 

electrode of opposite charge is not dependent on the applied potential. 

1.1.4.2 Cyclic Voltammetry.51
"
54 In cyclic voltammetry (CV), the potential is 

varied at a constant scan rate (the rate of change of the potential), and the resulting 

current response is plotted versus the applied potential. A cyclic voltammogram is run in 

quiescent solutions, diminishing convection. Migration is also minimized by adding a 

suppotiing electrolyte to the deposition bath. Therefore, diffusion is the primary means to 

transfer the reactant to the electrode surface in cyclic voltammetry. 

The potential separation between the anodic and cathodic peak indicates the 

reversibility of the reaction. By running CVs at different scan rates, the anodic and 

cathodic peaks can be characterized. For example, if the peak current increases linearly as 

the scan rate increases, then a swface species is being oxidized or reduced. If the peak 

current increases linearly with the square root of the scan rate, then the reaction is limited 

by diffusion of the solution species. 
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Figure 1 shows a CV of the alkaline Fe(III)-TEA bath at 80°C; this bath is 

described in Papers II and III. The working electrode was a stationary gold rotating disk 

electrode (A= 0.196 cm2
), and the scan rate was 50 mV/s. A CV generally starts at the 

open circuit potential of the system, at which the current is zero. Normally in these scans, 

the positive potential is limited by the large currents that develop due to the oxidation of 

water to molecular oxygen. The negative potential limitation is due to the reduction of 

water to hydrogen gas. In this CV, the potential was varied from -0.43 V to -1.25 V vs. 

Ag/AgCl, at which point the potential was returned to -0.43 V vs. Ag/AgCI. Initially, no 

significant current was observed between -0.43 V to -0.95 V vs. Ag/ AgCl because the 

Fe(III) is not reduced at these potentials. As the potential became more negative, the 

beginning of the reduction peak was at -0.95 V vs. Ag/ AgCl where the Fe(III) began to 

be reduced to Fe(II). With a fmiher decrease in potential, the thickness of the diffusion 

layer increased as more Fe(III) was reduced to Fe(II). At the cathodic peak potential of 

-1.15 V vs. Ag/AgCl, all of the Fe(III) at the electrode surface was immediately reduced 

to Fe(II). The amount of Fe(III) arriving at the electrode surface decreased as the 

diffusion layer continued to increase. This species limitation caused the current to 

decrease, resulting in a peak in the CV. Black films of magnetite (Fe,Oy) were deposited 

at potentials between -1.00 V and -1.08 V vs. Ag/AgCI. These films were produced 

through the EC reactions of Equations 4 and 5. The cathodic peak current density 

increased linearly with square root dependence as the scan rate was increased. This rate 

dependence suggests that this reaction is diffusion limited. 

The potential was switched at -1.25 V vs. Ag/ AgCI. The current was still cathodic 

even though the scan was moving towards more positive potentials. Potentials between 
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-1.25 V to -1.1 V vs. Ag/ AgCl were still negative enough to reduce the Fe(III). Once the 

potential was positive enough that it no longer reduced the Fe(III), the cunent went to 

zero, and beyond this point, an anodic current was detected. If this reaction were 

reversible, these anodic currents would be attributed to Fe(II) being oxidized to Fe(III). 

This current would then decrease as the generated Fe(II) is depleted by the oxidation 

process. However, the anodic peak current density increased linearly as the scan rate 

increased. Therefore, the anodic peak is assumed to be due to the oxidation of a surface 

species, magnetite, to an iron(III) oxide or hydroxide. 

"'-E 
~ 10 

E -~ 0 
t/1 c: 
Q) -10 
'0 -c: 
I!! -20 ... 
:s 
u -1.4 -1.2 -1.0 -0.8 -0.6 -0.4 

Potential (V vs. Ag/AgCI) 

Figure 1. A CV of an alkaline Fe(III)-TEA bath at 80°C at a scan rate of 50 mV /s. 

1.1.4.3 Linear Sweep Voltammetry. 51
"
54 A linear sweep voltammogram (LSV) consists 

of only the forward sweep of a CV. Typically, CVs are run in quiescent solutions, 

whereas LSV s can be run in quiescent or stilTed solutions. Like CV s, when the solution is 
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not stirred, a peak occurs in the scan. This peak is due to the diffusion layer continuing to 

increase at potentials where the electroactive species is reduced or oxidized. In a stirred 

solution, no peak occurs; instead, the scan plateaus because the thickness of the diffusion 

layer remains relatively constant. The transport of electroactive species to the electrode 

surface is convection controlled. For stirred solutions, a rotating disc electrode is 

normally used. This allows for reproducible rotation speeds, which result in reproducible 

limiting currents. Similar to CV, LSV is used in electrodeposition to classify the 

electrochemical reactions in solution. It is also used to study the effect of additives on the 

system and to determine the conditions necessary to deposit a film. To determine the 

appropriate contribution to the limiting current, a LSV of the deposition solution without 

the electroactive species is run for comparison. (citations) 

An example of this procedure is described in Papers II and III. Figure 2 shows the 

results of LSV of the alkaline Fe(III)-TEA bath (black line) and of an alkaline TEA 

solution (blue squares) at 80°C, both run at a scan rate of 50 mV/s. For the working 

electrode, a rotating gold disc electrode was revolved at I 00 rpm for the LSV. The first 

wave was the (A) reduction of Fe(III) to Fe(II), and the second wave was the (C) 

reduction of Fe(II) to Fe. The constant current densities (B and D) beyond the steep 

declines are called the limiting current densities. They arise from the limitation in the 

rate at which the reactant is brought to the surface of the electrode by the mass-transport 

processes. The limiting cunent density (B), where all of the Fe(III) is reduced to Fe(II), 

was -14.7 mA/cm2
. The limiting cunent density (D), where the Fe(II) is reduced to Fe, 

was -56.5 mA/cm2
. The height of the second wave (C) was roughly twice that of the first 

wave (A) because the second wave was a two-electron process, whereas the first was a 
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one-electron process. Based on the LSV of the base electrolyte (blue squares), the excess 

current density of the second wave can be credited to the competing reaction of water 

reduction. An additional contribution to this current difference may be attributable to the 

change in electrode material and area due to magnetite deposition. 

-NE 0 
u 
<( -10 

g-20 · 
Z' ·u; -30 
c 
~ -40 ..., 
5i -50 
t: 
:::s -60 

....-..-.-------·. 

u ~~--,---~---r~~--~--
-1.2 -0.6 -0.4 

Potential (V vs. Ag/AgCI) 

Figure 2. The linear sweep voltammograms of an alkaline TEA solution (blue squares) 
and Fe(III)-TEA solution (black solid line) at 80°C scanned at 50 mV/s at a rotation of 
100 rpm on a gold rotating disk electrode. The alkaline TEA solution consisted of 0.1 M 
TEA in 2 M NaOH. The alkaline Fe(III)-TEA solution consisted of 43 mM Fe2S04, 0.1 
M TEA, and 2 M NaOH. 

The surface concentration of Fe(III) is dependent on the departure from 

equilibrium, which is controlled through the applied potential. Assuming convective 

control, the surface concentration can be calculated from Equation 23: 

CFe(lll) (bulk)- CFe(lll ) (surface) 
= --~~------~~------

11 CFe(lll) (bulk) 
(23) 
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where i is the measured current, i1 is the limiting cunent, Cre(nl)(bulk) is the bulk 

concentration of Fc(III) in solution, and Cre(III)(surfacc) is the concentration of Fe( III) at 

the electrode surface. 51 At the open circuit potential, the surface concentration of Fe(III) 

was equal to the bulk concentration of Fe(III), making the numerator of Equation 24 

equal to 0. Therefore, the ratio of the measured current to the limiting cunent would be 

equal to 0, as seen in Equation 24. 

[CFo(III) (bulk)- CFo(III) (bulk)] 0 
= 0 (24) 

As the potential became more negative, the current increased, and more Fe(III) is reduced 

to Fe(II). At the plateau in LSV, where the current was mass-transport limited, all the 

Fe(III) was reduced to Fe(II). Therefore, the surface concentration of Fe(Ill) at the 

electrode surface is 0. As seen in Equation 25, this ratio would be equal to I. 

i [CFo(III) (bulk)- 0] CFo(JJJ) (bulk) 
-= = =1 
i" CFo(lll) (bulk) CFo(JJJ) (bulk) 

(25) 

For stoichiometric magnetite, 2/3 of the iron is Fe3+ and 1/3 is Fe2+. To produce 

stoichiometric magnetite, therefore, the Fe(III) surface concentration must equal 2/3 of 

the bulk concentration ofFe(III) or where the cunent ratio is equal to 1/3: 

(26) 

Figure 3 shows the plot of the ratio of current to the limiting current versus the applied 

potential. Stoichiometric magnetite would be deposited at approximately -1.045 V vs. 

Agl AgCl, when 1/3 of the total concentration of Fe(III) would be reduced to Fe(II). Any 
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potential positive of this value should produce magnetite with excess Fe(III), whereas 

potentials more negative than -1.045 V should produce magnetite with excess Fe(II). 

-1.2 -1.0 -0.8 -0.6 
Potential 0/vs. Ag/AgCI) 

Figure 3. A plot of ratio of current to limiting current versus the applied potential based 
on the LSV of Figure 2. Based on this plot, stoichiometric magnetite should be produced 
where 1/3 of the Fe(III) has been reduced to Fe(II) at a potential of -1.045 V vs. Ag/ AgCl 
as indicated by the dashed line. 

1.1.4.4 Chronopotentiometry and Chronoamperometry.51
-
55 Two additional 

electrochemical methods to monitor the electrochemical reactions are 

chronopotentiometry and chronoamperometry. In the former procedure, a constant 

current is applied while the potential is monitored and plotted versus time. In the latter, a 

potential is applied to the working electrode, and the resulting measured current is plotted 

versus time. These transients can indicate the nucleation and growth mechanism of 

the films. 

The thickness of electrodeposited material can be controlled electrochemically by 

varying the deposition time in chronoamperometry or by varying the current density and 
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time in clnonopotentiometry. Faraday's law (Equation 27) can be used to determine the 

theoretical film thickness: 

Q*MW T -----'~--
theor- n *F* A *p (27) 

where Ttheor is the theoretical film thickness calculated in em, Q is charge passed in 

coulombs, t is time in seconds, MW is the molecular weight of the deposited material in 

g/mol, n is the number of electrons, F is Faraday's constant of 96485 C/mol, A is area in 

cm2
, and pis the density of the deposited material in g/cm3

• This calculation assumes that 

the reactions are 100% efficient and that the films are 1 00% dense. As stated above, side 

reactions can occur during the deposition process that can decrease the Faradaic 

efficiency. A more precise film thickness can be calculated if this efficiency is known. 

The deposition efficiency can be determined using the electrochemical quatiz 

crystal microbalance (EQCM). 55 This technique uses a mass-sensitive detector that 

measures frequency changes of an oscillating quartz wafer coated with a metal such as 

Au or Pt. As the mass of the crystal increases due to film deposition or adsorption, the 

frequency decreases. To determine the change in mass, the Sauerbrey equation can be 

used. The Sauerbrey equation is: 

f\.f* A*( * )t/2 
A ' ' P quartz Jl quartz 
Dill = ----=:::._,,------'==----

- 2*f 2 
0 

(28) 

where /'1m is the change in mass in g, f\.f is the change in measured frequency in Hz, A is 

the piezoelectrically active area in cmZ, Pquartz is the density of quartz (2.648 g/cm3
), 

Jlquartz is the shear modulus of quatiz (2.947xl011 dyn/cm2
), and f0 is the frequency of the 
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qumiz crystal prior to a mass change in Hz. The theoretical mass can be calculated from 

the Faraday's Law: 

Q*MW 
llltheor = 

n*F 
(29) 

where m1heor is the theoretical mass m g, Q is the charge passed in C, MW is the 

molecular weight of the deposited material in g/mol, n is the number of electrons, and F 

is Faraday's constant of96485 C/mol. The current efficiency of the deposition is the ratio 

of L'>m divided by mtheor· 

1.1.5. X-ray Diffraction Characterization of Films.56
'
59 One of the most useful 

methods to characterize electrodeposited films is the nondestructive technique known as 

X-ray diffraction (XRD).56
'
59 In a crystalline material, the atoms are arranged in a regular 

pattern. Diffraction occurs when the atomic plane of the crystal causes X -rays of the 

incident beam to interfere constructively. This interaction creates a diffracted X-ray 

beam, related to the interplanar spacing in the crystal by Bragg's law: 

(30) 

where n is an integer 1, 2, 3, etc. nonnally designated as I, A. is the wavelength in 

angstroms which is dependent on the source (Cuku is 1.54 angstroms), dhkl (d-spacing) is 

the distance between atomic layers known as the interplaner spacing (not the spacing 

between the atoms on a single plane) in the crystal measured in angstroms, and 8 is the 

diffraction angle in degrees. 56
-
59 Therefore, diffraction occurs when Bragg's law is met. 

Traditionally, X-ray diffraction patterns are a plot of intensity versus 28. Each of 

the incident and diffracted X-rays makes an angle, 8, with the atomic plane. From the 

reflection of the plane, the angle from the incident beam to the diffracted beam is 28. 
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Therefore, the possible 20 values are determined by the unit cell parameters of the 

material. The intensities of the reflections are determined by the distribution of the 

electrons in the unit cell. The highest electron density is found around atoms. Therefore, 

the intensities depend on the type of atoms and their location in the unit cell. Planes with 

high electron density will reflect x-rays strongly; planes with low electron density will 

reflect x-rays weakly. 

Different planes of atoms produce different diffraction peaks, which contains 

information about the atomic arrangement within the crystal. Therefore, every crystalline 

material has a unique X-ray diffraction pattern. This pattem can be used to determine the 

crystallinity and phase of the deposited material. The lattice parameters of a material can 

be calculated from the peaks by properly assigning Miller indices (hkl) and accurately 

measuring the d-spacings. Additionally, broad peaks found in some diffraction pattems 

can be used to detetmine both the particle size and any residual strain of the sample by 

Williamson-Hall analysis. Because multiple peaks in the X-ray pattems improve material 

recognition and characterization of particle size, strain, and lattice parameter values, X­

ray patterns of powders or polycrystalline films grown on polycrystalline substrates are 

used for identification and characterization. 

Besides polycrystalline substrates, single crystalline substrates are used in 

electrodeposition. Usually, low-index single crystals such as Au(OOl), Au(lll), Si(lll), 

and InP(ll 0) are used. Single crystals eliminate the presence of grains of various 

orientations, which may have different film growth rates (see Appendix A for further 

information). Films electrodeposited on these substrates tend to be epitaxial. If a 
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crystalline film grows with an out-of-plane and in-plane orientation that is dependent on 

the orientation of the substrate, the film is said to be epitaxial. 

The properties of epitaxial films depend on the substrate. The film will have better 

crystalline quality and more uniform morphology when fewer defects are present on the 

substrate. Generally, an epitaxial film will deposit with an orientation providing the 

lowest lattice mismatch with the substrate. In some cases, the film will become strained 

or will rotate to obtain this low mismatch. Thus, different substrates will produce 

different orientations of the film. Since properties of a material can be dependent on the 

orientation, this control over selection of orientation permits optimization of the 

properties of a deposited material. Epitaxial films are useful in device applications, since 

the intrinsic prope1iies of the material can be exploited rather than its grain boundaries. 

Characterization of epitaxial films involves X-ray characterization such as 

diffraction patterns, pole figures, azimuthal scans, and rocking curves. For example, the 

diffi'action pattern of a polycrystalline film is different than that of an epitaxial film. 

Whereas a polycrystalline film has all possible planes, resulting in multiple peaks in the 

pattern, an epitaxial film will normally grow with one orientation and show only a family 

of planes in the pattern. In Figure 4, magnetite films are deposited on (A) a stainless steel 

polycrystalline substrate and (B) a (111) gold single crystal. The sample is stationary and 

the X-ray source and the detector are moved simultaneously over an angular range. The 

X-ray diffraction patterns are plots of intensity as a function of29. In Figure 4A, three of 

the peaks are due to the iron substrate; these are indicated with SS. Comparison of the 

locations and intensities of the remaining peaks to the JCPDS #19-0629 for magnetite in 

this range indicates that all the peaks of magnetite are present and the film has no 
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preferred orientation. No other peaks are present; no other crystalline material is present 

in the film. In Figure 4B, a magnetite fi lm electrodeposited on Au(l ll) has only the 

(Ill) family peaks of magnetite. Peaks related to the substrate are labeled with Au. 
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Figure 4. Illustrations and X-ray diffraction patterns of A) a polycrystalline magnetite 
film on stainless steel and B) a (111) oriented magnetite film on a Au(1 11) single crystal. 
The films were deposited from an alkaline Fe(III)-TEA bath at 80°C by applying a 
constant potential of -1.01 V vs. Ag/AgCl for 100 s. · 

However, this strong out-of-plane texture does not provide proof of an epitaxial 

film. An epitaxial film has both out-of-plane and in-plane orientation. To determine the 
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in-plane orientation distribution of the grains of the film, X-ray pole figures and 

azimuthal scans arc run. A pole figure probes reflections of planes that are oriented in­

plane with respect to the sample normal while measuring the diffracted intensity as a 

function of sample tilt (X) and rotation ( ¢). As illustrated in Figure 5 (top), to perform the 

pole figure analysis, the 28 is set to the angle of the plane (reflection) of interest, 

normally the orientation with the highest intensity of a randomly oriented powder 

diffraction pattern of the material. The 28 value is held constant. For the magnetite pole 

figure, the 28 is set to 35.45° of the (311) reflection. The 28 of the (311) pole figure of 

the Au(111) substrate is set to 77.62°. The sample is moved tln·ough a sequence of tilt 

angles, x, from 0° to 90°, and at each x, the sample is rotated azimuthally, ~, from 0° to 

360°. A peak results when Bragg's condition is met. In Figure 5 (bottom), an azimuthal 

scan can be considered a cross-section of a pole figure. Such a scan is obtained when the 

measurement is carried out at a specific 28 for only one specific tilt angle, x, and rotated 

azimuthally, ~,from 0° to 360°. Again, a peak results when Bragg's condition is met. For 

the azimuthal scans in the lower image of Figure 5, the 28 values are the same as those 

used in the pole figures. The specific tilt angle is 28.5°. Pole figures and azimuthal scans 

are performed on the film and substrate to determine the alignment of the film on the 

substrate and the number of domains of the film. 

As shown in Figure 5 (bottom), two domains of magnetite are aligned on the one 

domain of the gold substrate. The two alignments of this magnetite film on Au(111 ), 

known as the epitaxial relationships, can be expressed as 

Fe30 4 (111)[01 l]// Au(111)[0 T I] for the anti parallel domain and 
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- -
Fe3 0 4 (111)[011] II Au(111)[011] for the parallel domain. That is, for the dominate domain 

(anti parallel), the Fe304(111) and Au(111) planes are parallel, and the Fe30 4 [0 1 T] and 

Au [0 T 1] in-plane directions are coincident. Similarly, for the parallel domain, the 

- -
Fe304(111) and Au(111) planes are parallel but the Fe304[0ll] and Au[Oll] in-plane 

directions are coincident. 

--.. -~ 
x: 29.5° 

Figure 5. An illustration of the method to produce a (311) magnetite pole figure of a 
(111) oriented magnetite film (top) and (311) azimuthal scans of a (111) oriented 
magnetite film on Au(111) (bottom). The radial grid lines on the pole figures correspond 
to 30° increments ofthe tilt angle, X· 
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To fmiher clarify the pole figure analysis, Figure 6 shows the morphologies and 

(311) pole figure results of three different depositions of a cubic material such as 

magnetite on a substrate. As seen in Figure 6A, a polycrystalline film has no out-of-plane 

or in-plane orientation. Therefore, a pole figure on this sample would have uniform 

intensity at all tilt and azimuthal angles (Figure 6D). Figures 6B and 6C show films with 

(Ill) out-of-plane orientation. The deposits of Figure 6B have multiple in-plane 

orientations known as a fiber texture, whereas the deposits of Figure 6C are aligned in 

one in-plane orientation, an example of epitaxial growth. A (Ill) fiber-textured film has 

a ring pattern pole figure at azimuthal angles, x, equal to 29.5°, 5g,5°, and goo as seen in 

Figure 6E, whereas the (Ill) epitaxial film with one domain has a pole figure with three 

peaks at x = 29.5° and x = goo and six peaks at x = 5g,5° as seen in Figure 6F. The ring 

pattern in Figure 6E can be understood with reference to Figure 6F. Since the deposits in 

Figure 6B are rotated azimuthally with respect to one another, each aligned set would 

produce three peaks at X = 29.5° and X = goo and six peaks at X = 5g,5°. These sets of 

peaks are slightly rotated azimuthally from each other. Therefore, a pole figure of a fiber­

textured film is a product of multiple sets of peaks rotating azimuthally and converging to 

form a ring. 
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Figure 6: Illustrations of the cubic material magnetite (Fe304) as A) a polycrystalline film 
on stainless steel, B) a (111) fiber-textured film on stainless steel, and C) a ( 111) epitaxial 
film on Au(111 ). (311) Fe304 pole figures of a D) polycrystalline, E) (111) fiber-textured, 
and F) (111) epitaxial films. A polycrystalline film has no out-of-plane or in-plane 
orientation. Therefore, this sample would have uniform intensity in a pole figure. A 
randomly ordered film known as a fiber texture has a pole figure with a ring pattern 
whereas an epitaxial film has a pole figure with separated peaks. The radial grid lines on 
the pole figures correspond to 30° increments of the tilt angle, X· 

Pole figures can also be used to determine the number of domains in the film. For 

example, Figure 7 shows (111) oriented films with A) one domain, B) two domains, and 

C) four domains. Below each illustration is the corresponding (311) pole figure of a 

(Ill) oriented cubic material. The number of domains can be determined from number of 

peaks at x = 29.5° in the pole figure. For a (111) oriented film with one domain, the pole 
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figure has three peaks at x = 29.5° as seen in Figure 70. A film with two domains will 

have six peaks, or two sets of tluee peaks, (Figure 7E) at x = 29.5°, whereas a film with 

four domains will have twelve peaks, or four sets of three peaks (Figure 7F). 

C) 

Figure 7: Illustrations of the cubic material magnetite (Fe30 4) as a ( 111) epitaxial film on 
Au(ll1) with A) one domain, B) two domains, and C) four domains. (311) Fe304 pole 
figures of (111) epitaxial films with D) one domain, E) two domains, and F) four 
domains. The radial grid lines on the pole figures cones pond to 30° increments of the tilt 

angle, X· 

·Azimuthal scans produce results similar to those given by pole figures. If the 

sample has an in-plane orientation, the azimuthal scan will show separated peaks at a 

specific tilt, as shown in Figure 5 (bottom). If the sample has a fiber texture, the 
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azimuthal scan will show equal intensity rather than peaks, higher than the baseline at a 

specific tilt. For a polycrystalline film, the azimuthal scan will show a plot with baseline 

intensity at any tilt. Azimuthal scans are also used to determine the number of domains, 

the alignment of the domains on the substrate, and the relative percentage of one domain 

over the others. 

Once an epitaxial film is produced, other X-ray diffraction analyses are performed 

on the film and substrate. Specifically, X-ray rocking curves are mn indicating the 

mosaic spread of the films relative to the substrate. The larger the mosaic spread, the 

larger the full width at half maximum. These curves measure the crystallographic quality 

(i.e., the mosaic spread) of the films relative to the substrate. Mosaic spread is the 

misorientation of domains. In a perfect crystal, all domains are aligned and no atomic 

dislocations are present; there is no mosaic spread. A large mosaic spread means poor 

crystal quality. For a rocking curve (Figure 8), the 28 is set to a single diffraction peak, 

one of the family orientations present in the X-ray pattern of the epitaxial film. A 

rocking curve is performed by "rocking" the sample, or the source and detector, bringing 

each grain into Bragg's condition. The width of the rocking curve is a direct 

measurement of the range of orientation of the sample. 56 As seen in Figure SA, when the 

film is highly ordered, the full width at half maximum (FWHM) of the rocking curve 

peak is small. Rocking curves with broader peaks (greater FWHM) have larger mosaic 

spreads (Figure SB). The rocking curves of the film and of the substrate are performed for 

mosaic spread comparison. These mosaic spreads of the film and the substrate are also 

seen in pole figures. The peaks in the pole figure become sharper and more intense when 

the film is more ordered. 
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Figure 8. Mosaic spreads and rocking curves oftwo films. A) A film with a small mosaic 
spread will have a sharp rocking curve with a low full width at half maximum (FWHM). 
B) A film with a large mosaic spread will have a broad rocking curve with a big FWHM. 

A superlattice is a periodic structure with alternating layers of crystalline 

materials? Superlattices are characterized by XRD patterns since the periodicity appears 

as satellites around the main Bragg peak. The fundamental ret1ection, or main Bragg 

peak, is the "0" peak. The satellite peaks toward higher angles, to the right of the main 
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Bragg peak, are labeled +I, + 2, and so on, whereas satellites are labeled -I, -2, etc. 

toward smaller angles. The modulation wavelength (A), the bilayer thickness of two 

altemating materials, can be calculated from the satellite spacing using Equation 27: 

-1-(L1 - L2 ) 
A = -c-'--'----c=-

2(sinB1 -sinB2 ) 

(27) 

Here, 'A is the wavelength of the X-ray source (Cu Ka 1.5401 A) used, L is the order of 

the reflection, and e is the diffraction angle of the reflection. As the A increases, the 

satellites move closer to the main Bragg peak. Eventually, no satellites are seen and two 

separate peaks exist, one for each material of the bilayer. Ultimately, no satellites are 

seen as the A decreases. The intensity of the satellites decreases as they move fmiher 

from the main peak and disappear into the background intensity. 

Magnetite and zinc ferrite superlattices (Paper III) are produced by 

electrodeposition. A comparison between an epitaxial magnetite film and a magnetite 

superlattice on Au(! II) is shown in Figure 8. In both cases, films deposit with a [111] 

orientation as seen in Figures 9A amd 9B. However, the difference in the two scans is 

visible around the (333) and (444) peaks of films. The (444) peaks for magnetite and the 

magnetite superlattice are shown in Figures 9C and 9D, respectively. Whereas the 

magnetite film shows a single peak, the superlattice with 100 layers shows one main peak 

flanked by a smaller peak on each side. Using Equation 27, the modulation wavelength of 

this superlattice was calculated to be 20.7 11111. 
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Figure 9. X-ray diffraction patterns for the [111] oriented A) magnetite and B) magnetite 
superlattice on Au(111). The (444) peak of the C) magnetite and D) superlattice. In D, 
satellite peaks are present. The modulation wavelength of the magnetite superlattice is 
20.7 nm. The films were deposited from an alkaline Fe(III)-TEA bath at 80°C. A 
potential of -1.01 V vs. Ag/AgCl was applied for the magnetite film. For the superlattice, 
the potential was pulsed 100 times between -1.01 V vs. Ag/AgCl for 3s and -1.05 V vs. 
Agl AgCl for 1 s. 

1.1.6 Other Film Characterization Techniques. Many other techniques are 

used to characterize an electrodeposited film. In this dissertation, the film morphology, 

pmiicle size, and cross-sectional film thickness is examined by scanning electron 

microscopy (SEM).6° Coupled with an SEM, an energy-dispersive spectroscopy (EDS) 
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system is used to detect characteristic X-rays of elements produced by the electrons of the 

SEM source interacting with the sample. The energy of the peak is characteristic of an 

element and the intensity of the peak indicates the amount of the element present in the 

sample. To measure film thickness and pmiicle size as well as film morphology, atomic 

force microscopy (AFM) is used.61 In addition, X-ray photoelectron spectroscopy (XPS) 

is used to detetmine the elemental and chemical composition of the film. Auger electron 

spectroscopy (AES) is used to characterize the elemental composition and to perfmm 

depth profiling. 62 Moss bauer spectroscopy, routinely used for iron compounds, provides 

information about the chemical and structural propetiies of a sample.63 In this 

dissertation, electrochemical techniques, XRD, and SEM are used for characterizing all 

of the films. The other techniques mentioned above may be used depending on the 

chemical composition and physical propetiies of the deposited material. 

1.2 CERIA 

Paper I involves a discussion of the mechanism for electrodepositing a 

polycrystalline insulator, ceria (Ce02), onto Hastelloy substrates, and the characterization 

of these deposits. The crystal structure of ceria is shown in Figure I 0. Ceria is a cubic 

material, space group Fm3m, with a lattice parameter of a = 0.5411 nm. It has the 

calcium fluorite structure consisting of four cerium and eight oxygen atoms per unit cell. 

Due to its insulating behavior, CeOz films are researched for numerous applications such 

as buffer layers for superconducting64
•
65 and ferroelectric films.66

'
68 Ceria and doped­

ceria have been used for every component of solid oxide fuel cells.69
-
84 Ceria-based 

materials are also used in gas desulfurization and automotive exhaust gas conversion due 
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to their ability to acquire and release oxygen under oxidizing and reducing conditions.85
•
86 

Although many vacuum based methods have been used to produce ceria, 

electrodeposition is an attractive option clue to its low cost and low processing 

temperatures. Ceria films have been electrochemically prepared by cathodic46
•
47

•
87

•
89 and 

anodic 15
-
17 deposition. Previously, during the oxidation of Ce(III) to ceria, the films 

became highly cracked, exhibiting a dried mud morphology.15
-
17 Paper I describes the 

production of films by anodic deposition, in which the mechanism of ceria deposition 

depends on the applied potential. A film deposited at +0.5 V vs. Ag/ AgCl has a smooth 

surface from the direct oxidation of Ce(III) to nanocrystalline Ce02 at the electrode 

surface. A film deposited at + 1.1 V vs. Ag/ AgCl has a cracked surface. At this potential, 

molecular oxygen is generated at the electrode surface resulting in the indirect oxidation 

of Ce(III) to nanocrystalline Ce02 in the bulk solution. 

Figure 10. The crystal structure of ceria. Ceria is a face-centered cubic material, space 
group Fm3m, with a lattice parameter of 0.5411 mn. The brown atoms represent cerium 
and the smaller red atoms are oxygens. 
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This paper repmts the use of acetate ions to form a complex with the Ce3
+ in the 

ceria deposition solution. The deposition bath was formed by first dissolving the mass 

equivalent of 0.1 M ammonium acetate in deionized water. This solution was bubbled 

with Ar for at least I hour to remove 02, and then the mass equivalent of 0.1 M Ce(N03) 3 

was added. The final pH of the solution was 6.1. If the solution were not bubbled with 

Ar to remove dissolved oxygen gas, a colloidal suspension of ceria powder would fom1. 

The deposition solution was heated to 65°C in an argon atmosphere. An applied potential 

of +0.5 V or+ 1.1 V vs. Ag/ AgCl was used to deposit the ceria films. 

The speciation distribution of the 0.1 M cerium(III) nitrate and 0.1 M ammonium 

acetate solution is shown in Figure !lA. At the deposition bath pH of 6.1, the solution 

consists of39.75% Ce3
•, 0.02% CeOH2

+, 47.33% Ce0Ac2+, 12.05% Ce(OAc)/, 0.83% 

Ce(OAc )3, and 0.02% Ce(OAc )4'. In the pH region studied, Ce(III) species can be 

directly oxidized to ceria. Calculated potentials for oxidizing the tluee major Ce(III) ions 

to Ce02 (s) in solution are -0.3856 V vs. Ag/AgCl for Ce02/Ce3+, -0.2866 V vs. 

Ag/AgCl for Ce02/Ce0Ac2\ and -0.2266 V vs. Ag/AgCl for Ce02/Ce(OAc)/. For the 

oxidation of Ce(III) species to Ce(OH)4 (aq), the calculated potentials are +0.3424 V vs. 

Ag/AgCl for Ce(OH)JCe3+, +0.4413 V vs. Ag/AgCl for Ce(OH)JCeOAc2+, and +0.5014 

V vs. Ag/AgCl for Ce(OH)4/Ce(0Ac)z+. 

In Figure JIB, the CV of a 0.1 M cerium(III) nitrate and 0.1 M ammonium 

acetate solution shows a peak at 0.5 V vs. Ag/ AgCl and 0.8 V vs. Ag/ AgCI. Oxygen 

evolution occurs at potentials above 1.0 V vs. Ag/ AgCI. Based on the CV of the 

deposition solution and the calculated potentials, Ce3+ is oxidized to Ce(OH)4(aq) 

followed by the oxidation of Ce(III) acetate species to Ce(OH)4(aq). The 
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electrochemically produced Ce(OH)4 (aq) wi ll spontaneously dehydrate to produce Ce0 2 

(s) as follows: 

Ce(OH)4(aq) !::; Ce02(s) + 21-hO 

A) 
c 
0 1.0 c 3+ CeOH~ .,.,.-
~ 

..- e . • ~ . • ... . • ..... 0.8 c 
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Figure 11. A) The calculated speciation distribution for a 0.1 M cerium(III) nitrate and 
0.1 M ammonium acetate solution. At the deposition bath pH of 6.1 , the solution consists 
of 39.75% Ce3+, 0.02% CeOH2

+, 47.33% Ce0Ac2
+, 12.05 % Ce(OAc)2+, 0.83% 

Ce(OAc)3, and 0.02% Ce(OAck. B) The cyclic voltammogram on Pt for 0.1 M 
cerium(III) nitrate and O.lM anunonium acetate solution. The CV at 100 mV/s in the 
deposition solution on a Pt electrode shows oxidation peaks at about 0.5 V and 0.8 V vs. 
Ag/AgCl and oxygen evolution above 1.0 V vs. Ag/AgCl. 

At a potential of + 1.1 V vs. Ag/ AgCl, oxygen is electrochemically produced at the 

electrode surface. During this reaction, ceria is deposited on the electrode surface. To 

verify this, the deposition solution was bubbled with oxygen gas. The bubbling of oxygen 

gas in the deposition solution chemically precipitated ceria with a particle size of 7 nm. 

Using either the electrochemical or chemical conditions, films are deposited on all 
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surfaces in the bulk solution. Therefore, an applied potential of + 1.1 V vs. Ag/ AgCl 

indirectly oxidizes Ce(Ill) to Ce02 by electrochemically-generating oxygen gas. 

To characterize these films, XPS, XRD, and SEM were used. The tetravalent state 

of the cerium was verified by XPS. The XRD patterns verified that the films were 

crystalline Ce02 films with no other phases or materials present at either potential. Based 

on the low angle X-ray reflectance data, a ceria film deposited at +0.5 v vs. Ag/AgCl for 

1000 s was 39 nm thick and had a density of 4.48 g/cm2 (61% of the bulk density). These 

values were consistent with ellipsometry results. Films deposited at + 1.1 V vs. Ag/ AgCl 

were not smooth enough for X-ray reflectance or ellispometry measurements. The SEM 

micrographs in Figure 12 show the morphology of the deposited films. Smooth, crack­

free ceria films were deposited at +0.5 V vs. Ag/AgCl (Figure 12A), whereas rougher, 

cracked ceria films were deposited at + 1.1 V vs. Ag/ AgCl (Figure 12B). The rougher, 

cracked morphology is consistent with a film produced by solution-formed nanopatiicles 

adhering to a substrate. 

Figure 12. SEM micrographs of ceria films grown at A) 0.5 V and B) 1.1 V vs. Ag/AgCI. 
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The film characterization indicates that the deposition of ceria films proceeds by 

one of two mechanisms, depending on the applied potential. Smooth films are deposited 

when Ce(III) is directly oxidized to Ce02 at +0.5 V vs. Ag/ AgCI. Cracked films are 

deposited at the more positive potential of + 1.1 V vs. Ag/ AgCl because the Ce(III) is 

indirectly oxidized by electrochemically generated 02, which forms Ce02 in the 

bulk solution. 

1.3 IRON COMPOUNDS 

Iron oxides, including iron hydroxides and iron ( oxy)hydroxides, are abundant in 

nature.90 These materials are used as catalysts, pigments, filters, and magnetic coatings 

for recording devices due to their chemical and physical properties.90·91 Although various 

methods are used to produce these iron oxides,90·91 this dissertation addresses the use of 

electrodeposition to produce magnetite, feiTihydrite, and zinc ferrite films. 

1.3.1 Magnetite. Magnetite, Fe30 4, is a mixed-valence metal oxide with an 

inverse spinel structure (space group, Fd3m)and a lattice parameter of 0.8397 Iml. The 

crystal structure of Fe304 is shown in Figure 13. Magnetite exhibits ferrimagnetism 

below the Curie temperature of 860K.9° Calculations have also indicated that the 

electrons are 100% spin-polarized at the Fermi level in this ferrimagnetic phase.92
•
93 The 

Fe3+ ions are in the tetrahedral sites (Figure 13B) while the Fe2
+ and Fe3+ ions are in the 

octahedral sites (Figure 13C). In the ideal case of stochiometric magnetite, the moments 

of the Fe3
+ ions are antiferromagnetically coupled, and the resulting magnetic moment is 

due to the Fe2
+ in the cell. The hopping of the charge carriers between the di- and 

trivalent iron ions create the electrical conduction of this material.94·95 As the temperature 
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drops below 120K, the electron hopping for Fe30 4 decreases (and conductivity decreases) 

resulting in a metal-insulator transition known as the Verwey transition.96 This charge-

ordered insulator has a magnetoelectronic effect, becoming ferroelectric below this 

Verwey temperature.97
-
100 The characteristics of magnetite make it a candidate for 

magnetic recording, magnetoreceptors, and spintronic devices.101
-
112 
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Figure 13 . Crystal structure of magnetite. A) Magnetite is an inverse spinel structure 

(space group, Fd3 m)with a lattice parameter of 0.8397 run . In the crystal structure of 

magnetite, the iron and oxygen atoms are re~resented in gray and red, respectively. B) A 
representation of magnetite showing the Fe + in tetrahedral sites . C) A representation of 
magnetite showing the Fe2+ and Fe3+ cations in octahedral sites. 
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Magnetite has been deposited by electrochemically oxidizing Fe(II) 18
-
26 or 

reducing Fe(IIIi7
"
29 in solution, followed by a chemical reaction between the generated 

species and the original cation to produce a film. Sapieszko and Matijevic initially found 

that Fe30 4 powder was produced from Fe(III)-triethanolamine solutions using reducing 

agents and thermal decomposition at 250K. 113 The Switzer group has shown that films of 

magnetite can be electrodeposited from a similar bath at temperatures ranging from 60 to 

90°C by electrochemically reducing this complex to produce Fe2+, which reacts 

chemically with the complex in solution.27
-
29 In this previous work, the films were 

deposited on polycrystalline stainless steel electrodes at a constant cathodic current 

deposition of 2 mA/cm2
.
27 Since the report on this work was published, the group's 

research has progressed to the deposition of epitaxial films and to the use of constant 

potential deposition to deposit magnetite. 

The deposition bath was prepared by dissolving 2.6 grams of iron(III) sulfate 

hydrate in 15 ml of I M triethanolamine (TEA), resulting in a deep red colored solution. 

This solution was diluted with 50 ml of distilled, deionized water. It was then added to a 

second solution of 12.0 g of NaOH pellets in 85 ml of distilled, deionized water. The 

resulting gray-green solution was heated to 80°C. The final concentration of the solution 

is 86 mM Fe(III), 100 mM TEA, and 2M NaOH. Magnetite films on the stainless steel 

substrates are produced by applying a potential between -1.01 V and -1.08 V vs. 

Ag! AgCl until I C/cnl was passed. Magnetite films were deposited on the gold single 

crystal at a constant potential of -1.0 I V vs.Ag/ AgCl for I 00 seconds. 

Papers II and III report that the surface concentrations of Fe(III) and Fe(II) are 

dependent on the applied potentiaL At low overpotentials, the Fe(III) surface 
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concentration is nearly the same as the bulk concentration (low concentration of Fe(II)), 

whereas at high overpotentials, at which the current becomes mass-transpmt controlled, 

the surface concentration of Fe(III) approaches zero (high concentration of Fe(II)). Using 

the ratio of the measured current to the limiting current, the concentration of Fe(III) and 

Fe(II) at the electrode surface is determined at each potential (Figure 14). Thus, 

stoichiometric magnetite would be deposited at approximately -1.045 V vs. Ag/ AgCl 

where 1/3 of the total concentration of Fe(III) has been reduced to Fe(II) . Theoretically, 

any potential more positive than this value should produce magnetite with excess Fe(III), 

whereas potentials more negative than -1.045 V vs. Ag/AgCl should produce magnetite 

with excess Fe(II). 

-:!:100 
E -

Figure 14. Plot of the concentrations of Fe(III) (red line) and Fe(II) (black line) at the 
electrode surface as a function of potential. Stoichiometric magnetite is produced when 
1/3 of the Fe3+ has been reduced to Fe2

+. The potential where 28.6 mM of Fe2
+ (black 

dashed line) and 57.4 mM of Fe3
+ (red dashed line) exist at the electrode surface is 

-1 .045 V vs. Ag/ AgCl 
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Papers II and III rep011 that magnetite films are deposited between -1.01 V and -

1.08 V vs. Ag/ AgCI. As the overpotential increases, the lattice parameter of the film 

decreases. Paper II notes that magnetite films deposited at -1.0 I V vs. Ag/ AgCl have a 

lattice parameter of 0.8415 run. Films deposited at -1.05 V vs. Ag/ AgCl have a lattice 

parameter of 0.8394 run, comparable to the value of 0.8397 mn rep01ted in 

JCPDS #19-0629. The Mossbauer spectra indicate that films deposited at -1.05 V vs. 

Ag/AgCl are closer to stoichiometric magnetite than films deposited at -1.01 V vs. 

Agl AgCI. These results are consistent with the analysis of the linear sweep data. 

Previously, the Switzer group has demonstrated that epitaxial magnetite films can 

be electrodeposited on single-crystal Au from a Fe(II)-acetate bath. 19 Paper II reports the 

epitaxial electrodeposition of magnetite thin films on Au single crystals using the 

electrochemical reduction of Fe(III). Magnetite films on both Au( I 00) and Au( II!) grew 

initially with a (Ill] orientation. As these films grew thicker, the magnetite films grew 

with [Ill] and (511] orientations. The [511] orientation is the result oftwinning on the 

{Ill} planes. On Au( II 0), magnetite grew with a [II 0] orientation that aligned with the 

underlying Au (II 0) substrate. 

Pole figure analysis indicated that magnetite films deposited on these substrates 

were epitaxial. Known as epitaxial relationships, the alignments of the films on the single 

crystals were determined from the pole figures in conjunction with stereographic 

projections. Figure 15 shows the (311) pole figures of A) the Fe304(1ll) film and B) the 

Au(! II) substrate. For a (311) pole figure of a (Ill) oriented cubic material, one domain 

will have three peaks at x = 29.5° separated il~ = 120°, six peaks at x = 58.5° separated 

il~ = 60°, and three peaks at x = 80° separated il~ = 120°. Figure 15 shows that two 



41 

domains of magnetite are oriented on one domain of gold. In addition, the magnetite 

peaks antiparallel to the gold peaks were more intense than those aligned parallel with the 

gold peak. For the two domains of magnetite on Au(lll ), the epitaxial relationships can 

be expressed as Fe30 4 (111)[01 l]ll Au(111)[0ll) for the antiparallel domain and 

- -
Fe3 0 4 (111)[011) II Au(l11)[011) for the parallel domain. That is, for the dominate domain 

(antiparallel), the Fe30 4(111) and Au(! II) planes are parallel, and the Fe304[0ll] and 

Au[O T I) in-plane directions are coincident. Similarly, for the parallel domain, the 

- -
Fe304(11!) and Au(! II) planes are parallel but the Fe304[011) and Au[011) in-plane 

directions are coincident. Pole figure analysis was also used for the magnetite films on 

Au(OO I) and Au( II 0). The epitaxial relationships for the four equivalent Fe304 domains 

- -
on Au(OOI) are Fe3 0 4 (111)[011)11Au(001)[110), Fe3 0 4 (111)[011) II Au(001)[110], 

- - -
Fe30 4 (111)[011]11 Au(001)[110], and Fe30 4 (111)[011)11 Au(001)[110]. The presence of 

[511) orientations is common due to the twinning of the {111} planes. For each of these 

four n;lationships on Au(OOI), three arrangements exist due to the (511): (511)[255], 

(511)[l14], and(511)[l 41]. The epitaxial relationship for the (110) magnetite films on 

Au(IIO) is Fe30 4(110)[001)11Au(IIO)[OOI). 
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A) B) 

[0 11] L 

Figure 15. The (311) pole figures of A) epitaxial (111 )magnetite on Au(lll) deposited at 
-1.01 V vs. Ag/ AgCl and B) Au(lll ). In both cases, peaks are observed at azimuthal 
angles, x, at 29.5°, 58.5°, and 80°. Comparing the two pole figures at x = 29.5°, two 
domains of magnetite are evident. In addition, the magnetite peaks anti parallel to the gold 
peaks are more intense than those that align parallel with the gold peak. The radial grid 
lines on the pole figures correspond to 30° increments of the tilt angle, X· 

1.3.2 Ferrihydrite. Another iron compound is fetTihydrite, a poorly crystalline 

material labeled as 2-line or 6-line fetTihydrite based on the number of observed peaks in 

the XRD pattern. Due to its poor crystallinity, various chemical structures have been 

determined for this material.90
•
114 Examples of the chemical formulas include 

5Fez03*9Hz0, FesHOs*4HzO, and Fez03*2FeOOH*2.6H20. 114
•
115 Recently, a new 

fenihydrite model (space group, P63 mc) using syncluotron data was determined with a 

proposed ideal chemical formula ofFe100 14(0H)2 with 115 of the Fe3+ in tetrahedral sites 

and 4/5 in octahedral sites. 115 A polyhedral model of this structure is shown in Figure 16. 

Ferrihydrite is superparamagnetic at room temperature and show magnetic ordering at 

4.2K. 90
•
114 Fenihydrite is observed in the corrosion of iron and steel, in mining waste, 

and in soil and sediments. 114 Due to its natural adsorption of cations, anions, and 
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organics in soil, ferrihydrite has been studied for the removal of heavy metals in water 

treatment. 114 Used as a precursor for the production of goethite and hematite, this 

material is made synthetically by rapid oxidation of Fe(II) or by hydrolysis of 

Fe(III) salts.90,9I ,II4 

r: = =:~ : ~.: ~ .... _ ~ . . 

Q . 

Figure 16. A polyhedral representation of the crystal structure of 2-line fenihydrite , with 
an ideal formula of Fe100 14(0H)2, (space group, P6; me). The lattice parameters are a = 

0.5958 nm and c = 0.8965 nm. In this structure, 1/5 of the Fe3
+ are in tetrahedral sites and 

4/5 are in octahedral sites.115 

Paper II describes the electrodeposition of fenihydrite nanoribbons from the same 

alkaline Fe(III)-TEA bath as the magnetite, but deposited at potentials more negative than 

-1 .09 V vs. Ag/ AgCl. The SEM images of the nanoribbon material deposited at two 

different potentials are shown in Figure 17. Based on the XRD patterns and Moss bauer 

spectra, these nanoribbon films are ferrihydrite. During the electrodeposition, magnetite 

is initially deposited below the ferrihydrite. The underlying magnetite film is visible in 
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Figure 17 A of the film deposited at -1.1 V vs. Ag/ AgCI. The production of ferrihydrite, 

an Fe(III) compound, in a Fe(II) rich condition is consistent with the aerial oxidation of 

an electrodeposited green rust film in basic conditions. 116 Based on pole figure analysis, 

the fenihydrite films are epitaxial. On Au(l!O), the epitaxial relationship for the two 

films on Au(l!O) is Fel00t4(0H)2)(1120)[0001]//Fe30 4(110)[001]//Au(110)[001]. On 

Au(001), Fel00t4(0H)z)(1120) [0001]//Fe304(001 )[11 0]// Au(OO 1 )[ 11 0] and 

Fel00t4(0H)z)(1120) [l 100]//Fe304(001)[110]//Au(001)[110] are the epitaxial 

relationships. On Au(lll ), the epitaxial relationship is Fel00t4(0H)2)(1120) [l 1 00] 

//Fe304(111)[01 l] //Au(111)[01 l]. 

Figure 17. SEM images of films deposited on Au(11 0) from an alkaline Fe(III)-TEA 
bath at A) -1.10 V and B) -1.20 V vs. AgCI. A film deposited at -1.10 V vs. Ag/AgCl has 
two morphologies present in the SEM image. The ribbon-like morphology is attributed 
to ferrihydrite and the lower layer morphology is consistent with magnetite. A film 
deposited at -1.20 V vs. Ag/ AgCl is predominately fenihydrite. 
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1.3.3 Zinc Ferrite. In addition to magnetite, a wide range of feJTites can be 

produced in which divalent and trivalent ions substitute for the Fe2+ and Fe3+. Based on 

the mineral spinel (MgAh04), the general chemical formula for these ferrites is 

[M1_,Fe,]A[M,Fe2_,]8 0 4 where the Fe is trivalent and theM is generally a divalent cation 

such as Mn2+, Zn2+, Fe2+, Co2+, Ni2+, or a mixture of these, which occupies either 

tetrahedral (A) or octahedral (B) sites. Spinels are characterized as either normal or 

inverse. In spinels, eight formula units are present per unit cell. The spinel is normal if M 

only occupies the tetrahedral sites (x = 0). In this structure, 32 0 2
- are present with eight 

M2+ ions in the tetrahedral sites and 16 Fe3+ ions in the octahedral sites. If M only 

occupies the octahedral sites, then the spinel is inverse (x = I). Here, the eight Fe3+ ions 

exist in the tetrahedral sites, and eight M2+ and eight Fe3+ are distributed in the 

octahedral sites. 

The site preference of divalent and trivalent ions is based on the size of the ions 

and the interstitial sites, on bonding, and on their crystal field stabilization energies 

(CFSE). 59 The resulting magnetism of these materials is due to the interaction of the ions 

in the tetrahedral and octahedral sites. For example, magnetite is an example of an 

inverse spinel. The Fe2+ ions are larger than the Fe3+ ions. The octahedral sites are larger 

than the tetrahedral sites. The Fe3+ ion ( d5
) has zero CFSE in an octahedral or tetrahedral 

site; the Fe2+ ion ( d6) has a larger octahedral CFSE than its tetrahedral CFSE. Therefore, 

Fe2+ ions go preferentially into the octahedral sites ((Fe3+)A(Fe2+Fe3+)8 04). Due to this 

inverse formation, the moments of the Fe3+ ions in the tetrahedral sites are 

antiferromagnetically coupled with the Fe3+ ions in the octahedral sites, resulting in a net 

magnetic moment due to the Fe2
+ in the tetrahedral sites. Therefore, magnetite is 
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fenimagnetic material, making it useful in magnetic recording, magnetoreceptors, and 

spintronic devices. 100' 112 

Whereas magnetite is an inverse spinel, zinc ferrite (ZnFe204) is a normal spinel. 

In this material, both Zn2+ and Fe3+ have zero CFSE. However, the electronic 

configuration of Zn2+ favors tetrahedral ( sp3
) bonding to the oxygen ions instead of 

octahedral ( d2sp3
) bonding. 117 This affinity of Zn2+ for tetrahedral sites results in a 

normal spinel structure ((Zn2+)A(Fe3+ 2)8 0 4) (Figure 18). Stoichiometric ZnFe204 is 

paramagnetic at room temperature because Zn2+ has no magnetic moment and the Fe3+ 

ions on the octahedral sites are randomly oriented. At the Nee! temperature of 1 0.5K, 

zinc ferrite becomes antiferromagnetic since the Fe3+ ions become antiferromagnetically 

coupled. Nanocrystalline zinc fenite has shown ferrimagnetism due to a change in the Zn 

and Fe distribution, resulting in a mixed spinel. 118
.
124 Zinc fenite is used as an 

anticorrosion pigment in paint and a tan pigment for plastic bags and roof shingles.90 This 

material is also being investigated as a H2S gas sensor and an absorbent for detoxification 

of hot coal gas. 125.129 In mixed zinc fenites, zn2+ replaces some of the divalent ions in the 

tetrahedral sites in inverse spinels such as nickel fenite and manganese fenite. These 

show higher magnetic moments than the pure ferrites and are used in 

telecommunications, electromagnetic interference suppression, and power and 

. ,. . 117118 microwave app 1ca!ions . ' 
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Figure 18. The polyhedral representation of zinc ferrite . Zinc ferrite is a nonnal spinel 
structure (space group, Fd3m) with a lattice parameter of 0.8446 nm. The zinc atoms are 
in tetrahedral sites (purple), and the iron atoms are in octahedral sites (dark gray). 
Oxygen atoms are represented in red. 

Zinc ferrite is produced by vanous methods such as sintering,118
•
127 sol-gel 

processing, 120
•
121 ball milling, 122

•
125

•
129 and micelles.123 Zinc ferrite films have been 

indirectly electrodeposited by codepositing Zn and Fe and then electrochemically 

oxidizing the metals in base and sintering between 500 and 800°C. 130 Zinc ferrite 

powders are produced from an alkaline Zn(II)-Fe(III)-TEA bath using reducing agents 

and thermal decomposition. 131 Paper III reports the direct electrodeposition of zinc ferrite 

from the alkaline Fe(III)-TEA deposition bath of magnetite and ferrihydrite with the 

addition of 0.03 M Zn(II). 

Just as in the electrodeposition of magnetite, the electrochemical-chemical (EC) 

nature of this deposition bath is used. The composition of the electrodeposited zinc ferrite 
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is controlled by applying different potentials (Table I). The atomic percentage of Zn 

detected in these films ranges from 32% at -0.97 V to 20% at -1.05 V vs. Ag/ AgCI. The 

Zn detected from EDS measurements is comparable to that calculated from the linear 

sweeps. The lattice parameters of the zinc ferrite films also decrease as the applied 

overpotential increases. Zinc fen·ite films electrodeposited on gold single crystals are 

epitaxial. For instance, the epitaxial relationships of these films on Au(lll) are 

ZnFe 20 4 (111)[01 I]// Au(111)[0 I 1] for the main (antiparallel) domain and 

ZnFe20 4 (111)[0 I 1]// Au(lll)[O I 1] for the minor (parallel) domain. 

Table 1. Comparison of compositions of zinc ferrite films as a function of applied 
potential measured from energy dispersive spectroscopy and calculated from the linear 
sweep voltammetry. 

Applied Lattice Ratio of Measured Surface [FeZ+] Calculated 

potential Pa!'ameter Zn/Fefrom Composition ft·omLSV Composition 

(Vvs. (nm) EDS (mM) 

Ag/AgCI) 

-0.97 0.8443 0.47 Zno.96Fe2.0404 5 Zno.s6Fe2.1404 

-0.99 0.8431 0.39 Zno.s4Fe2.1604 8 Zno,79Fe2.2104 

-1.01 0.8435 0.32 Zno.nFe2.2s04 14 Zno.6sFe2.3204 

-1.03 0.8426 0.27 Zno.6JFe2,3704 22 Zno.ssFe2.4204 

-1.05 0.8415 0.25 Zno.6oFe2.4o04 34 Zno.47Fe2.s304 
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1.4 SUPERLATTICES 

Because superlattices are crystallographically coherent, they are produced with 

alternating layers of materials with very low lattice mismatch. Superlattices of 

semiconductors, ceramics, and metals have shown enhanced optical, electronic, magnetic, 

and mechanical prope1iies compared with the prope1iies of each individual component of 

the superlattice. 1
•
2
•
132

•
133 Initially, most work on superlattices has used vacuum techniques 

such as chemical vapor deposition and molecular beam epitaxy to produce semiconductor 

superlattices with engineered band gaps for quantum well lasers, photodiodes, and 

heterojunction field-effect transistors1
•
2

•
133 and to produce metallic superlattices with 

giant magnetoresistance for magnetic storage, sensors, and spintronics. 1
•
132 However, 

electrodeposition has several advantages over these vacuum-based methods for the 

production of superlattices. 1
•
2
•
134 In addition to its cost-effectiveness, electrodeposition 

uses low processing temperatures, which minimize interdiffusion of the layers. 

Superlattices are produced within minutes from a single deposition bath as the 

composition is controlled by the potential or current applied. 

Electrodeposition has been used to produce compositionally modulated 

multilayers such as Co-Cu!Cu,135
•
139 Co-Ni(-Cu)/Cu,139

.
145 and Ni/Cu. 139

•
142

•
146

•
153 These 

metallic superlattices have improved wear resistance146
•
147

•
150 and magnetic 

anisotropy. 139
•
142

•
144

•
145

•
153 Lashmore and Dariel demonstated the coherent nature of the 

multi layers by X-ray diffraction, verifying the production of Ni/Cu superlattices on the 

three low-index orientations of copper single crystals. 148 Moffat then proved that 

epitaxial Ni/Cu superlattices on Cu(lOO) are strained, which inhibits the formation of 

defects. 149 The prevention of dislocations in the layers is attributed to the enhanced 
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mechanical and wear properties of the Ni/Cu superlattices. 150 After dissolving the copper 

substrate, Schwarzacher's group showed giant magnetoresistance (a large change in 

electrical resistance due to an applied external magnetic field) in Co-Ni(-Cu)/Cu metallic 

superlattices. 139·141 ·142 They showed that by altering the nomnagnetic Cu layer thickness, 

the giant magnetoresistance (GMR) changed. The increase in the Cu layer decreases the 

GMR because both the interaction between the magnetic layers and the interface density 

decrease. 139·154 Other studies rep01t oscillatory GMR dependent on the Cu layer 

thickness. 137·139·140 The orientation of the substrate also affects the MR because the 

substrate can influence film texture and orientation. The Co-Ni(-Cu)/Cu superlattices 

have maximum MR values of 9% on Cu(111),143 15% on Cu(l00), 143 25% on 

polycrystalline Cu, 143 12% on n-GaAs(001),145 5% on n-GaAs(111),145 and 10% on 

n-Si(1 00). 144 Further research has produced electrodeposited metallic superlattice 

nanowires139·143·156·157 with similar MR values by depositing the superlattice in a porous 

template such as anodized aluminum or polycarbonate membrane, a technique first 

proposed by Martin.1·155 Besides producing nanowires with GMR for potential spintronic 

devices, other metallic superlattice nanowires have been rep01ted such as Nil Au for high 

frequency filters 158 and Co/Pt for magnetic barcodes. 159 

Although most electrochemical research on superlattices has been based on 

metals, semiconductor compounds1·160'166 and metal oxide1·2·3843 superlattices have been 

electrodeposited. Semiconductor compound superlattices with observed bandgap shifts 

are produced by electrochemical atomic layer epitaxy (ECALE).1·160'164 Electrodeposition 

has also been used to produce semiconductor superlattice nanowires for potential 

1. . . h l . 165 166 Th S . h . 1 d app 1callons m t ermoe ectncs. · e w1tzer group as prevwus y use 
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electrodeposition to produce both compositional and defect-chemistry superlattices of 

conductive metal oxides. 1.2·3843 Paper III demonstrates that epitaxial superlattices based 

on the metal oxides magnetite and zinc ferrite are electrodeposited on Au(l11 ). 

Superlattices may be electrodeposited by pulsing between two potentials or two 

currents. As described by Ross, 134 the pulsing between potentials will give sharper 

interfaces, but the layer thickness may vary. The film thickness depends on the charge 

passed at each potential, which may change if the transpott of material to the electrode is 

fluctuating. 134 The pulsing between two cmTents will reduce the clear division between 

the layers, but the layer thicknesses will be more uniform. 134 Both methods have been 

used by this group to make superlattices.1·2.3843 Paper III reports the electrodeposition of 

superlattices by pulsing between two potentials to produce sharper interfaces for FIB 

imaging and to control the composition and defect chemistry of the layers. 

Previously, Fe30,JNi0167•168 and Fe304/Co0169·170 superlattices have been 

produced on (001)Mg0 by molecular beam epitaxy, whereas [111] oriented 

ZnFe20,VZnGaz04 superlattice has been produced by pulsed laser deposition onto (0001) 

sapphire. 171 By exploiting the EC nature of the reaction, we show in Paper III that 

magnetite and zinc ferrite superlattices are produced. By applying different potentials, the 

lattice parameters of the magnetite and zinc ferrite films are tunable, as is the 

composition of the zinc ferrite films. In this study, the magnetite superlattices were 

deposited by pulsing between -1.01 and -1.05 V vs. Ag/ AgCl, whereas compositional 

superlattices of zinc ferrite were deposited by pulsing between -0.99 V and -1.05 V vs. 

Ag/ AgCI. The lattice mismatches are 0.24% for the magnetite superlattices and 0.19% for 

the zinc fenite superlattices. By systematically changing the deposition times, 
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superlattices with different modulation wavelengths were produced. The superlattice 

formations were verified by cross-sectional FIB images and X-ray diffraction patterns. 

Figure 19 shows the (444) reflections of the superlattices on Au(111). These layered 

structures in the magnetite and zinc ferrite system have modulation wavelengths ranging 

from 78 to 9.5 nm. 
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Figure 19. A) The (444) X-ray diffraction peaks of magnetite superlattices with a range 
of modulation wavelengths. Magnetite superlattices were produced by pulsing between -
1.01 V and -1.05 V vs. Ag/AgCl in an alkaline Fe(III)-TEA bath with modulation 
wavelength of 20.7 (top) and 9.5 mn (bottom). B) The (444) X-ray diffraction peaks of 
zinc fenite superlattices with a range of modulation wavelengths. Zinc fenite 
superlattices were electrodeposited using -0.99 V and -1.05 V vs. Ag/AgCl from an 
alkaline Zn(II)-Fe(III)-TEA deposition bath with modulation wavelengths of 29.2 (top), 
16.8 (middle), and 12.5 mn (bottom). The main Bragg peak is indicated with a "0". 
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The low temperature and the negative overpotentials should allow the deposition 

of these superlattices onto semiconductors for integration with electronics. Because the 

orientations of epitaxial films are controlled by the substrate, the deposition of these 

superlattices on different orientations of substrates permits study of the effect of 

orientation on their magnetoresistance. These superlattices can also be electrodeposited in 

porous membranes to produce superlattice nanowires for additional magnetoresistance 

and magnetoreceptor studies. Superlattices fabricated electrochemically based on 

magnetite/zinc ferrite systems and other metal ferrites that may be produced in the future 

along with their superlattices have the potential to become devices for microwave, 

entertainment, power, and magnetic applications. 117 

1.5 CHIRALITY OF COPPER(II) OXIDE 

A chiral structure is nonsuperimposable on its mirror image. Because one chiral 

molecule, known as an enantiomer, may be beneficial and another toxic, research has 

focused on methods to produce enantiomerically pure forms of drugs and their 

precursors. 172 A research focus is to use chiral surfaces as catalysts and sensors. One 

method to produce chiral surfaces is to break the symmetry of a metal surface by 

irreversibly adsorbing chiral molecules on the surface. For example, an achiral Ni surface 

modified by adsorbing (R,R)-tartaric acid has been used to catalyze the hydrogenation of 

P-ketoesters, producing the R-product with over 90% enantiomeric excess, whereas the 

surface modified with (S-S)-tmtaric acid selectively produces the S-product. 173 An 

alternative to the adsorption approach is to develop surfaces that are intrinsically chiral. 

McFadden et al. showed that high-index surfaces of face-centered cubic metals are 
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chiral. 174 The chirality of these high-index surfaces is attributed to the presence of right­

and left-handed kink sites. 174 Scholl et a!. simulated the enantiospecific adsorption of 

chiral molecules on Pt(643) using Monte Carlo simulations, 175 whereas Attard et a!. 

showed experimental evidence of chiral recognition by enantiospecific electrooxidation 

of glucose in aqueous solutions on surfaces of Pt(643) and its enantiomer, Pt (643) .176
•
177 

Paper IV describes an approach to the development of chiral catalysts that requires 

electrodeposition of chiral films of an achiral material on an achiral substrate. 

The chirality of a crystal depends on the symmetry operations present in the 

structure. Proper sy=etry operations are those that do not change the handedness of an 

object. These operations include rotation axes, translations, and screw axes. In Figure 20, 

a left hand is used to show the symmetry operation of A) a two-fold rotation (2), B) a 

translation, and C) a screw rotation (2J). These proper symmetry operations do not 

change the "handedness" because they are just movements of the same object. 178 If only 

these operations are present, then the structure is chiral. However, improper symmetry 

operations such as rotoinversion operations (I= i,2 = m,3,4,6) or glide reflection (a, b, 

c, n, and d) invett an object's geometry. These operations produce the opposite "hand" of 

the object; such objects cannot be produced by a direct movement of the original object. 

In Figure 21, A) an inversion (i), B) a mirror (m), C) a rotation inversion (4), and D) a 

glide plane (a, b, c, and d) are shown using the left hand as the object of interest. Any 

structure with one of these improper symmetry operators will produce the opposite 

"hand" of the object; therefore, the structure will be achiral. 178 
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Figure 20. Chiral structures exist if they contain only proper symmetry operators such as 
A) a two-fold rotation (2), B) a translation, and C) a screw rotation (2J). These symmetry 
operations do not produce the opposite "hand" of the object; therefore, structures with 
only these operations will be chiral. 
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Figure 21. Achiral structures exist if they contain improper symmetry operators such as 

A) inversion (i), B) a minor plane (m), C) a rotation inversion (4 ), or D) a glide plane 

(c). These symmetry operations produce the opposite "hand" of the object; therefore, 
structures with one of these operations will be achiral due to the presence of 
both "hands." 
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The synm1etry of the system determines what planes of a material are chiral. For 

example, Paper IV describes the electrochemical deposition of chiral orientations of 

copper(II) oxide (CuO). For CuO (space group C2/c), the lattice parameters are a = 

0.4685 nm, b = 0.3430 nm, c = 0.5139 run, a = y = 90°, and p = 99.08°. This monoclinic 

structure is shown in Figure 22 where the copper atoms are blue and the oxygen atoms 

are red. The structure is centrosynunetric (i.e. it has an inversion center, i); therefore, the 

bulk crystal structure of CuO is achiral. However, crystallographic orientations/planes 

may be chiral. A monoclinic system has three axes of unequal length and an angle 

normally greater than 90° between two axes. In this arrangement, the b-axis is unique. 

The c and a axes do not intersect each other at right angles, but they are perpendicular to 

the b axis. Based on the space group, a glide plane is along the c-axis; therefore, a glide 

plane is perpendicular to the b-axis. An achiral plane has a minor or glide plane 

perpendicular to it. Therefore, achiral planes of CuO are planes that are parallel to the b­

axis, planes k = 0. Thus, planes such as (202), (002), and (203) are achiral. Chiral CuO 

planes lack glide plane symmetry; chiral planes are those with k 1- 0 such as (111 ), (11 0), 

(022), and (020). For a chiral plane (hkl), its enantiomer is (hkl). 
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Figure 22. The crystal structure of CuO. For CuO (space group C2/c), the lattice 
parameters are a= 0.4685 mn, b = 0.3430 mn, c = 0.5139 mn, a= y = 90°, and p = 
99.08°. The copper atoms are in blue, and the oxygen atoms are in red . A c glide plane is 
perpendicular to the b-axis. 

Table 2 lists the synm1etry of specific planes depending on the point group. 179 

Screw axes are replaced by the highest possible rotation, and glides are replaced by 

mirrors. Planes that lack mirror symmetry (m) are chiral. For example, whereas all 

planes of triclinic structures are chiral, all planes of orthorhombic structures are achiral 

except where h :t k :t 1 :t 0. The space group of CuO is C2/c (15); its point group is 2/m. 

According to Table 2, chiral planes are {010}, {Okl}, {hkO}, and {hkl} , whereas achiral 

planes are { 100}, { 001}, and {hOI}. From these select planes, a trend is visible; achiral 

planes are those that k = 0 (consistent with the results reported above). This trend is true 

for all monoclinic structures. 
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Table 2. Symmetry of the planes of a point group. Orientations that lack mirror 
synunetry (i.e. havin~ rotational symmetry) are chiral. The chiral orientations are 
highlighted in yellow. 1 9 

System 
Space Point 

{100} {010} {001} {Old} {hOI} {hi<O} {hid} 
Group Group 

Triclinic 1 1 I I I I I I I 

2 I 2 2 2 2 2 2 2 

Monoclinic 3-5 2 m 2 m I ll1 I I 

(2"d setting) 6-9 Ill Ill I Ill I m rp 1 

10-15 2/m 2mm 2 2mm 2 2mm 2 2 

Ortho-
16-24 222 2mm 2mm 

rhombic 
2mm m m m I 

mm2 m m 2mm m Ill m I 

25-46 m2m m 2mm Ill Ill Ill m I 

2mm 2m111 111 111 m Ill m 1 

47-74 mmm 2mm 2mm 2mm 2mm 2mm 2mm 2 

System 
Space Point 

{001} {100} {110} {hi<O} {hOI} {hhl} {hid} 
Group Gt·oup 

Tetragonal 75-80 4 4 m 111 m I ll 1 

81-82 4 4 Ill m m I I 1 

83-88 4/m 4 2mm 2mm 2mm 2 2 2 

89-98 422 4mm 2mm 2mm m m Ill 1 

99-110 4mm 4mm Ill Ill m m Ill 1 

111-122 42m 4111m 111 2111m 111 111 m I 

123-142 4m2 4mm 2mm 2111111 2mm 2mm 2mm 2 
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Continuation of Table 2. Symmetry of the planes of a point group.179 

System 
Space Point 

{001} {100} {110} {hl<O} {hOI} {hhl} {hid} 
Group Group 

Trigonal 
143-

3 3 1 1 1 I I l 
146 

(hexagonal 147-
3 6 2 2 2 2 2 2 

axes) 148 

149-
321 31m Ill 2 I Ill I I 

155 
312 3m1 2 111 I I 111 1 

156-
3ml 

161 
3m I Ill l I m I I 

162- 3ml 6m111 2mm 2 2 2mm 2 2 
167 

31m 6mm 2 2mm j 2 2mm 2 

Hexagonal 
168-

6 6 I I 1 
173 

m m Ill 

174 6 3 m m Ill I I I 

175-
6/m 6 2111111 2mm 2mm 2 2 Q 

176 
177-

622 6mm 2mm 
182 

2mm m 111 Ill I 

183-
6mm 6111m 

186 
m m Ill Ill 111 I 

187- 6m2 3m! 2mm m 111 Ill Ill I 
190 62m 31m Ill 2mm Ill Ill Ill l 

191-
6/mmm 6mm 2mm 2mm 2ml11 2ml11 2mm 2 

194 

System 
Space Point 

{100} {111} {110} {hkO} 
{hill} {hhl} 

{hid} 
Group Group h>l h<l 

195-
23 2ml11 3 I I I 

199 
m 111 

Cubic 
200-

m3 2mm 6 2mm 2mm 2 2 Q. 
206 
207-

432 4mm 3m 
214 

111 111 Ill 111 I 

215-
43m 4mm 3m I 

220 
Ill 111 111 111 

221-
m3m 4mm 6mm 2mm 2mm 2mm 2mm 2 

230 
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Other methods to determine whether a surface is chiral or achiral are 

stereographic projections and interface models. Like a point group, a stereographic 

projection is a two-dimensional plot that shows the angular relationships of the crystal's 

planes and directions based on its crystallographic symmetry. Simply, a stereographic 

projection is a way to represent a three-dimensional crystal on a two-dimensional page. 

If two orientations have stereographic projections that are superimposible mirror images, 

then the orientations are achiral. If the two orientations produce stereo graphic projections 

that are nonsuperimposable min·or images, then the orientations are chiral. In this 

disse1iation, CaRine Crystallography 3.1 is used to produce the ste01·ographic projections. 

An interface model is a 2-D or 3-D periodic representation of the interface 

between two crystallographic planes. Each plane of the crystal is specified by the Miller 

indices, hkl. A match direction and point for each plane are indicated in which the 

program will "match" the direction and point of one plane to the other. If the interface 

model produces identical surfaces that are superimposed on each other, then those planes 

are achiral. If the planes are nonsuperimposable in the model, then those planes are 

chiral. These interface models are generated using Cerius 2.0 from Molecular 

Simulations, Inc. 

Calculated stereographic projections are shown in Figure 23 for the achiral planes 

(00 1) and (00 T) of CuO and in Figure 24 for the chiral planes ( 111) and ( T T T) of CuO. 

In Figures 23A and 23B, the stereographic projections of the (001) and (00 l) planes are 

superimposable mirror images of each other. In addition, each projection has mirror 

symmetry. This mirror symmetry in the stereographic projection indicates that there is an 

improper symmetry operator perpendicular to this surface, resulting in planes that are 
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achiral. The interface model in Figure 23C shows that these two surfaces are also 

superimposable on each other; therefore, the (00 I) and (00 I) planes of CuO are achiral. 

In Figures 24A and 24B, although the stereo graphic projections of the (Ill) and 

(lll) planes are mirror images of each other, they are not superimposable. Also, 

neither projection has minor symmetry. The absence of minor symmetry in the 

stereo graphic projection indicates that only proper symmetry operators are perpendicular 

to this surface. The presence of only proper symmetry operators indicates that these 

planes are chiral. The interface model in Figure 24C shows that these two surfaces are not 

superimposable on each other; therefore, the (Ill) and (TTT) planes ofCuO are chiral. 
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C) 

Figure 23. Stereographic projections of the A) (001) and B) (00 l) orientations of CuO. 

These two orientations are superimposable mirror images of each other; they are achiral. 
The radial grid lines on the stereographic projections correspond to 30° increments of the 

tilt angle, X· C) The interface model of (00 l) CuO (front, blue Cu atoms) on (OOl)CuO 
(back, brown Cu atoms) with a conunon [010] direction. These two orientations are 
superimposed onto each other, indicating that they are achiral. 
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B) 

(1 11) 
• 

C) 

Figure 24. Stereographic projections of A) (111) and B) (1 1 1) orientations of CuO. 

These two orientations are nonsuperimposable mirror images of each other; they are 
chiral. The radial grid lines on the stereographic projections correspond to 30° increments 

of the tilt angle, X.· C) The interface model of (l T l) CuO (red oxygen atoms) on 

(lll)CuO (violet oxygen atoms) with a common [1 lO] direction. These two surfaces are 

nonsuperimposable; therefore, they are chiral. 
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Paper IV explains that the chirality of the electrodeposited CuO film is controlled 

by the enantiomer used to form Cu(II) complexes. Epitaxial films of cupric oxide (CuO) 

can be electrodeposited on Au(OOI)7
•
8 and Cu(l11)9 single crystals. Paper IV presents 

details on the electrodeposition of chiral CuO films onto Au(OO I) from solutions using an 

enantiomer of tattaric acid to direct the chirality. In pmticular, it shows how X-ray 

diffraction pole figures and stereographic projections can be used to detennine the 

absolute configuration of the film and how azimuthal scans can be used to determine the 

enantiomeric excess of the orientations of the films. In addition, these results are 

contrasted with chiral and achiral CuO films deposited onto Au(OO I) using Cu(II) 

complexes of the amino acids alanine, valine, and glycine as precursors for the 

deposition bath. 

Films of CuO were deposited on Au(OO I) single crystals from an alkaline solution 

of copper(II) complexed with tartaric acid. The deposition bath was prepared by 

dissolving 7.5 grams of copper(II) sulfate pentahydrate in a solution containing 4.5 grams 

of tartaric acid dissolved in 100 ml of deionized water. A second solution of 12.0 grams 

of NaOH pellets in 50 ml of deionized water was added to this solution, resulting in a 

dark blue solution. The base solution must be cooled to room temperature or a white 

precipitate forms in the deposition solution. The final concentration of the deposition bath 

was 0.2 M CuS04*SH20, 0.2 M L-, D-, or DL tartaric acid, and 3 M NaOH. Films were 

deposited at a constant anodic current density of 1 mA/cm2 at 30°C for 30 minutes. 

The solutions for deposition from amino acids were prepared by fom1ing 

complexes of Cu(II) with an excess amount of amino acid in base. The solution for 

depositing CuO from amino acids in this paper was first reported by Nakaoka and Ogura 
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and consisted of 50 mM amino acid, 5 mM Cu(II), and 0.2 M NaOH. 180 Like the 

copper(II)-tartrate bath, the Cu(II) forms a complex with amino acid before the base 

solution is added to the solution. The amino acids studied were achiral glycine and the L-, 

D-, and racemic forms of alanine and valine. The racemic amino acid solutions were 

made using equal amounts of the L- and D-amino acids. Films were deposited on 

Au(001) single crystal at a constant anodic current density of 100 11Aicm2 at 30°C for 

5 minutes. 

The X-ray diffraction patterns of films grown from an L-tmirate bath were 

identical to those of films grown from a D-tartrate bath. In these diffraction patterns, only 

the CuO{ I 11} family of planes was present. However, based on the chiral selection 

rules determined in the previous section, the (1 II) and (II 1 ) planes are chiral. Both of 

these orientations have the same d-spacing of 0.2525 nm. To determine absolute 

orientations of the films, Cu0(111) pole figures and stereographic projections were used. 

Because the Cu0(200) d-spacing is similar to the Cu0(111) d-spacing, reflections due to 

Cu0(200) reflections are observed in the pole figure. Likewise, the Cu0(111) d-spacing 

is similar to the (111)Au d-spacing. Although this pole figure is maximized for Cu0(111) 

reflections, Au(! II) reflections are seen in the pole figures. These Au reflections 

provided an internal standard for comparing the pole figures of the two films. 

Figure 25 shows the stereographic projection of the A) (I I I) and B) (I 11) 

orientations indicating the positions where the {111} and {100} reflections would occur. 

Figure 24A shows that for the (I I I) orientation, the reflections from the (I I I) plane at 

a tilt angle, x_, of 57° and from the (I I I) plane at X= 63° are separated azimuthally by 

115° rotated counter-clockwise (b.$ = -115°). Figure 24B shows that for the (1 II) 
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orientation, reflections from the (T 1 T) plane at x = 57° and from the ( 111) plane at X = 

63° are separated azimuthally by Li.~ = + 115°. In both stereographic projections, the 

{ 100} reflections are at X = 62° and M = 180° from the ( 111) and ( T T T) reflections. 

These stereo graphic projections of the (ITT) and (T II) orientations are 

nonsuperimposable mirror images of each other; the two orientations are enantiomorphs. 

By using the positions of the peaks in the pole figures, the absolute chiral orientations of 

the two films can be determined. 

' Figure 25 also shows the CuO(lll) pole figures for CuO films on Au(OO I) grown 

from C) L-tartaric acid and D) D-tartaric acid. The Au(111) reflections at X = 55° 

coincide with the (1 T 1) reflection of the (1 TT) orientation and the (T 1 T) reflection of 

the ( T 11) orientation at x = 57°. The overlapping peaks provide an internal reference for 

comparing the pole figures. The chirality of these pole figures is evident. The 

stereographic projection of the conesponding orientation is overlaid on these pole 

figures. The films from L-tartaric acid solution grew with a { 1 T T} orientation, whereas 

films grown from D-tartaric acid solution had a { T II} orientation. The comparison of 

the pole figure to the stereographic projection also indicates that four CuO domains exist 

on the symmetric four-fold symmetry of Au(001). Although not shown in Figure 25, the 

Cu0(111) pole figure for a CuO film on Au(OOI) grown fi·om DL-tartaric acid has both 

chiral orientations with equal intensity, making the film achiral. 
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A) (100) B) 
(100) 

(111) 

115' 11111 [111) 115. 

(111) 

C) D) 

Figure 25. The stereographic projection of A) Cu0(1 TT) and B) CuO(lll), indicating 
the positions where the {111} and {100} reflections occur. The CuO(lll) pole figures 
for CuO films on Au(001) grown from C) L-tartaric acid and D) D-tartaric acid. Based on 
the stereographic projections and pole figures, the films from L-tartaric acid solution 
grow with a { 11 1 } orientation whereas films grown from D-tartaric acid solution have a 
{ T 11 } orientation. 

A comparison of the area under the { 111 } reflections in an azimuthal scan for 

each orientation indicates that the { 1 T T} films from L-tartaric acid solution have an 

enautiomeric excess of 95%; { 111} films grown from D-tmiaric acid solution have an 

enantiomeric excess of93%. A racemic mixture of tartaric acid has equal amounts of the 
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two enantiomeric orientations. The chiral films also showed chiral recognition of tartrate. 

Cyclic voltammograms showed that the film grown from L-tattaric acid selectively 

oxidized L-tartaric acid over D-tattaric acid, whereas the film grown from D-tattaric acid 

selectively oxidized D-tartaric acid over L-tartaric acid. Cyclic voltammograms on a 

racemic film from DL-tartaric acid solution showed no enantioselectivity for the 

electrooxidation of tartaric acid. 

In contrast to the films grown from Cu(II) complexes of tmtaric acid, which have 

only one chiral orientation with high enantiomeric excess, the films grown from Cu(II) 

complexes of amino acids have two chiral orientations on Au(OOl), with smaller 

enantiomeric excesses. The films grown from L-alanine and L-valine solution have small 

excesses of { T 11 } and { T T T } orientations, whereas the films grown from D-alanine 

and D-valine have small excesses of the { 1 T T} and { 111} orientations. Films grown 

from a glycine bath have equivalent amounts of the { T 11 } and { 1 T T } orientations and 

no indication of the {T T T} and { 111} orientations. 

1.6 ELECTROCHEMICAL BIOMINERALIZATION 

Biomineralization is "the study of the formation, structure, and properties of 

inorganic solids deposited in biological systems". 181 Research in biomineralization 

generally involves the chemical precipitation, etching, and spray coating of calcium salts 

such as calcium carbonates, oxalates, and phosphates. 181
'
185 As research in biomaterials 

has developed, electrodeposition has been introduced to produce biocompatible coatings 

of brushite and hydroxyapatite on metal implants. 186
•
187 Electrodeposition has also been 

used to study the effects of metal ions and the deposition conditions on development of 
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calcium carbonates. 188'190 Unlike chemical precipitation, in which homogenous 

nucleation occurs throughout the solution, clectrodeposition occurs by heterogeneous 

nucleation on the electrode surface. The electrodeposition of biomaterials occurs by 

electrochemically generating hydroxide ions, increasing the local pH at the electrode 

surface. 

Previously, the production of calcite, a calcium carbonate polymorph, has been 

studied by altering the surface the material. Specifically, it has been chemically etching 

with, or precipitated in, the presence of various modifiers. 191 '201 The use of chiral organic 

modifiers has produced the precipitated and etched calcite crystals with chiral 

formations. 191'195 Research by the Switzer group in chirality had shown that chiral CuO 

films are produced by electrodeposition from enantiomeric copper(II) tmirate and amino 

acid deposition baths. 7'
9 Inspired by the chiral structures of nature and these chiral 

studies, the group began to explore electrochemical biomineralization of chiral calcite. 

Paper V describes the production of chiral facets of calcite by electrodepositing 

the films in the presence of chiral additives. The calcium carbonate films were deposited 

at 30°C using a constant potential of -1.1 V vs. Ag/AgCl for 1800-3600 s. The argon 

purged deposition solution consisted of 4.1 mM CaCh*2H20, 7.1 mM NaHC03, and 3.2 

mM MgCh. One organic additive was introduced to this solution for film morphology 

comparison. The concentration of the additive was 2.5 mM of succinic acid, 2.2 mM of 

racemic malic acid, 2.0 mM of the enantiomer of tartaric acid, 2.2 mM of the enantiomer 

of malic acid, or 4.5 mM of the enantiomer of aspartic acid. All of the films were 

deposited onto stainless steel substrates via the electrochemical production of hydroxide 

ions, increasing the local pH and forcing CaC03 to precipitate on the substrate (Equations 
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8 and 9). Because the various polymorphs of calcium carbonate have different crystal 

structures, the deposited calcium carbonate films are easily differentiated by 

X-ray diffraction. 

Figure 26 shows the crystal structure of calcite (space group, RJc) with reference 

to the hexagonal axes. This space group is centrosymmetric. Although calcite crystallizes 

in an achiral space group, chiral planes do exist. A rhombohedral system transfmmed 

onto hexagonal axes has two axes of equal length and a 120° angle (y) between the two 

axes. In this arrangement, the c-axis is the unique axis. The a and b axes do not intersect 

each other at right angles, but they are perpendicular to the c axis. Based on the space 

group, the improper rotation (3) is along the c-axis. A c glide plane is perpendicular to 

the [1 00], [0 10] and [l T 0] directions. Therefore, a glide plane is perpendicular to the a­

and b-axes. In hexagonal and transformed rhombohedral structures, the Miller indices 

have four numbers, h, k, i, and I. The third number, i, is equal to (h + k), which is 

considered a redundant index along the [l T 0]. Therefore, a glide plane is also 

perpendicular to this axis. Since an achiral plane has an improper symmetry operator, 

such as a minor or glide plane, perpendicular to it, the achiral planes of calcite are 

parallel to the a-, b-, or i-axes, when h =0, k = 0, or i = 0, respectively. Consistent with 

the point group 3m1 in Table 2, chiral planes are those ori which h * 0, k * 0, or i * 0. 

The common cleavage {10l4} planes of calcite, (i.e. planes such as (10 T 4), (01 T 4), and 

(1 T 04)), are achiral. An example of a set of chiral planes is the {2131} planes of dog­

tooth calcite. 
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Figure 26. The crystal structure of calcite. For calcite (space group, R3c), the lattice 

parameters are a = b = 0.4989 run, c = 1.7062 nm, a= p = 90°, andy= 120°. The calcium 
-

atoms are blue, the carbon atoms are gray, and the oxygen atoms are red. The {1 014} 
family of planes is indicated with red lines. 

In the present research, calcite deposits were electrochemically produced that 

exhibit achiral and chiral facets when grown in the presence of magnesium and the 

dicarboxylic acids, as indicated in the SEM images in Figure 27. Symmetric calcite facets 

were produced in the presence of an asynunetric dicarboxylic acid, succinic acid, (Figure 

27 A) and in the presence of a racemic mixture of malic acid (Figure 27B). Chi raJ facets 

were produced in the presence of L- and D-tartaric acid (Figures 27C and 27D) as well as 
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L- and D-malic acid. The addition of L- and D- aspartic acid, a dicarboxylate amino acid, 

also generated chiral faceted calcite (Figures 27E and 27F, respectively). Due to the 

precipitation of calcium DL-tmtrate in the deposition bath, a calcite deposit illustrating 

the influence of DL-tartaric acid has not been produced. Films that were grown from L­

tat1aric acid had morphologies that rotated in the same direction as that of calcite 

deposited in the presence ofD-malic and D-aspartic acids. Using the Cahn-Ingold-Prelog 

nomenclature for the additives, a relationship among these deposits materialized. 

Deposits from chiral molecules with an R designation, such as L-tartaric, D-malic, and D­

aspat1ic acids, have morphologies that rotate clockwise whereas deposits from 

S-molecules have morphologies that rotate counterclockwise. 

The SEM images of the deposit morphologies grown in the presence of the L- and 

D-forms of the acids were nonimsuperposable mhTor images of each other. The 

rhombohedral facets were consistent with the {I 014} facets. However, this plane of 

calcite is achiral. These chiral morphologies have been attributed to the reduction of 

synunetry of the {10 14} plane due to the step edge selectivity of the enantiomer. 

According to Onne et a!., a dicarboxylate enantiomer binds to two sites: on the {I 0 I 4} 

ten-ace and on a { 1120} step.194 Whereas the {10 I 4} planes are achiral, the { 1120} 

planes are chiral. The selective bidentate bonding of chiral dicarboxylate additives on 

these two calcite surfaces renders an overall chiral morphology. 

Other chiral additives such as glucose have been studied, but these have not 

exhibited this visible chirality seen in SEM images of calcite from L-and D-tartaric, L­

and D-malic, and L- and D-aspartic acid. Appendix C provides examples of the effect of 

other chiral additives on the morphology of calcium carbonate films. 



74 

Figure 27: Achiral and chiral facets of calcite. Achiral morphologies of calcite are 
deposited from A) succinic acid and B) racemic malic acid solutions. Calcite with chiral 
facets are electrodeposited from C) L-tmiaric acid, D) D-tmiaric acid, E) L-aspartic acid, 
and F) D-aspartic acid solutions. Films deposited from solution with R molecules have 
morpholgies that rotate counterclockwise, whereas those from solutions with S molecules 
rotate clockwise. 
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ABSTRACT 

Thin films of ceria were electrodeposited onto Hastelloy substrates by the 

electrochemical oxidation of Ce(III) acetate complexes. The mode of deposition was 

dependent on the applied potential. At a potential of +0.5 V vs. Ag/ AgCl, the deposition 

proceeded by a direct oxidation of Ce(III) to ceria. Films deposited at this potential were 

smooth and crack-free as observed by SEM. Film thicknesses were determined by X-ray 

reflectivity and ellipsometry. For a deposition time of 1000 s, the ceria deposited to a 

thickness of approximately 40 nm and a density of 65%. The deposition exhibited self-

limiting growth, with growth rates rapidly decreasing with deposition time. At a higher 

potential of+ 1.1 V vs. Ag/ AgCl, the films appear to grow by an indirect mechanism, in 

which the oxidation of water forms 0 2 which then reacts with Ce(III) to fmm ceria 

nanoparticles in the growth solution. It was also shown that nanometer-scale ceria 

powder could be produced by bubbling the solution with molecular oxygen. 
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INTRODUCTION 

Cerium(IV) oxide (ceria) attracts research interest for a number of applications. 

Many researchers are examining ceria as a buffer layer for the growth of textured 

superconducting films. [1, 2] The high electrical resistivity of ceria makes it an ideal 

buffer layer for ferroelectric films[3], as well as a tunnel barrier in magnetotransport 

devices.[4, 5] Due to its insulating behavior, high dielectric constant, and good lattice 

match with Si, ultrathin ceria layers are a promising replacement for Si02 as a gate 

dielectric in complementary metal-oxide-semiconductor (CMOS) transistors.[6, 7] Ceria 

is also important for use in solid oxide fuel cells (SOFCs), where both doped and 

undoped Ce02 have been investigated for nearly every aspect of such devices. Ceria­

based electrolytes are widely used, especially for intermediate-temperature SOFCs.[8-13] 

Anodes are often made with ceria,[14-18] as are interlayers.[19-22] Recent work has 

even examined ceria cathodes.[23] SOFCs containing ceria are widely used with both 

hydrocarbon and hydrogen fuels.[8-10, 12, 14, 16] 

Numerous methods exist for the deposition of ceria films, including 

sputtering[24], e-beam evaporation[25], chemical vapor deposition[26], and sol-gel 

processing.[27] However, the low cost and low processing temperatures (near room 

temperature) of electrodeposition make it an especially appealing means to deposit thin 

ceria films. This is particularly true for the many applications in which the films are 

desired on a conducting substrate. Ceria powders[28, 29] and films[30-32] have been 

electrochemically prepared previously by cathodic deposition, in which the pH is 

increased at the electrode surface by electrochemical reactions such as the reduction of 

water to hydrogen gas. There have also been recent reports on the anodic deposition of 
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ceria films [33, 34] and powders.[35] One problem encountered with the direct oxidation 

of Ce(III) to produce ceria films is that the anodically deposited films were highly 

cracked, exhibiting a dried mud morphology.[33] In this paper we report the anodic 

deposition of ceria films, in which the mechanism of ceria deposition depends on the 

applied potential. Smooth films are deposited when Ce(III) is directly oxidized at an 

applied potential of 0.5 V vs. Ag/AgCl. Rougher, cracked films are deposited at a more 

positive potential of 1.1 V vs. Ag/AgCl, in which the Ce(III) is indirectly oxidized by 

electrochemically-generated oxygen gas. 

EXPERIMENTAL SECTION 

The ceria deposition solution used acetate ions as stabilizing ligands, similar to 

the method reported by Golden et al.[33] The deposition bath was formed by first 

dissolving 0.1 M ammonium acetate in de-ionized water. This solution was bubbled with 

Ar for at least I hr to remove 02, and then 0.1 M Ce(N03)3 was added. This yielded a 

solution with a final pH of 6.1. It is also possible to deposit films from a solution 

containing 0.4 M ammonium acetate and 0.1 M Ce(N03)J. This yields similar results, 

despite having different species present in the solution. If either solution is not bubbled 

with Ar to remove dissolved oxygen gas, a colloidal suspension of ceria powder is 

formed. 

Films were deposited with a P ARStat 2273 potentiostat at 65 oc under an Ar 

atmosphere. Deposition was at a constant potential of either +0.5 V or + 1.1 V vs. 

Ag/ AgCl, with the films deposited on electropolished tapes of Hastelloy C-276 which 

were provided by Los Alamos National Laboratory. These working electrodes were I em 
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wide, 2-3 em long, and 50 f.!m thick. The substrates had an average surface roughness of 

about I nm. A Pt wire was used as the counter electrode. 

Films were imaged with scanning electron microscopy (SEM, Hitachi S-4 700 

FESEM) and atomic force microscopy (AFM, Digital Instruments Nanoscope Ilia). Film 

thickness and density was determined by ellipsometry (Gaetiner Ll16A), using a He-Ne 

laser (632.8 run wavelength) at an incident angle of 70°. Grazing incidence x-ray 

diffraction (XRD) patterns were obtained with a Philips X'Pert diffractometer using Cu 

Ka. source radiation with an x-ray mirror (PW3088/60) as the incident beam module and 

a 0.18° parallel plate collimator as the diffracted beam module. A fixed incident angle of 

1 o was maintained and the instrument was operated in the continuous mode with a step 

size of 0.03° and a counting time of 70 seconds. Reflectivity measurements were 

obtained using the same instrument and configuration, although for these measurements a 

sy1nn1etric scan was obtained with a step size of 0.001 o and a counting time of 3 seconds. 

The powder XRD pattern was obtained using a Scintag XDS 2000 diffractometer using 

Cu Ka source radiation and a liquid nitrogen cooled Ge detector. Data was collected in 

the step mode with a step size of 0.05° and a counting time of 50 seconds per point. X­

ray photoelectron spectra were collected using a Kratos Axis 165 X-ray 

photoelectron spectrometer utilizing monocluomatic AI Ku radiation. 

RESULTS AND DISCUSSION 

Acetate ions can act as a stabilizing ligand for Ce3+ species[34], where the ion 

may be complexed with up to four acetate ligands. To determine the predominant species 

in the deposition solution, we have calculated a solution species distribution for a solution 
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containing 0.1 M Ce3+ and 0.1 M acetate. The dissociation and formation constants 

tabulated in Table 1 [36] and the following distribution fraction, a, equations 1-8 of the 

cerium(III) species were used to calculate the distribution diagram of this system: 

[Ce(OAc);J 
a = -'---'--;;-;-'"'-'-

c,(oAc)j [Celli] 

[Celli] 

[Ce3+JP,[OAc-] 2 

[Ce 111
] 

[Ce(OAc),] [Ce'+ ]p,[OAc-]3 

a - - "---~~":c:---'-
c,(oAcJ3 - [Celli] - [Celli] 

[Ce(OAc )~] [Ce'+ ]p4 [OAc-] 4 

a = = 
c,(OAcJ4 [Celli] [Celli] 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

[Cem] = [Ce3+] + [CeOH2+] + [Ce(Acoi+J + [Ce(AcO)/] + [Ce(Ac0)3] + [Ce(Ac0)4"] 

= [Ce3+] (1+ p,*[OH"] + p,[AcO"] + 13z[Ac0-]2 + 13J[Ac0-]3 + 134[Aco·t) (7) 

Initially, the concentration of acetate, [OAc"], as a function of pH was determined via 

Maple 7.0 software where the total acetate concentration, [OAc"]T, is equal to the sum of 

all the acetate species in solution: 

[OAc·]T = 0.1 M = [HOAc] + [OAc·] + [Ce0Ac2+] + 2[Ce(OAc)/] + 3[Ce(0Ac)3] + 

4[Ce(OAc)4"] (8) 
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The resulting distribution diagram of 0.1 M Ce3+ and 0.1 M acetate system is 

shown in Figure I. From the distribution diagram, one can see the manner in which 

acetate acts as a stabilizing ligand for Ce(III). At the deposition bath pH of 6.1, the 

solution consists of 39.75% Ce3+, 0.02% CeOH2+, 47.33% Ce0Ac2+, 12.05 % 

Ce(OAc)/, 0.83% Ce(OAc)3, and 0.02% Ce(OAck. 

Additionally, we have calculated two approximate E-pH diagrams for the Ce(III) 

species oxidized to Ce02 (s) in Figure 2A and Ce(OH)4 (aq) in Figure 2B at 25 oc 

between the pH values of 5 and 8. These equilibria are calculated using values from 

Table I [36], along with standard reduction potential of Ce4+/Ce3+ [37] and Gibbs free 

energy values in Table 2[38]. For instance, to detennine the E0 in base for the 

Ce02(s)/Ce0Ac2+, the following equations are used: 

C 4++ -+-- c 3+ e e _, e 

Ce3+ + OAc· ~ Ce0Ac2+ 

(9) 

(10) 

(11) 

(12) 

(13) 

The Gibbs free energy of Equation 9 is calculated using L\G0 
= -nFE0 where n is 

the number of electrons, F is 96484.5, and E0 is the Ce4+/Ce3+ potential of 1.743 V vs. 

NHE. In Equation I 0, the Gibbs free energy of the reaction is determined by L\G0 
= -

RTlnK where R is the constant 8.31451, Tis the temperature in Kelvin, and K is 1.8xl0-

16
. Likewise, the formation constant of I OL68 was used to determine the Gibbs free energy 

of Equation II. By means of the standard Gibbs free energy equation of f.G0
reaction = 
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~G0products-~G0rcactants, the Gibbs free energy of Equation 12 is determined using the 

values listed in Table 3. Summing the above ~G0s of Equations 9, 10, 11, and 12, the new 

~G0 for Equation 13 is found. Solving ~G0 
= -nFE" for the potential of the reaction in 

Equation 13, a value of -1.954 V vs. NHE for the Ce02/ Ce0Ac2+ potential is found. 

Employing the same principles, the equilibria of the cerium-water-acetate system 

at 25°C were calculated. The reactions and the equations used to calculate the formal 

potentials from the Nernst equation for the production ofCe02(s) are as follows: 

Ce02(s) + 2H20 + e·!:::; 40H- + Ce3+ (14) 

E = -2.053- 0.236(pH -14)- 0.059log[Ce3
•] (15) 

Ce02(s) + OAc- + 2H20 + e·!:::; 40H- + Ce(OAc)2+ (16) 

E = -1.954- 0.236(pH -14) + 0.059log[OAc-]- 0.059log[Ce(0Ac)2+] (17) 

Ce02(s) + 20Ac- + 2H20 + e·!:::; 40H- + Ce(OAc)/ (18) 

E = -1.894- 0.236(pH -14) + 0.059log[OAc-] 2 
- 0.059log[Ce(OAc) 2 +] (19) 

Ce02(s) + 30Ac- + 2H20 + e·!:::; 40H" + Ce(OAc)3 (20) 

E = -1.868- 0.236(pH -14) + 0.059log[OAc-]3
- 0.059log[Ce(0Ac)3 ] (21) 

Ce02(s) + 40Ac- + 2H20 + e·!:::; 40H" + Ce(OAc)4" (22) 

E = -1.865- 0.236(pH -14) + 0.059log[OAc-] 4 
- 0.059log[Ce(0Ac)4 -] (23) 



For the production of aqueous Ce(OH)4, the reactions and equations are: 

Ce(OH)4(aq) + e· !::; 40H" + Ce3+ 

E = -1.325- 0.236(pH -14)- 0.0591og[Ce 3+] + 0.059log[Ce(OH)
4

] 

Ce(OH)4(aq) + OAc· + e·!::; 40H" + Ce(OAci+ 

E = -1.226- 0.236(pH -14) + 0.059log[0Ac·]- 0.0591og[Ce(0Ac )2+] 

+ 0.059log[Ce(OH)4 ] 

Ce(OH)4(aq) + 20Ac· + e·!::; 40H" + Ce(OAc)/ 

E = -1.166- 0.236(pH-14) + 0.0591og[0Ac-] 2 
- 0.059log[Ce(OAc)

2 
+] 

+ 0.059log[Ce(OH)4 ] 

Ce(OH)4(aq) + 30Ac· + 2H20 + e· !:+ 40H" + Ce(OAc)3 

E = -1.140- 0.236(pH-14) + 0.0591og[0Ac-] 3 
- 0.0591og[Ce(OAc)3 ] 

+ 0.0591og[Ce(OH)4 ] 

Ce(OH)4(aq) + 40Ac· + 2H20 + e·!::; 40H- + Ce(OAc)4" 

E = -1.137- 0.236(pH -14) + 0.059log[OAc·]' - 0.059log[Ce(OAc)
4 
-] 

+ 0.0591og[Ce(OH)4 ] 

The potentials vs. NHE of Ce02(s)/Ce3+, Ce02(s)/Ce(0Ac);3-i 
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(24) 

(25) 

(26) 

(27) 

(28) 

(29) 

(30) 

(31) 

(32) 

(33) 

species, 

Ce(OH)4(aq)/Ce3+, and Ce(OH)4(aq)/Ce(0Ac);3-i species at pH values of 0, 6.1, and 14 
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are listed in Table 3 assuming unit activity. In the pH region studied, Ce(III) species can 

be directly oxidized to ceria. For example, at a pH of 6.1, the oxidation of Ce3+ to 

Ce02(s) would take place at a potential of -0.1886 V vs. NHE (-0.3856 V vs. Ag/AgCl) 

whereas the oxidation of Ce3+ to Ce(OH)4 (aq) occurs at 0.5394 V vs. NHE (0.3424 V vs. 

Ag/AgCl). 

Figure 3 shows a cyclic voltanunogram (CV) of a Pt working electrode in the 

deposition solution, recorded at a scan rate of 100 m V /s. On the first cycle, a peak is 

clearly evident at +0.5 V vs. Ag/AgCl with a broader one maximizing around +0.8 V vs. 

Agl AgCI. These potentials are much lower than the deposition potentials in previous 

reports.[33] The peaks become smaller upon successive cycles, and by the fifth cycle 

they are no longer observed. This suggests that only a thin film of ceria can be deposited 

under such conditions. 

Calculated potentials for oxidizing the three major Ce(III) ions to Ce02 (s) in 

solution are -0.3856 V vs: Ag/AgCl for Ce02/Ce3+, -0.2866 V vs. Ag/AgCl for 

Ce02/Ce0Ac2
+, and -0.2266 V vs. Ag/AgCl for Ce02/Ce(OAc)/. For the oxidation of 

Ce(III) species to Ce(OH)4 (aq), potentials of 0.3424 V vs. Ag/AgCl for Ce(OH)JCe3
+, 

0.4413 V vs. Ag/AgCl for Ce(OH)JCe0Ac2
+, and 0.5014 V vs. Ag/AgCl for 

Ce(OH)JCe(OAc )/ are determined. The resulting CV suggests that we are oxidizing 

Ce3+ to Ce(OH)4 (aq) at 0.5 V vs. Ag/AgCl followed by a combined oxidation of the 

Ce(OAc)i3
-i species to Ce(OH)4 (aq) at 0.8 V vs. Ag/AgCI. The electrochemically 

produced aqueous cerium(IV) hydroxide will dehydrate to produce solid ceria as follows. 

~G0 
= -70.14 kJ/mol (34) 
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Additionally, Figure 3 shows a CV of a ceria film in a solution of 0.1 M 

ammonium acetate with the pH adjusted to about 6.1 by addition of HN03. The increase 

in current at potentials above about 1.1 V vs. Ag/ AgCl is due to oxygen evolution at the 

ceria surface. These CV s also show unexpected cathodic currents upon the return scan. 

These cathodic currents are observed even when the potential is not scanned above +0.5 

V vs. Ag/ AgC1, suggesting that the processes at higher potentials, such as oxygen 

evolution, are not involved. Rather, it seems likely that the cathodic currents are due to a 

partial reduction of the ceria films. While one would not expect the Ce(III)-Ce02 

reaction to be fully reversible, it is interesting to note that the open circuit potential of a 

ceria film in the growth solution is about 0.2 V vs. Ag/ AgCI while the half-wave 

potential determined from the first scan in Figure 3 is approximately 0.3 V vs. Ag/ AgCI 

for the first peak. Indicative of the reacting species in solution of a reversible couple, the 

E112 is close to that of the Ce(OH)JCe3+ electrode potential of 0.3424 V vs. Ag/AgCI at a 

pH of6.1. 

The CV data suggests that thin films of ceria could be deposited at a potential 

between +0.5 V and + 1.1 V vs. Ag/ AgCI. This is fmiher suppotied by monitoring the 

current during deposition at constant potential. Figure 4 shows the chronoamperometry 

(CA) for ceria films grown on Hastelloy for 1000 s. For growth at +0.5 V vs. Ag/ AgCI, 

the anodic current density drops off rapidly, reaching a limiting value of about 0.01 

mA/cm2 after approximately 200 sec. This suggests that the bulk of the film growth is 

occurring near the beginning of the deposition, and that the insulating film thus formed 

inhibits further growth. A potential of+ 1.1 V vs. Ag/AgCl is suitable for water oxidation 
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at a pH of 6.1. Hence, the higher measured current density at this potential is due to 

oxygen evolution. 

Figure 5 shows SEM micrographs of a ceria film grown at +0.5 V vs. Ag/AgCl 

for 1000 s, conesponding to a final charge density of about 12 mC/cnl. This film is 

crack-fi·ee, as seen in both the lower (SA) and higher (SB) magnification micrographs. 

The films exhibit a very uniform morphology across the entire area. The grain size of the 

film is too small to detennine from the SEM micrograph. AFM analysis of this sample 

shows that the films have a mean rouglmess of about 9 mn (compared with about 1 l1lll 

roughness for the Hastelloy substrates). 

To verify that the films formed were both crystalline and of the desired phase, x­

ray diffraction (XRD) was used. Figure 6 shows the glancing angle XRD analysis of a 

ceria film grown at +0.5 V vs. Ag/AgCI for 1000 s. Glancing angle XRD was used to 

emphasize diffraction from the thin film rather than the substrate. Small broad peaks 

corresponding to ceria are observed, with no other phase obvious. From the breadth of 

the (111) peak, the Schener formula can be used to calculate an average grain size of 

about 6 mn in the film. 

The films can also be studied by x-ray reflectivity, because the Hastelloy 

substrates are smooth enough that interface roughness effects do not completely 

ovetwhelm the reflectivity signal. The reflectance data for a ceria film grown at +0.5 V 

vs. Ag/AgCI for 1000 s are shown in Figure 7A. X-ray reflectivity can be used to 

determine both the thickness and density of thin films. [3 9] From the fringes in the 

reflectance it is possible to calculate the film thickness of the sample, using a modified 

Bragg equation[40]: 
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. 'e -8' (n,+L'ln)'A' 
Sill i - c + 2 

4t 
(35) 

Here both the maxima and minima are used, with Bi the observed angle, Be the critical 

angle for total external reflection, A the x-ray wavelength, t the film thickness, ni an 

integer for the i1h fringe, and L'ln = 0 or Y, for minima and maxima respectively. Plotting 

(ni + L'lni versus sin2Bi yields the film thickness and critical angle. The data for a ceria 

film grown at +0.5 V vs. Ag/ AgCl for 1000 s are shown in Figure 7B. This plot yields a 

thickness of about 39 nm for the film, which agrees well with both the ellipsometrically 

determined thickness (40 run), and the thickness calculated from Faraday's law (46 nm, 

assuming 100% current efficiency and 65% density). 

The density of the film can be detmmined from the critical angle, assuming 

negligible anomalous dispersion, by the following[ 41]: 

(36) 

where NA is Avogadro's number, re is the classical electron radius (2.8179x!0-13 em), A is 

the x-ray wavelength, f is the real part of the atomic scattering factor ("' Z), A is the 

average atomic mass, and pis the density. For the critical angle (Be= 5x10·3 rad, or 2Bc = 

0.573°) determined in Figure 7B, this gives a density of 4.48 g/cm3
, or about 61% of the 

bulk density for ceria. 

Similarly, the density can be estimated ellipsometrically. Using the Lorentz-

Lorentz formula one can relate the measured refractive index to the density: 

1 . d . (n' -IJ(n~ +2) Re atlve ens1ty = 2 --"2:---
n + 2 n 0 -1 

(37) 
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Here n is the measured refractive index of the porous film of 1. 78, and n0 is the bulk 

refractive index(= 2.47), giving a value of about 67% bulk density for this film. 

Ellipsometry can also be used to track the film thickness as a function of the 

deposition time. Figure 8 shows the change in thickness for samples grown between 50-

2000 s at +0.5 V vs. Ag/ AgCI. For this figure, the thickness was measured numerous 

(> 12) times at various spots across a single film, with error bars corresponding to ± one 

standard deviation. From this figure, one can see that the film does not reach a set 

thickness after which the growth "turns off." Rather, because the deposition cutTen! does 

not decay to zero, there is continued film growth until at least 2000 s. However, the bulk 

of the growth takes place in the initial few hundred seconds, with the film deposition rate 

dropping off rapidly with increasing deposition time. Some of the thickness for longer 

deposition times may also be due to deposition of ceria caused by dissolved oxygen in the 

solution, as discussed below. However, when no potential is applied, the Hastelloy 

substrates only develop a non-uniform film of about 8 nm thickness after 2000 s. Thus 

the bulk of the film growth for extended times is due to the electrochemical oxidation of 

Ce(III). 

Ceria films were also formed at + 1.1 V vs. Ag/ AgCl, which corresponds to the 

potentials seen by Golden et a!. in their galvanostatic anodic deposition from unpurged. 

solutions.[33] Unlike films grown at +0.5 V vs. Ag/AgCl, those grown at this higher 

potential are cracked. Figure 9 shows the SEM image of a ceria film grown for 6000 s at 

+ 1.1 V vs./ Ag/ AgCl, in which the cracked morphology is clearly evident. During 

deposition at this potential, the current remains much higher than at the lower potential, 

as seen in Figure 4. These higher currents are likely due to the oxidation of water to form 
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0 2 gas at the working electrode. Figure 3 shows a scan of a ceria film on Pt scanned in 

0.1 M acetate at a pH about 6.1, demonstrating a current increase presumably due to 

oxygen evolution at potentials above about 1.1 V vs. Ag/ AgCI. 

The oxidation state of the cerium in the electrodeposited films was determined by 

x-ray photoelectron spectroscopy. A typical Ce 3d spectrum of the electrodeposited films 

at 1.1 V vs. Ag/AgCl is shown in Figure I 0. This Ce 3d spectmm is in agreement with 

cerium in the tetravalent state when compared to those spectra repm1ed on deposited 

Ce02 films deposited by rf magnetron sputtering[ 42] and chemical vapor deposition[ 43] 

and XPS studies of standard Ce02 and other Ce(IV) compounds[44]. The group labeled 

with v's are due to 3d512 ionization while the u's are associated with 3d31z ionization[42]. 

Consistent with the literature, the peaks associated with the ground state are indicated 

with u and v and their excited states with primes [42,44]. 

All solutions for the CeOz electrodeposition are purged with Ar to remove 

dissolved 0 2 from the water prior to adding Ce(III). However, CeOz can be produced by 

chemical means as well as anodic electrodeposition. If the deposition solution at a pH of 

6.1 is bubbled with 0 2 gas, ceria powder is precipitated. Figure llA shows the x-ray 

diffraction pattern of such powders. This diffraction pattern has fairly broad peaks, 

which may be attributed to both the nanocrystalline nature of the powders and any 

residual strain there may be in the sample. Williamson-Hall analysis was applied to this 

pattern to determine the amount of line broadening due to both particle size and strain. A 

plot of the peak breadth (corrected for instrumental broadening) times cos(9) vs. 4sin(9) 

is shown in Figure II B, where the slope is the residual strain, and the intercept yields the 

particle size. This analysis yields a particle size of about 7 nm, and shows that the 
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powders are largely strain-free, having a ild/d of about 0.5%. Additionally, the lattice 

parameter was determined to be 5.428 A, which is slightly larger (about 0.3%) than the 

value of 5.411 A in JCPDS card 34-0349. The XPS spectra of tetravalent ceria powders 

are comparable to the spectrum seen in Figure 10 of a film electrodeposited at 1.1 V vs. 

Ag/AgCI. 

The formation of ceria nanopowders by 02 bubbling suggests that films grown at 

a high potential are likely to be cracked or porous, since they comprise loosely-adhered 

nanoparticles generated by oxygen evolution, along with the thin film deposited 

electrochemically. These two deposition methods are shown in Schemes 1 and 2. In 

Scheme 1, we see that Ce(III) is directly electrochemically oxidized to ceria. In Scheme 

2, on the other hand, water is electrochemically oxidized to form 0 2 gas, which then 

oxidizes the Ce(III) to ceria away from the electrode. To test this mechanism, a glass 

slide was deposited in the growth solution during a deposition at + 1.1 V vs. Ag/ AgCI. 

Afterwards, the sample was rinsed with DI water and dried, then studied by x-ray 

diffraction. Figure 12 shows the presence of Ce02 on this glass slide. This suppmis the 

proposed deposition scheme, which also corresponds to the cracked films seen in other 

anodic depositions of ceria [33]. 

CONCLUSION 

Deposition of ceria films by oxidation Ce(III) stabilized with acetate ligands can 

proceed by one of two mechanisms, depending on the applied potential. At a potential of 

+0.5 V vs. Ag/ AgCI, thin films are formed by the direct oxidation of Ce(III) to ceria. 

This is possible because the Ce(IIl)-Ce02 redox potential is strongly pH dependant, so 
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that only a low positive potential is required to form a film from solutions at a pH of 

about 6.1. At a higher potential of+ 1.1 V vs. Ag/ AgCl, cracked films are formed due to 

the formation of ceria nanoparticles in the bulk solution. This results from the 

electrolysis of water to yield 0 2, which reacts with Ce(III) away from the electrode. 
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Figure 1. Calculated solution species distribution for 0.1 M Ce3+ and 0.1 M acetate 
at 25 °C. 
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Figure 2. (A) E-pH diagrams for Ce02(s)/Ce3
+ and Ce02(s)/Ce(OAc)i3

-i species and (B) 
E-pH diagrams for Ce(OH)4(aq)/Ce3+ and Ce(OH)4(aq)/Ce(0Ac)?'i species assuming unit 
activity at 25 °C. 
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Figure 3. Cyclic voltammehy at 100 mV/s scan rate in the deposition solution on aPt 
electrode, showing an oxidation peak at about 0.5 V vs. Ag/AgCl in the initial scan, 
which disappears upon successive scans. Also shown is a scan of a ceria film on Pt in 
0.1 M acetate at a pH of about 6.1, demonstrating a cunent increase presumably due to 
oxygen evolution at potentials above about 1.0 V vs. Ag/AgCl. 
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Figure 4. Chronoamperometry of deposition on Hastelloy substrates at +0.5 and + 1.1 V 
vs. Ag/ AgCl and 65 °C, showing the rapid decay in cunent at low potential, compared to 
the consistently larger currents at higher potential. 
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Figure 5. SEM micrographs of ceria films grown for 1000 s at +0.5 V vs. Ag/AgCl and 
65 °C, at both lower (A) and higher (B) magnifications. 
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Figure 6. X-ray diffraction pattern of a ceria film grown for I 000 s at +0.5 V vs. Ag/ AgCl 
and 65 °C, showing the presence of ceria with no other phases observed. Peaks marked 
with a * belong to the Hastelloy substrate. 
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Figure 7. (A) X-ray reflectivity of a ceria film grown for 1000 sat +0.5 V vs. Ag/AgCl 
and 65 °C, showing a number of interference fringes. (B) Least-squares fit of the fringe 
numbers to determine film thickness (39 nm) and critical angle (8c = 5x!0'3 rad, or 28c = 

0.573°) for this sample. 
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Figure 8. Film thickness as a function of time, as determined by ellipsometry. 
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Figure 9. SEM micrograph of ceria film grown for 6000 s at + 1.1 V and 65 °C, showing 
the cracked morphology of such films. 
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Figure 10. Ce 3d XPS spectrum of a Ce02 film electrodeposited at + 1.1 V vs. Ag/ AgCl 
for 1000 s. 
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Figure 11. (A) Powder X-ray diffraction pattern of ceria nanopowders precipitated from 
the growth solution by bubbling with 02 at 65 °C. (B) Williamson-Hall analysis of the 
powders, showing that the patiicle size is -7 nm, with a residual strain of about 0.5%. 
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Figure 12. X-ray diffraction pattem of a ceria film deposited on a glass slide during 
growth at + 1.1 V and 65 °C, showing that ceria is formed away from the electrodes at this 
potential. 
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Table I. The water ionization constant, acid dissociation constant for acetic acid, and 
formation constants of cerium(III) complexes with hydroxide and acetate ions at 
25 °C [36]. 

Reaction Constant 

HzO !::; H+ + OH- K = 1.8x10-16 

HOAc !::; H+ + OAc- Ka=l0·4.75 

Ce3+ + OR !::; Ce0H2+ pl'= 104.8 

Ce3+ + OAc- !::; Ce0Ac2+ Pl = 101.68 

Ce3+ + 20Ac-!::; Ce(OAc)/ Pz = 102.69 

Ce3+ + 30Ac- !::; Ce(OAc )3 
P3 = 103·13 

Ce3+ + 40Ac-!::; Ce(0Ac)4" 
P4 = 103.18 
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Table 2. The standard Gibbs free energy of formation of selected substances [38]. 

Species t>Gr"(kJ/mol) 

H20 (I) -237.10 
H+ (aq) 0 

OR" (aq) -157.20 
Ce3+ (aq) -672.00 
Ce4+ (aq) -503.80 

Ce(OH)4 (aq) -1428.66 
Ce02 (s) -1024.60 

Table 3. Calculated formal potentials for the equilibria at pH values of 0, 6.1, and 14 at 
25°C assuming unit activity. 

Reaction Potential (V vs. NHE) 

Solid pH=O pH=6.1 pH=l4 
Ce02/Ce3+ 1.251 -0.189 -2.053 

Ce02/CeOAc2+ 1.350 -0.090 -1.954 
Ce02/Ce(OAc)/ 1.410 -0.030 -1.894 
Ce02/Ce(OAc)3 1.436 -0.004 -1.868 
Ce02/Ce(OAc)4" 1.439 -0.001 -1.865 

Aqueous pH=O pH=6.1 pH=l4 
Ce(OH)JCe3+ 1.979 0.539 -1.325 
Ce(OH)JCe0Ac2+ 2.078 0.638 -1.226 
Ce(OH)JCe(OAc )/ 2.138 0.698 -1.166 
Ce(OH)4/Ce(OAc )3 2.164 0.724 -1.140 
Ce(OH)JCe(OAc)4" 2.167 0.727 -1.137 
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Scheme 1. Anodic deposition of ceria films at a low potential. For clarity, ligands on the 
cerium ions have been omitted. 

Scheme 2. Possible route for ceria formation at a higher potential. For clarity, ligands on 
the cerium ions have been omitted. 
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Magnetite (Fe304) and ferrihydrite (Fe100I4(0H)2) films were deposited by 

applying different cathodic potentials during the deposition from an alkaline Fe(III)-

triethanolamine solution. The ratio of Fe(III) to Fe(II) at the electrode surface is 

controlled by the applied potential. The films were characterized using X-ray diffraction, 

scanning electron microscopy, and Moss bauer spectroscopy. Epitaxial magnetite films on 

low-index gold crystals were produced at three different potentials. X-ray diffraction 

analysis of the magnetite films deposited at -1.01 V, -1.05 V, and -1.10 V vs. Ag/ AgCl 

showed [111] oriented films on Au(111) and Au(001). Due to twinning of the {111} 

planes, the [511] orientation is present in thicker films. Magnetite grew with a [110] 

orientation on Au(11 0). At the more negative potentials of -1.10 V and -1.20 V vs. 

Ag/AgCl, ferrihydrite deposits with an (1120) orientation. 

KEYWORDS Iron oxides, magnetite, ferrihydrite, epitaxy, electrodeposition 
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INTRODUCTION 

Abundant in Nature, iron oxides, including iron hydroxides and iron 

( oxy)hydroxides, have been used as catalysts, pigments, and magnetic coatings due to 

their chemical and physical propet1ies. 1 The iron oxide magnetite (Fe304) is a 

fenimagnetic material with an inverse spinel structnre with space group Fd3m. This 

mixed-valence transition metal oxide has Fe3
+ and Fe2

+ ions in the octahedral sites and 

Fe3+ ions in the tetrahedral sites. The net ferrimagnetism is due to the moments on the 

Fe2+ ions since the moments of the Fe3+ ions are antiferromagnetically coupled. The 

ferrimagnetism of Fe304 is observed below the Curie temperature of 860 K making the 

material viable for room temperature devices. Around 120 K, Fe304 undergoes a metal to 

insulator transition (Verwey transition). The electrical conductivity of this material at 

room temperature is repotied to be the result of hopping of the charge carriers between 

the Fe2
+ and Fe3

+ ions in the octahedral sites. Calculations have indicated that the Fermi 

level electrons are 100% spin-polarized in this material.2·3 These properties make 

magnetite a potential candidate for applications in magnetic memory and spin-dependent 

transpoti devices. 

One of the various methods to produce magnetite is by electrodeposition.4-14 Most 

of the electrochemical studies have involve the anodic deposition of magnetite from an 

Fe(II)-acetate bath.4"12 Previously, we have electrodeposited epitaxial films of Fe304 

films onto gold single crystals by this method.4·5 However, this deposition bath is 

unstable at high temperatures, reacting with the oxygen in air to produced magnetite 

powder. Another method to produce magnetite electrochemically is by the reduction of 

Fe(III). 13
•
14 In an earlier study, we modified an alkaline Fe(III)-triethanolamine bath, 
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developed by Sapieszko and Matijevic, 15 for cathodic electrodeposition of Fe304 on 

polycrystalline substrates. 13 

Another iron compound, ferrihydrite, is a poorly crystalline material with various 

reported chemical structures.1·16 Recently, a new ferrihydrite model (space group, 

P6 3 mc) using synchrotron data was determined. 17 The proposed ideal chemical structure 

is Fe10014(0H)2 with 1/5 of the Fe3+ in tetrahedral sites and 4/5 iri octahedral sites. 17 Due 

to its poor crystalline quality, ferrihydrite is fmther labeled as 2-line or 6-line ferrihydrite 

based on the number of observed peaks in the x-ray diffraction pattem. Ferrihydrite is 

superparamagnetic at room temperature and shows magnetic ordering at 4.2 K. 1·16 

Ferrihydrite is observed in the conosion of iron and steel and as a byproduct in mining. 16 

Also found in soil and sediments, this nanomaterial naturally adsorbs cations, anions, and 

organic species such as insecticides and herbidices. 16 Due to this adsorption, fenihydrite 

has been studied for the removal of heavy metals in water treatment. 16 Generally this 

material is made synthetically by rapid oxidation of Fe(Il) or by hydrolysis of Fe(III) 

salts. 1·16·18 Typically, this metastable material is then used as a precursor for the 

production of goethite and hematite.1·16·18 

Although various methods are used to produce iron compouds, 1·18 here, a novel 

approach to electrochemically produce magnetite (Fe304) and ferrihydrite (Fe10014(0H)2) 

from the same alkaline Fe(III)-triethanolamine deposition bath is discussed. In this 

deposition bath, Fe(III) is electrochemically reduced to Fe(II). Therefore, the 

concentration of the Fe(Il) at the electrode surface is controlled by the applied potential. 

This ability to change the Fe(Il) concentration by changing the applied potential allows 

for magnetite films to be electrodeposited between -1.01 V and -1.10 V vs. Ag/AgCl and 
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for fenihydrite films to be deposited at potentials from -1.10 V to -1.20 V vs. Ag/ AgCI. 

These films are characterized as a function of applied potential by x-ray diffraction 

(XRD), scanning electron microscopy (SEM), and Mossbauer spectroscopy. 

Electrodeposited films of these materials on low-index gold crystals are epitaxial as 

characterized by XRD and SEM. 

EXPERIMENTAL SECTION 

The deposition bath was prepared by dissolving 2.6 gram of iron(III) sulfate 

hydrate in 15 ml of 1 M triethanolamine (TEA) resulting in a deep red colored solution. 

This solution was diluted with 50 ml of distilled, deionized water. This Fe(III)-TEA 

solution was then added to a solution produced by dissolving 12.0 g ofNaOH pellets in 

85 ml of distilled, deionized water. The resulting deposition bath was a gray-green 

solution that was then heated to 80 °C. All chemicals were ACS reagent grade and 

purchased from Sigma-Aldrich. The water was produced in house by a Millipore system 

(18 MQ-cm). 

The stoichiometry of the magnetite films was controlled by using constant 

potentials between -1.01 V and -1.10 V vs. Ag/AgCI. Ferrihydrite films were deposited 

between -1.10 V and -1.20 V vs. Ag/AgCI. Films were deposited on 430 stainless steel 

substrates for film characterization and lattice parameter calculations. The films were 

rinsed with 80 °C distilled, deionized water. Prior to use, the stainless steel substrates 

were mechanically polished and sonicated in acetone and deionized water. Epitaxial films 

were deposited at -1.01 V, -1.05 V, -1.10 V, and -1.20 V vs. Ag/AgCl on gold single 

crystals. The films were rinsed with 80 °C distilled, deionized water. The gold crystals 
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were electropolished before they were used. The gold electropolishing solution consisted 

of I 00 ml of ethanol, 50 ml of ethylene glycol, and 50 ml of concentrated hydrochloric 

acid and was heated to 55 °C. Each gold single crystal was positioned in this stilTed 

solution to form a meniscus in the electropolishing solution. An anodic constant current 

density of 1.6 A/cm2 was applied for 45 s. The single crystals were thoroughly rinsed 

with ethanol and water. 

X-ray analyses of the polycrystalline and epitaxial films were determined using a 

high-resolution Philips X-Pert MRD X-ray diffractometer with a Cu Kat radiation source 

(A-= 0.154056 nm). The synm1etric x-ray diffraction patterns were obtained using the line 

focus mode with the primary optics of a combination Gobel mitTor and a two crystal 

Ge(220) two-bounce hybrid monochromator (PW3147/00) producing pure CuKu1 

radiation on the incident beam side, and a 0.18° parallel plate collimator (PW3098/18) as 

the secondary (diffracted beam) optics. Scans were run from 29 values of 10° to 100°. 

The lattice parameter of each film was determined using RIQAS software from Materials 

Data Inc. for Reitveld analysis. 

The in-plane orientation of the films relative to the Au single crystal was 

determined by x-ray pole figure analysis. For the pole figure measurement of the epitaxial 

films, the diffractometer was operated in the point focus mode with a crossed slit 

collimator module (PW3084/62) as the primary optics and a 0.27° parallel plate 

collimator (PW3098/27) equipped with a flat graphite monochromator (PW3121/00) as 

the secondary optics for pole figures and azimuthal scans. To perform the pole figure 

analysis, the 29 was set to the angle of the Fe30 4(311) plane (28 = 35.426°) for the films 

analyses and Au(311) plane (28 = 77.547°) for the substrate analyses. The sample was 
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moved through a sequence of tilt angles, x, from 0° to 90°, and at each x, the sample was 

rotated azimuthally, $, from 0° to 360°. Data was collected in the continuous mode over 

3° intervals for both X and $ with a count time of 5 seconds per point. Azimuthal scans 

were performed under the same conditions as the pole figures but using x = 58.5° for the 

films on Au(111) and Au(l 00) and X = 31.5° for the films on Au(ll 0). Following the X­

ray diffraction analyses, the film morphologies were studied using a field emission 

Hitachi S-4 700 scanning electron microscope. 

The Mossbauer spectra were obtained using an Austin S-600 Mi:issbauer 

spectrometer with a conventional constant accelerated driver at room temperature with 70 

mCi Co57 in a Rh matrix. The spectrometer was calibrated using a.-Fe foil. The isomer 

shift is calibrated using an a.-Fe foil at room temperature. Spectra were collected on 10 

films deposited on highly oriented pyrolyphic graphite (HOPG) at tlu·ee different 

potentials. The film and an underlying HOPG layer were removed with tape. The HOPG 

was cleaned for every deposit with hydrochloric acid to remove the previous deposition 

along the edges and rinse with water. A fresh surface of HOPG was prepared by 

removing the surface layers with tape. Analysis of the measured spectra was perfmmed 

using a least-squares program. 

RESULTS AND DISCUSSION 

Figure 1 shows linear sweep voltammograms on a gold rotating disk electrode at 

100 rpm in an alkaline TEA bath (blue squares) and the alkaline Fe(III)~TEA deposition 

bath (black solid line) at 80 °C at 50 m V /sec from their open circuit potentials of -0.41 V 

for the TEA bath and -0.47 V for the Fe(III)~TEA bath to -1.400 V vs. Ag/AgCI. The 
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linear sweep voltammogram of 0.1 M TEA in 2M NaOH (Figure I, blue squares) shows 

that the alkaline TEA is electrochemically inactive and that the electrochemical 

generation of hydrogen gas begins around -1.25 V vs. Ag/ AgCl. The electrochemical 

reduction of the alkaline Fe(III)-TEA (Figure I, black solid line) is observed at 

potentials negative of -0.950 V vs. Ag/ AgCl. The initial part of this linear sweep is a one 

electron reaction involving the reduction of an Fe(III) species to an Fe(Il) species. Black 

films are produced from -1.01 V to -1.08 V vs. Ag/AgCl. As the more negative potentials 

are applied, the electrodeposited films are green and convert to black and reddish brown 

films as they dry in air. As the potential becomes more negative than -1.23 V vs. 

Ag/ AgCl, a two electron process occurs as the Fe(Il) is reduced to Fe as indicated by the 

gray films produced at -1.3 V vs. Ag/AgCl and confirmed by XRD (not shown). The 

competing reaction of hydrogen evolution continues as the potential becomes more 

negative. 

Electrochemical studies utilizing cyclic voltammetry have shown that the 

reduction of F e(III)-triethanolamine complexes is a one-electron process where a 

Fe(Ill)-TEA complex is reduced to a Fe(Il)-TEA complex. 13
•
19

'
23 Utilizing literature 

stability constants of iron-triethanolamine complexes, 24
•
25 this reduction may occur as 

seen in Equation I. Other studies have suggested complexes with a Fe(III) to TEA ratio 

of I: I and hydroxide coordination dependent on pH, but their stability constants have not 

been determined. 19.22
•
26 The Fe(III)-TEA complex then chemically reacts with the 

generated Fe(II)-TEA to produce magnetite (Equation 2). A proposed overall 

electrochemical-chemical reaction for magnetite deposition of this solution is shown in 

Equation 3. 
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Equation 1 

Equation 2 

Equation 3 

The calculated E0 of the overall reaction in Equation 3 is -0.745 V vs. NHE (-0.944 V vs. 

Ag/ AgCI) at room temperature. This value was calculated from the equations and 

constants found in Table 1.24
•
25

•
27

-
29 

The surface concentration of Fe(III) is dependent on the departure from 

equilibrium. At low overpotentials, the Fe(III) surface concentration is nearly the same as 

the bulk concentration whereas at high overpotentials, at which the cunent becomes 

mass-transport controlled, the surface concentration of Fe(III) approaches zero. For the 

linear sweep voltammogram of the reduction of the Fe(III)-TEA complex to the Fe(II)-

TEA complex in Figure 1 (solid black line), Equation 4 is used 

• 
[CFe(lll)- CFe(lll) (y)] 

= * CFe(III) 
Equation 4 

where i is the measured current, i1c is the limiting current, c* Fe(IIJ) is the bulk 

concentration of Fe(III) in solution, and CFe(mJ(y) is the Fe(III) concentration at the 

electrode surface.30 Initially, the surface concentration of Fe(III) is equal to the bulk 

concentration of Fe(III), resulting in the numerator of the Equation 4 to be equal to 0. So, 

the ratio of the measure cmTent to the limiting cmTent would be equal to 0 as seen in 

Equation 5. 

0 Equation 5 
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At the plateau in the linear sweep voltammogram where the current is mass-transport 

limited, the surface concentration of Fe(III) is 0 since all the Fe(III) has been reduced to 

Fe(II). As seen in Equation 6, this ratio would be equal to 1 . 

[CFe(III) - 0] 
= • C Fe( Ill) 

• 
CFc(lll) ---,-, --'---'- = 1 
CFe(III) 

Equation 6 

For stochiometric magnetite, 2/3 of the iron is Fe3
+ and 1/3 of the iron is Fe2

•. So to 

produce stochiometric magnetite, the Fe(III) surface concentration need to be equal to 2/3 

of the bulk concentration ofFe(III) or where the current ratio is equal to 1/3 (Equation 7). 

• 2 • 1 • 
[CFo(lll) -3 CFo(lll) J 3 CFo(lll) 1 

= = = 
I Io c~o(lll) c;,<m) 3 

Equation 7 

Figure 2 shows the calculated plot of the surface concentrations of Fe(III) and 

Fe(II) using an initial concentration 86 mM Fe(III) verses potential. Stochiometric 

magnetite would be deposited at approximately -1.045 V vs. Ag/ AgCl where 1/3 of the 

total concentration of Fe(III) has been reduced to Fe(II). Theoretically, any potential 

more positive than this value should produce magnetite with excess Fe(III) while 

potentials more negative of -1.045 V vs. Ag/ AgCl should produce magnetite with excess 

Fe(II). 

X-ray diffraction pattems of the black films deposited by applying potentials 

between -1.01 V and -1.08 V vs. Ag/ AgCl were consistent with magnetite. All these films 

were crystalline as seen in the XRD pattems of films deposited on stainless steel at -1.01 

V vs. Ag/ACl and -1.05 V vs. Ag/AgCl in Figure 3A and 3B, respectively. The magnetite 

films deposited at -1.01 V vs. Ag/ AgCl in Figure 3A had no preferred orientation 

whereas the magnetite films deposited at -1.05 V vs. Ag/ AgCl in Figure 3B shows a 
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strong [100] preferred orientation. The X-ray diffraction patterns of a black and reddish 

brown films deposited at -1.10 V vs. Ag/ AgCl, as seen in Figure 3C, showed two main 

peaks that can be attributed to (311) and (440) peaks of magnetite. X-ray diffraction 

patterns of the reddish brown films deposited at -1.20 V vs. Ag/ AgCl (not shown) are 

similar to the pattems from films deposited at -1.10 V vs. Ag/ AgCI. Other than the 

substrate peaks, no other peaks related to maghemite, green rust, or any other iron 

oxide/hydroxides were present in any of the XRD pattems. Similar results are also seen 

on gold sputtered on glass substrates (results not shown). 

As the deposition potential becomes more negative, the lattice parameter of the 

magnetite decreases. A plot of the lattice parameter with respect to applied potential is 

shown in Figure 4. At low overpotentials, the films have larger lattice parameters than 

stoichiometric magnetite. At a potential of -1.04 V vs. Ag/ AgCl, the lattice parameter of 

0.8396 nm is comparable to the rep01ted lattice parameter of magnetite of 0.8397 nm 

(JCPSD # 19-0629), represented as a dash line in Figure 4. This potential for 

stoichiometric magnetite is comparable to the calculated potential of -1.045 V vs. 

Ag/AgCl from the linear sweep voltammogram. As the applied potential becomes more 

negative, the lattice parameter becomes smaller than the rep01ted literature value for the 

lattice parameter of magnetite. 

When the overpotential is increased, the morphology of the film changes. SEM 

images in Figure 5 show the effect of potential on the surface morphology of the iron 

oxides on stainless steel. The magnetite films grown at lower overpotentials have highly 

faceted, dense morphologies as shown in the SEM image of a film deposited on stainless 

steel by applying -1.01 V vs. Ag/AgCl (Figure 5A). In Figure 5B, films deposited at -1.05 
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V vs. Ag/ AgCI are featureless, yet dense. The films grown in the mass-transport limited 

region between -1.10 V and -1.20 V vs. Ag/ AgCI have ribbon-like microstructures as 

seen in Figure 5C. 

To determine the phases and stoichiometry of the films, Moss bauer spectroscopy 

was performed on films deposited at four different potentials on HOPG. Figure 6 and 

Table 2 shows the room temperature Mi:issbauer spectra and corresponding parameters of 

films deposited at A) -1.01 V, B) -1.05 V, C) -1.10 V and D) -1.20 V vs. Ag/AgCI. A 

single phase exists in films where -1.0 I V and -1.05 V vs. Ag/ AgCI were applied (Figure 

6A and 6B). These spectra were fit with two Lorentzian sextets which provide the 

intensity values from the tetrahedral sites (Fe3+) and from the octahedral sites (Fe2
·
5l. 

The spectra indicate that the final products are nonstoichiometric magnetite. Of the two, 

the films deposited at -1.05 V vs. Ag/ AgCI are closer to stoichiometric magnetite than the 

film deposited at -1.01 V vs. Ag/ AgCI. In Figure 6C, an applied potential of -1.10 V 

produced films with two phases. This spectrum, as shown in Figure 6C, was fit with two 

Lorentzian sextets (tetrahedral sites (Fe3l, red and octahedral sites (Fe2
·
5l, blue) and a 

doublet (green). About 70% of the film is nonstoichiometric magnetite represented by the 

two sextets. The quadrupole splitting of the doublet for this film is 0.72 mm/s. Since most 

Fe(III) oxides produce a doublet with a quadrupole splitting of 0.5-0.6 mm/s in the 

Mossbauer spectra, the remaining 30% of this film is determined to be ferrihydrite, 

consistent with the reported quadrupole split doublet of paramagnetic ferrihydrite (0.7-

0.85 mm/s). 1
•
16 In Figure 6D, the Moss bauer spectrum of films deposited at -1.20 V vs. 

Ag/AgCI shows just a doublet (QS = 0.75 mm/s) indicating that only ferrihydrite present. 
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The production of ferrihydrite, a F e(III) compound, is unexpected since it is 

produced at more negative potentials in which the surface concentration of Fe(II) is high. 

Films deposited at -1.10 V and -1.20 V vs. Ag/ AgCl are initially green which then air 

oxidize to a black and then reddish brown films. The green film is consistent with the 

production of green mst (GR). Green rust is a mixed iron(II)-iron(III) hydroxide 

containing an anion such as chloride, sulfate, or carbonate. In this study, a feasible type 

of a green rust would be sulfate green rust (Fe4
11Fe2

111(0H)l2S04*nH20). SEM images of 

sulfate GR resembling those found in Figure 5C have been electrodeposited from a 

slightly basic Fe(II)-sulfate solution at 25 "C.31·32 However, the Mossbauer spectrum of 

the film deposited at -1.10 V and -1.20 V vs. Ag/ AgCl in Figure 6C and 6D shows no 

indication of GR in comparison to the GR spectra reported. 33-37 However, the conversion 

of sulfate GR to magnetite has been reported.31·36-38 Cellular structures of magnetite, 

similar to those seen in Figure 5C, have been produced by the chemical oxidation of 

electrodeposited sulfate GR films by using 0.1 M NaOH at 70 °C.38 A study has also 

shown that the aerial oxidation of Fe(OH)2 in basic medium produces GR which is 

convetted to magnetite and ferrihydrite.37 The adsorption of anions stabilizes ferrihydrite 

and hinders further oxidation to more stable iron hydroxides or oxides.1·16·37·39 Therefore, 

the broadening of the film peaks in the XRD pattern in Figure 3C may be attributed to 

two-line ferrihydrite. The two film peaks can be indexed as (110) at 35.04° and (300) at 

62.69° for a two-line ferrihydrite film utilizing JCPDS # 29-712. Therefore, the 

production of ferrihydrite at these potentials is consistent with the aerial oxidation of an 

electrodeposited GR film in basic conditions. 
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Films were then deposited at -1.01 V, -1.05, -1.10 V, and -1.20 V vs. Ag/AgCl on 

Au(lll), Au(OOl), and Au(llO) for epitaxial studies. An epitaxial film has out-of-plane 

and in-plane orientation. X-ray diffraction patterns were used to detetmine the out-of­

plane orientations of the films. Figure 7 shows x-ray diffraction patterns of magnetite 

films deposited at a potential of -1.01 V vs. Ag/AgCl on gold single crystals. On Au(lll) 

and Au(OO 1 ), (111 )-type peaks of Fe30 4 were detected as seen in Figure 7 A and 7B, 

respectively. On Au(llO), only the (220) and ( 440) peaks for Fe304 were observed in 

Figure 7C. No other peaks are present in any of the diffraction patterns. Therefore, thin 

films of magnetite on Au(lll) and Au(OOJ) grow with a [111] out-of-plane orientation 

while the film on Au(llO) grow with a [11 OJ out-of-plane orientation. 

The in-plane orientations of the films were determined by X-ray pole figures. 

Since a polycrystalline film has no out-of-plane or in-plane orientation, a pole figure of a 

polycrystalline film would have unif01m intensity. A film with fiber texture results in a 

ring pattem in the pole figure whereas an epitaxial film has distinct peaks in the pole 

figure. Figure 8 shows the (311) pole figures ofFe304 films on gold single crystals using 

-1.01 V vs. Ag/AgCI. Figure 8A shows the (311) pole figure from a Fe304 film deposited 

on Au(lll) with six reflections at azimuthal angles, x, at 29.5°, 58.5°, and 80°. The 

presence of six peaks in the pole figure at 29.5° and 80° indicates two {Ill} domains of 

Fe30 4 rotated 180° on Au(lll ). One set of the three reflections are more intense than the 

other three reflections. A pole figure of a magnetite film on Au(OOl) in Figure 8B 

reveals in-plane [Ill] and [511] orientations. The presence of [511] orientations is 

common due to the twinning of the {Ill} planes.5 Since the (333) and (511) planes have 

the same d-spacing, the presence of the (511) is difficult to verifY by examining an x-ray 
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diffraction pattern. The clearest indication of the presence of the ( 511) orientation is in 

pole figures. When running a (311) pole figure, the {311} reflections related to the [511] 

orientation has x's equal to 9.5°, 29.5°, 41°, 58.5°, 66°, 80°, and 86.7°. Some of these x's 

coincide with x's of the reflections due to [111] orientation. The number of (511) 

domains was determined using X= 9.5° since a single domain of (511) has one peak at 

this x. Therefore, the epitaxial magnetite film on Au(OOl) in Figure 8B has four domains 

of the tln·ee-fold symmetric [111] orientation as well12 domains of the [511] orientation. 

The pole figure analysis of Figure 8C for a film on Au(ll 0) is simpler. The interplanar 

angles between {311} and {110} planes are 31.5°, 64.8°, and 90°. This pole figure is 

consistent with one domain, with [110] in-plane orientation ofFe30 4 on Au(llO). 

The SEM images of magnetite on the gold single crystals deposited at -1.01 V vs. 

Ag/AgCl are shown in Figure 9. Consistent with the pole figure analysis of a film on 

Au(lll), the micrograph in Figure 9A reveals two sets of [Ill] triangular facets rotated 

180° with respect to each other. The majority of the facets point upwards and to the left 

compared to those pointing downwards and to the right. Figure 9B shows similar 

underlying [Ill] triangular facets pointing in 4 directions on Au(OO 1 ). On these 

triangular facets are elongated pyramids which are attributed to the [511] orientation from 

the twinning of the { 111} facets. Figure 9C shows pyramidal crystallites that indicate an 

underlying [11 0] orientation. 

Azimuthal scans, in conjunction with the pole figures and stereographic 

projections of the films and substrate, were used to detennine the epitaxial relationships. 

An epitaxial relationship describes how the film is oriented relative to the substrate by 

finding a direction of the film that is parallel to a direction in the substrate. Evident in the 
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azimuthal scans in Figure I OA and I OB, respectively, the main {Ill} Fe304 domain on 

the Au(! II) aligns anti parallel to the substrate whereas the four {Ill} Fe304 domains are 

equivalent on Au(OOI). For the magnetite films on Au(lll), the epitaxial relationships 

can be expressed as Fe30 4(1!1)[01l]IIAu(lll)[OT!] for the antiparallel domain and 

- -
Fe30 4 (111)[011]11 Au(lll)[Oll] for the parallel domain. That is for the dominate domain 

(antiparallel), the Fe304(1ll) and Au(! II) planes are parallel and the Fe304[0l T] and 

Au[011] in-plane directions are coincident. Similarly for the parallel domain, the 

- -
Fe30 4(111) and Au(lll) planes are parallel but the Fe30 4 [011] and Au[011] in-plane 

directions are coincident. The epitaxial relationships for the four Fe304 domains on 

- - -
Au(OO I) are, Fe 3 0 4 (111)[011] II Au(OOI)[ll 0], Fe 30 4 (111)[011] II Au(OO 1)[110], 

- - -
Fe30 4 (111)[011] II Au(001)[110], and Fe 30 4 (111)[011]11 Au(001)[110]. For each of these 

four relationships, three arrangements due to the (511) exist: (511)[255], (511)[l 14]. and 

(511)[1 41]. Figure IOC shows that the [110] oriented magnetite film has one domain and 

is aligned on the Au(! I 0). Therefore, the epitaxial relationship for the (II 0) magnetite 

films on Au(llO) is Fe30 4(110)[001]11Au(IIO)[OOI]. Thin magnetite films deposited at 

the more negative potentials of -1.05 V produced the same out-of-plane and in-plane 

orientations although the films were deposited at a different potential (not shown). 

The x-ray diffraction patterns of the film grown at -1.10 V and -1.20 V vs. 

Ag/AgCl on Au(IIO) are shown in Figure IIA and liB, respectively. The film deposited 

at -1.10 V vs. Ag/AgCl (Figure !lA) has two out-of-plane orientations: [110] oriented 

magnetite and (1120) oriented ferrihydrite. The SEM images in Figure 12 shows the 
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morphologies of the film deposited at -1.10 V vs. Ag/AgCl on Au(IIO). Figure 12A 

shows an area where two morphologies are present. In this image, the nanoribbon 

morphology seems to grow along the grain boundaries of the underlying material. Figure 

12B shows the ribbon-like morphology that covers the surface. These ribbons are 20 to 

30 nm wide. Figure 12C shows the morphology of the underlying film. Two phase 

morphologies of films deposited at -1.10 V vs. Ag/AgCl are produced on Au(OOl) and 

Au( II!) (not shown). The films deposited at a more negative potential of -1.20 V vs. 

Ag/AgCl have similar ribbon morphologies yet the x-ray diffraction pattern (Figure 12B) 

and Mossbauer spectrum (Figure 6D) have no indication of magnetite being present. In 

the x-ray diffraction pattern of the film deposited at -1.20 V vs. Ag/AgCl on Au(llO), 

only the (1120) and (2240) peaks of ferrihydrite are present (Figure liB). Since only 

ferrihydrite is detected for the films deposited at -1.20 V vs. Ag/ AgCl, the ribbon 

morphology is attributed to the ferrihydrite. Therefore, the SEM image in Figure 12C 

shows the morphology of the magnetite film under the ribboned ferrihydrite seen in 

Figure 12B. 

The (311 )magnetite pole figures are shown in Figure 13A and 13B for films 

deposited at -1.10 V and -1.20 V vs. Ag/AgCl on Au(IIO), respectively. However, the d­

spacing of magnetite(311) is very close to the d-spacing of ferrihydrite(1120), which 

results in the reflection of ferrihydrite( 1120) peaks in the same pole figure. Similarly, the 

d-spacing of magnetite(311) is nearby the d-spacing of Au(lll ). So for the thin films, 

{Ill} reflections from the Au(ll 0) planes can also be evident in the same pole figure. 

Although the 29 is maximized to observe the reflection from the magnetite(311) planes, 
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the final pole figure is actually a superposition of the magnetite(311 ), ferrihydrite( 1120), 

and Au(! II) pole figures. 

For a film deposited at -1.10 V vs. Ag/ AgCl, the pole figure in Figure 13A is 

consistent with one domain of magnetite with a [110] in-plane orientation on Au(llO). 

The pole figure analysis of the film deposited at -1.10 V vs. Ag/ AgCl is equivalent to the 

pole figure analysis of Figure 8C for a film deposited at -1.01 V vs. Ag/ AgCl on 

Au(llO). In addition to these {311} reflections of [11 0] oriented magnetite in Figure 

13A, three low intensity, broad peaks at x = 0° and X = 60° (180° apa1i) are present in the 

pole figure. These peaks cannot be explained by (311) pole figure of any orientation of 

magnetite. 

As seen in the XRD pattern in Figure 11 A, magnetite and ferrihydrite are present 

in this film deposited at -1.10 V vs. Ag/AgCI. The x-ray diffraction pattern in Figure liB 

indicated that the film deposited at -1.20 V vs. Ag/ AgCl was (1120) oriented fenihydrite 

on Au(llO). A pole figure of this film was run to determine if the broad peaks were due 

to an epitaxial (1120) ferrihydrite film. The pole figure of this film (Figure 13B) had 

higher intensity peaks with azimuthal FWHM of 46° at X = 0° and 60°, the same 

azimuthal angles of the broad peaks seen in Figure 13A. The nanoribbon morphology of 

the fenihydrite causes the anisotropy observed in the pole figure shown in Figure 13A 

and 13B. This idea can be explained by reexamining SEM images offe1Tihydride such as 

Figure 12B. As the ferrihydrite nanoribbons begin their growth at the magnetite grain 

boundaries, the resulting electrodeposit is not compact. This loose packing allows for the 

loss of coherency, preferentially along the nanoribbons. This reduction of order 
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manifests itself in the wavy appearance of the nanoribbons seen in Figure 12B as well as 

the anisotropic character of the pole figure in Figure 13B. 

The broad peaks in Figure 13B are assigned to the { 1120} reflections of ( 1120) 

oriented ferrihydrite. Although the x-ray diffraction pattern of the film deposited at -1.20 

V vs. Ag/ AgCl in Figure 11B shows no magnetite, the pole figure does indicate that an 

[110] oriented magnetite film is present by the weak four {311} reflections of 

magnetite(111) at x = 30°. The additional two sharp peaks at x = 35°, 180° apati, are 

{111} reflections of Au due to the Au(110) in Figure 13A and 13B. The Au(111) pole 

figure for the Au(11 0) substrate is shown in Figure 13C to confirm the location of the Au 

reflections in these pole figures. Based on the pole figure analyses, the epitaxial 

relationship for the two films on Au(110) are FeJ00t4(0H)2)(1120)[0001] 

//Fe304(110)[001]//Au(110)[001]. The epitaxial relationships for the films deposited on 

Au(001) and Au(111) are Fe100 14(0H)2)(1120) [0001] //Fe304(001)[110]//Au(001)[110], 

FeJOOt4(0H)2)(1120) (f 100] //Fe304(001)[110]//Au(001)[110], and 

FeJOOt4(0H)2)(1120) [l 100] //Fe304(111) [01 l] //Au(001)[01 l]. 

CONCLUSIONS 

Varying the reduction potential allows for the deposition of magnetite, 

ferrihydrite, and iron from the Fe(III)-TEA deposition bath. The stoichiometry of the 

magnetite films can be controlled by varying the potential as shown theoretically and 

experimentally. At the potentials of -1.10 V and -1.20 V vs. Ag/AgCl, ferrihydrite films 

are deposited through the aerial oxidation of green rust. The magnetite and ferrihydrite 
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films are epitaxial on gold single crystals. Magnetite deposited on Au(l11) and Au(001) 

is [111] oriented while magnetite is [110] oriented on Au(llO). Films deposited at -1.10 

V and -1.20 V vs. Ag/ AgCl produced epitaxial (1120) fenihydrite on epitaxial [11 0] 

magnetite on Au(11 0). 

Work needs to be done to determine the magnetic propetties of these 

electrodeposited magnetite and ferrihydrite films. With the ability to tune the 

stoichiometry of fenimagnetic magnetite, to produce superparamagnetic ferrihydrite and 

fenomagnetic iron from the same solution, and to deposit epitaxial films on gold single 

crystals from one deposition bath, the fabrication of superlattices and layered films for 

giant magnetoresistance and spintronic devices are well within reach. 
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Table 1. Potentials and constants used to calculate the reduction potential of 
Fe(OH)4 TEAz- to Fe304. 

Equations Constant at 25 °C 

Fe(OH)4 TEAz. ~ FeJ+ + 2TEA + 40R K- 10·44.o (25) 

F 3+ + - <- F 2+ e e _, e E0 = 0.771 V vs. NHE 
(29) 

Fe2+ + 2TEA ~ Fe TEAl+ K = 10359 (24) 

Fe(OH)4 TEAz- + e- ~ Fe(TEA)z2+ + 40H- Eo= -1.65 V vs. NHE 

2Fe(OH)4TEA2. + Fe(TEA)/+ ~ Fe304 + 6TEA + 4Hz0 11Grxn = -87.82 kJ/mol 

Species 11Gr0 

TEA -315.6 kJ/mol (27) 

Fe2+ -78.87 kJ/mol (28) 

Fe3+ -4.7 kJ/mol (28) 

OR -157.293 kJ/mol (29) 

Fe(OH)4TEAz- -1519.64 kJ/mol 

Fe304 -1015.5 kJ/mol (28) 

HzO -237.14 kJ/mol (29) 

Fe TEAl+ -730.56 kJ/mol 
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Table 2. The Moss bauer spectral parameters at 25 °C obtained from the spectra in Figure 
6 of films deposited from four different potentials vs. Ag/AgCI. The isomer shifts are 
given relative to the a-Fe foil at 25 °C. 

Potential Compound Component IS QS HF Ratio 

(V) (mrn/s) (mrn/s) (kOe) 
(%) 

-1.01 Magnetite Fe(3+) 0.3390 0.0878 488.87 26.51 

Fe(2.5+) 0.6820 0.0732 453.53 73.49 

"1.05 Magnetite Fe(3+) 0.3169 0.0768 488.22 28.78 

Fe(2.5+) 0.6645 0.0815 452.92 71.22 

-1.10 Magnetite Fe(3+) 0.3157 0.0622 489.80 17.13 

Fe(2.5+) 0.6716 0.1465 453.66 52.69 

Ferrihydrite 0.3091 0.7186 30.19 

-1.20 Ferrihydrite 0.3291 0.7451 100 
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Figure 1. The linear sweep voltammograms of an alkaline TEA solution (blue squares) 
and Fe(III)-TEA solution (black solid line) at 80 °C scanned at 50 mV/s at a rotation of 
100 rpm on a gold rotating disk electrode. The alkaline TEA solution consisted of 0.1 M 
TEA in 2M NaOH. The alkaline Fe(III)-TEA solution consisted of 43 mM Fe2S04, 0.1 
M TEA, and 2 M NaOH. 
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Figure 2. A plot of the surface concentrations of Fe(III) (red) and Fe(II) (black) as a 
function of potential based on the linear sweep voltammagram of the alkaline 
Fe( III)-TEA bath in Figure 1. 
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Figure 3. Symmetric X-ray diffraction patterns of magnetite films deposited on 430 
stainless steel (SS) substrates at a potential of A) -1.01 V, B) -1.05 V, and C) -1.1 V vs. 
Ag/AgCI until! C/cm2 was passed at 80 °C. 



-~ 0.842 -1.. 0.841 s 
~ 0.840 

f 0.839 
cu 
a.0.838 
Q) 
(,) E o.837 

/M-1· 
-------------.;-~--------

J~ 
+--.~~r-.-.-~-.--r-~~ 

...J
cu 

-1.10 -1.05 -1.00 
Potential (V vs. Ag/AgCI) 

140 

Figure 4. Lattice parameters from Rietveld analysis of XRD pattems of magnetite films 
deposited as a function of potential. All of the magnetite films were electrodeposited on 
430 stainless steel electrodes until I C/cm2 was passed at 80 °C. 
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Figure 5. SEM images of magnetite films deposited on stainless steel at A) -1.01 V, 
B) -1.05 V, and C) -1.1 V vs. Ag/AgCl. The films were deposited at 80 °C until 
1 C/cm2 passed. 
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Figure 6. Room temperature Mossbauer spectra of magnetite deposited on HOPG at 
A) -1.01 V, B) -1.05 V, C) -1.10 V and D) -1.20 vs. Ag/AgCl. Spectra A and B are 
composed of two sets of sextets consistent with magnetite. Spectrum C shows two sets of 
sextets and a doublet associated with magnetite and ferrihydrite, respectively. Spectrum 
D shows a ferrihydrite doublet. 



143 

A) Au(111) 

Au(222) 

- - -.... N I'? .... N I'? -.... N I'? 3 - .._ ._.. 

._. 

\.. 

' .... 

B) Au(002) 

- - -.... N I'? .... N I'? J .... ._. N I'? - ........ -
J\_ 

C) Au ~20) -- ; 0 
N 
N -.._ 

\. 

20 40 60 80 

29 (degrees) 

Figure 7. X-ray diffraction patterns of magnetite deposited on A) Au(lll), B) Au(OO!), 
and C) Au(llO) for 300 sat -1.01 V vs. Ag/AgCl at 80 °C. Magnetite films deposited on 
Au(lll) and Au(OO 1) are (111) oriented while films deposited on Au(11 0) are 
(11 0) oriented. 



--[112] 

t /\11 

I.::. [110] 

[110] 

t Au 

t..:.. [110] 

[001] 

t Au 

L.[110] 

144 

Figure 8. (31 1) pole figures ofmagnetite fi lms deposited on A) Au(111), B) Au(OOl), and 
C) Au( llO) for 300 sat -1.01 V vs. Ag/AgCl at 80 °C. The radial grid lines on the pole 
figure correspond to 30° increments of the tilt angle, X· 
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Figure 9. SEM images of magnetite deposited on A) Au(l11), B) Au(001), and 
C) Au(l10) for 300 sat -1.01 V vs. Ag/AgCI at 80 °C. 
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Figure 10. (311) azimuthal scans of magnetite and gold for magnetite films deposited on 
A) Au(l11 ), B) Au(OO 1 ), and C) Au( II 0). For a set of azimuthal scans, the top plot is the 
magnetite azimuthal scan and the bottom plot is the substrate azimuthal scan. 
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Figure 11. X-ray diffraction patterns of magnetite and ferrihydrite electrodeposited at A) 
-1.10 V and B) -1.20 V vs. Ag/AgCI on Au(l!O). M indicates a peak assigned to a 
magnetite plane whereas a Fh indicates a peak assigned to a ferrihydrite plane. 
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Figure 12. SEM images of a film deposited at -1.1 V vs. Ag/AgCl at 80 °C on Au(llO). 
A) A SEM image of the overall view of the surface of the film showing two distinct 
morphologies. The· ribbon-like morphology of feJTihydrite (B) on underlying 
nonstoichometric magnetite (C) is shown. 
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Figure 13. (311) magnetite pole figures of (1120) ferrrihydrite on (11 0) magnetite on 
Au(11 0) electrode posited at A) -1.10 V and B) -1.20 V vs. Ag/ AgCl are shown. The 
(311) magnetite pole figure is actually probing tlll'ee planes: (31 1) magnetite, 

(1120)ferrihydrite, and (111) Au due to their similar d-spacings. Figure Cis a (111) Au 
pole figure of the Au(11 0) substrate. The radial grid lines on the pole figure correspond to 
30° increments of the tilt angle, X· 
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III. Epitaxial Electrodeposition of Ferrite Superlattices on Au(lll) 
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Epitaxial magnetite superlattices are electrochemically produced on single­

crystal Au(lll) by pulsing the applied potential during deposition. Since magnetite 

is a half-metallic ferrimagnet with 100% spin polarization at the Fermi level, these 

superlattices are expected to show strong spintronic responses. We exploit the 

electrochemical-chemical (EC) nature of the reaction to deposit these superlattices. 

We show that the concentution of Fe(III) and Fe(II) at the electrode surface is 

controlled by the applied potential. The EC mechanism allows for the incorporation 

of electrochemically inactive cations into the system to produce other ferrite 

superlattices. We show by x-ray diffraction and cross-sectional FIB images that 

compositional superlattices based on zinc ferrite are deposited by varying the 

applied potential. 

Superlattices are periodic multilayers with the additional constraint of 

crystallographic coherency. Superlattices show enhanced optical, electronic, magnetic, 

or mechanical properties as a function of their nanoscale dimensions (1-3). We have 

previously shown that both defect ( 4) and compositional (5-7) superlattices based on 

conductive oxides can be electrodeposited. Other groups have produced superlattices of 
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metals (8-12) and of compound semiconductors (13) by electrodeposition. In this paper, 

we demonstrate that epitaxial superlattices based on magnetite (Fe304) can be 

electrochemically produced by exploiting the electrochemical-chemical (EC) nature of 

the deposition reaction. This system has the potential to be used in magnetoelectronic 

devices such as magnetic recording, non-volatile memories, and spin valves (14, 15) and 

as an imitator of Nature's own magnetoreceptors (16-18). Fe304 is an ideal candidate as 

a spin-polarized cmTier layer in these materials because this magnetic, half-metallic 

material has a predicted 100% spin polarization at the Fermi level (19, 20). We have 

previously demonstrated that electrodeposited magnetite films have a magnetoresistance 

of -6.5% at 300 Kin an applied field of9 T, attributed to a-Fe203 at the grain boundaries 

(21). Besides being a ferrimagnetic material below 860 K, Fe304 also undergoes a metal­

insulator Verwey transition at 120 K in which this charge-ordered insulator has a 

magnetoelectronic effect, becoming ferroelectric below this Verwey temperature (22-27). 

Composites of multiferroics, such as Fe304, have potential applications for spintronic 

devices utilitizing both ferrimagnetic and ferroelectronic prope1iies (27-29). 

The superlattices were electrodeposited using 86 mM Fe(III), I 00 mM 

triethanolamine (TEA), and 0.2 M sodium hydroxide, previously used for magnetite 

deposition (21). Fig. lA shows a linear sweep voltammogram (LSV) on a gold rotating 

disk electrode at I 00 rpm in an alkaline Fe(III)-TEA deposition bath at 80 °C scam1ed at 

50 mY/sec from the open circuit potential of -0.47 V to -1.25 V vs. Ag/AgCI. The 

electrochemical reduction of the alkaline Fe(III)-TEA bath is observed at potentials 

negative of -0.95 V vs. Ag/AgCI. The region from -0.95 V to -1.20 V vs. Ag/AgCl on 

this linear sweep is a one electron reaction involving the reduction of an Fe(III) species to 
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an Fe(II) species. The proposed EC reactions for magnetite deposition of this solution is 

shown in Eq. I and 2. 

(1) 

(2) 

The surface concentrations of these species are dependent on the depatture from 

equilibrium. At low overpotentials, the Fe(III) surface concentration is nearly the same as 

the bulk concentration whereas at high overpotentials, at which the current becomes 

mass-transpmt controlled, the surface concentration ofFe(III) approaches zero. 

Therefore, the surface concentrations of Fe( III) and Fe(II) can be controlled by varying 

the applied potential. The surface concentration ofFe(III) can be calculated from Eq. 3, 

[CFo(lll) (bulk)- CF,(IIIl (surface)] 

i1,, CFo(lll) (bulk) 
(3) 

where i is the measured cunent, itc is the limiting current, CFe(IIIJ(bulk) is the bulk 

concentration of Fe(III) in solution, and CFe(nQ(surface) is the Fe(III) concentration at the 

electrode surface (30). The concentrations of Fe(III) (red line) and Fe(II) (black line) at 

the electrode surface are plotted in Fig. lB. Stoichiometric magnetite would be deposited 

at approximately -1.045 V vs. Ag/AgCl, where l/3 of the total concentration of Fe(III) 

has been reduced to Fe(II). Theoretically, any potential more positive than this value 

should produce magnetite with excess Fe(III), whereas potentials more negative of -1.045 

V vs. Ag/AgCl should produce magnetite with excess Fe(II). 

Fig. I C shows the change in lattice parameter of the magnetite (black squares) 

films with respect to the deposition potential. As the overpotential increases, the lattice 

parameters of these films decrease. The film with a lattice parameter of 0.8396 nm is 
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produced at -1.04 V vs. Ag/AgCl , comparable to the literature value of 0.8397 mn 

(JCPSD # 19-0629) (black dashed line, Figure 1 C). This result is in good agreement with 

the predicted potential of -1.045 V vs. Ag/ AgCl from the LSV in Figure I B for 

stoichiometric magnetite. Since the iron species concentrations at the electrode surface 

and lattice parameters of the magnetite films are defined by the applied potential, the 

magnetite superlattices can be deposited from a single bath by simply pulsing the applied 

potential during deposition. 

In this study, the magnetite superlattices (Fe/+Feb3+0JFe/+Fee3+0r) were 

deposited by pulsing the potential between -1.01 and -1.05 V vs. Ag/ AgCI. The lattice 

mismatch between the layers deposited at the two potentials is 0.24%. The modulation 

wavelength of the superlattices is controlled by selecting appropriate dwell times for each 

of the deposition potentials. Fig. 2 shows the x-ray diffraction results of magnetite with 

100 bilayers deposited on single-crystal Au(111). On the Au(111) single crystal, only 

{ 111 }-type peaks of magnetite were detected as seen in Fig. 2A, indicating that the film 

grows epitaxially on the Au( 111) crystal. The (311) pole figures of the magnetite 

superlattice (Fig. 2B, left) and Au substrate (Fig. 2B, right) show that the { 111} 

magnetite domains on the Au(111) align mainly antiparallel to the substrate. The 

epitaxial relationships for this super lattice lS 

and 

antiparallel and minor parallel domains, respectively. 

Although superlattices and multilayers are composed of alternating layers of 

materials, superlattices have the additional constraints of periodicity and crystallographic 
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coherency. Due to these constraints, satellite peaks are seen around the main Bragg 

peaks in x-ray diffraction patterns. In a superlatticc, the bilayer thickness, known as the 

modulation wavelength, A, can be calculated from the satellite spacing utilizing Eq. 4: 

A= ..t(L1 -L2 ) 

2(sinB1 - sinB,) 
(4) 

where 'A is the wavelength of the x-ray source (Cu Ka 1.5401 A), Lis the order of the 

satellite and 8 is the diffraction angle of the satellite L. In Fig. 2A, first order satellite 

peaks flank the (333) and (444) reflections. Using Eq. 2, the modulation wavelength for 

each film was dete1mined based on the (333) and (444) peaks of the magnetite 

superlattices. The (444) reflections and their satellite peaks of the x-ray diffraction 

patterns are shown in Fig. 2C for the magnetite superlattices. By systematically changing 

the deposition times, superlattices with different modulation wavelengths are produced. 

As the A increases from 9.5 to 20.7 nm, the satellites move closer to the main Bragg 

peak, labeled as 0. These epitaxial superlattices with tunable nanoscale layer thicknesses 

have the potential to show electronic transport measurements below the Verwey 

temperature (26). 

In addition to producing defect chemistry superlattices based entirely on Fe304, it 

is also possible to deposit compositional superlattices containing Zn. The production of 

fenites has applications in transformers, inductors, entertainment, and magnetic recording 

devices (31). Electrodepositing a basic ferrite such as zinc ferrite demonstrates that 

electrodeposition can be used to produce other ferrites and indicates a potential for the 

electrochemical development of zinc-substituted ferrites that show higher magnetic 

moments than the pure fenites (31,32). Here, films and superlattices based on zinc ferrite 
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were produced from the same deposition solution to which 30 mM Zn(II) was added. An 

equivalent LSV as seen in Fig. 1A is produced from an alkaline Fe(III)-TEA bath with 

Zn(Il) present, indicating that the Zn(ll) in solution is electrochemically inactive in this 

range. Since the Zn(II) is electrochemically inactive in the range for the LSV, the 

concentration of Zn(Il) at the electrode surface is fixed at the bulk concentration of 30 

mM at any potential. 

Like the magnetite films, the lattice parameters of the zinc ferrite films decrease 

as the overpotential increases (Fig. 3A). Zinc ferrite films deposited at -0.97 V vs. 

Ag/ AgCl have a lattice parameter of 0.8443 run, close to the literature value of 0.8446 mn 

(JCPDS # 79-1150) (red dashed line, Fig. 3A). The zinc content of these films based on 

metal-only energy dispersive spectroscopy (EDS) measurements varies from 32% at 

-0.97 V to 20% at -1.05 V vs. Ag/ AgCl. As shown in Table I, the compositions calculated 

from the LSV agree well with the compositions measured from the EDS. The zinc ferrite 

superlattices (ZnaFebOJZndFeeOr) are deposited by pulsing the potential between -0.99 V 

and -1.05 V vs. Ag/ AgCl. The lattice mismatch between the layers deposited at the two 

potentials is 0.19%. These superlattices grew epitaxially with a { 111} orientation on 

Au(111). The epitaxial relationships for the major (antiparallel) and minor (parallel) 

domains are [Zn
3
Feb0c (111)[01 l] // ZndFeeOr (111)[01 l]]100 // Au(111)[0 T 1] and 

[Zn 3 Feb 0 c (111)[0 T 1] II ZndFee 0 r (111)[0 T 1]]100 II Au(lll)[O T 1], repectively. The ( 444) 

reflections of the zinc ferrite superlattices are shown in Fig. 3B with a modulation 

wavelength ranging from 12.5 to 29.2 nm. A cross-sectional focused ion beam (FIB) 

image in Fig. 3C shows the compositional modulation of a zinc ferrite superlattice with a 
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measured bilayer thickness of 78 mn, consistent with the layers depositing with an 88% 

Faradaic efficiency. 

Electrodeposition has several advantages over the traditional vacuum techniques 

used in most superlattice studies (3). In addition to its cost-effectiveness, 

electrodeposition uses low processing temperatures which should minimize interdiffusion 

of the layers in the superlattice. Superlattices are produced within minutes from a single 

deposition bath as the lattice parameter and composition are controlled by the potential or 

cull'ent applied and the deposition rate is monitored by the charge passed. The low 

temperature and reduction potentials should allow for the deposition of these super lattices 

onto semiconductors for transition into electronics (12). The electrochemical fabrication 

of superlattices based on magnetite/zinc ferrite systems and the future production of other 

metal ferrites and their superlattices have the potential to become devices for microwave, 

entertainment, power, and magnetic applications (31). 
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Fig. 1. (A) Linear sweep voltammogram of the alkaline Fe(III)-TEA deposition solution 
at 80°C scanned at 50 mV/s on a gold rotating disk electrode at 100 rpm. (B) Plot of the 
concentrations of Fe(III) and Fe(II) at the electrode surface as a function of potential. (C) 
Plot of the lattice parameters of the magnetite as a function of applied potential. 
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Fig. 2. (A) X-ray diffraction pattern for the { 111 } oriented magnetite superlattice on 

161 

Au( 111 ). (B) (311) pole figures of magnetite superlattice (left) and Au (right) . ( 444) 
peaks of magnetite (C) superlattices from the x-ray diffraction patterns with a range of 
modulation wavelengths. Magnetite superlattices (C) were produced by pulsing between-
1.01 V and -1.05 V vs. Ag/ AgCI in an alkaline Fe(III)-TEA bath with modulation 
wavelength of20.7 (top) and 9.5 nm (bottom). 
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Fig. 3. (A) Plot of the lattice parameters of the zinc ferrite as a function of potential. (B) 
Zinc ferrite superlattices were electrodeposited by pulsing between -0.99 V and -1.05 V 
vs. Ag/ AgCl from an alkaline Zn(II)-Fe(III)- TEA deposition bath with modulation 
wavelengths of29.2 (top), 16.8 (middle), and 12.5 run (bottom). (C) FIB image of a zinc 
ferrite superlattice showing a modulation wavelength of 78 nm. 
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Table I. Comparison of compositions of zinc ferrite films as a function of applied 
potential measured from energy dispersive spectroscopy and calculated from the linear 
sweep volta111111etry. 

Applied Ratio of Measured Surface Calculated 

potential Zn/Fe Composition [Fe2+] from Composition 

(Vvs. from EDS LSV (mM) 

Ag/AgCl) 

-0.97 0.47 Zno.96Fe2.o404 5 Zno.s6Fe2.1404 

-0.99 0.39 Zno.s4Fe2.1604 8 Zno,79Fe2.21 04 

-1.01 0.32 Zno.nFe2.2s04 14 Zno.6sFe2.3204 

-1.03 0.27 Zno.63Fe2.3704 22 Zno.ssFe2.4204 

-1.05 0.25 Zno.60Fe2.4o04 34 Zno.47Fe2.s304 
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ABSTRACT 

Chiral films of CuO have been electrochemically deposited onto achiral Au(001) 

using chiral precursors such as tartaric acid and the amino acids alanine, valine, and 

glycine to complex the Cu(II). The chirality of the electrodeposited films was dictated by 

the chiral solution precursor. X-ray diffraction pole figures and azimuthal scans, in 

conjunction with stereographic projections, were used to determine the absolute 

configuration and enantiomeric excess of the chiral CuO films. CuO films grown from 

L-tartaric acid have a (ITT) orientation with an enantiomeric excess of 95%, while the 

films grown from D-tartaric acid have a ( T 11) orientation with an enantiomeric excess of 

93%. Films of CuO grown from chiral amino acids have two chiral orientations, each 

showing lower enantiomeric excess compared with the films deposited from tartaric acid. 

The films grown from L-alanine and L-valine solution have a small excess of the ( T 11) 

and (T T T) orientations, while the films grown from D-alanine and D-valine have a 

small excess of(l TT) and (Ill). 
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INTRODUCTION 

Chiralmolecules are ubiquitous in the living world. Enantiomeric forms of chiral 

molecules differ from each other only in that they are nonsuperimposable mirror images 

of one another. Because one enantiomer may be useful while the other toxic, the 

pharmaceutical industry is interested in devising processes to obtain enantiomerically 

pure forms of drugs and their precursors. 1 Traditionally, the industry has relied on using 

homogeneous solution-based catalysis or enzymatic reactions to cany out enantiospecific 

syntheses. Replacing homogeneous processes with heterogeneous processes could lead 

to improved process and cost efficiency.2 Chiral surfaces may also be used to produce 

chiral sensors. 

Effotis to develop enantiospecific heterogeneous catalytic systems have relied on 

breaking the symmetry of a metal surface by ineversibly adsorbing chiral molecules. A 

Raney Ni surface modified by adsorbing (R, R)-tmiaric acid has been used to catalyze the 

hydrogenation of ,8-ketoesters, producing the R-product with over 90% enantiomeric 

excess ( ee ), while the surface modified with (S-S)-tmiaric acid selectively produces the S­

product.3 Another example is the Orito4 reaction, in which hydrogenation of a-ketoesters 

over alumina supp01ied platinum catalysts modified with chiral cinchonidine yields 

enantioselective products. Experimental and theoretical eff01is to elucidate the 

mechanism for chiral recognition remain a topic of active research. Baiker5 and 

McBreen6 attribute the selectivity to a hydrogen bond between the chichonidine and 

ketoester, while Sun and Houk7 suggest that the formation of a covalent bond between 

the amine group of the cinchonidine with the carbonyl group of the ketone gives the 

observed selectivity. Separation of chiral molecules using chromatographic techniques 
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also relies on the extent of interaction between the enantiomeric forms with a chirally 

modified stationary phase. 8•
9 

The durability of these adsorbed modifiers is a senous concern for practical 

applications. An alternative to the adsorption approach would be to develop surfaces that 

are intrinsically chiral. McFadden et al. 10 proposed one such approach, where high-index 

surfaces of FCC metals were shown to be chiral. They showed that even for a material 

with a highly symmetric space group, high-index surfaces could be chiral. The chirality 

is attributed to the presence of kink sites on these surfaces, and rules to identify and label 

these surfaces have been proposed. 11
•
12 Enantiospecific adsorption of chiral molecules on 

the Pt(643) surface was rep01ted by Scholl et al. 13 using Monte Carlo simulations while 

experimental evidence of chiral recognition was reported by Attard et al. 11
•
14

, who 

showed enantiospecific electrooxidation of glucose in aqueous solutions on Pt(643) and 

Pt(643) surfaces. 

Our approach to the development of new chiral heterogeneous catalysts and 

sensors is to deposit chiral metal oxides films on achiral substrates. Recently, our group 

demonstrated that thin chiral films of CuO can be electrodeposited on Au(001)15 and 

Cu(l11)16 single crystals using a simple and relatively inexpensive method. As is the 

case with fcc metals, it was observed that although the bulk crystal structure for CuO is 

centrosymmetric, the crystallographic orientation of the deposited film is chiral. The 

chirality of the electrodeposited film in the alkaline bath was determined by the 

enantiomer of tattrate used to complex Cu(II). Here we present details on the 

electrodeposition of chiral CuO films onto Au(OOI) from solutions using tartaric acid to 

direct the chirality. In patticular, we show how x-ray diffraction pole figures and 
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azimuthal scans can be used to determine the absolute configuration and enantiomeric 

excess of the chiral films. We also contrast these results to CuO films deposited onto 

Au(001) using Cu(II) complexes of the amino acids alanine, valine and glycine as 

precursors for the deposition bath. 

EXPERIMENTAL SECTION 

Electrochemical experiments were catTied out using an EG&G Princeton Applied 

Research (PAR) model 273A potentiostat/galvanostat. The cell consisted of a platinum 

counter electrode and a standard calomel reference electrode (SCE). An Au(001) single 

crystal purchased from Mono crystal Company having a diameter of 10 mm and a 

thickness of 2 mm was used as a working electrode. A gold wire fitted around the single 

crystal served as an electrical contact to the working electrode. The working electrode 

was placed in solution using the meniscus method. The Au(OO 1) single crystal was 

electropolished and annealed in a hydrogen flame prior to deposition. Electropolishing 

was canied out anodically, at a constant cmTent density of 1.5 A/cm2 in a moderately 

stined solution of 50 vol. % ethanol, 25 vol. % ethylene glycol, and 25 vol. % 

concentrated HCl at 55°C. 

Case 1: Deposition using tatiaric acid 

Thin films of CuO were deposited on Au(001) single crystals from an alkaline 

solution of copper(II) complexed with tartaric acid. 15
•
16

•
18 The concentrations in the 

deposition bath were 0.2 M Cu(II), 0.2 M tat1aric acid and 3 M NaOH. Films were 

deposited on the Au(001) single crystal at a constant anodic current density of 1 mA/cm2 
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at 30°C for 30 minutes giving an approximate thickness of300 nm. L-tartaric acid [(R,R)-

(+)-tartaric acid], D-tartaric acid [(S,S)-(-)-tartaric acid] and DL-tartaric acid were 

purchased from Aldrich. The single enantiomers had an optical purity of ~ 99% ee. The 

enantiomers were used without further purification. 

Case 2: Deposition using amino acids 

The solutions for deposition from amino acids were prepared by complexing 

CuS04 with an excess amount of amino acid in base. The solution for depositing CuO 

from amino acids in this miicle was first repotied by Ogura et al. 17 
, and consisted of 50 

mM amino acid, 5 mM Cu(II), and 0.2 M NaOH. The amino acids studied were achiral 

glycine and the L-, D-, and racemic forms of alanine and valine. Glycine with 98.5+% 

chemical purity was purchased from Aldrich. The L- and D-amino acids were purchased 

from Fluka with ?:99.5% and ?:99% chemical purity, respectively. The racemic amino 

acid solutions were made using equal amounts of the L- and D-amino acids. Films were 

deposited on Au(OO I) single crystal at a constant anodic cunent density of I 00 J.!Aicm2 at 

30°C for 5 minutes. 17 

X-ray Diffraction Measurements 

X-ray diffraction measurements were performed with a high-resolution Philips 

X'Pert MRD diffractometer. For the Bragg-Brentano scan the primary optics module was 

a combination Gobel mirror and a 2-crystal Ge(220) 2-bounce hybrid monochromator, 

and the secondary optics module was a 0.18° parallel plate collimator. The hybrid 

monochromator produces pure Cu ka radiation (A.= 0.1540562 nm) with a divergence of 
' 



169 

25 arc seconds. Pole figures were obtained in point-focus mode using a crossed-slit 

collimator as the primary optics and a flat graphite monochromator as the secondary 

optics. Stereographic projections were generated using Desktop Microscopy software 

(version 2.1) on an Apple Macintosh computer. 

Electrochemical Selectivity 

Electrochemical selectivity experiments to confirm the chirality of the 

electrodeposited CuO film were carried out in an aqueous solution of 0.1 M NaOH 

containing 5 mM L-tartaric acid or D-tartaric acid. The cyclic voltammograms (CV) 

were obtained in unstirred solutions at a scan rate of I 0 m V /sec. The electrode was 

cleaned by scanning from the open circuit potential (OCP) to 0.75V vs. SCE in 0.1 M 

NaOH before changing solutions to remove remnants from the previous solution 

adsorbed on the electrode. The geometric area of the CuO film was controlled by 

mounting the electrode in a home-made Teflon cell holder. 

RESULTS AND DISCUSSION 

CuO has a monoclinic structure with a centrosymmetric space group, C2/c. 19-21 

Figure I shows two unit cells of monoclinic CuO with red atoms representing Cu and 

gray atoms representing 0. The figure shows that each Cu atom is coordinated to four 0 

atoms to form a distorted square-planar geometry. A unit cell contains two Cu atoms, 

each coordinated to four oxygen atoms to form a parallelogram parallel to the [110] and 

[T I 0] directions. Figure 1 shows the parallelogram along the [11 0] direction in light 

gray while the parallelogram parallel to [I I 0] direction is shown in dark gray. The Cu-0 
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bond distances are 0.1959 nm and 0.1957 run and the 0-Cu-0 bond angles are 84.3" and 

95.7°. Similarly, each 0 atom is coordinated to four Cu atoms resulting in a distorted 

tetrahedron (not shown in the figure). High-resolution powder diffraction studies on 

various CuO samples shows broadening and asymmetry in peak shapes. The asymmetry 

has been attributed to non-stoichiometry due to cation vacancies, possibly resulting in the 

change of bond length or angle?0 In a recent high resolution X-ray diffraction study on 

single crystal CuO by Asbrink22
, the pattern is better fit by the noncentrosynm1etric space 

group Cc.22 The contrast is attributed to a more stoichiometric CuO having less cation 

deficiencies. Consistent with previous reports from our group and other studies on CuO, 

the centrosymmetric space group, C2/c is used for generating the stereographic 

projections to explain the pole figures. 

Deposition from Tartaric Acid 

Epitaxial films of CuO have been reported on MgO substrates under high vacuum 

and high temperature conditions using MBE23 and MOCVD24
. Polycrystalline films of 

CuO have been electrodeposited at room temperature on Au and Pt in alkaline solution 

using amino acids 17 to complex the Cu(II). Our group has previously repmied 

electrodeposition of CuO on polycrystalline substrates using L-tartaric acid18 as a 

complexing agent. We measured lattice parameters for CuO powder obtained from 

several films using Rietveld analysis with space group C2/c. The values repmied were a 

= 0.4685 nm, b = 0.3430 nm, c = 0.5139 ru11, fJ = 99.08" and a= y= 90°. The thickness 

of the film deposited for 1200 sec at lmA/cm2 calculated by monitoring the frequency 

change on the Au electrochemical qumiz crystal microbalance (EQCM) electrode (area= 
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0.2 cm2
) as a function of time is 180 JUll. The thickness measured by the EQCM matches 

closely with the thickness of 200 nm obtained from a cross-sectional SEM image on the 

same electrode. In the EQCM measurement, the plot of frequency change vs. time is 

linear indicating that the deposited film does not inhibit further film formation. Since the 

number of electrons involved in the reaction is not known, no estimate of the cunent 

efficiency was determined. 

Figure 2 shows a 8-28X-ray diffraction scan for a 300 JUll CuO film deposited on 

Au(001) at an anodic cmTent density of 1 mA/cm2 for 1800 seconds at 30°C from a 

solution of Cu(II) complexed with L-tartaric acid. B-28X-ray diffraction scans probe the 

orientation of the film perpendicular to the substrate. Only the { 1 T T} set of peaks are 

seen in the figure indicating the presence of a ( 1 T T) texture for the electrodeposited 

film. The results obtained here represent diffraction from the entire volume of the film 

and not just the surface. The CuO film in Figure 2 has a strong peak at 28 = 35.57° (d = 

0.2525 nm). Table 1 lists of set of planes that have the same d-spacings. Based on the 

listings in Table 1, the peak in the X-ray scan could be assigned as any one of the four 

orientations. The (1 T T ), ( T 11 ), ( 11 T) and (IT I) planes have identical d-spacing of 

0.2525 nm and it is impossible to distinguish between the orientations based on the B-28 

scans. The orientations can be assigned with the help of X-ray diffraction pole figures 

and stereographic projections. As discussed later, the films grown from a solution of L­

tartaric acid have a {ITT} out of plane orientation, i.e., Cu0(1TT)11 Au(001). Similar 

scans obtained for a film deposited from a solution of Cu(II) complexed with D-tartaric 

acid have a {T 11} out of plane orientation, i.e., Cuo(T 11)11 Au(001). 
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Figure 3a and 3b show the (11 1) and (Ill) stereo graphic projections of 

monoclinic CuO. A stereographic projection is a two-dimensional graphical 

representation of the crystal symmetry and the interplanar angles. The radial direction is 

the tilt angle, x, of the sample while the azimuthal angle, ¢, is the rotation of the sample 

about its axis. The positions of CuO{ Ill} planes are specified. In addition, the positions 

of Cu0{100} are also specified because the Cu0(200) d-spacing is similar to the 

Cu0(111) d-spacing, and reflections from the Cu0{100} planes will be simultaneously 

observed in a Cu0(111) pole figure. Clearly evident is that the two images are non­

superimposable mirror images. Figure 3a shows that for the (1 11) orientation, 

reflections from the (1 1 1) plane at tilt angle of 57°, i.e., X= 57°, and the (1 11) plane at 

tilt angle of 63°, i.e., x = 63°, are separated azimuthally by 115° rotated counter­

clockwise, i.e., 11¢ = -115°. Figure 3b shows that for the (111) orientation, reflections 

from the ( 111) plane at X= 57° and the ( 111) plane at x = 63° are separated azimuthally 

by 115° rotated clockwise, i.e., 11¢ = +115°. The calculated interplanar angles for these 

planes of interest are summarized in Table 2. Figure 3 shows that although the ( 111) 

and the (111) planes have identical d-spacings they are not really equivalent in the sense 

that the mirror images of their stereographic projections are not superimposable. 

Analyzing the stereo graphic projections for the other two planes, (II 1) and (1 1 1 ), and 

comparing them with the stereo graphic projections of ( 11 1 ) and ( Ill) shows that 

CuO( 1 11) and CuO( 11 1) are equivalent and CuO( 111) and CuO( 111) are equivalent. 

The in-plane orientation, or the orientation of the film parallel with the substrate, 

is confirmed by running x-ray diffraction pole figures. For chiral films, the x-ray pole 
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figures can be used to determine the absolute configuration of the film. Pole figures are 

obtained by selecting a reflection to probe while measuring the diffracted intensity as a 

function of sample tilt (X) and rotation ( ¢). The sample is tilted from x = 0° to x = 90° 

and for each tilt angle the sample is rotated tlu·ough azimuthal angles, ¢, of 0° to 360°. 

Generally, a reflection with highest intensity for a randomly-oriented powder is probed to 

get high diffracted intensity. The (Ill) plane with 28= 38.742° (d = 0.23223 nm) has the 

highest intensity for polycrystalline CuO and was probed in the pole figures. As 

discussed later in the text, the added advantage of using the (Ill )-pole figure is that it 

provides an intemal reference in the form of Au( Ill) reflections for comparing different 

pole figures. 

Figure 4 shows (111) pole figures for 300 nm thick CuO films deposited on 

Au(OOI) from a solution of(a) L-tmtaric acid, (b) D-tmtaric acid and (c) DL-tmtaric acid. 

The radial direction is the tilt of the sample with the grid lines in the figure spaced 30° 

apart. The d-spacing of Cu0(111) is very close to the d-spacing of Au(111), which 

results in the reflection of Au(111) peaks in the same pole figure. Similarly, the d­

spacing of Cu0(200) is very close to the d-spacing of CuO(lll ), so reflections from the 

CuO(lOO) planes should also be evident in the same pole figure. Although the 28 is 

maximized to observe the reflection from CuO(lll) planes, the final pole figure is 

actually a superposition of the CuO(lll), Au(! II) and CuO(IOO) pole figures. 

The interplanar angle between the (1 00) and (111) planes in a cubic system is 

54. 7°. Thus, the four intense peaks at approximately X = 55° result from { 111} 

reflections of Au. The Au{ Ill} reflections at x = 55°, spaced 90° apmi azimuthally, are 

much more intense than the corresponding CuO{ Ill} reflections at X= 57°. The peaks 
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at X= 63° are due to the Cu0{111} and Cu0{100} planes. Since the (111)-type planes 

of CuO and Au overlap we conclude that CuO deposits without rotation on the Au 

surface. The epitaxial relationship consistent with this observation is Cu0[110]//Au(110]. 

While the X-ray results do not provide information on the structure of the CuO-Au 

interface they do provide information regarding the orientation of the bulk film with 

respect to the substrate. If only one domain of CuO was deposited, then only three peaks 

would be observed in the pole figure. The CuO( 1 T 1) would be obscured by the Au(l11) 

peak at x = 55° while the intense CuO(T T T) and the less intense Cu0(1 00) would be 

observed opposite one another at x = 63°. The presence of four peaks of equal intensity 

at X= 63° in Figure 4a and 4b at ~~ = 90° shows that there are four equivalent in-plane 

orientations, with the (110] direction of CuO coincident with the [110], [1 T 0 ], [T 10] 

and (llO] directions of Au. This is reasonable because the Au(001) surface is four-fold 

symmetric. The presence of four different domains was cross-checked by running 

CuO (202) pole figures. 

Based on the above analyses we can conclude that the film grown in L-tartaric 

acid has a Cu0(1 TT) or CuO(ll1) orientation. We arbitrarily assign it as Cu0(1 TT). 

Similarly the film grown in D-tartaric acid has a CuO( T 11) or Cu0(11 T) orientation. 

The film is assigned a CuO(l 11) orientation. In our previous repotts/5
•
16 L-tmiaric acid 

was incon·ectly identified as (S,S)-(-)-tartaric acid while D-tartaric acid was inconectly 

identified as (R,R)-(+)tmtaric acid. Thus, although the pole figures were correctly 

analyzed, the assignment of CuO orientations to the solution precursors should be 

reversed. The mistake with the nomenclature is rectified in this report. The films grown 



175 

from L-tartaric acid [ (R, R)-( +)-tartaric acid] have a CuO( 1 T T) orientation while the 

films grown from D-tartaric acid [(S,S)-(-)-tartaric acid] have a CuO(lll) orientation. 

With the intense Au peaks at X = 55° acting as an internal reference it is evident that 

Figure 4a and 4b are non-superimposable minor images of each other. Therefore, the 

two orientations are enantiomorphs. Figure 4c shows that the film grown from a racemic 

mixture of tmtaric acid has equal amounts of two enantiomeric orientations. This can be 

quantified in tenns of the enantiometric excess of one orientation with respect to 

the other. 

The enantiomeric excess of one orientation over the other can be determined from 

azimuthal scans probing the CuO (111)-type reflections at x = 63°. Figure 5 show the 

azimuthal scan extracted from the (Ill) pole figures at x = 63° and for the azimuthal 

angle, <p, varying from 60° to 120°. Figure Sa shows the scan for a film deposited from L­

tmtaric acid solution having a preferred (ITT) orientation. Figure 5b shows the scan for 

a film deposited from D-tattaric acid solution having a preferred (1 11) orientation. 

Figure Sc shows that the film from DL-tartaric acid has an equal amount of both 

orientations. The area under the peaks in blue and red represent ( T T T) and (Ill) 

reflections, respectively. The film grown from L-tartaric acid has a higher diffracted 

intensity for ( T T T) reflection while the film grown from D-tmtaric acid has a higher 

diffracted intensity for ( 111) reflection. The film deposited from the racemic mixtures 

has approximately equal intensity for the ( T T T) and (Ill) reflections. The percentage 

enantiomeric excess for the (1 T T) orientation can be calculated quantitatively from the 

area under all the peaks obtained at x = 63° using the formula 
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The film deposited from L-tartaric acid has an enantiometric excess of 95 % while the 

film deposited from D-tartaric acid has an enantiometric excess of 93 %. The film from 

DL-tartaric acid has equal amounts of both the orientations and has essentially zero 

enantiomeric excess. Also evident in the scans is the low background intensity. The 

peak to background ratio of the measured intensities (Ipcak/Ibackground) in the azimuthal 

scans is a good indicator of the nature of the epitaxy. A material with a fiber texture has 

a Ipcak/Ibackgrouud of unity. The films grown from solutions of L-tartaric acid and D-tartaric 

acid have Ipcak/Ibackgrouud ratios of 92 and 99, respectively. The film grown from solution 

ofDL-tartaric acid has a Ipcak/Ibackground ratio of 56. 

Figure 6 shows polyhedral models for CuO when the (ITT) and (f 11) planes are 

oriented parallel to the plane of the paper. This figure illustrates that the two faces are 

nonsuperimposable min·or images of each other, i.e. they are chiral. The Cu atoms are 

represented in red while the oxygen atoms are represented in gray. Although CuO has an 

achiral space group, the ( 1 T T) and ( T 11) faces are enantiomorphs because they lack a 

center of symmetry. The asymmetry is explained by the arrangements of Cu or oxygen 

atoms on ideally tetminated surfaces. 16 

We have not been able to conelate the handedness of the electrodeposited films 

with their microstructure, as observed by scanning electron microscopy (SEM). Figure 7 

shows the SEM images of films grown from L-tartaric acid, D-tmiaric acid and DL-

tartaric acid. All the images show a cross-hatch pattern on the surface. The individual 

crystallites have a rice grain structure but multiple domains of each orientation rotated 
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90° result in the cross-hatch morphology, with crystallites that are approximately 100 run 

long and 25 run wide. The SEM images of films from D-tmtaric acid and L-tartaric acid 

seem similar, while the DL-tartaric acid film in addition to the cross-hatch features shows 

larger, more symmetric features which could result from the grains of two different 

orientations growing together. 

Organic additives are known to influence the morphology of the electrodeposited 

films. 25
-
27 We have previously shown that varying the solution pH and deposition 

potential controls the texture of electrodeposited CuzO films. Polycrystalline Cu20 films 

grown from a Cu(II)-Iactate complex show a prefened [100] orientation at pH 9 while 

the prefetTed orientation changes to [Ill] at pH 12.28 Epitaxial Cu20 films grown on 

Au(OOii9 and InP(OOii0 at pH 12 undergo a thermodynamic to kinetic transition as a 

function of deposition potential. Films grown at low overpotentials follow the orientation 

of the substrate, but they undergo a transition to a kinetically controlled orientation when 

deposited at high overpotentials. In the present work, we show that the orientation and 

hence the chirality of the deposited film can be controlled at the molecular level by 

choosing the complexing agent used to prepare the solution. The handedness of the film 

is directed by the chirality of the deposition solution. The Au(OO I) surface is highly 

symmetric and does not impat1 chirality to the film. 

Organic additives are also known to cause face-selective crystallization of 

inorganic crystals in biosystems?1
-
35 Biomineralization studies have shown the selective 

nucleation of inorganic biominerals to be caused by the geometric matching, electrostatic 

interactions and stereochemistry or a combination of these variables at the organic­

inorganic interface.32 Aizenberg et al. in recent studies of calcite nucleation on patterned 
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self assembled monolayers of alkanethiols on Au and Ag have shown controlled calcite 

nucleation dependent on the surface termination of the thiol group. 34
•
35 In the presence of 

chiral amino acids, Cody crystallized asymmetric crystals of gypsum even though the 

space group of gypsum is symmetric. Changing the solution precursor systematically 

changed the handedness of the crystallites?3 In related studies, Tend36 and Orme37 

recently crystallized chiral single crystals of calcite using chiral aspartic acid in the 

solution. They also observed the formation of chiral etch pits during calcite dissolution 

in the presence of aspartic acid. Changes in step-edge free energies of the crystallized 

nuclei are suggested as a possible cause for the observed asymmetry. 

Chirality can be bestowed on the surface by templating or by imprinting. 38 Chiral 

imprinting results when the adsorbed chiral molecule ineversibly reconstructs the 

substrate. The chirality of the substrate will remain intact on removal of the adsorbed 

molecule. 39
•
4° Chiral templating is induced by adsorbing chiral molecules on achiral 

surfaces without surface reconstruction. Adsorption of chiral tat1aric acid on low-index 

surfaces on Cu41 and Ni42 has been shown to break the symmetry of the underlying 

substrates. Raval eta!. have shown that the adsorption of (R-R)-tartaric acid on Cu(llO) 

surface creates long range order through chiral channels or holes across the Cu surface. 

The holes or chmmels lead the incoming molecules to bind with the underlying Cu atoms 

in a nonrandom stereo-geometry subsequently aiding the formation of enantioselective 

products. No reconstruction of the underlying Cu atoms was evident. In contrast to the 

results on Cu(l!O), the same group showed that the adsorption of (R-R)-tattaric acid 

bestows chirality to the Ni(ll 0) surface by causing extended chiral reconstruction of the 

underlying Ni(ll 0) substrate. 
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In our case of electrodeposited chiral CuO films, it would not be unreasonable to 

expect tartaric acid or copper-tartrate43 complexes to adsorb on the Au(001) surface and 

break its symmetry. Complexes of Cu(II)-tartrate have a dimeric structure with a 

symmetry that is determined by the handedness of the tat1rate ligand. 43 In our previous 

repot1s, the asymmetry has been attributed to the adsorption of chiral molecules on the 

Au surface. Surface reconstruction of the underlying Au substrate from the adsorbed 

molecules could be another cause for the asymmetry. The precise mechanism, however, 

is not known at this time. The presence of chiral modifiers is, however, necessary for the 

nucleation of chiral CuO domains. Once the film growth is initiated, the system is able to 

maintain the orientation regardless of the solution precursor. This is evident from the 

results in Figure 8. Here, a thin film of CuO was first deposited from a solution of L­

tat1aric acid for 30 minutes at 1 mA/cm2
. The film was grown thick enough to obtain a 

uniform deposit across the surface and eliminate any substrate influence on subsequent 

deposit. Following the initial growth, the same electrode was used to grow a thicker film 

from the D-tartaric acid solution under similar deposition conditions for 30 minutes. 

Only the peaks from the CuO(l T T) orientation are evident in the pole figure shown in 

Figure 8a. The pole figure and the orientation are identical to the results shown in figure 

4a. Similarly, the film grown from D-tat1aric acid continues to grow with { 111} 

orientation after switching the deposition bath, as evident in Figure 8b. 

X-ray pole figures confirm the chirality of the bulk films but provide no 

information on the chirality of the surface. One way to test the surface chirality is to 

study the enantiospecific electrooxidation of a chiral molecule in solution. Attard 11 has 

studied the electrochemical oxidation of sugars on chiral Pt surfaces, while Gellman et 
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a/. 44 have used temperature-programmed desorption (TPD) to study enantiose1ective 

desorption of chiral molecules from chiral metal surfaces. CuO electrodes have been 

shown to be catalytic for the electrooxidation of carbohydrates, amino acids, and amines 

with picomole sensitivity.4547 Xie and Huber46 proposed a complex mechanism in which 

the (CuO.analyte) complex bridges with the adjacent Cuo·oH active site to form a cyclic 

intermediate. The oxidation of this cyclic intermediate is rep01ted to be the rate-limiting 

step. Lower hydroxide concentration was expected to lower the catalytic efficiency. 

Labuda eta/. 48 have rep01ted increased sensitivity for the electrooxidation of amino acids 

with an increase in solution pH. Consistent with other studies, the electrochemical 

oxidation using chiral CuO films were carried out in a solution containing 5 mM tartaric 

acid in 0.1 M NaOH. The cyclic voltammograms (CV) were obtained in unstilTed 

solutions by scanning from OCP to 0.75V vs. SCE at a scan rate of 10 mV/sec. Before 

switching solutions the electrode was cleaned by scanning in 0.1 M NaOH from the OCP 

to 0.75V vs. SCE to remove adsorbed remnants from the electrode. Figures 9a, 9b and 9c 

shows the cyclic voltammograms for the films grown in L-tartaric acid, D-tmtaric acid 

and DL-tartaric acid solutions respectively in 0.1 M NaOH and 5 mM D-tattaric acid or 5 

mM L-tattaric acid solution. The scan in 0.1 M NaOH is a baseline scan which shows 

the onset potential for oxidation of water on a CuO electrode. Oxidation of water on 

CuO electrode occurs at approximately 0.6V vs. SCE. Figure 9a shows that the film 

grown from L-tartaric acid selectively oxidizes L-tartaric acid over D-tmtaric acid. Figure 

9b shows that the film grown from D-tartaric acid selectively oxidizes D-tattaric acid 

over L-tartaric acid. Figure 9c is a control experiment demonstrating that an achiral film 

shows no selectivity for the electrooxidation of tmtaric acid. 
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Deposition from Amino Acids 

Films of CuO can also be deposited from alkaline solutions using amino acids to 

complex Cu(II) instead of tartaric acid. Polycrystalline films of CuO have been deposited 

from a solution of 5 mM CuS04 with excess amino acids (50 mM) in 0.2 M NaOH. 17 

The same solution with the amino acids alanine, valine, and glycine as complexing agents 

was used in the present study to deposit films on an Au(OO 1) single crystal. Alanine and 

valine are chiral, while glycine is achiral. The films on Au(OOl) substrates were 

deposited at 100 11A/cm2 for 5 minutes. 

Figure 10 shows the 8-28 x-ray diffraction scan of a CuO film grown using L­

alanine as a complexing agent. The peaks at 28 = 35.57° (d = 0.2524 run) and 28 = 

38.74° (d = 0.2322 run) indicate the presence of{T11} and {ITT} out-of-plane 

orientations for the electrodeposited film. In contrast to the films grown from tmim·ic 

acid we see that two different orientations are evident in the x-ray diffraction scan. Table 

2 lists of set of planes that have the same d-spacings. The ( 1 T T ), ( T 11 ), ( 11 I) and 

( T T 1) planes all have identical d-spacing of 0.2524 nm and it is impossible to 

distinguish between the orientations based on the ()..28 scans. Similarly, the (Ill), 

(lll), (Ill) and (ll l) planes all have identical d-spacing of 0.2322 nm and it is 

impossible to distinguish between the orientations based on the ()..28 scans. Nearly 

identical 8-28 x-ray diffraction scans are obtained for CuO films on Au(OOl) grown 

using the other amino acids. 

Figure 11 a and 11 b show the ( T 11) and ( 1 T T) stereographic projections of 

monoclinic CuO while probing the (100) and (!!I)-type reflections. Figure lla shows 
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that for the ( T 11) orientation, reflections from the ( T 1 T) plane at x = 57° and the ( 111) 

plane at X = 63° are separated azimuthally by 115° rotated clockwise, i.e., t'J.¢ = + 115°. 

Figure 11 b shows that for the (1 IT) orientation, reflections from (IT 1) plane at x = 57° 

and ( T T T) plane at x = 63° are separated azimuthally by 115° rotated counter-clockwise, 

i.e., t'J.¢ = -115°. Figure lla and llb shows that the stereographic projections of the 

(ITT) and (I 11) planes are nonsuperimposable milTor images of each other. Figure 11 c 

and lld show the (l T l) and (111) stereographic projections for monoclinic CuO while 

probing the (100) and (111)-type reflections. Figure 11c shows that for the (ITT) 

orientation, reflections from the (lOO) plane atx= 55° and the (lll) plane atx= 85° 

are separated azimuthally by 49° rotated counter-clockwise, i.e., t'J.¢ = -49°. Figure lld 

shows that for the (111) orientation, reflections from the (100) plane at x = 55° and the 

( 1 T 1) plane at x = 85° are separated azimuthally by 49° rotated clockwise, i.e., t'J.¢ = 

+49°. Figures llc and lld are nonsuperimposable mirror images of each other, i.e. the 

( T T T) and the ( 111) planes are enantiomers. The interplanar angles for these planes of 

interest are summarized in Table 3. This information is used to analyze the CuO(lll) 

pole figure. 

Figure 12 shows the stereographic projections for the (a) (Ill), (b) (lll), (c) 

(IT I) and (d) (111) orientations while probing the ( 10 T )-type reflections for 

monoclinic CuO. The interplanar angles for these planes of interest are summarized in 

Table 3. In Figure 12(a) and 12(b), the peaks at X= 47° are assigned to the {lOT} and 

{lOl} reflections for CuO(lll) and CuO(l IT) orientations, respectively. Similarly, in 

Figure 12(c) and 12(d), the peaks at X = 86° are assigned to the {lOl} and {lOT} 
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reflections for CuO( I I I) and CuO(lll) orientations, respectively. Figures 12a and 12d 

show that the (lOT) reflection for the (Til) orientation appears at¢= 240°, while the 

same reflection for the (111) orientation appears at¢= 310°. Similarly, Figure 12b and 

12c shows that the ( T 0 I) reflection for the (ITT) and ( T T T) orientations appear at ¢ = 

120° and ¢ = 50° respectively. 

Figures 13a and 13b show the CuO(lll) and CuO (202) pole figures for the film 

deposited from a L-alanine solution. As discussed earlier, the CuO(lll) pole figure 

shown in Figures 13a is actually a superposition of Cu0(111), Au(111) and CuO(IOO) 

pole figures. The reflections at X = 63° from the domains due to the (T 11) and the 

(11 I) orientations obtained from the amino acid solution give similar results to that 

obtained for the tartrate complexed films discussed earlier in the paper, albeit with 

substantially reduced enantioselectivity. The low intensity peaks to the left (1'>.¢ = -12.5° 

from the nearest Au peak) and right (I'>.¢= 12.5° from the nearest Au peak) of the intense 

Au peaks at x "'55°, result from the (I 00)-type reflections, as indicated by the 

stereographic projections shown in Figure lie and lid. Additional peaks at X"' 85° can 

be attributed to the reflection of (Ill )-type planes. The peaks at 1'>.¢ = + 115° from the 

Au(111) peaks in Figure 13a are slightly more intense than the peaks at 1'>.¢ = -115° 

suggesting that the film grown from L-alanine solution has a slight excess of (T 11) 

orientation. In contrast to the films grown from pure L-tmiaric acid or pure D-tartaric 

acid which have four equal intensity peaks at X= 63°, the films grown from pure alanine 

enantiomers have eight peaks at x = 63°. Although the (T 11) orientation is slightly 

preferred over the (II I ), the figure resembles the results obtained for DL-tartaric acid 
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films. This will be elucidated further later in the text. Similarly, the film grown from L­

alanine solution seems to have a small preference for the ( T T T) orientation but it is 

rather difficult to justify decisively based on the weak signal to noise ratio at high tilt 

angles and the overlapping of {I 00} reflections with the Au peaks at X = 55°. 

The (Ill) pole figure although very complicated is useful because it provides an 

intemal reference in the form of Au peaks at X = 55°, which aid in comparing and 

detetmining the chiral orientations in conjunction with the stereographic projections. A 

simpler pole figure is obtained by probing the CuO (202) reflection. A CuO (202) pole 

figure is run by fixing the 2(} to the d-spacing of the Cu0(202) reflection. The resulting 

pole figure shown in Figure 13b is simple compared with the CuO(lll) pole figure but it 

fails to provide an internal reference to detennine the precise chiral orientation. The 

Au[ II 0] direction at ¢ = 0" is used as the reference. The peaks at X= 48° and x = 86° are 

due to the (I 0 T )-type reflections for the four different orientations. 

The analysis of the (Ill) pole figure can be verified by overlaying the 

stereographic projections for the four orientations in Figure 11. The resulting figure is 

shown in Figure 14a, assuming that only one domain of each orientation is deposited. But 

Au(OO 1) is a four-fold symmetric surface so it is reasonable to expect four domains of 

each orientation being deposited on the surface. The resultant image with four domains 

of each orientation obtained by rotating Figure 14a by 90°, 180° and 270° and overlaying 

them is shown in Figure 14b. The gray, green and red spots signify different domains 

obtained by rotating Figure 14a by 90", 180° and 270°, respectively. Identical analysis 

for the ( 202) pole figure is shown in Figure 14c and 14d. The resultant figures shown in 

Figure 14b and 14d match the experimentally observed pole figures shown in Figure 13a 
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and 13b, respectively. The results ofCuO(lll) and Cu0(202) pole figures show that the 

film has four different chiral orientations with four domains of each orientation. 

Figure 15 shows the CuO( 202) pole figures for various CuO films grown from 

solutions of (a) L-alanine, (b) D-alanine, (c) DL-alanine, (d) L-valine, (e) D-valine and 

(f) DL-valine. The pole figures show that the films grown from L-alanine and L-valine 

solution have a small excess of chiral (T 11) and (T T T) orientations compared to their 

minor image counter-parts, the (ITT) and (Ill) orientations, respectively. Similarly the 

films grown from D-alanine and D-valine have a small excess of (ITT) and (Ill) 

compared to their mirror image counter-parts (T II) and (T T T), respectively. The films 

grown from racemic mixtures of alanine and valine show no enantiospecificity for any 

chiral orientations. Approximately equal distributions of the (T II) and (ITT) 

orientations and the (Ill) and ( T T T) orientations are observed in the pole figures. 

Although not shown, pole figures obtained for films grown from achiral glycine as a 

complexing agent have equal amounts of the chiral CuO( T II) and CuO( ITT) 

orientations. 

The enantiomeric excesses were determined from the azimuthal scans by probing 

the (Ill )-type reflections for the chiral orientations. The results obtained for films grown 

from tmtaric acid and various amino acids are summarized in Table 4. In contrast to the 

films grown from pure L-tartaric acid and pure D-tartaric acid which have high ee for 

(ITT) and ( T II) orientations respectively, the films grown from pure enantiomers of 

amino acids show lower ee for the two chiral orientations. 

It was argued earlier in the atticle that the adsorption of the solution precursor on 

the Au(OOI) surface is an impmtant factor governing the observed orientation. Although, 
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formation of extended surface chirality41
•
44 is desired, it is not always the case. Studies on 

adsorption of organic molecules on surfaces have revealed formation of local chiral 

d . 1 I I . I . . . . I . ld' d d " h' I' 40 49 5o omams or oca c ura nnpnntmg wit 1ont yie mg exten e sur.ace c Ira Ily. · · 

Energies for the adsorption of D- and L-glucose on chiral Pt(643) have been shown to 

differ by only 1.2 kJ/mole,5I while the difference in the adsorption energies of two 

enantiomers of methylcyclohexanone on chiral Cu(643) surfaces have been shown to 

differ by only 0.9 kJ/mole.44 Adsorption of (R-R)-tartaric acid on Cu(llO) reconstructs 

the Cu surface to fmm two chiral domains differing in energies by 6 kJ/mole.42 While a 

great deal of attention has focused on the adsorption of chiral amino acids on Cu52
'
53 

single crystals, similar studies on Au single crystals are limited. Adsorption of amino 

acids on Au 54 and Ag55 surfaces are reported to be physical in nature, 56 while amino acids 

chemisorb on Cu single crystals. Cysteine is known to adsorb on Au,57 but the high 

affinity of Au for sulfur groups is widely used to form self-assembled monolayers on 

gold. 58 Based on the argument that weak adsorption of amino acids on Au as compared 

to tartaric acid results in the formation of disoriented films, CuO films deposited on Cu 

single crystals from amino acid solution should be more ordered. Indeed, in unpublished 

work59 we have shown that CuO films with just one chiral orientation are deposited on 

Cu(ll1) single crystals from identical amino acid solutions used in this study. 

Conclusion: 

Chiral films of CuO have been deposited on Au(001) single crystal surfaces from 

solutions of Cu(II) complexes of tartaric acid and the amino acids alanine, valine, and 

glycine in alkaline solution. The films from L-tmiaric acid solution grow with a { 11 1 } 

orientation having an enantiomeric excess of 95% while the films grown from D-tmiaric 
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acid solution have a { Ill} orientation with an enantiomeric excess of 93%. It is 

speculated that the adsorption of chiral solution precursors on to the Au(OO I) surface 

breaks the symmetry of the underlying surface ultimately aiding in the formation of chiral 

CuO films. In contrast to the films grown from Cu(II) complexes of tartaric acid which 

have only one chiral orientation with high enantiomeric excess the films grown from 

Cu(II) complexes of amino acids have two chiral orientation with a smaller enantiomeric 

excess. The films grown from L-alanine and L-valine solution have a small excess of 

( T II) and ( T T T) orientations, while the films grown from D-alanine and D-valine have 

a small excess of the (ITT) and (Ill) orientations. 
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Table 1: List of planes having identical d-spacing for monoclinic CuO. 

20 d-spacing 

(degrees) (nm) Planes 

35.570 0.25246 (1 IT), (T 11), (11 T), (IT 1) 

38.742 0.23223 (111), (TIT), (1 T 1), (T 1 T) 

Table 2: Calculated interplanar angles, x, between the observed orientation in the El-28 
X-ray diffraction scans and the CuO reflections probed in the pole figure. 

Plane 1 Plane 2 x" 

(II 1) ( 1 1 1) 62.93 

( 1 I 1 ) (111) 56.92 

(I 1 1 ) (100) 62.44 

( 111) (Ill) 62.93 

( 111) ( 111 ) 56.92 

( 111) (I 00) 62.44 
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Table 3: Calculated interplanar angles between the observed orientation in the 8-28 
X-ray diffraction scans and the CuO reflections being probed in the pole figure. 

Plane 1 Plane 2 xo Plane 1 Plane 2 xo 

( 111) (111) 62.93 (11 1) ( 1 1 1 ) 62.93 

( 111) ( 111 ) 56.92 ( 11 1 ) ( 111) 56.92 

( 111) ( 1 00) 62.44 ( 11 1 ) (100) 62.44 

( 111) (202) 47.53 (11 1) (202) 47.53 

( 1 1 1) ( 111 ) 85.44 (Ill) (111) 85.44 

( 1 1 1) (1 00) 54.60 (Ill) (100) 54.60 

( 1 1 1 ) (202) 86.15 (111) (202) 86.15 
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Table 4: Enantiomeric excesses for CuO films grown from various solution precursors 
dete1mined from the (Ill )-type reflections. 

Solution Major Enantiomeric Major Enantiomeric 

Precursor Orientation Excess Orientation Excess 

Type I Type I(%) Type II Type II(%) 

(fraction) (fraction) 

-- ---
(Ill) (II 1) ( Ill) ( 1 1 1) 

L-tartaric acid 0.975 0.025 95 None None -

D-tmtaric acid 0.032 0.968 93 None None -

DL-tmtaric acid 0.50 0.50 0 None None 

L-alanine 0.40 0.60 20 0.58 0.42 16 

D-alanine 0.66 0.34 32 0.34 0.66 32 

DL-alanine 0.49 0.51 2 0.50 0.50 0 

L-valine 0.30 0.70 40 0.57 0.43 14 

D-valine 0.76 0.24 52 0.38 0.62 24 

DL-valine 0.50 0.50 0 0.51 0.49 2 

Glycine 0.50 0.50 0 None None -
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Figure 1: Structure of monoclinic CuO with space group C2/c. The Cu and 0 atoms are 
red and gray, respectively. The planes in light gi·ay and dark gray show the Cu 
coordination with nearest 0 atoms along the [11 0] and [ 1 1 0] directions, respectively. 
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Figure 2: X-ray diffraction 8-28 scan for a 300 run thick CuO film deposited on Au(OOl) 
from a solution of L-tattaric acid. Only the {1 T T} planes are evident in the fignre, 

indicating that the system has a CuO(l T l) //Au(OOl) epitaxial relationship. 
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Figure 3: Stereographic projections for (a) (11 1) and (b) (l 11) orientations indicating 
the positions where the (111)-type and the (100)-type reflections should be observed in 
the pole figures. The (100) and (lOO) reflections are shown, as the Cu0(200) d-spacing 
is similar to the Cu0(111) d-spacing, and reflections from the Cu0(1 00) planes will be 
observed in a Cu0(111) pole figure. For the (1 TT) orientation, reflections from the 

(1 T 1) plane at X= 57° and the (l T l) plane at X= 63° are separated azimuthally by 

115° rotated counter-clockwise, i.e., I:J.¢ = -115°. For the (lll)orientation, reflections 

from (l 1 l) plane at x = 57° and (111) plane at X= 63° are separated azimuthally by 

115° rotated clockwise, i.e., I:J.¢ = + 115°. 
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Figure 4: Cu0(111) pole figures for films of CuO on Au(001) grown from a solution of 
(a) L-tartaric acid, (b) D-tartaric acid and (C) DL-tartaric acid. The film grown from 
L-tartaric acid has a (1 T l) orientation while the film grown from D-tartaric acid has a 

(l 11) orientation. The film deposited from the racemic mixtures has equal amounts of 

the (1 T l) and (l 11) orientations. 
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Figure 5: Azimuthal scans probing the { 111} reflections at x = 63° for films of CuO on 
Au(OOl) grown from a solution of (a) L-tartaric acid, (b) D-tartaric acid and (C) 
DL-tartaric acid. The peaks in blue and red represent the ( T T T) and (Ill) reflections, 
respectively. The film grown from L-tmiaric acid has a higher diffracted intensity for the 
(Ill) reflection (ee = 95%) while the film grown from D-tartaric acid has a higher 

diffracted intensity for the (Ill) reflection (ee = 93%). The film deposited from the 
racemic mixture has approximately equal intensity for the (l T l) and (Ill) reflections. 
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Cu0(111) Cu0(111) 

Figure 6: Polyhedra models for the (1 1 1) and (1 11) orientations with the faces aligned 

parallel with the plane of the paper. The Cu and 0 atoms are shown in red and gray, 
respectively. The planes in light gray and dark gray show the Cu coordination with 

nearest 0 atoms along the [11 0] and [T 1 OJ directions, respectively. 
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Figure 7: SEM images of CuO films on Au(IOO) grown from solutions of (a) L-tartaric 
acid (b) D-tat1aric acid and (c) DL-tat1aric acid. 
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b 

Figure 8: CuO(lll) pole figures for films deposited from (a) L-tartaric acid before 
switching to D-tattaric acid, and (b) D-tartaric acid before switching to L-tartaric acid. 



202 

a 
2 

-N 

E 
0 0 

< •••• 0 • 0 •• 

b E - 2 

~ ·-t/) 
r::: 
Q) 
c - 0 r::: ••• 0 •••• 

Q) c ... ... 
:::s 2 

(.) 

0 150 300 450 GOO 750 

Potential (mV vs. SCE) 

Figure 9: Chiral recognition of tattaric acid by chiral CuO. Cyclic voltammograms were 
run at room temperature in solutions of 5 mM L-tattaric acid (solid line) or 5 mM D­
tattaric acid (dash) in 0.1 M NaOH (dot) for CuO films grown in (a) L-tartaric acid, (b) 
D-tattaric acid and (c) DL-tattaric acid solutions. The film grown from L-tartaric acid 
selectively oxidizes L-tattaric acid over D-tartaric acid while the film grown from D­
tattaric acid selectively oxidizes D-tartaric acid over L-tartaric acid. A control 
experiment on an achiral film shows no selectivity for the electrooxidation of 
tartaric acid. 
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Figure 10: X-ray diffraction B-28 scan of a CuO film on Au(OOl) from L-alanine 
solution. The unlabeled peak is due to a gold impurity. 
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Figure II: Stereographicprojectionsfor(a) (lll),(b) (lll),(c) (TTT) and(d)(lll) 
orientations indicating the positions where the (Ill )-type and (I 00)-type reflections 
should be observed in the pole figures. For the (II I) orientation, reflections from the 

(1 T I) plane at x = 57° and the (l T T) plane at x = 63° are separated azimuthally by 

115° rotated counter-clockwise, i.e., 1'1¢ = -115°. For the (l II) orientation, reflections 

from the (l I l) plane at x = 57° and the (Ill) plane at X= 63° are separated azimuthally 

by 115° rotated clockwise, i.e., 1'1¢ = + 115°. For the cTT l) orientation, reflections from 

the(JOO) plane at x = 55° and the (l I l) plane at x = 85° are separated azimuthally by 
49° rotated counter-clockwise, i.e., 1'1¢ = -49°. For the (Ill) orientation, reflections from 
the (100) plane at x = 55° and the (IT I) plane at x = 85° are separated azimuthally by 
49° rotated clockwise, i.e., 1'1¢ = +49°. The Au directions are given as a reference. 
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Figure 12: Stereographic projections for the (a) (lll), (b) (1ll), (c) cT TT) and (d) 

(111) orientations indicating the positions where the (lOT) -type reflections should be 
observed in the pole figures. The Au directions provide the reference for comparing the 
positions of observed reflections in pole figures fo r films grown from 
different enantiomers. 
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Figure 13: Pole figures probing the in-plane orientation for a CuO film on Au(OO 1) grown 

from a solution ofL-alanine using (a) (111) reflections and (b) (202) reflections. 
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Figure 14: (a) Expected (111) pole figure obtained by overlaying the stereographic 
projections for the four orientations in Figure 12 under the assumption that only one 
domain of each orientation is deposited. (b) Expected (111) pole figure for four domains 
obtained by rotating part (a) by 90°, 180° and 270° shown in gray, green and red 
respectively and overlaying them. (c) Expected (202) pole figure obtained by overlaying 
the stereographic projections for the four orientations in Figure 14 under the assumption 
that only one domain of each orientation is deposited. (d) Expected (111) pole figure for 
four domains obtained by rotating part (a) by 90°, 180° and 270° shown in gray, green 
and red respectively and overlaying them. 
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Figure 15: Cu0(202) pole figures for various CuO films grown from solutions of(a) L­
alanine, (b) D-alanine, (c) DL-alanine, (d) L-valine, (e) D-valine and (f) DL-valine. The 
pole figures for films grown from L-alanine and L-valine solution have a small excess of 
the chiral (l 11) and (l T l) orientations. The films grown from D-alanine and D-valine 

have a small excess of (1 T l) and (Ill). The films grown a racemic mixtures of alanine 
and valine show no enantiospecificity for any chiral orientations. 
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Biomaterials such as foraminifers, coccoliths, and shells exist predominately as 

one of two nonsuperimposable mirror images of each other known as enantiomers. 1 

Calcite can form these chiral microstructures even though the material crystallizes in an 

achiral space group.2 Researchers have shown that enantiomorphs of calcite can be 

produced either by treating calcite with chiral etchants or by crystallizing calcite in the 

presence of amino acids like aspartic acid and proteins.3 Electrodeposition, like 

biomineralization, is a near-equilibrium solution processing method in which solid 

inorganic materials are produced from solution precursors. The resulting morphologies 

depend strongly on the presence of solution precursors and additives. We have 

previously shown that chiral films of CuO can be electrodeposited in the presence of 

tartaric and amino acids.4 Here, we electrodeposit the biominerals calcite and aragonite 

onto stainless steel substrates by electrochemically generating base at the electrode 

surface. We show that chiral morphologies of calcite can be electrodeposited in the 

presence oftmiaric, malic and aspmiic acid. 

Studies in biomineralization have explored the influence of additives on the 

morphology of calcite crystals.3
•
5 Magnesium additives are found to inhibit calcite 
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growth by limiting the step growth and substituting for calcium in the calcite structure, 

consequently increasing the solubility of the deposit and often producing a different 

polymorph such as aragonite.3
'·

5
• The addition of carboxylic acids to calcite deposition 

solutions produces elongated calcite crystals, terminated with {10 T 4} facets. 3
d,Sd Similar 

structures have occurred in magnesium inhibition studies on calcite growth on 

carboxylate terminated self-assembled monolayers. sr Chiral organic acids with 

carboxylate groups have produced chiral etch-pit morphologies3
a-d and chiral growth 

hillocks on calcite.3d,e 

Chiral morphologies of calcite exist in nature even though the material 

- 2 
crystallizes in the achiral space group R3 c. In fact, enantioselective adsorption of 

molecules on the chiral surface of n1inerals such as calcite has been invoked to explain 

the genesis of biogenic homochirality.2
c The chirality of ce1tain faces of calcite can be 

understood from symmetry considerations. A chiral plane lacks minor or glide plane 

symmetry.2
a,b In order to detennine which planes of calcite are chiral, one needs to 

detennine from the space group the locations of minor or glide planes in the structure. 

Achiral planes are those which are parallel with directions normal to these planes, and 

therefore satisfy the zonal equation (hu + kv + lw = 0). This process can be simplified by 

considering the point group of the material, 3m, in which the c-glides are replaced by 

mirrors. Table I shows selection rules for chirality for the point group 3m. The 

highlighted plane groups {1120}, {hkiO}, {hh2hl}, and {hkil} are chiral because they lack 

minor symmetry. 6 Hence, the common {I 0 1 4} cleavage planes of calcite are achiral, 
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whereas the {2131} scalenohedral faces on dog-tooth calcite are chiral. For a chiral plane 

such as (hkil), its enantiomer is (hktl ). 

Electrodeposition has been used by other groups to deposit biominerals. 7 

Although electrodeposition is usually a redox method in which metals are produced from 

metal ions by a cathodic process, it is also possible to deposit materials on an electrode 

surface by the electrochemical generation of acid or base. 8 The electrodeposition of 

biomaterials occurs by electrochemically generating hydroxide ions from water 

reduction, increasing the local pH at the electrode surface (Eq. 1 ). Base can also be 

electrochemically generated by reducing molecular oxygen, nitrate, or organic molecules 

such as quinones. The biominerals calcite and aragonite can then be e1ectrodeposited by 

using the electrochemically generated base to react with HC03- in solutions containing 

Ca2+ according to Eq. 2. 

2Hz0 + 2e' !::; Hz + 20H' (1) 

(2) 

Scanning electron micrographs of electrodeposited calcite and aragonite are shown in 

Figure Ia - 1 b. We observe that rhombohedral-shaped crystals of trigonal calcite are 

electrodeposited from a pure calcium bicarbonate solution (Figure 1 a). The lattice 

parameters dete1mined by Rietveld analysis are a= 0.4980 nm and c = 1.7033 nm for the 

electrodeposited calcite, compared with the literature values of a= 0.4991 mn and c = 

1. 7062 nm for trigonal calcite (JCPDS no. 81- 2027). The addition of magnesium to the 

deposition bath inhibits the growth of the trigonal calcite and produces rosette formations 

of orthorhombic aragonite (Figure 1 b). The lattice parameters are a = 0.4950 nm, b = 

0.7957 nm and c = 0.5738 nm for the mthorhombic aragonite, compared with the 
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literature values of a = 0.49598 nm, b = 0.79641Im1 and c = 0.57379nm (JCPDS no. 76-

0606). When the deposition bath contains both dicarboxylic acids and magnesium ions, 

the structure reverts back to trigonal calcite with lattice parameters of a = 0.4964 mn and 

c = 1.6930 mn. The electrodeposited calcite contains 0.6- 0.8 atomic percent Mg. The 

morphology also changes when carboxylic acids are added to the bath. Instead of 

rhombohedral shaped morphologies, the electrodeposited calcite from solutions with 

achiral succinic acid (Figure !c) or DL-malic acid (Figure ld) are barrel-like structures 

with symmetrical facets. It is interesting to note that the racemic mixture of D- and L­

malic acid does not produce a racemic mixture of chiral morphologies, but instead forms 

an achiral microstructure. 

Calcite that is deposited in the presence of chiral molecules grows with a chiral 

morphology. Scanning electron micrographs of calcite deposited with tmiaric, malic and 

aspartic acid additives are shown in Figure 2. For each of the acids, a seashell-like spiral 

morphology is produced, with the two enantiomers of the molecule producing 

chiral morphologies. Notice that L- tartaric acid produces calcite with a spiral that rotates 

to the left when viewed from above, while L-malic acid and L-aspmtic acid produce 

calcite with spirals which rotate to the right. Hence, there is not a direct correlation 

between the LID designation for the chiral molecule and the chiral orientation of the 

resulting calcite. We note that the LID designation is an arbitrary label based on the 

glyceraldehyde molecule. Our results correlate better with the Calm-Ingold-Prelog 

priority rules for assigning absolute configurations to chiral molecules. L-tmtaric acid 

has two chiral sites and is labeled R,R, whereas L-malic acid and L-aspmtic acid are both 

designated as S. 
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The electrodeposited calcite morphologies seen in Figure 1 c, 1 d, and 2a-2f are 

similar to the columnar calcite with three rhombohedral-like facets chemically deposited 

from supersaturated calcium bicarbonate solutions with organic additives such as malonic 

acid5
d and aspartic acid.3

d The overall chiral shape evolution of right- and left-handed 

morphologies is reported to be related to the reduction of symmetry of the {1 0 I 4} plane 

and the step edge selectivity of the enantiomer.3
d Orme et al. have shown by molecular 

modeling that D-aspmiic acid will preferentially bind to a (0114) riser over a 

(1 T 04) riser. 3d The enantiomeric selectivity to one riser over a flat tenace or another 

riser induces the handedness of the asynm1etric plane. Jd 

Chiral electrodeposition should also be applicable to other biominerals such as 

hydroxyapatite, the inorganic component of bone. Because other workers have shown 

that epithelial cells will preferentially adhere to specific chiral faces of solids such as 

calcium tartrate,9 it is interesting to speculate whether the surfaces of electrodeposited 

biominerals such as hydroxyapatite on metal bone implants can be made more 

biocompatible if they are deposited in the presence of the conect hand of a chiral 

imprinting agent. 
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Table 1. Selection rules for chirality of the calcite crystal system. The highlighted planes 
lack mirror symmetry.6 

Point {0001} 
--

{hki/} System {1 0 1 0} {1120} {hkiO} {hOhl} {hll217/} 
group 

Trigonal 
(hexagonal 3m 6mm 2mm 2 2 2mm 2 2 
axes) 



216 

Figure I. Deposition of calcite and aragonite by the electrochemical generation of base. 
Scanning electron micrographs of (a) trigonal calcite grown from a calcium bicarbonate 
solution, (b) rosettes of orthorhombic aragonite grown from the same solution with 
magnesium present, (c) calcite grown with added succinic acid, and (d) calcite grown 
with added DL-malic acid. 
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Figure 2. Electrodeposition of calcite with chiral facets. Scanning electron micrographs 
of calcite grown on polycrystalline stainless steel from calcium bicarbonate in the 
presence of magnesium and a) L-tartaric acid, b) D-tartaric acid, c) L-malic acid, 
d) D-malic acid, e) L-aspartic acid, and f) D-aspartic acid. Each chiral agent produces a 
chiral morphology with either a right- or left-handed spiral. 
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APPENDIX A. 

MORPHOLOGY CHARACTERIZATION 
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The orientation of a surface and a plane is defined using Miller indices by how it 

intersects the crystallographic axes of a material. 1
-
3 The reciprocal of the (hkl) in the 

Miller index indicates where the plane intercepts the axes. So for a (I 00) Miller index, 

the plane intercepts at (1,oo,oo). Therefore, the plane crosses at 1 on the x-axis and is 

parallel to the y- and z-axis. Likewise, a Miller index of (200) means that the plane 

intercepts at Y2 on the x-axis and is parallel to the y- and z-axis. For a cubic crystal such 

as Au or Cu20, the (100), (110), and (Ill) planes, also known as the low index surfaces, 

are illustrated in Figure 1. Likewise, Figure 1 also shows the symmetry and the 

morphology of the facets. 

z 

Figure 1. The low index Miller indices for a cubic system. The (I 00) facets (in blue, on 
left) will be square with four-fold symmetry. The (11 0) facets (in red, in the middle) will 
be rectangles with two-fold symmetry. The (111) facets (in green, on right) will be 
triangles with three-fold synm1etry). 
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Film orientation and morphology are determined by the electrochemicalfchemical 

reaction, potential, current, pH, temperature, and additives.4
'
9 For example, the Switzer 

group has previously shown that varying the applied potential and pH changes the 

orientation and size of the electrodeposited Cu20 films. 4
'
7 Films follow the orientation of 

the substrate at low overpotentials and change to a kinetically controlled orientation at a 

critical thickness.5 As the overpotential increases, the critical thickness for the transition 

decreases.5 Similarly, CuzO films from a pH 9 solution have a [001] preferred orientation 

while films from a pH 12 solution have a [ 111] prefetTed orientation. 4•
6 Siegfried and 

Choi have examined the stability of facets of CuzO in the presence of additives where 

ammonium salts stabilize {111} planes, whereas sodium chloride stabilizes {100} 

planes.8 They have also examined the effect of current density, potential, temperature, 

and time on the faceting and branching of the CuzO deposits.9 

Growth rates are also affected by the experimental conditions. Generally, the 

morphology of a material is bounded by facets of low Miller indices, ID-ll but the 

preferential adsorption of an additive to a facet can inhibit the growth rate of one facet 

and increase the growth rate of another. 12
'
16 The fastest growing facets disappear while 

the slowest growing facets dominate the morphology,I0
-
12 as shown in Figure 2 for a 

cubic system. Both illustrations have a [100] orientation. In Figure 2A, the blue {100} 

facets are the fastest growing while the red { 111} facets are the slowest. As the film 

continues to grow, the {100} facets grow out of existence as the slow growing {111} 

dominate the morphology. If the film were [1 00] oriented and the slowest facets were the 

{100}, the film would continue to grow larger with only {100} present as seen in 

Figure 2B. 
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Figure 2. Growth mechanism. A) An (100) oriented film (blue) in which the growth of 
the { 111} facets (red) is inhibited. The film morphology would be { 111} faceted. B) An 
(100) oriented film (blue) with the growth of the {100} facets inhibited resulting in a 
{100} faceted morphology. 

For morphology studies, the scanning electron microscope (SEM) is used. In 

Figure 3, the SEM images of Cu20(100) films electrodeposited on Au(100) in the 

presence of chloride and acetate, respectively, are shown. In Figure 3A, the deposits are 

square meaning { 100} facets of Cu20 are showing while in Figure 3B the facets are 

triangular indicating { 111} facets are exposed. So, based on these morphologies, { 1 00} 

facets are the slowest growing facets in the presence of chloride and the fastest in the 

presence of acetate. 
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Figure 3. SEM images of Cu20(!00) films deposited on (IOO)Au. A) Cu20 deposited 
from a copper(II) nitrate and sodium nitrate solution contaminated with chloride from a 
reference electrode where the exposed facets ofCu20 are {100}. B) The {Ill} facets of 
Cu20 are evident in micrograph B from a copper(II) acetate and sodium acetate solution. 
The deposition solution consisted of I 00 mM sodium salt and I 0 mM copper(II) salt with 
a pH of 5.2. A cathodic current density of 50 ~A/cm2 was applied for 2000 s at 25 °C. 
(unpublished results) 
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X-RAY DIFFRACTION CHARACTERIZATION 
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One of the most useful methods to characterize electrodeposited films is the 

nondestructive teclmique known as X-ray diffraction (XRD). Because every crystalline 

material has a unique diffraction pattern, the pattern can be used to characterize the 

material. 1
-
9 The location of each peak represents a position where the X-rays have been 

coherently diffracted by the atoms in the crystal lattice. The d-spacings (the distance 

between adjacent planes of atoms) can easily be calculated from these peaks using their 

28 values. The angle and the d-spacings are related by Bragg's Law in Equation 1: 

(1) 

where n is an integer 1, 2, 3, etc. normally designated as 1, 'A is the wavelength in 

angstroms which is dependent on the source, dhkt ( d-spacing) is the interplaner spacing 

between the atoms in the crystal measured in angstroms, and 8 is the diffraction angle in 

degrees. 1
-
9 The lattice parameters of a material can then be calculated provided that the 

peaks have been properly assigned their Miller indices (hld) and their d-spacings have 

been accurately measured. Table 1 lists the equations for calculating the d-spacing for the 

seven crystal systems based on the plane and the lattice parameters of the material. 1 

A set of equivalent lattice planes in any crystal system is indicated by braces 

{hkl} .1 The planes have the same d-spacing, but different Miller indices.' The equations 

in Table 1 are also beneficial in determining planes that have an equivalent d-spacing. 

Whereas the {Ill} planes, e.g. (111),(lll), (Ill), (l11), (l1l), (Ill), (ll1),and 

(111) , have an identical d-spacing in a cubic system, this is not true in a monoclinic 

system. The ( 1 1 1 ), ( 1 11 ), ( 11 1 ), ( 1 1 1) planes have one d-spacing, whereas the ( 111 ), 

( 1 1 1 ), ( 1 1 1 ), ( 11 1 ) have another. This difference is related by symmetry in each 

crystal system.' 
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Table I. The d-spacing (d) equations for the 7 systems are listed where h, k, and I are the 

assigned Miller indices of the peak, a, b, c, a, p, and y are the lattice parameters of the 

material, and Vis the volume of the cell. 1 

System Interplanar Spacing 

Cubic I h2 + k2 + 12 

- = 
d' a' 

Tetragonal I h2 +k 2 e 
- = +-
d' a' c' 

Orthorhombic I h' k' I' 
-=-+-+-
d 2 a 2 b2 c2 

Hexagonal 
_I =_±(h'+hk+k')+~ 
d2 3 a2 c' 

Rhombohedral _I_= (h' + k 2 + 12 )sin 2 a+ 2(hk + kl + h1Xcos 2 a -cosaJ 
d' a'li-3cos2 a+ 2cos3 a) 

Monoclinic 
_I =-I-(~+ k'sin'p +I' 2hlcosp) 
d2 sin'p a2 b2 c2 ac 

Triclinic ~ =-!, (S11 h 2 + S22k 2 + S33 l2 + 2S12hk + 2S 23 kl + 2S13hl) 
d v 
V = abc)I-cos 2 a.- cos' P-cos2 y + 2cosacospcosy 

sll = b2c2 sin' a 

S22 =a'c'sin'P 

s 2 b2 • 2 
33 =a sm y 

sl2 =abc' (cosacosp- cosy) 

S23 =a 2bc(cospcosy-cosa) 

sl3 =ab'c(cosycosa-cosp) 
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Symmetric and Asymmetric Scans. The two methods to obtain x-ray diffraction 

patterns are symmetric and asymmetric (also known as grazing incidence or glancing 

angle) scans. 1
-
10 A standard 28 diffraction is a symmetric x-ray diffraction teclmique in 

which the incident angle (from the source) is equal to the angle of the diffracted beam (to 

the detector). This method is used for thick films and powder samples. For the 

asymmetric diffraction method, the incident angle is fixed at a small angle such as 1 ° and 

the detector angle is scanned. Using this fixed incident angle, the depth of penetration is 

decreased; thus, asymmetric diffraction is beneficial for thin film detection. Regardless of 

the configuration, Bragg's condition is met because the incident and diffi·acted beam is 

always 28 and the Bragg angle, 8, used in calculations is half the total angle (28). Good 

examples comparing the x-ray diffraction patterns of symmetric and asymmetric scans 

are found in Ref. 10. 

Williamson-Hall Analysis. Peak shifts and broadening are seen in x-ray 

diffraction patterns. Uniform strain in the sample shifts the position of the diffraction 

peak compared to an unstrained sample.3 The d-spacing will become smaller when the 

strain is unif01mly compressive whereas it will be larger when the strain is uniformly 

tensile? Broad peaks in a diffraction pattern may be attributed to both the nanocrystalline 

particle size of the powders and non-unifonn strain in the sample. 1
-
4

•
7
•
8
•
10

•
11 The 

diffraction peaks broaden as the particle size decreases. 1
'
4

•
7
•
8
•
10

•
11 Non-uniform tensile 

and compressive forces produce a range of d-spacings that will broaden the peak instead 

of shifting the peak. 1
'
4

•
7
•
8
•
10

•
11 After taking into account instmmental broadening, 
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Williamson-Hall analysis can be applied to determine the contribution of peak 

broadening due to both particle size and strain. 

The Williamson-Hall analysis assumes that peak broadening is due to a linear 

combination of broadening due to pmticle size, Pparticle size, and non-uniform strain, 

P2B,strain: 

P total = P particle _size + P 20,strain (2) 

The Scherrer equation is used to determine the contribution of the pmticle s1ze, 

Pvarticle_sizc, in radians to the peak broadening. 1
.3 The Scherrer equation is 

0.94/.., 
p particle size ::::::; t 8 - cos 

(3) 

where A, is the x-ray wavelength (CuKa = 1.54 A), t is the particle size (A), and 8 is half of 

the total angle (28).1.3 The breadth due to pmticle size is eliminated once the particle size 

is above I 11m? Likewise, as the particle size decreases, the peaks become broader. 

Eventually, as these particles decrease in size, normally below 1 nm, the peaks will be 

indisquistable from the background.1·3•
7 

To dete1mine the strain of the film, a deriviative of Bragg's Law is used 

(4) 

where P2e,strain is the peak broadening due to strain in radians, ~dis the strain due to 

compressive and tensile strain, and 8 is half of the total angle (28).3
'
10 Equation 5 shows 

the substituted equation of the Williamson-Hall analysis. 

0.94/.., L'ld 
Ptotal = Pparticle size+ P2a strain = --+ 4 tan9-

.. · tcose d 
(5) 
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A plot of the of the peak breadth total (corrected for instrumental broadening) in radians 

times cos(0) versus 4sin(0) results in a straight line. As seen in Equation 6, the slope is 

the residual strain (~d) and a quick calculation using the intercept yields the patticle 

size (t). 

A e o.94A. 4 . eM 
1-'to!al COS ::::: -- + Slll -

t d 
(6) 

An example of this calculation is shown in Figure 1 for a eerie oxide powder. In these 

results, the ceria powder has no preferred orientation with an average particle size of 7 

nm and a residual strain of 0.5 %. 
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Figure 1. XRD scan and Williamson-Hall analysis of a ceria powder. Figure lA shows a 
powder x-ray diffraction pattern of ceria nanopowders precipitated from a 0.1 M 
Ce(N03)2 and 0.1 M NH4C2H30 2 solution bubbled with 0 2 at 65 °C. In Figure IB, the 
Williamson-Hall analysis of the powder suggests a particle size of -7 nm and the residual 
strain of- 0.5%. 13 
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Rietveld Refinement. Originally created for crystal structure refinement using 

neutron diffraction, Rietveld refinement is a common sequential step after obtaining a 

symmetrical x-ray diffraction pattern to determine lattice parameters, angles, strain, and 

the crystallite size of the sample.3•
8

•
11 Polycrystalline powders and films are best for this 

analysis because Rietveld refinement is a standardless, whole pattern fitting method that 

assumes random orientation of the crystallites.3
•
8
•
11 Refinement is accomplished by 

minimizing the squared difference between the observed and calculated patterns.3 

Modeling the experimental pattem utilizing a known structure allows the calculated cell 

parameters to be slightly modified until the calculated pattem is similar to the 

experimental pattern. The program also improves the calculated diffraction pattern by 

varying the crystal propetties such as pmticle size and strain. Once the calculated pattern 

is nearly identical to the experimental pattern and refinement no longer improves the 

pattern, quantitative phase analysis provides infonnation such as the lattice parameters, 

angles, strain, and crystallite size of the sample?·8•
11 

A x-ray diffraction symmetric scan of a ceria powder generated by bubbling 

oxygen into a cerium(III)-acetate bath was run. The experimental (red line), the 

calculated (green + ), and difference (lower black line) patterns of the Rietveld refinement 

are shown in Figure I. A difference pattern is the difference between the calculated and 

experimental diffraction patterns. The calculated lattice parameter of the powder is 

0.5425 llll1 which is about 0.26% larger than the literature value of 0.5411 llll1 (JCPDS 

34-0394). Based on the peak broadening, the average particle size and non-uniform 

strain were determined to be 6.2 nm and 0.7%. The weighted pattem residual en·or (R~p), 

an indication of the quality of the fit obtained by the Rietveld refinement, is 5.48%. 
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Figure 1. Rietveld analysis of a ceria powder generated by bubbling oxygen into a 0.4 M 
sodium acetate and 0.1 M cerium(III) acetate solution at 65 °C. The red line is the 
experimental x-ray diffraction pattern. The green pluses are the calculated x-ray 
diffraction pattern. The black line is the difference pattem between the two. Tln·ough the 
Rietveld refinement, the calculated lattice parameter of the ceria powder is 0.5425 nm 
with a particle size of 6.2 nm. (unpublished results) 

Vegard's Law. The lattice parameters can be used as an indicator of composition. 

Usually, the unit cell expands if a small ion is being replaced by a bigger one and vice 

1 3 7 12 13 Tl . h'ft b ' h XRD . l 'f 11 . . versa. ' ' ' ' 11s s 1 can e seen 111 t e pattern 111 t mt 1 a sma er wn 1s 

substituted into the cell, then the d-spacing decreases and the peaks of the XRD pattem 

shift to larger values of 28. Vegard's law assumes that the changes in the unit cell 

parameters vary directly with composition which is controlled by the relative sizes of the 

. b . . . 1 I'd I 3 7 12 13 If 1 f 1 1 . d . wns su s!Itut111g 111 t 1e so 1 . ' ' ' ' a p ot o t 1e atttce parameter or -spac111g versus 

composition is linear, then Vegard's law is obeyed. Zen's law, a derivative of Vegard's 
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law, linearly interpolates composition verses the cell volume instead of the lattice 

parameter. Zen's law is beneficial for noncubic materials where the expansion or 

contraction of the unit cell with changing composition is not the same for all tluee axes. 

Vegard's or Zen's law is not obeyed when small ions like borides, carbides, and nitrides 

fit into the interstitial sites of lattices?,7 Slight divergences from linearity of these laws 

are not well understood since the observed departures are not consistent from system to 

system so as to develop trends or correlations to predict a positive or negative 

depmiure. 1
•
7
•
12 However, large depmiures from the laws have been contributed to a 

change in the crystal symmetry or a more complicated substitution mechanism.7
•
12 

X-ray Reflectivity. Films, crystalline or amorphous, can be studied by x-ray 

reflectivity if the film and the substrate are smooth enough that interface rouglmess 

effects do not completely overwhelm the reflectivity signal. This method works best for 

films with thicknesses ranging 0.5 to 400 nm, a film roughness less than 20 nanometers, 

and a significant difference between the density of the film and the substrate. 13 A thicker 

film will have more fringes in the pattern than a thinner film will. As the film roughness 

increases, the intensity of the fringes decreases. The first fringe will occur at a higher 28 

value as the density difference between the film and substrate increases. 

Based on these relationships, the thickness and density of the film can be 

determined using this method. From the fringes in the reflectance, the film thickness (t) 

of the sample is calculated using a modified Bragg equation: 

• 2o _o2 (ni+L1n)'A-' 
Sill vi -uc + 2 4t 

(6) 
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Here both the maxima and minima are used, with ei the observed angle, 8, the critical 

angle for total external reflection, 'A the x-ray wavelength, ni an integer for the i111 fringe, 

and Lin = 0 or Y, for minima and maxima respectively.13
•
14 Plotting (ni + Lini versus 

sin28i yields the film thickness and critical angle. 13
•
14 

The density of the film can be detetmined from the critical angle, assuming 

negligible anomalous dispersion, by the following: 

e'- NAr,'A'f 
'- nA p (7) 

where NA is Avogadro's number, r, is the classical electron radius (2.8179xl0'13 em), 'A is 

the x-ray wavelength, f is the real part of the atomic scattering factor ("' Z), A is the 

. d . h d . 13 14 average atomic mass, an p IS t e enstty. ' 

Figure 8A shows the x-ray reflectivity scan of a ceria film on a nickel Hastelloy 

alloy substrate. Figure 8B shows the plot of this data to determine the film thickness and 

the critical angle. Based on the slope of the line, the film thickness was calculated to be 

39 mn. From the intercept, the density of this film was calculated to be 4.48 g/cm3 (-61% 

of the bulk density). 14 
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Figure 8. (A) X-ray reflectivity of a ceria film grown for 1000 sat +0.5 V vs. Ag/AgCl 
and 65 °C, showing a number of interference fringes. (B) Least-squares fit of the fringe 
numbers to determine film thickness (39 nm) and critical angle (9c = 5x10"3 rad, or 29c = 

0.573°) for this sample. 14 

Epitaxial Films. Epitaxy is the growth of a film on a crystalline substrate in 

which the film orientation is determined by the orientation of the substrate. One method 

to produce epitaxial films onto single crystalline conductive substrates is 

electrodeposition. The Switzer group has produced a variety of metal oxides such as 

Fe30 4,
15

"
16 Bh03/

7
•
18 and Zn014

•
19 on low index gold single crystals. They have also 

produced chiral epitaxial CuO films on single-crystal Au20
-
22 and Cu. 23 Their most 

complete epitaxial studies have been Cu20 on single-crystal Au,24
"
25 Cu,26 Si,27

-
29 

and lnP. 29
"
32 
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29 Scans of Epitaxial Films. Figure 2 shows two x-ray diffraction patterns of 

cuprous oxide (Cu20) films on A) stainless steel and B) Au(OO! ). In Figure 2A, a 29 

pattern of a polycrystalline film shows all the peaks of the film, similar to the powder 

diffraction pattern of a material, because all possible orientations of the material are 

present. As in the powder diffraction pattern, the (Ill) is the most intense peak in the 

diffraction pattern. The ratio of the other orientations to this peak match the ratios found 

on the XRD card file of powder Cu20 showing that this film has no preferred orientation. 

An epitaxial film will notmally have only one orientation so it will only show a 

series of family planes in the x-ray diffraction pattern, as seen in Figure 2B. When the 

peaks are only associated with family planes or the family plane peaks are more intense 

than they should be in the powder patterns, these films are said to have a strong out -of-

plane orientation or texture. In addition, an epitaxial film will typically grow with a 

minimal lattice mismatch. The lattice mismatch is calculated based on the XRD pattem of 

these films simply by dividing the difference between the lattice parameter (or d-spacing 

of a plane) of the film and the lattice parameter (or d-spacing of a plane) of substrate by 

the lattice parameter (or d,spacing of a plane) of the substrate. For example, the lattice 

mismatch of (002)Cu20 and (002)Au is (
2

·
135

-
2

"
039

) *100 = 4.7% whereas another 
2.039 

orientation like (lll)Cu20 on (002)Au would have a lattice mismatch of 20.9%. 

However, a strong out-of-plane texture with a low mismatch does not provide proof of an 

epitaxial film. 
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Figure 2: X-ray diffraction patterns of electrodeposited A) polycrystalline cuprous oxide 
film on stainless steel (Fe) and B) (00 I) oriented cuprous oxide film on a Au(OO I) single 
crystal. 

Pole Figures of Epitaxial Films. An epitaxial film has out-of-plane and in-plane 

orientation. To determine the in-plane orientation distribution of the grains of the film, x-

ray pole figures are run. 1 A pole figure probes reflections of planes that are oriented in-

plane with respect to the sample nonnal while measuring the diffi'acted intensity as a 

function of sample tilt (X) and rotation (¢)_1.2 To perform the pole figure analysis, the 28 

is set to the angle of the plane (reflection) of interest, notmally the orientation with the 

highest intensity of a randomly oriented powder diffraction pattern of the material. The 

28 value is held constant. The sample is moved tln·ough a sequence of tilt angles, x, from 

0° to 90°, as well as at each x, the sample is rotated azimuthally, $, from 0° to 360°. A 

peak results when Bragg's condition is met. 
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Figure 3 shows the morphologies and (011) pole figure results of tln·ee different 

scenarios of a cubic material such as Cu20 deposited on a substrate. As seen in Figure 

3A, a polycrystalline film has no out-of-plane or in-plane orientation. Each grain in the 

polycrystalline film has an orientation different than that of its neighbor resulting in a 

randomly distributed film. 1
•
11

•
33 A pole figure on this sample would have uniform 

intensity at all tilt and azimuthal angles (Figure 3D). Figure 3B and 3C show films with 

(001) out-of-plane orientation. In both cases, the grains have the same crystallographic 

orientation as its neighbor. Both would be characterized as having a nomandom, 

prefened orientation. 1•
11 However, the deposits of Figure 3B have multiple in-plane 

orientations known as a fiber texture while the deposits of Figure 3C are aligned in one 

in-plane orientation, an example of epitaxial growth. 1
•
11

•
33 A (001) fiber-textured film has 

a ring pattern pole figure at X= 45° as seen in Figure 3E whereas an epitaxial film has a 

pole figure with four peaks at X= 45° as seen in Figure 3F. The ring pattern in Figure 3E 

can be understood by using Figure 3F. Since the deposits in Figure 3B are rotated 

azimuthally with respect to one another, each aligned set would produce four peaks. Each 

set of four peaks are slightly shifted from each other. Therefore, a pole figure of a fiber­

textured film is a product of multiple four peaks rotating azimuthally and converging 

together to form a ring. 
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Figure 3: Illustrations of the cubic material cuprous oxide (Cu20) as A) a polycrystalline 
film on stainless steel, B) a (00 1) fiber-textured film, on stainless steel and C) a (00 1) 
epitaxial film on Au(001). (011) Cuprous oxide pole figures of a D) polycrystalline, E) 
(00 1) fiber-textured, and F) (00 1) epitaxial films. 

Azimuthal scan. An azimuthal scan can be considered a cross-section of a pole 

figure. An azimuthal scan is obtained when the measurement is carried out at a specific 

29 for only one specific tilt angle, x. and rotated azimuthally, ~. from 0° to 360°. If the 

sample has an in-plane orientation, the azimuthal scan will show separated peaks at a 

specific tilt. If the sample has a fiber texture, the azimuthal scan will show equal 

intensity rather than peaks higher than the baseline at a specific tilt. 
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Pole figures and azimuthal scans are also perfonned on the substrate to detennine 

the film aligmnent on the substrate, the number of domains, and the angles of separation 

of the domains. 1 The azimuthal scans of (0 II )Cu20 and (022)Au are shown in Figure 4. 

For Figure 4A, the 28 is set to the (011) 28 ofCu20, 29.6°. For Figure 4B, the 28 is set to 

the (022) 28 of Au at 44.6°. By examining these scans, both show four equivalent 

reflections separated by 90° indicating the film and the substrate are both (00 I) oriented 

and have only one domain based on the symmetry of the (001) plane. Also, the peaks of 

the film are aligned with the peaks of the substrate. So, the film is not rotated on the 

substrate. Once this film and the substrate analyses are completed, the epitaxial 

relationships are determined. 

,,_A) 

,_,B) 

'""' 

Figure 4: Azimuthal scans of an electrodeposited A) (OOI)Cu20 film on B) (001)Au at X 
= 45°. For Figure 4A, the 28 is set to the (011) 28 of Cu20, 29.6°. For Figure 4B, the 28 
is set to the (022) 28 of Au at 44.6°. The film is epitaxial with one domain and is aligned 
on the substrate. (unpublished results) 
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Stereographic projections. An epitaxial relationship describes how the film is 

oriented relative to the substrate by finding a direction of the film that is parallel to a 

direction in the substrate. 2'
33 To determine the epitaxial relationship, stereo graphic 

projections are often used.2
•
33 A stereographic projection is a two-dimensional plot that 

shows the angular relationships of the crystal's faces and directions based on its 

crystallographic symmetry. 1
·
3
•
33 Simply, a stereographic projection is a way to represent a 

three-dimensional crystal on a two-dimensional page. So, a pole figure is similar to a 

stereographic projection with only specific reflections shown. 1'
2 

Programs to produce steorographic projections are available such as Desktop 

Microscopist and CaRine Crystallography for purchase or on the internet for free.33 To 

determine the tilt angle between two planes, one representing the orientation of the film 

and the other the reflections being probed, the equations in Table 2 are used. 1 For a cubic 

system, a few calculated tilt angles are tabulated in Table 3. 1 
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Table 2 where the angle X between the plane (h1kd1) with spacing d1 and the plane 
(h2k2h) with spacing d2, utilizing this information and the lattice parameters:1 

System Tilt angle (X) between two planes (h1k1l1) and (h2k2l2) 

Cubic hlh2 + klk2 + 1112 
cosx = 

~(h~ + k~ +I~ Xh; + k; +I;} 

Tetragonal hlh2 + klk2 1112 
2 +-, 

cosx= a c 

(h' k
2 

1
2 ][t" k

2 
1
2

) 1 I I 2 2 2 

~ 7+h2+~ ~+v+~ 

01ihorhombic hlh2 klk2 1112 --+--+-

cosx = a2 b2 c' 

(h' +k
2 

1
2 
)(h' +k' I') I 1+_1_ 2 '+-'-

' a 2 c 2· a' c2 

Hexagonal l 3a 2 
hlh2 +klk2 +-(hlk2 +h,kJ+--, 1112 

2 4c 

cos X = ( ' ' 3a' f J( ' ' 3a' l') 
, h1 + k1 + h1k1 + 

4
c, 1 h 2 + k, + h,k, + 

4
c, 2 

Rhombohedral a 4d1d2[sin'u(h1h,+k1k,+l1l,)+ ] 
cosx = 2 2 

V (cos u-cosa.Xk1l2 +k,l1 +l1h 2 +h1k 2 +h,kJ 

where: 

V = a',)I -3cos' a+ 2cos3 a 

Monoclinic 
cosx = dld2 [hlh2 + klk2 + 1112 (11h 2 + l2h1)cosi3] 

sin2i3 a 2 b2 c2 ac 

Triclinic d1d2 (S11 h1h2 +S22k1k2 +S33 l1l2 + ) 
cosx = -,-

V S12 (h1k2 +h,kJ+S23 (k1l2 +k 2l1)+S13 (h1l2 +h,tJ 

where: 

V =abc~ I- cos' a,- cos' p- cos' y + 2cosucospcosy 

sll =b 2c2 sin 2 a 

S = a 2c2 sin' p 22 

S - a'b' sin' y ,-
sl, = abc'(cosucosp-cosy) 

S23 = a2bc(cospcosy- coso.) 

sl, = ab'c(cosycosu- cosp) 
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Table 3. The interplanar angles in degrees between the plane (h,k,l,) and the plane 

(hzkzh) of cubic systems used in Figure 5. 1 

{h,k,h} 

{h2k2h} {001} {011} {111} 

{001} 0 45 54.7 

90 90 

{011} 45 0 35.3 

90 60 90 

90 

{111} 54.7 35.3 0 

90 70.5 

The stereographic projections of cubic materials oriented [111], [011], and [001] 

are shown in Figure 5, respectively, showing {001 }, {011 }, and { 111} reflections as 

generated by CaRine Crystallography 3.1 software. However, pole figures are such that 

only one family of reflections can be probed at a time. So, normally for epitaxial studies, 

stereographic projects are produced to just show the reflections of interest. In Figure 6, 

the stereographic projects show the reflections of A) {111}, B) {110}, and {100} for an 

epitaxial (001) cubic film with one domain. The x values can be found in Table 3. In 

Figure 6, the [010] direction is pointed nmih and the [100] direction is pointed east for 

each stereographic projection. 
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Figure 5. Stereo graphic projections of a cubic material with a A) [Ill], B) [0 11], and C) 
[001] orientation showing only {111 }, {011}, and {001} reflections. 

[010] 

(010) L 
[100) 

Figure 6. Stereographic projections for an epitaxial (001) oriented cubic film on Au(OOl) 
indicating the positions where A) the (111)-type, B) the (110)-type, and C) the (100)-type 
reflections that would be observed in the pole figures for a single domained film. 
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Cubic systems are unique in that their directions, indicated by brackets, are 

always normal to the planes (reflections). An epitaxial relationship describes how the 

film is oriented relative to the substrate by finding a direction ofthe film that is parallel to 

a direction in the substrate.2·33 The pole figures of the reflections are dependent on one 

another because they are all related by the orientation of the sample. Regardless of the 

pole figures run, an epitaxial relationship can be determined. In Figure 6, the directions 

shown on the left are held constant for each of the stereo graphic projections. 

In some instances multiple directions of the film can be parallel to multiple 

directions of the substrate. So, multiple epitaxial relationships that describe the film's 

orientation on the substrate exist. For example, the (OOl)Cu20 film on (OOl)Au shown 

in Figure 3F and 4 indicates that the film grows with one domain and is directly aligned 

with the substrate. Equivalent epitaxial relationships that describe how the film aligns on 

the substate are Cu20(001)[100]//Au(001)[100], Cu20(001)[010]//Au(001)[010], 

- - - -
Cu20(00l) [100]//Au(OOl) [100], Cu20(00l )[010]//Au(OO 1 )[010], 

Cu20(001)[010]//Au(001)[100], Cu20(001)[100]//Au(001)[010], and even 

Cu20(001)[110]//Au(001)[110], Cu20(001)[210]//Au(001)[210], and 

Cu20(001)[520]//Au(001)[520]. By convention, the lowest index planes and directions 

are used for the epitaxial relationship. So, the reported epitaxial relationship would be 

Cu20(001)[100]//Au(001)[100]. That is the Cu20(00l) and Au(OOl) planes are parallel 

and the Cu20[l 00] and Au[l 00] in-plane directions are coincident. 
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Rocking curves. X-ray rocking curves measure the ctystallographic quality (i.e. 

mosaic spread) of the films relative to the substrate. Mosaic spread is the misorientation 

of domains. In a perfect crystal, all the domains are aligned and no atomic dislocations 

are present (no mosaic spread). A large mosaic spread means poor crystal quality. For a 

rocking curve, the 28 is set to a single diffraction peak, one of the family orientations 

present in the x-ray pattern of the epitaxial film. A rocking curve is performed by 

"rocking" the sample which brings each grain into Bragg's condition. 1 The width of the 

rocking curve is a direct measurement of the range of orientation of the sample. 1 When 

the film is highly ordered, the full width at half maximum (FWHM) of the rocking curve 

peak is small. Rocking curves with broader peaks (bigger FWHM) have larger mosaic 

spreads. The rocking curves of the film and of the substrate are performed for mosaic 

spread comparison. This mosaic spreads of the film and the substrate are also seen in pole 

figures. The peaks in the pole figure become sharper and more intense when the film is 

more ordered. 

Superlattices. Superlattices are characterized by XRD since the periodicity shows 

itself as satellites around the main Bragg peak. The fundamental reflection, main Bragg 

peak, is labeled as 0. The satellite peaks towards higher angles, to the right of the main 

Bragg peak, are labeled +1, +2, and so on whereas satellites are labeled -1, -2, at smaller 

angles. In a superlattice, the bilayer thickness is known as the modulation wavelength, A. 

The modulation wavelength, A, can be measured from the satellite spacing utilizing the 

following equation: 



A= A-(LI-L2) 
2(sinB1 - sinB2 ) 

(9) 
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Here, A. is the wavelength of the x-ray source (Cu Ka 1.5401 A), L is the order of the 

satellite (i.e. 0, -1 , or 2) and 8 is the diffraction angle of that reflection. As the A 

increases, the satellites move closer to the main Bragg peak. As the bilayers become 

thicker, eventually no satellites are seen and two separate peaks exist, one for each 

material of the bilayer. 
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APPENDIXC 

ELECTROCHEMICAL BIOMINERALIZATION 



Electrochemical Biomineralization: the Deposition of Calcite with Chiral 

Morphologies 
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Electrochemical Deposition 

The calcium carbonate films were deposited at 30 °C using a constant potential of 

-1.1 V vs. Ag/AgCl for 1800-3600 s. The argon purged deposition solution consisted of 

4.1 mM CaClz*2H20 and 7.1 mM NaHC03 with additive concentrations of 3.2 mM 

MgClz, 2.5 mM of succinic acid, 2.0 mM of the enantiomer of tartaric acid, 2.2 mM of 

the enantiomer and racemic malic acid, or 4.5 mM of the enantiomer of aspartic acid. All 

of the films were deposited onto stainless steel substrates. 

Characterization Techniques 

Grazing incidence X-ray diffraction pattems were run on a high-resolution Philips 

X'Pe1i MRD diffractometer using CuKu source radiation with an X-ray mirror as the 

incident beam module and 0.18° parallel plate collimator as the diffracted beam module. 

A fixed incident angle of 1° was maintained. Stereographic projections were simulated 

for the calcite crystal structure using CaRine 3.1 software. SEM images were obtained on 
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uncoated samples usmg a Hitachi S-4700 cold field-emission scanmng electron 

microscope with an EDAX energy dispersive x-ray unit for elemental analysis. 

Symmetry Aspects of Chirality for the Calcite Crystal Structure 

The chiral nature of calcite planes is easily visualized in stereographic projections. A 

stereographic projection is a two-dimensional plot that shows the angular relationships of 

the crystal's faces based on its crystallographic symmetry. As seen in Figures laS and 

- - -
lbS, the stereographic projections of (10 14) and (1 014)are superimposable mirror 

images of each other. Therefore, these planes are achiral. However, the 

nonsuperimposable stereographic projections of the (1120) and ( 1 120) orientations and 

the (2131) and (2 1 3 1) orientations of calcite show that they are enantiomers of each 

other (Figures lcS, IdS, leS, and lfS, respectively). 
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Figure lS Stereographic projections of achiral and chiral orientations of calcite. The 

orientations (a)(IOI4)and (b)(IOI4) are achiral because the two stereographic 

projections have minor symmetry and are superimposable. The orientations 

(c) (1120) and (d) (I I 20) as well as (e) (2131) and (f) (21 3 I) are chiral because the two 

stereographic projections lack mirror symmetry and are not superimposable. 
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Electrochemical Biomineralization 

The biominerals bmshite, hydroxyapatite, calcite, and aragonite can then be 

electrodeposited by using the electrochemically generated base (Eq. I) to react with 

HzP04- or HC03- in solutions containing Ca2+ according to equation 2-4. 

2Hz0 + 2e·!:; Hz+ 20H' 

OH' + Ca2
+ + HzP04- + HzO!:; CaHP04*2HzO (brushite) 

70H- + 5Ca2+ + 3HzP04-!:; Cas(P04)30H (hydroxyapatite)+ 6 HzO 

OH- + Ca2+ + HC03-!:; CaC03 (calcite/aragonite/vaterite) + H20 

(I) 

(2) 

(3) 

(4) 

Brushite films with a (0 10) preferred orientation are deposited from a saturated 

solution of Ca(HzP04)2 at 25°C using a cathodic current density of I 0 mA/cm2 for 8000 

s. Hydroxyapatite is deposited from a saturated solution of Ca(H2P04)2 containing 24 

mM NaF and I M NaN03. The solution is filtered and heated to 65°C. The film is 

electrodeposited using a cathodic cmTent density of 6 mA/cm2 for 1200 s. These solutions 

were purged with argon to eliminate side reactions such as the precipitation of calcium 

carbonates and the reduction of dissolved oxygen. Figure I shows SEM micrographs of 

A) brushite and B) hydroxyapatite electrodeposited on stainless steel. 
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Figure 1. SEM images of electrodeposited calcium phosphates, A) brushite and B) 
hydroxyapatite on stainless steel substrates. 

Calcium carbonate has three main polymorphs: calcite, aragonite, and vaterite. 

Calcite is trigonal whereas aragonite is orthorhombic and vaterite is hexagonal. Calcite is 

the most stable of the three polymorphs of calcium carbonates. Foreign cations such as 

Mg2+, Co2+, Cu2+, sl+, and Pb2+ encourage aragonite fonnation, whereas Bi+ favors 

vaterite formation while inhibiting calcite growth. To produce chiral morphologies of 

calcium carbonates, several enantiomers were studied in the presence and absence of 

magnesium. 

Calcium carbonates are deposited from argon bubbled solutions of 600 ppm of 

calcium chloride, 600 ppm of sodium bicarbonate, 300 ppm of magnesium chloride, and 

300 ppm of the enantiomer heated to 30°C. A constant potential of -1.1 V vs. Ag/AgCl 

was applied for 1800 s to deposit the calcium carbonates on stainless steel substrates. 

X-ray diffraction patterns were obtained for each film. 

Electrodeposited calcite grows with rhombohedral morphologies, whereas 

aragonite tends to grow with rosette morphologies. Achiral rhombohedrons of calcite are 

deposited in the presence of most chiral amino acids and sugars. For example, Figure 2A 
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shows a SEM image of achiral morphologies of calcite grown in the presence of just L­

alanine. The addition of magnesium to this solution produced achiral calcite and 

aragonite deposits (Figure 2B). The addition of dicarboxylic acids, including the amino 

acid aspartic acid, to the solution produced malformed rhombohedrons of calcite. The 

addition of magnesium to dicarboxylate solutions produced calcite with chiral 

morphologies. The morphology of the calcite deposits in the presence of just L-tartaric 

acid and in the presence of just L-tat1aric acid and magnesium are shown in Figure 2C 

and 2D, respectively. As seen in Figure 2D, the deposits have barrel-like shape with 

facets on top. On the stainless steel substrates, the calcite deposits grow horizontally 

(Figure 2E) and vet1ically (Figure 2F). Regardless of their growth alignment on the 

substrate, the facets of this deposit are chiral. 
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Figure 2. SEM images of calcium carbonates deposited on stainless steel substrates. The 
films were deposited from calcium bicarbonate solutions with additives such as 
A) L-alanine, B) magnesium and L-alanine, C) L-tmtaric acid, and D) magnesium and 
L-tartaric acid. Films deposited in the presence of magnesium and L-tartaric acid have 
chiral morphologies. The calcite deposits grew E) horizontally and F) vertically. 
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As reported in Paper V, films grown in the presence of L-tartaric acid are 

nonsuperimposable mirror images of fims grown in the presence of D-tartaric acid. 

Similar results have been seen in the SEM images of films grown in the presence of each 

enantiomer of malic acid and aspm1ic acid. Given that dicarboxylic acids have an effect 

on the morphology of the electrodeposited calcite, studies on the effect of maleic 

(cis-butenedioic acid) (Figure 3A) and fumaric (trans-butenedioic acid) acid (Figure 3B) 

in the presence of magnesium were performed. SEM images of these films in Figure 3 

show that the same ban·el-like morphology occurs. However, instead of a chiral 

morphology with three facets, multiple rhombohedral facets of calcite are present. 

Figure 3. SEM images of calcite deposits grown from a calcium bicarbonate solution with 
magnesium and A) maleic acid ( cis-butenedioic acid) or B) fumaric (trans-butenedioic 
acid) acid at 30°C. The films were deposited by applying a constant potential of -1.1 V 
vs. Ag/AgCl for 1800 s. 



260 

Calcium L-tm1rate tetrahydrate and calcium D-tartrate tetrahydrate films are 

deposited from a saturated solution of Ca(HzP04)2 with 50 mM L- or D-tartaric acid at 

30°C using a cathodic current density of 6 mA/cm2 for 3600 s. Figure 4 shows SEM 

micrographs of A) calcium L-ta11rate tetrahydrate and B) calcium D-tm1rate tetrahydrate 

deposits electrodeposited on stainless steel. Although these deposits are superimposable 

images of each other, Addadi and Geva have shown that cells will preferentially grow on 

calcium L-tartrate tetrahydrate and not on calcium D-tm1rate tetrahydrate.1 Therefore, the 

chirality of the surface is just as impm1ant, if not more so, than a visible 

chiral morphology. 

Figure 4. SEM images of A) calcium L-tm1rate tetrahydrate and B) calcium D-tartrate 
tetrahydrate on stainless steel. 
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