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Abstract
Hydroxyapatite (Ca5(PO4)3OH) is a highly studied material because of its similar
composition to bone and its ionic conducting capabilities. This thesis investigates a novel
electrochemical-hydrothermal synthesis method for depositing a hydroxyapatite membrane on
metal substrates. The deposited membrane is highly crystalline, oriented along the
crystallographic c-axis, which is perpendicular to the substrate, and is a uniform array of single
crystals. The novel synthesis method was modified by adding the dopants yttrium, ytterbium,
and fluoride during the hydrothermal synthesis. The thermal stability of the films was
characterized using scanning electron microscopy and X-ray diffraction. It was shown that
fluoride helped reduce dehydroxylation of the membrane at elevated temperatures. The stored
charge of yttrium-fluoride co-doped membranes was measured using the thermally stimulated
depolarization current test. The samples were shown to have extremely high stored charge
values even without electrical polarization. Ytterbium doped membranes were characterized
using scanning electron microscopy, energy-dispersive X-ray spectroscopy, and X-ray diffraction.
Conductivity tests were also performed using electrochemical impedance spectroscopy, as well
as fuel cell performance tests. Finally, a new method of electrochemically depositing silver
nanoparticles onto hydroxyapatite films was developed and characterized in order to make an
antimicrobial coating. Preliminary experiments with Staphylococcus aureus demonstrated the
silver coated sample’s ability to retard bacteria growth.
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Chapter 1

Introduction

1.1. Hydroxyapatite Background
Hydroxyapatite (Ca5(PO4)3OH, HAP) has been studied in a variety of applications such as
sensors, fuel cell electrolytes, filters, and electrets due to its unique electrical properties, as well
as a bone implant material and coating on orthopedic implants due to its similar composition to
bone and osteoconductive capabilities.[1-6] HAP belongs to the hexagonal P63/m space group,
with OH- ions forming one-dimensional chains parallel to the c-axis in the center of Ca2+
triangles.[7] At elevated temperatures (T > 300oC), protons can be conducted through
hydroxyapatite by rotating along hydroxyl end groups, as shown in Figure 1.1.[8] However,
while the ion conducting capabilities of HAP provide a unique platform for a variety of
technologies, the ability to exploit HAP’s ion conducting potential is limited since the
conductivity values are relatively low for HAP produced by traditional methods. Traditional HAP
films have grain boundaries within HAP crystals and high interfacial resistance between crystals,
causing conductivity values to be reduced.[9] Also, many HAP synthesis techniques produce
amorphous coatings, which further reduces proton conductivity since different calciumphosphate phases either have poor ionic conduction or have a different ion conduction
mechanism from HAP.

2

Figure 1.1. Illustration of Ca2+ and OH- orientation in HAP and proton migration to a vacancy
site. (Adapted from Nakamura et al.)[8]
Another unique property of HAP is its ability to have ions substituted into its crystal
structure. The chemical formula can be rewritten as Ca5-xAx(PO4)3-yByOH1-zCz, where A represents
a monovalent, bivalent, or trivalent cation that substitutes for Ca2+, B represents a trivalent
anionic oxide that substitutes for (PO4)3-, and C represents a monovalent anion that substitutes
for OH-. One reason for doping HAP is to improve ionic conduction. Low amounts of Y3+
substitution for Ca2+, for example, has been shown to improve proton conductivity.[10, 11]
However, with too much yttrium substitution, the HAP membrane’s ion conducting species can
change from being a proton conductor to an oxygen ion conductor since the OH- ions are
converted to O2- ions to maintain the crystal’s charge neutrality, thus changing the ion
conduction mechanism. A similar improvement in conduction and a change in the conduction

3
mechanism occurs when carbonate substitutes for PO43-.[12] Another reason to substitute HAP
with various ions is to modify its chemical and mechanical properties. Magnesium, strontium,
and carbonate are often substituted in order to make synthetic hydroxyapatite more similar in
composition to natural bone.[13-16] Fluoride is often added to improve dissolution properties,
thermal stability, and hardness.[14, 17-20] Fluoride has also been shown to stimulate
proliferation of bone cells, as well as prevent dental carries.[21]

1.2. Hydroxyapatite Synthesis and Coating Methods.
HAP is typically deposited onto a support substrate since HAP is a brittle material. Ideally, a
coating method would be able to control various film properties such as crystallinity,
composition, film thickness, crystal orientation, and porosity, while also utilizing inexpensive
equipment, be fast, scalable, and able to coat a variety of substrate compositions and
shapes.[22] Numerous coating techniques have been investigated to deposit hydroxyapatite
onto substrates. Thermal spraying is the most commonly used method for coating orthopedic
implants and has the benefit of a high deposition rate with control over the porosity, but the
films often have non-uniform crystallinity due to the high temperature of the spraying
process.[23] Sputter coating produces uniform films, but it is a slow deposition process and can
be costly.[23, 24] Sputter coating and thermal spraying are also line of sight techniques, making
uniform coatings on complex and porous substrates difficult. Other techniques such as sol-gel
coating and dip-coating require a high temperature sintering step to improve crystallinity.[23]
This sintering step can cause the HAP coating to crack, unwanted phase changes of the HAP
coating and substrate, and degradation of mechanical properties of the HAP coating and
substrate.
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1.2.1. Electrochemical Deposition
Electrochemical deposition of HAP is an inexpensive and fast method to deposit crystals
onto various shaped metallic substrates.[25-29] The substrate and a counter electrode are
placed in an electrolyte solution containing calcium ions, phosphate ions, a buffer to regulate
pH, and salt to improve the solution’s ionic conductivity, as shown in Figure 1.2. When a current
is passed through the electrodes, a local pH increase occurs at the cathode/substrate surface
due to the increase of OH- ions from the hydrolysis of water:[30]
2H2O + 2e-  H2 + 2OH-

(1)

In addition, a variety of electrochemical reactions can occur at the cathode surface depending
on the local potential and pH:[29, 30]
O2 + 2H2O + 4e-  4OH-

(2)

2H+ + 2e-  H2

(3)

H2PO4- + H2O + 2e-  H2PO3- + 2OH-

(4)

H2PO4- + e-  HPO42- + 1/2H2

(5)

H2PO4- + 2e-  PO43- + H2

(6)

HPO42- + e-  PO43- + 1/2H2

(7)

The local pH increase causes the calcium and phosphate ions to become insoluble, thus initiating
heterogeneous nucleation. As the pH at the surface increases, a variety of calcium-phosphate
apatite phases can form such as dicalcium phosphate dihydrate, octacalcium phosphate, calcium
deficient hydroxyapatite, and stoichiometric hydroxyapatite:[29, 30]
Ca2+ + HPO42- + 2H2O  CaHPO4*2H2O

(8)

8Ca2+ + 2HPO42- + 4PO43- + 5H2O  Ca8H2(PO4)6*5H2O

(9)

(10-x)Ca2+ + (6-x)PO43- + xHPO4- + (2-x)OH-  Ca(10-x)(HPO4)x(PO4)6-xOH2-x

(10)
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10Ca2+ + 6PO43- + 2OH-  Ca10(PO4)6(OH)2

(11)

Adsorbed hydroxyl groups also play a critical role in the nucleation of hydroxyapatite onto the
cathode surface, providing sites for direct nucleation of hydroxyapatite:[29, 30]
TiO2 + 2H2O + e-  Ti(OH)3 + (OH)-ads

(12)

10Ca2+ + 6PO43- + 2(OH)-ads  Ca10(PO4)6(OH)2

(13)

However, hydrogen gas bubbles that form can obstruct the nucleation and growth of HAP
crystals and can even dislodge previously deposited crystals. Adding H2O2 or ethanol to the
electrolyte solution has been investigated to suppress hydrogen gas production, but it is still
difficult to form a dense and uniform coating of large hydroxyapatite crystals.[31]

Figure 1.2. Electrochemical deposition setup.
1.2.2. Hydrothermal Synthesis
Hydrothermal synthesis is a method for creating large, high purity crystals from aqueous
solution at high temperatures and vapor pressures.[32] The hydrothermal solution is placed
into a pressure vessel, or autoclave, which is a steel cylinder that contains an inner Teflon liner.
In the case of HAP, a calcium chelating agent is often added to help control supersaturation and
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thus the growth rate.[25] Once heated to a high enough temperature, the calcium-chelating
agent bond breaks, releasing the calcium slowly into the solution. The calcium eventually reacts
with phosphate to grow into larger HAP crystals in solution. A variety of dopants can also be
introduced to the hydrothermal solution to modify the crystal’s composition. While
hydrothermal synthesis provides a means to make high purity crystals with control over their
size, composition, and morphology, it is not a good method for depositing HAP onto metallic
substrates. For most metals, the HAP crystals do not adhere to the surface during the
hydrothermal growth, and if they do adhere, they are sparse and weakly attached.[25]
1.2.3. Electrochemical-hydrothermal Synthesis
To mitigate the problems of electrochemical and hydrothermal synthesis, most of the HAP
samples investigated in this thesis were produced by a novel technique that combines both
methods.[13, 25, 26] First, a HAP seed layer was quickly applied to the substrate using
electrochemical deposition. This produces a uniform, thin HAP coating on the entire substrate
and eliminates the issue of the film cracking since the coating is applied so quickly; typically less
than five minutes. Then, this seeded substrate is placed into an autoclave to undergo a
hydrothermal synthesis, as shown in Figure 1.3. The HAP seed layer on the substrate can then
grow during the hydrothermal synthesis. The hydrothermal synthesis can be repeated with
fresh solution to continue growing the crystals to form an even more dense and thick film if
desired, as shown in Figure 1.4. This method not only produces a uniform film of highly
crystalline HAP crystals with good adhesion to the substrate, the crystals produced are also
highly aligned along the c-axis and contains no grain boundaries along the crystal length. This
unique crystal orientation and morphology is the ideal structure for applications that require
higher proton conductivity.[10, 26]
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Figure 1.3. HAP seeded substrate undergoing hydrothermal synthesis.

Figure 1.4. Electrochemical-hydrothermal synthesis diagram.
1.3. Fuel Cell Background
Fuel cells offer a promising means to cleanly and efficiently convert a variety of fuels
such as hydrogen, methanol, and natural gas into energy.[33] Since fuel cells produce energy
electrochemically, they are not limited by Carnot Cycle limitations, thus having the potential to
be highly efficient. Unlike batteries, a fuel cell is theoretically capable of operating as long as
reactants are supplied. When hydrogen is the fuel source, the only byproduct is water. If
hydrogen is produced via electrolysis from renewable energy sources such as wind and solar,
then no harmful emissions will enter the environment during the energy production-use cycle.
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Also, using sources such as nuclear or coal to produce hydrogen via electrolysis or using a fuel
such as natural gas, which is domestically more prevalent, can help reduce dependence on
foreign energy sources.
1.3.1. Fuel Cell Components and Types
While there are a variety of fuel cell types, all fuel cells contain the same three basic
components of an anode, cathode, and an ion conducting membrane, or electrolyte. The anode
and cathode need to be catalytic materials that can convert fuel into ions and electrons, and
then recombine the ions and electrons again on the other side of the electrolyte. The
electrolyte is the heart of the fuel cell and determines the cell’s operating conditions and
determines what kind of anode and cathode will be used. The electrolyte is responsible for ion
conduction, being a barrier that is impermeable to fuel and electrons, while also preventing the
anode and cathode from short circuiting. Electrolytes are typically categorized by the
temperature at which they operate. A fuel cell must operate at a temperature in which the
electrolyte has a high enough ionic conductivity, yet remains chemically and mechanically
stable. Table 1.1 summarizes a few fuel cell types and their characteristics.
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Table 1.1. Summary of different fuel cell types and their characteristics.[33]
1.3.2. Fuel Cell Operation
Figure 1.5 shows how a proton conducting membrane fuel cell converts hydrogen and
oxygen into electricity. Hydrogen is oxidized into protons and electrons at the anode catalyst.
The electrolyte must then conduct the protons to the cathode, while being impermeable to the
hydrogen gas and electrons. The electrons are then forced back through the anode to a current
collector, which harnesses the electrons to an external circuit to generate electricity. Oxygen
from the air is reduced at the cathode catalyst, where it combines with the electrons and
protons that were formed at the anode to create water. A single-cell can only produce a limited
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amount of power and produce a theoretical maximum voltage; therefore single-cells can be
combined in series to form a stack for higher voltage and power output.

Figure 1.5. Fuel cell diagram of a proton conducting electrolyte.
1.3.3. Thermodynamics and Performance
For any single-cell of a fuel cell, there is a theoretical maximum reversible voltage
(Vreversible) that the cell can produce, which is given by Equation 1.1:
ି∆ீ

Vreversible = ௭ி

(1.1)

where ΔG is the Gibbs free energy change of the reaction, z is the number of electrons
transferred in the overall reaction, and F is Faraday’s constant.[33] For a hydrogen fuel cell, this
maximum voltage at room temperature is approximately 1.23 V. However, real fuel cells never
achieve this theoretical maximum due to irreversible loses. The three main types of losses in a
fuel cell are due to activation polarization, ohmic polarization, and concentration polarization.
At low current densities, the activation polarization is the dominant mechanism for a voltage
drop due to the slow reaction kinetics of the electrodes. At intermediate current densities, the
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voltage will typically have a gradual decrease due to ohmic resistance of the membrane and
interfacial resistance between the electrolyte and electrodes. Finally, at high current densities,
the voltage will drop off to zero because of concentration polarization due to poor transport and
diffusion of reactants to the electrode/electrolyte interface.[33] Figure 1.6 shows a fuel cell’s
performance on a voltage vs. current density (I-V) curve, with a comparison between the
theoretical voltage and an actual fuel cell curve with polarization losses.

Figure 1.6. Typical I-V curve for a fuel cell and the region of polarization losses.

1.3.4. Hydroxyapatite as an Intermediate Temperature Fuel Cell Electrolyte
While there are a wide variety of fuel cells for different applications, as mentioned in
Table 1, developing a commercially viable fuel cell to operate in the intermediate temperature
range (400oC < T < 700oC) has been elusive. The benefit of operating in this temperature range
would be that nonprecious metal catalysts could be used as opposed to platinum in low
temperature fuel cells, the temperatures would be low enough to avoid the complications
induced by high temperature operation, and a variety of fuel sources could be used.[34, 35] The
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main reason no intermediate temperature fuel cell has been developed is due to the fact that
no electrolyte material has either a high enough conductivity or is chemically and mechanically
stable in this temperature range. HAP is a potential candidate as a proton conducting material
in the intermediate temperature range since proton mobility has been shown to begin as low as
200oC.[8] However, very little work has been done to investigate HAP as a fuel cell electrolyte
since its conductivity values in the intermediate temperature range are too low. For example, a
typical yttria stabilized zirconia (YSZ) membrane of a solid oxide fuel cell (SOFC) has oxygen ion
conductivity values of ~10-2 S/cm at 700oC, whereas a typical hydroxyapatite pellet sintered in
air has proton conductivity values of ~10-6 S/cm at 700oC.[9, 36] Also, when HAP is exposed to
elevated temperatures for an extended period of time, it will often undergo dehydroxylation
and decompose into secondary phases.[9] Since the hydroxyl groups are essential for proton
mobility, this will further decrease HAP’s conductivity.
In this thesis, the issues regarding HAP as an ion conductor were addressed in a variety
of ways. First, the novel electrochemical-hydrothermal synthesis method produces highly
oriented crystals with very few grain boundaries. This provides a direct path for ion conduction,
which reduces grain boundary resistance. Second, the synthesis method produces a very thin,
but dense film. The thin nature of the film reduces the distance that the protons need to travel,
while the density helps maintain a gas tight barrier to prevent fuel crossover. Finally, by doping
the crystal structure, vacancies can be created in the membrane. With the proper amount of
doping, ionic conducitivity can increase compared to an undoped sample. Also, to address the
issues of dehydroxylation, the HAP membranes were doped with fluoride to investigate its
impact on thermal stability.
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1.4. Polarizing Hydroxyapatite
While HAP coatings have been shown to improve integration of implants in the body, much
research has been done to speed up the integration process. In recent years, one method that
has gained a lot of attention is manipulating HAP’s ion conducting abilities to control the surface
charge.[8, 37] Many studies have shown that a charged surface, particularly negatively charged
surfaces, can help attract positively charged proteins and cations such as Ca2+ to speed up
osteointegration between the implant and the body.[12, 37] While it has been shown that the
a-surface of a HAP crystal typically contains a slight positive charge due to Ca2+ ions and the csurface is slightly negative due to PO43- ions exposed at the surface, the electrostatic charge of
both sides is fairly weak.[5] However, HAP’s ion conducting capabilities can be exploited by
applying a high electric field (> 1 kV/cm) to HAP at elevated temperatures (>300oC), forcing
HAP’s protons to migrate toward the negative electrode. By applying the electric field until the
sample cools to room temperature, the electric polarization will remain fixed since the protons
are immobile at room temperature, forming an electret, which is analogous to a magnet having
a permanent magnetic polarization. The process of polarizing HAP is summarized in Figure 1.7.
To measure the amount of stored charge within a polarized material, the polarized sample is
simply connected to a picoammeter and heated to a high enough temperature until the sample
depolarizes, as shown in Figure 1.8. The picoammeter measures the current produced as the
sample is depolarizing, thus giving an estimate of the total stored charge in the material.
However, polarizing traditional HAP membranes with low conductivity values typically produces
stored charges below 100 uC/cm2,[8, 37-40] although recent efforts have increased the stored
charge into the low mC/cm2 range by modifying HAP’s composition with carbonate doping.[41]
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Figure 1.7. Process for polarizing a HAP crystal.

Figure 1.8. Measuring depolarization current of HAP.
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1.5. Reducing Orthopedic Implant Infections
While HAP coatings on orthopedic implants can potentially help improve
osteointegration, they do very little to prevent infections. Over 100,000 implants in the U.S.
alone become infected annually, adding $3 billion in costs to the health care system and causing
immeasurable grief to patients who often need revision surgeries.[42] The most common
pathogens include gram-positive staphylococcus aureus and staphylococcus epidermidis, as well
as gram-negative Escherichia coli and pseudomonas aeruginosa.[43] The bacteria can come
from a variety of sources, including the operating room atmosphere, surgical equipment,
clothing from medical staff, and even bacteria on the patient’s skin and already in their body.
Therefore, even in the most sterilized conditions, it can be next to impossible to prevent
bacteria from entering a surgical site. When bacteria enters the body, there is a competition
between the body to integrate with the implant and bacteria to adhere to the implant
surface.[44] For an implant to be implemented successfully, the body needs to integrate with
the implant before any appreciable bacterial adhesion occurs. When bacterial adhesion occurs,
it usually coats the implant in a three step process.[43] 1-2h after implantation, non-specific
and reversible bonding occurs through gravitational, van der Waals, electrostatic, hydrogen
bond, dipole-dipole, ionic bond, and hydrophobic interactions. In the second phase, roughly 2-3
hours later, stronger adhesion occurs via specific chemical interactions between the bacteria
and substrate surface, forming irreversible bonds. Finally, if sufficient nutrients are supplied, a
biofilm can form on the implant surface. If a biofilm forms, it has been found that killing the
bacteria requires roughly 1,000 times the antibiotic dose as would be required for killing cells in
suspension.[45] For this reason, it is critical to provide a means to prevent bacterial adhesion
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and to stop bacteria growth. In this thesis, HAP samples coated with silver nanoparticles was
investigated as a means to prevent bacterial growth and adhesion. Silver ions have long been
known to contain antimicrobial properties, interfering with the bacteria’s metabolic functions
and replication.[30, 46, 47]

1.6. Research Objectives
This thesis investigates a novel technique for synthesizing highly oriented and grain
boundary-free HAP crystals on metal substrates. The impact of doping fluoride, yttrium, and
ytterbium on various properties such as morphology, composition, crystallinity, thermal
stability, stored charge, and conductivity were investigated using a variety of characterization
techniques such as scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDX), X-ray diffraction (XRD), electrochemical impedance spectroscopy (EIS), and thermally
stimulated depolarization current (TSDC) measurements. Applications for these membranes
were demonstrated by synthesizing and testing a fuel cell using the HAP membrane as a fuel cell
electrolyte. A new technique of depositing silver nanoparticles on HAP membranes was also
investigated for their potential as an antimicrobial orthopedic coating.

1.7. Thesis Outline
Chapters 2, 3, and 4 all use an electrochemical-hydrothermal synthesis method for
depositing highly c-axis oriented HAP membranes onto metal substrates. Electrochemical
deposition produces a seed layer of HAP onto the metallic substrate, while hydrothermal
synthesis grows the seed layer into a thicker and denser crystal film. The hydrothermal step is
also used to dope HAP with a variety of ions. Chapter 2 looks into the impact that fluoride
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doping has on the thermal stability of the HAP membranes. Samples were also doped with
yttrium and co-doped with yttrium and fluoride. The differences between doped and undoped
samples were analyzed using XRD and SEM. Chapter 3 explores the stored charge in yttriumfluoride co-doped membranes. Samples were prepared using two different seeding steps, one
an electrochemical deposition, the other by letting a suspension of HAP nanoparticles form a
thin film on the substrate, followed by a hydrothermal growth. The stored charge of the films
was characterized using the TSDC method. Since the films were not polarized, a mechanism for
their large stored charge was proposed. Chapter 4 investigates the impact of ytterbium doping
on the crystal film’s structure, morphology, and composition. Fuel cells were fabricated and
tested using a ytterbium and ytterbium-fluoride co-doped membrane coated onto a palladium
substrate. Finally, chapter 5 describes a new technique to reduce silver nanoparticles onto
electrochemically deposited HAP crystals. The samples were characterized using SEM and XRD,
their bioactivity was evaluated by placing the samples into a simulated body fluid, and
preliminary experiments were done to investigate their antimicrobial properties.
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Chapter 2

Improved Thermal Stability of Novel Hydroxyapatite Membranes via Fluoride Doping

2.1. Introduction
Due to hydroxyapatite’s (Ca10(PO4)6(OH)2, HAP) similar composition to bone and
osteoconductive properties, it has been extensively studied as a synthetic bone substitute and
drug delivery carrier.[1, 2] Recently, HAP has also been investigated for high temperature
applications such as sensors, ion conducting membranes, and electrets due to its proton
conducting capabilities at elevated temperatures.[3-6] Proton mobility within the HAP crystal
structure begins around 300oC, with a conduction mechanism of rotation along the hydroxyl end
groups.
Unfortunately, at elevated temperatures, calcium deficient HAP has been shown to
dehydroxylate according to the proposed equation below:[7]
Ca10-z(HPO4)2z(PO4)6-2z(OH)2  Ca10-z(P2O7)z-s(PO4)6-2z+2s(OH)2(1-s) + (z+s)H2O

(2.1)

Upon further heating, calcium deficient HAP will decompose to byproducts such as β-tricalcium
phosphate (β-Ca3(PO4)2 ,β-TCP), completely removing all hydroxyl groups, as well as
stoichiometric HAP:
Ca10-z(P2O7)z-s(PO4)6-2z+2s(OH)2(1-s) + (z+s)H2O  (1-z)Ca10(PO4)6(OH)2 + 3zCa3(PO4)2 + (z-s)H2O (2.2)
The dehydroxylation process is accelerated the more calcium deficient HAP is, with
dehydroxylation occuring as low as 500oC.[7] Decomposition can be detrimental for devices
that exploit HAP’s ion conducting abilities since complete removal of the hydroxyl groups will
change its conduction mechanism and properties.[4, 8, 9] Another application where
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dehydroxylation can be problematic is when HAP coatings are being sintered onto orthopedic
implants since the decomposition byproducts can dissolve in vivo faster than pure HAP.[10]
To improve HAP’s thermal stability, many groups have shown the benefit of substituting
the hydroxyl end groups with fluoride due to fluoride’s higher affinity for protons and its ability
to create a more ordered HAP crystal structure.[10-12] This enhanced thermal stability makes
fluorinated hydroxyapatite (FHAP) more resistant to decomposition at elevated temperatures.
This study shows that incorporating fluoride into a novel electrochemical-hydrothermal
synthesis method can improve the film’s thermal stability at elevated temperatures compared
to unfluorinated samples. To further demonstrate that dehydroxylation is the mechanism that
leads to HAP’s decomposition, unfluorinated samples were heated in a steam atmosphere to
show that introducing steam can shift the decomposition equations toward the original HAP.
Finally, the ability to co-dope samples was demonstrated since multiple dopants such as yttrium,
magnesium, and carbonate are often incorporated into HAP to modify its properties.[12-15] For
this study, yttrium-fluoride co-doped HAP films (YFHAP) were synthesized and shown to have
enhanced thermal stability. Samples only doped with yttrium (YHAP) were synthesized as a
comparison and showed poor thermal stability at elevated temperatures.

2.2. Experimental
Materials
Analytical grade Ca(NO3)2·4H2O (99.0% purity) and Y(NO3)3·6H2O (99.9% purity) were
purchased from Alfa Aesar. (NH4)2HPO4 (>99.0% purity) was purchased from EMD. K2HPO4
(99.99% purity), CaCl2·2H2O (99+% purity), NaCl (≥99.0% purity), tris(hydroxymethyl)aminomethane (tris) (99.8+% purity), and disodium ethylenediaminetetraacetate dihydrate
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(Na2EDTA·2H2O) (ACS reagent, 99.0-101.0% purity) were all obtained from Sigma- Aldrich. NH4F
(ACS reagent, 98% purity) was purchased from Aldrich Chemical Company, Inc. 36.5-38.0%
hydrochloric acid and 28.0-30.0% pure ammonium hydroxide were purchased from Mallinckrodt
Chemicals. Detergent powder was purchased from Alconox. Titanium(Ti) substrates (12.5 mm x
12.5 mm and 0.89 mm thick) and platinum foil (25 mm x 25 mm and 0.127 mm thick) were
purchased from Alfa Aesar. Deionized water was used for all solutions.
Electrochemical deposition of HAP seeds
Titanium substrates were polished with SiC paper (800 grit) to provide surface
roughness. The substrates were then washed with Alconox detergent powder, rinsed with tap
water, attached to a silver wire by tightly wrapping the wire through a premade hole in the
substrate, sonicated in an ethanol/acetone (volume ratio = 50/50) solvent for 30 minutes, and
then rinsed with deionized water.
An electrolyte solution was prepared containing 138 mM NaCl, 50 mM tris, 1.25 mM
CaCl2, and 0.828 mM K2HPO4 in 125 mL deionized water per substrate. The solution was
buffered to pH 7.2 using hydrochloric acid. The electrolyte solution was then heated to 95°C.
The substrate and a platinum plate were held parallel to each other with a fixed distance of
separation of 10 mm. The substrate and platinum plate were connected to the negative and
positive outlets of a direct current power supply (Instek GPS-3030D), respectively, and
immersed in the electrolyte solution. The electrochemical reaction was carried out for 5
minutes at 12.5 mA/cm2 (area relative to the platinum plate), then rinsed off with deionized
water and dried in air.
Hydrothermal growth of HAP
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The hydrothermal solution consisted of 0.115 M Na2EDTA·2H2O that was stirred into 30
mL of deionized water per sample at 80oC until it was completely dissolved. 0.1 M
Ca(NO3)2·4H2O was then added, followed by 0.06 M (NH4)2HPO4. Hydroxyapatite (HAP) samples
contained no other dopants. For yttrium doped hydroxyapatite (YHAP), 0.01 M Y(NO3)3·6H2O
was added after Ca(NO3)2·4H2O. For fluoride doped hydroxyapatite (FHAP), 0.02 M NH4F was
added after (NH4)2HPO4. For yttrium and fluoride co-doped hydroxyapatite (YFHAP), the
solution contained both Y(NO3)3·6H2O and NH4F. The pH of each solution was raised to 10.0
with ammonium hydroxide and then stirred for about 10 minutes.
The electrolyte solution was then transferred to a Teflon-lined stainless steel acid
digestion autoclave (Parr Item No. 4744, 45 mL internal volume), until filled with approximately
60% solution. The seeded substrate was submersed in the solution with the seed layer facing
down and tilted ~45 degrees relative to the bottom of the autoclave. The autoclave was heated
for 10 hours at 200°C and autogenous pressure. After heating the autoclave was cooled to room
temperature in a fume hood, then the sample was taken out, rinsed with deionized water
several times, and dried in air.
Heat treatment
For each heat treatment temperature, a sample was placed into a tube furnace for 3
hours at the set point temperature of 600, 700, 800, 900, or 1000oC. The ramp rate for heating
and cooling was 2oC/minute with the heating beginning and ending at room temperature. For
samples heated in steam, a peristaltic pump (Gilson, Minipuls 3) delivered a steady supply of
water at a flow rate of 7 mL/minute through the alumina tube samples were in. The pump was
turned on when the temperature of the oven reached 200oC, then turned off again when it
cooled back down to 200oC.
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Product characterization
Crystal morphology was examined using a scanning electron microscope (SEM, ZeissAuriga) with an accelerating voltage of 3 kV. The composition of HAP membranes was
determined by EDX (Energy-dispersive X-ray spectroscopy, EDAX). Three spots on each sample
were probed at 15 kV and the values were averaged and standard deviations were calculated.
The crystal structure of HAP was determined by X-ray diffraction (XRD) (Philips PW3020) with Cu
K1 radiation (λ=1.540560 Ǻ) from 20-40o with a step rate of 0.02 degrees/second. Phase
identification was made by comparison with the Joint Committee on Powder Diffraction
Standards (JCPDS) files. Relative intensities were calculated using X’Pert Data Viewer software.

2.3. Results and discussion
Figure 2.1 shows a typical seed layer after the electrochemical deposition. The height of
the seed layer is roughly 500-800 nm, while the width of each crystal is about 20-25 nm. The
seed layer provides nucleation sites for further crystal growth during the hydrothermal
synthesis. After the hydrothermal growth, EDX was used to characterize the samples’
compositions as shown in Table 2.1. Yttrium atomic% (at%) was confirmed using an electron
microprobe since the yttrium and phosphorous peaks are very close . Electron microprobe
results agreed well with EDX (results not shown). EDX clearly confirmed the presence of
fluoride, yttrium, and yttrium and fluoride in FHAP, YHAP, and YFHAP, respectively. The calcium
to phosphorous (Ca:P) ratio was also determined since HAP’s thermal stability is influenced by
how close the ratio is to stoichiometric, or 1.67. For samples with yttrium substitution, the
amount of yttrium was considered when calculating the Ca:P ratio because yttrium substitutes
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for calcium, therefore the (Ca+Y):P was determined. All the samples were verified to have a
slight calcium deficiency.

Figure 2.1. HAP seed layer: a) side view and b) top view.

Table 2.1. EDX composition analysis of as-synthesized HAP, FHAP, YHAP, and YFHAP samples.

Figures 2.2 a and b show the side and top view, respectively, of a typical as-synthesized
HAP sample after the hydrothermal growth, unheated. Each individual crystal has a smooth
surface, with dimensions of roughly 10 µm tall and 1-2 µm wide. Figures 2.2 c and d show very
few morphological changes when heating the HAP sample to 600oC or 700oC in air, although a
few small grains on the top surface of some crystals form at 700oC. When heated to 800oC,
however, grain boundaries form on the entire surface of a majority of the crystals, as shown in
Figure 2.2 e. By 900oC, all of the crystals contain grain boundaries along their entire surfaces.
However, when these samples are heated to 900oC and 1000oC in a steam atmosphere, this
grain boundary formation is prevented, as shown in Figures 2.2 g and h, respectively.
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Figure 2.2. HAP samples as-synthesized and heated in air and steam: a) as-synthesized side view,
b) as-synthesized top view, c) heated to 600oC in air, d) heated to 700oC in air, e) heated to
800oC in air, f) heated to 900oC in air, g) heated to 900oC in steam, and h) heated to 1,000oC in
steam.
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Figure 2.3 shows the X-ray diffraction (XRD) pattern of the HAP as-synthesized sample,
or sample with no heating. All the peaks match the standard XRD pattern of HAP (JCPDS 090432) which is from the film or titanium (JCPDS 01-1197) which is due to the substrate. The
largest peak represents the (0 0 2) plane and verifies that the crystals grow preferentially along
the crystallographic c-axis, which is perpendicular to the substrate. For the rest of the XRD
patterns, in order to zoom in and analyze the smaller peaks, the top of the (0 0 2) peak is cut off.
Figure 2.4 shows the XRD results of HAP being heated to various temperatures and confirms
that the morphological changes are associated with the progression of dehydroxylation and the
eventual conversion of HAP to β-TCP. Upon heating the HAP sample, new peaks are observed.
The highest, second highest, and third highest peaks of β-TCP ((0 2 10), (2 2 0), and (2 1 4)
respectively, according to JCPDS 09-0169) become more intense as HAP is heated to higher
temperatures. Titanium dioxide (JCPDS 21-1276) can also be detected at higher temperatures
as the titanium substrate oxidizes. For the samples heated in steam, however, the β-TCP peaks
are suppressed since steam shifts the equilibrium of equation 2.1 toward the reactants, or the
calcium deficient HAP, according to Le Chatelier’s principle.
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Figure 2.3. XRD of unheated HAP. Peaks were labeled using JCPDS 09-0432 for HAP and JCPDS
01-1197 for Ti.
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Figure 2.4. XRD of HAP samples as-synthesized, heated to 900oC in steam, heated to 1,000oC in
steam, heated to 600oC in air, heated to 700oC in air, heated to 800oC in air, and heated to 900oC
in air. Peaks were labeled using JCPDS 09-0432 for HAP, JCPDS 09-0169 for β-TCP, JCPDS 011197 for Ti, and JCPDS 21-1276 for TiO2.
Figure 2.5 shows SEM images of FHAP samples as-synthesized and being heated from
700-900oC in air. The crystals maintain the same morphology after every heating process
investigated, showing an enhanced thermal stability for fluorinated samples. Figure 2.6 shows
the XRD pattern of the FHAP samples being heated. None of the β-TCP peaks are detected upon
heating, confirming the hypothesis that fluoride’s high affinity for protons and its ability to
create a more ordered structure can prevent dehydroxylation.
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Figure 2.5. FHAP samples as-synthesized and heated in air: a) as-synthesized side view, b) assynthesized top view, c) heated to 700oC in air, d) heated to 800oC in air, and e) heated to 900oC
in air
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Figure 2.6. XRD of FHAP samples as-synthesized, heated to 700oC in air, heated to 800oC in air,
and heated to 900oC in air. Peaks were labeled using JCPDS 09-0432 for HAP, JCPDS 09-0169 for
β-TCP, JCPDS 01-1197 for Ti, and JCPDS 21-1276 for TiO2.

Figure 2.7 shows SEM images of YHAP samples as-synthesized and after being heated to
600-900oC in air. The crystal morphology begins to show signs of changes at 600oC, and above
700oC multiple grain boundaries form on most crystals. Figure 2.8 shows the XRD pattern of
these samples, with enhanced peaks for β-TCP arising upon heating. Therefore, yttrium
substitution alone does not prevent dehydroxylation, as expected.
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Figure 2.7. YHAP samples as-synthesized and heated in air: a) as-synthesized side view, b) assynthesized top view, c) heated to 600oC in air, d) heated to 700oC in air, e) heated to 800oC in
air, and f) heated to 900oC in air.
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Figure 2.8. XRD of YHAP samples as-synthesized, heated to 600oC in air, heated to 700oC in air,
heated to 800oC in air, and heated to 900oC in air. Peaks were labeled using JCPDS 09-0432 for
HAP, JCPDS 09-0169 for β-TCP, JCPDS 01-1197 for Ti, and JCPDS 21-1276 for TiO2.
Figure 2.9 shows SEM images of YFHAP samples as-synthesized and being heated to 800
and 900oC in air. The crystals maintain the same morphology after heating at both
temperatures. The XRD pattern in Figure 2.10 shows that none of the major β-TCP peaks form,
which demonstrates the ability of fluoride to maintain thermal stability with other dopants.
Therefore, a variety of elements can potentially be doped with fluoride to modify the crystal
properties, yet with an enhanced thermal stability. It should be noted that the high peak
intensity for TiO2 is observed at 900oC due to the fact that the YFHAP samples are roughly half as
thick as the HAP, FHAP, and YHAP samples, making TiO2 easier to detect on YFHAP samples that
are heated.
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Figure 2.9. YFHAP samples as-synthesized and heated in air: a) as-synthesized side view, b) assynthesized top view, c) heated to 800oC in air, and d) heated to 900oC in air.
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Figure 2.10. XRD of YFHAP samples as-synthesized, heated to 800oC in air, and heated to 900oC
in air. Peaks were labeled using JCPDS 09-0432 for HAP, JCPDS 09-0169 for β-TCP, JCPDS 011197 for Ti, and JCPDS 21-1276 for TiO2.

Table 2.3 is a quantitative comparison of the amount of β-TCP in HAP and YHAP at
various temperatures from X-ray diffraction using the equation for relative intensity (R.I.):
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The integral intensity is the area under the specified β-TCP peak; either (0 2 10), (2 2 0), or (2 1
4), or the HAP (0 0 2) peak. The HAP and YHAP samples heated in air clearly have increased
amounts of β-TCP as temperature is increased, while the FHAP, YFHAP, and HAP samples heated
in steam had no quantifiable amounts of β-TCP.
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Table 2.2. Relative intensities of β-TCP formation. Relative intensities were calculated using the
ratio of the integral intensity of the (0 2 10), (2 2 0), or (2 1 4) peak of β-TCP with respect to the
integral intensity of the (0 0 2) HAP peak.

The XRD patterns were also used to calculate the a and c lattice parameters for each assynthesized sample after the hydrothermal growth. The c lattice parameter was calculated from
the (0 0 2) peak using the hexagonal close-packed (HCP) unit cell relationship given in equation
2.4 below:
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where d is the d-spacing, or distance between adjacent planes in the set of Miller indices (h k l),
and a and c represent the a and c lattice parameters, respectively. Once the c lattice parameter
was known, the a lattice parameter could be determined from the (1 0 2) peak and using
equation 2.4. The volume (V) of the hexagonal unit cell was calculated using equation 2.5:
V = 2.589a2c

2.5

Lattice parameters and unit cell volumes of all the as-synthesized samples are given in Table 2.2.
The samples have similar lattice parameters to standard HAP (JCPDS 9-0432), where a = 9.418
and c = 6.884. Evis et al. has shown that doping Y+3 and F- in HAP does not dramatically impact
the lattice parameters, with increasing F- content only slightly decreasing the a lattice
parameter.[16] The results in Table 2.3 also show that F- substitution does indeed slightly
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decrease the a lattice parameter. Also, EDX shows that YFHAP contains slightly more F- than
FHAP, which is consistent with the fact that YFHAP has a smaller a lattice parameter than FHAP.

Table 2.3. Lattice parameters of as-synthesized HAP, FHAP, YHAP, and YFHAP samples.

2.4. Conclusions
The novel electrochemical-hydrothermal hydroxyapatite synthesis method presented in
this work has a lot of potential in ion conducting applications such as sensors, electrets, and fuel
cell electrolytes. However, most of these applications require temperatures from 200oC up to
900oC, which may induce dehydroxylation, thus inhibiting the sample’s ability to conduct ions
and also alter other properties such as its mechanical integrity. By incorporating fluoride into
the hydrothermal growth solution, the hydroxyapatite crystals that were synthesized have some
of the hydroxyl ions replaced by fluoride, but without altering the crystal structure, morphology,
and orientation. The fluorinated samples showed enhanced thermal stability at temperatures as
high as 900oC using SEM and XRD analysis. Fluoride can also be co-doped with other ions such
as yttrium to make films with improved thermal stability, while enhancing other properties such
as conductivity.
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Chapter 3

Stored Charge Analysis of Yttrium-fluoride Co-doped Hydroxyapatite Membranes

3.1. Introduction
Hydroxyapatite (HAP) is a highly studied material in the orthopedics community as an
implant coating and bone filler due to its similar composition to bone and its osteoconductive
properties.[1-8] Recently, there has been a lot of interest to improve HAP’s osteoconductive
properties by negatively polarizing HAP’s surface with a high electric field (>1 kV/cm) at elevated
temperatures (T > 300oC).[9-16] Negatively charged HAP surfaces have been shown to improve
osteoblast adhesion and stimulate new apatite formation since the negative surface attracts
positively charged proteins and calcium ions via electrostatic attraction,[10, 12, 17, 18],
although a recent study has shown that a significant factor in cell adhesion and growth may be
due to any heat treatment that removes surface carbon contamination.[19] Regardless of the
uncertainty over polarization’s impact on cell growth and adhesion, the ability to polarize HAP
films is well documented.[10, 11, 13, 14, 19] Figure 3.1a shows the atomic environment around
the OH- ion chains, which are parallel to the c-axis and contain Ca2+ triangles surrounding them.
An unpolarized HAP sample will have H+ randomly occupy the upper or lower site of O2- to form
the OH- group, as shown in Figure 3.1b.[11] With a high enough electric field (> 1 kV/cm) at
elevated temperatures ( > 211oC), H+ begins to rotate to either the upper or lower site on O2-,
aligning in the direction of the electric field as shown in Figure 3.1c.[11] Eventually, H+ ions can
migrate to a neighboring O2- that has a H+ vacancy, thus allowing for long range H+ conduction,
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as shown in Figure 3.1d. If the electric field is applied until the sample returns to room
temperature, the polarization will remain fixed since H+ is not mobile at room temperature.

Figure 3.1. a) Illustration of OH- aligned along the crystallographic c-axis surrounded by Ca2+
triangles, b) H+ randomly positioned on the top or bottom of O2-, c) H+ all occupying the bottom
position on O2- due to an applied electric field at elevated temperatures, and d) H+ migration to
a neighboring O2- with an H+ vacancy. (Adapted from Nakamura et al.)[11]
To characterize the amount of polarization stored within HAP, a thermally stimulated
depolarization current (TSDC) test is used. The polarized HAP is heated to a high enough
temperature until the H+ ions redistribute to evenly occupy O2- vacancies in the crystal structure.
The relaxation of polarization via the movement of H+ can be measured as a current, and the
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total stored charge can be calculated by integrating the area under the current curve as a
function of temperature.
This section will present TSDC results of yttrium-fluoride co-doped hydroxyapatite
(YFHAP) membranes prepared using a two-step process. First, HAP was seeded onto titanium
substrates by either electrochemical deposition or drying a suspension of HAP nanocrystals onto
the substrate. Then, the HAP seeded substrates were subjected to a hydrothermal growth step
in which they were also co-doped with Y3+ and F-. YFHAP was chosen because previous work has
shown that Y3+ and F- in the hydrothermal solution can produce dense films that have
preferential orientation along the crystallographic c-axis. Second, Y3+ doped HAP has been
shown to produce extra O2- vacancies in the crystal structure in order to maintain charge
neutrality, producing HAP with the chemical formula Ca10‑XYX(PO4)6(OH)2‑XOX.[20, 21] These
extra O2- vacancies have been shown to improve H+ conductivity in HAP.[22] The TSDC results of
this section are unique since the samples were shown to have a very large stored charge
without any polarization step. Currently, there are no known HAP samples that have a
measurable stored charge using TSDC analysis without previous polarization by an external
electric field. Second, not only do the unpolarized samples contain a measured stored charge,
but the value is around one order of magnitude higher than the highest stored charge of 4.3
mC/cm2 recorded for polarized carbonated HAP.[13] The large stored charge is speculated to
come from a composition gradient along YFHAP’s crystal length.
3.2. Experimental
Materials
Titanium(Ti) substrates (12.5 mm x 12.5 mm and 0.89 mm thick), platinum foil (25 mm x
25 mm and 0.127 mm thick), analytical grade Ca(NO3)2·4H2O (99.0% purity), and Y(NO3)3·6H2O
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(99.9% purity) were purchased from Alfa Aesar. (NH4)2HPO4 (>99.0% purity) was purchased
from EMD. K2HPO4 (99.99% purity), CaCl2·2H2O (99+% purity), NaCl (≥99.0% purity),
tris(hydroxymethyl)- aminomethane (tris) (99.8+% purity), and disodium
ethylenediaminetetraacetate dihydrate (Na2EDTA·2H2O) (ACS reagent, 99.0-101.0% purity) were
all obtained from Sigma- Aldrich. NH4F (ACS reagent, 98% purity) was purchased from Aldrich
Chemical Company, Inc. 36.5-38.0% hydrochloric acid and 28.0-30.0% pure ammonium
hydroxide were purchased from Mallinckrodt Chemicals. Detergent powder was purchased
from Alconox. Plasma sprayed HAP samples were provided by APS Materials, Inc, Dayton, OH.
Nanohydroxyapatite (0.4 wt%) dispersed in water was provided by Transparent Materials,
Rochester, NY. Deionized water was used for all solutions.
Electrochemical deposition of HAP seeds (EdepSeed)
Titanium substrates were gently polished with SiC paper (800 grit) to provide surface
roughness. The substrates were then thoroughly washed with Alconox detergent powder,
rinsed with tap water, attached to a silver wire by tightly wrapping the wire through a premade
hole in the substrate, sonicated in an ethanol/acetone (volume ratio = 50/50) solvent for 30
minutes, and then rinsed with deionized water. An electrolyte solution was prepared containing
138 mM NaCl, 50 mM tris, 1.25 mM CaCl2, and 0.828 mM K2HPO4 in 125 mL deionized water per
substrate. The solution was buffered to pH 7.2 using hydrochloric acid. The electrolyte solution
was then heated to 95°C. The substrate and a platinum plate were held parallel to each other
with a fixed distance of separation of 10 mm. The substrate and platinum plate were connected
to the negative and positive outlets of a direct current power supply (Instek GPS-3030D),
respectively, and immersed in the electrolyte solution. The electrochemical reaction was carried
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out for 5 minutes at 12.5 mA/cm2 (area relative to the platinum plate), then rinsed off with
deionized water and dried in air.
Deposition of nanohydroxyapatite seed layer (NanoSeed)
A suspension with 0.4 wt% nanohydroxyapatite crystals dispersed in water was provided
by Transparent Materials, Rochester, NY. 50 µl of solution was deposited onto the titanium
substrate. The solution was allowed to dry in a fume hood for at least three hours.

Hydrothermal growth of YFHAP
The hydrothermal solution was prepared by first stirring 0.115M Na2EDTA·2H2O into 30
mL of deionized water per sample until it was completely dissolved. 0.1 M Ca(NO3)2 was then
added, followed by 0.06 M (NH4)2HPO4, 0.01M Y(NO3)3,and 0.02M NH4F. The solution pH was
raised to 10.0 with ammonium hydroxide and then stirred for about 10 minutes. The electrolyte
solution was then transferred to a Teflon-lined stainless steel acid digestion autoclave (Parr Item
No. 4744, 45 mL internal volume), until filled with approximately 60% solution. The seeded
substrate was submersed in the solution with the seed layer facing down and tilted ~45 degrees
relative to the bottom of the autoclave. The autoclave was heated for 15 hours at 200°C and
autogenous pressure. After heating, the autoclave was cooled to room temperature in a fume
hood. The sample was then taken out, rinsed with deionized water several times, and dried in
air.
Thermally stimulated depolarization current (TSDC) measurement
After the hydrothermal deposition, the back sides of the samples were scraped to
remove excess deposition of apatite in order to expose the titanium. Samples then underwent a
mild heat treatment to 300oC for 1 hour with a heating rate of 5oC/minute in order to remove
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any surface contamination. Then, ~10 nm of platinum was sputtered on the samples’ surface to
improve the surface conductivity. Samples were then tested for their stored charge using the
thermally stimulated depolarization current (TSDC) test, which consists of measuring the current
produced by a sample as it is being heated. Samples were placed between two 1 cm x 1 cm
pieces of platinum foil and were held together using a C-clamp. The platinum foil was
connected to platinum wire that was shielded with alumina tubes. The platinum wires were
then attached to a Keithley 6487 picoammeter to measure current while the samples were
heated to 700oC at a rate of 5oC/min.
Polarization
A sample that was prepared with an electrochemically deposited seed layer and then
hydrothermally grown was placed in the same setup as the TSDC measurement. The sample
was heated to 400oC at a rate of 5oC/minute, and then held there for several hours until the
current output was relatively stable, which turned out to be about 67 nA/cm2. Then, new leads
were attached so that the picoammeter could apply a voltage of 30V for 1 hour to the sample.
After 1 hour, the current generated by the sample was measured using the picoammeter.
Sample characterization
Crystal morphology was examined using a scanning electron microscope (SEM, ZeissAuriga) with an accelerating voltage of 3 kV. The composition of HAP membranes was
determined by EDX (EDAX). Three spots on two different samples were probed at an
accelerating voltage of 15 kV and the values were averaged and standard deviations were
calculated. The crystal structure was determined by X-ray diffraction (XRD) (Philips PW3020)
with Cu K1 radiation (λ=1.540560 Ǻ) from 20-60o with a step rate of 0.02 degrees/second. Phase
identification was made by comparison with the JCPDS files. For zeta potential measurements,

48
approximately 1 mg of HAP sample was scrapped off and placed into 1 mL of DI water. A 90Plus
Particle Size Analyzer by Brookhaven Instruments Corporation was used. 10 runs, with 5
cycles/run were used to measure the zeta potential. The Smoluchowski model was used for
calculating zeta potential values.
3.3. Results and discussion
Top and side view SEM images of the two seed layers are shown in Figure 3.2. The seed
layer prepared by electrodeposition (EdepSeed) has a film of individual crystal rods pointing
straight up from the titanium substrate. The individual crystals are just under 1 µm long and
about 20-30 nm wide. The seed layer prepared with the nanohydroxyapatite suspension
(NanoSeed) is a very dense film and is approximately 0.5 µm thick.

Figure 3.2. SEM of seed layers: a) EdepSeed top view, b) EdepSeed side view, c) NanoSeed top
view, and d) NanoSeed side view.
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Figure 3.3 shows SEM images of the seed layers after the hydrothermal growth. The
EdepSeed layer after hydrothermal growth (EdepYFHAP) is a very dense film of crystals that are
tightly packed. The side view shows that densely packed single crystals make up the film
thickness. Similar results occur for the NanoSeed layer after a hydrothermal growth
(NanoYFHAP), but the crystals are not quite as dense and the film is slightly thinner. Figure 3.3
also compares the HAP deposited via plasma spraying (PlasmaHAP), which was provided by APS
Materials, Inc, Dayton, OH. PlasmaHAP mostly consists of closely packed spherical HAP particles
that form a film roughly 30 µm thick.
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Figure 3.3. SEM of YFHAP samples after hydrothermal growth and PlasmaHAP: a) EdepYFHAP
top view, b) EdepYFHAP side view, c) NanoYFHAP top view, d) NanoYFHAP side view, e)
PlasmaHAP top view, and f) PlasmaHAP side view.
Figure 3.4 shows the XRD results for all the samples. The seed layer prepared by
electrodchemical deposition (EdepSeed) has some preferential orientation along the c-axis, as
demonstrated by the fact that the (0 0 2) peak is slightly higher than the next highest peak of (2
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1 1). However, after the EdepSeed sample undergoes a hydrothermal growth, the (0 0 2) peak
becomes highly pronounced, being orders of magnitude higher than the next highest peak. A
similar phenomenon occurs for the NanoSeed sample. NanoSeed actually has very little
preferred orientation, but after a hydrothermal growth, the crystals become highly oriented
along the c-axis. These results show that the hydrothermal crystal growth of both seed layers
occurs according to the evolutionary selection mechanism proposed by van der Drift, as
demonstrated in Figure 3.5.[23] Initially, the seed layer crystals grow in a variety of directions,
as shown at t = to. After time t = t1, the crystals begin to intersect each other. When a crystal
that is angled relative to the substrate touches a crystal oriented perpendicular to the substrate,
the angled crystal stops growing. By t = t2, the oriented crystal is the only one to continue
growing. Therefore, only crystals that grow perpendicular to the substrate survive, while other
crystals become embedded under the growth layer.[24]

Figure 3.4. XRD patterns of all samples prepared, with peaks labeled according to JCPDS 09-0432
for HAP and JCPDS 01-1197 for Ti.
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Figure 3.5. Preferentially oriented crystal growth via an “evolutionary selection” mechanism, as
proposed by van der Drift. (Adapted from Gang et al.)[24]
The thermally stimulated depolarization current (TSDC) results in Figure 3.6 show very
large current densities obtained upon heating both the NanoYFHAP and EdepYFHAP samples,
with measurable current beginning at 250 and 270oC, respectively. The NanoYFHAP sample has
dual peaks around 400 and 530oC, with both peaks having maximum current densities around
16,500 nA/cm2. EdepYFHAP on the other hand, has a single peak at 440oC with a maximum
current density of 25,300 nA/cm2. The total stored charge can be calculated by integrating the
area under the curve as a function of temperature:

Q=

1
J(T )dT
β∫

(3.1)

where Q is the stored charge (C/cm2), β is the heating rate (oC/minute) and J(T) is the current
density (A/cm2) at temperature T (oC). EdepYFHAP and NanoYFHAP have stored charges of
29.31 mC/cm2 and 47.81 mC/cm2, respectively. The fact that samples prepared with different
seed layers contained large stored charges demonstrates that the stored charge does not come
from a particular seeding step. To verify that the stored charge is not due to the titanium
substrate or stray currents, the TSDC curve for HAP deposited via plasma spraying shows that
almost no current is produced for the unaligned sample.
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Figure 3.6. TSDC curve of EdepYFHAP, NanoYFHAP, and PlasmaHAP.
One factor that attributes to the sample’s high stored charge is the fact that HAP can
exist in various compositions ranging from stoichiometric HAP, Ca10(PO4)6(OH)2, to calciumdeficient HAP as expressed by Ca(10-x-y)(HPO4)x(PO4)6-x(OH)2-y□y. As the chemical formula shows,
the creation of one Ca2+ vacancy can either cause the creation of a OH- vacancy, □, or the
protonation of a PO43- group in order to maintain charge neutrality. This ability to exist in a
variety of compositions allows HAP films to potentially be formed with a composition
concentration gradient.[25, 26] The hydrothermally grown samples in this work were capable of
forming a composition concentration gradient because of the seed layers being negatively
charged, as verified by zeta-potential measurements. EdepSeed has a zeta-potential of -15.60
mV ± 0.51, while NanoSeed’s is -15.01 mV ± - 1.28. Negative zeta-potential values for HAP are
common due to speculation that HAP is thought to have an excess concentration of PO43- groups
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at its surface.[25-27] When the negative seed layers are placed into the hydrothermal solution,
they first interact with the positive Ca2+ ions, forming a Ca2+ rich apatite layer, as depicted in
Figure 3.7. After the Ca2+ rich layer forms, it will interact with the negative phosphate ions in
solution, forming a Ca2+ deficient apatite layer. Eventually, the HAP crystals reach an
equilibrium composition.[25, 26] A potential profile of the composition change within the
hydrothermally grown YFHAP crystals is shown in Figure 3.8. The variation of HPO42- along the
hydrothermally grown YFHAP crystal length provides a change of H+ concentration within the
crystal structure. Upon heating these samples during the TSDC test, the H+ from HPO42- become
mobile and are redistributed to O2- vacancies to form OH- groups. In fact, it has been
demonstrated that for nonstoichiometric HAP, H+ generated from HPO42- predominantly migrate
rather than H+ from OH- below 400oC.[9, 28] This H+ migration is the current being measured as
the YFHAP films are being heated during the TSDC test. Therefore, the hydrothermally grown
YFHAP samples have a built in stored charge due to the variation of composition along their
crystal length. Another piece of evidence that demonstrates there is a concentration gradient of
H+ within the YFHAP crystals is that if the electrodes of the picoammeter are reversed during
TSDC testing, the sign of the current always becomes negative. This demonstrates that the
concentration gradient of H+ always occurs in the same direction of the YFHAP crystals.

55

Figure 3.7. Schematic of Ca2+ attraction to the negatively charged surface of a seed layer;
initiating the calcium-rich base of a hydrothermally grown crystal.

Figure 3.8. Potential composition concentration profile of a YFHAP crystal grown during
hydrothermal synthesis.

Another factor that allows these stored charge values to be so large is due to the high caxis orientation of the YFHAP films. H+ migration has been shown to occur along OH- ions, which
are aligned along the crystallographic c-axis.[9, 11, 22, 29] As confirmed by XRD in Figure 3.4,
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the YFHAP films are almost perfectly aligned along the c-axis, allowing for easier migration of H+.
Previous work in our group has shown enhanced conductivity of HAP and yttrium-doped HAP
membranes with high c-axis orientation.[20, 30] Another factor that improves to mobility of H+
in the YFHAP samples is the fact that the individual crystals contain very few grain boundaries,
which have been shown to act as traps for H+ conduction.[9]
In order to demonstrate the ability of these coatings to be polarized by an electric field,
the samples first had to be depolarized as much as possible since the intrinsic stored charge in
the films was so large that it overshadows the influence of polarizing the films. Therefore, an
EdepYFHAP sample was first heated to 400oC, with Figure 3.9 showing the resulting TSDC curve.
As expected, a large stored charge can be measured in the unpolarized sample. To depolarize
the sample, it was held at 400oC for several hours until the current measured was significantly
lowered and stayed at a relatively stable value, as shown in Figure 3.10. The inset in Figure 3.10
shows that after being held at 400oC for over 10 hours, the current measured reached a
somewhat stable value of around 67 nA/cm2.
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Figure 3.9. TSDC curve of unpolarized EdepYFHAP sample heated to 400oC.

Figure 3.10. TSDC curve depolarizing the EdepYFHAP sample by keeping it at 400oC for several
hours. Inset shows a zoomed in shot at the end of the TSDC curve.
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At this point, the sample was then polarized by an external electric field of 30V for 1
hour. After polarization, a TSDC curve was obtained, as shown in Figure 3.11. Clearly, the
current measured increases above 67 nA/cm2 after polarization. To calculate the total stored
charge induced by polarization, the area under the curve of Figure 3.11 was subtracted from a
straight line at 67 nA/cm2, as shown in equation 3.2, where t stands for time in seconds:
t

t

Q = ∫ J(t)dt - ∫ 67
0

0

nA
cm

2

dt

(3.2)

The total stored charge induced by polarization in Figure 3.11 was therefore measured to be
around 0.05 mC/cm2. This value underestimates the stored charge induced by polarization due
to the fact that the current was not measured until the sample reached the original current of
67 nA/cm2. Regardless, this test does validate the ability to induce a polarization within the
films using an external electric field.

Figure 3.11. TSDC curve after polarizing the EdepYFHAP sample at 400oC and 30V for 1 hour.
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3.4. Conclusions
Two different HAP seed layers were hydrothermally grown to produce YFHAP films that
contained large stored charge values according to TSDC experiments. The fact that two
different seed layer processes were used shows that the stored charge is not the result of a
particular seeding process. Also, the fact that plasma deposited HAP does not have any stored
charge verifies that the large currents were not from the titanium substrate or stray currents
from the setup. Rather, the stored charge is built into the YFHAP crystals due to a composition
concentration gradient along the crystal length. Due to variations of HPO42- in the crystal
structure, there is a variation of H+ throughout the sample. Upon heating, the H+ becomes
redistributed by migrating to O2- vacancies and forming OH-. The fact that the YFHAP crystals
are highly c-axis oriented and contain few grain boundaries along their crystal length facilitates
the redistribution of H+, leading to the large stored charge values.
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Chapter 4

Characterization of Ytterbium and Ytterbium-fluoride Doped Hydroxyapatite Membranes for
Ion Conducting Applications

4.1. Introduction
While hydroxyapatite (HAP, Ca10(PO4)6(OH)2) has been highly studied as a bioceramic
due to its biocompatibility and osteoconductive properties, recent research has focused on
using HAP in new applications such as catalyst supports, gas sensors, ionic exchangers, electrets,
and fuel cell electrolytes due to its ionic conducting abilities.[1-8] HAP belongs to the hexagonal
P63/m space group, with OH- ions forming one-dimensional chains parallel to the c-axis in the
center of Ca2+ triangles.[9] HAP has been shown to be a proton conductor at elevated
temperatures, with the conduction mechanism being proposed to be protons rotating along the
c-axis of the OH- groups.[10] Thermally stimulated depolarization current (TSDC) measurements
indicate that the onset of proton mobility can be as low as 200oC.[4] With proton mobility
occurring at this low of a temperature, HAP has the potential to be an electrolyte for an
intermediate temperature (400-700oC) fuel cell. Intermediate temperature fuel cells have
advantages over traditional low temperature (T < 100oC) fuel cells such as polymer electrolyte
membranes because they do not require expensive rare metal catalysts for the electrodes. High
temperature (T > 800oC) fuel cell electrolytes such as yttria-stabilized zirconia (YSZ) are
problematic because they often require expensive high temperature resistant auxiliary
components, plus the high temperatures often cause mechanical issues such as cracking over
the long term.[11] While intermediate temperatures are ideal for a fuel cell, the ionic
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conductivity of current intermediate temperature fuel cell electrolytes is too low or they are
chemically unstable for practical applications.[12] While HAP can conduct protons in the
intermediate temperature range, the proton conductivity of a typical HAP pellet sintered in air is
much lower (10-6 S/cm) than the O2- conductivity of current state of the art high temperature
electrolytes such as YSZ (10-2 S/cm at 700oC).[13, 14]
To further enhance HAP’s ionic conductivity, our group has developed a novel method
that deposits c-axis oriented HAP membranes onto metal substrates.[3, 15] The first step is an
electrochemical deposition that seeds the metal surface with submicron HAP crystals. The seed
layer acts as a nucleation site for crystal growth during the second step, which is a hydrothermal
process that increases the size, density, and c-axis orientation of the HAP membrane. The fact
that the crystals are grown preferentially along the c-axis and the individual crystals have very
few grain boundaries means that the protons have a direct path for conduction. These
properties produce proton conductivity values of ~10-4 S/cm at 700oC on palladium
substrates.[3] Not only is the conductivity improved, but the area specific resistance is greatly
reduced compared to sintered pellets of hydroxyapatite because of the 2-3 orders of magnitude
reduction in the HAP membrane thickness. Even with these improvements, the conductivity is
still too low for practical applications as an intermediate temperature fuel cell electrolyte.
Another method to enhance conductivity is to partially dope the HAP crystals with
various cations or anions. Ca2+ can be substituted with monovalent, bivalent, or trivalent cations
such as Na+, Mg2+, and Y3+ respectively, PO43- is typically replaced with a bivalent anion such as
CO32-, and OH- has been exchanged with monovalent anions such as F-.[1, 16-18] When yttrium
is substituted, an apatite with the chemical formula Ca10-xYx(PO4)6(OH)2-xOx is created.[6, 7, 1921] Y3+ substitution for Ca2+ converts some OH- groups to O2- in order to maintain charge
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neutrality. It was shown that as yttrium substitution increases up to x = 0.65, conductivity
increases to a maximum value of ~10-4 S/cm at 800oC. However, when x > 0.65, the apatite
transitions from a pure proton conductor, to a mixed proton/O2- ion conductor, and eventually
to a pure O2- ion conductor, with the conductivity falling to ~10-7 S/cm at 800oC. Previous work
in our group has shown that with yttrium substitution, conductivity values approaching 10-2
S/cm at 700oC can be obtained.[22] Carbonate substitution has also been shown to improve
conductivity, giving values approaching 10-3 S/cm at 700oC.[1] As with yttrium substitution, a
similar conversion to O2- ion conduction is observed with increased carbonate substitution.
One drawback to using hydroxyapatite for high temperature ion conducting applications
is their potential for dehydroxylation. Nonstoichiometric hydroxyapatite can begin
dehydroxylation as low as 500oC.[13] Since the proton conduction mechanism is dependent on
OH- ions, conductivity decreases as dehydroxylation occurs. Conductivity values can decrease by
103 S/cm after only 24 hours for HAP pellets and films that have become dehydroxylated.[13]
To prevent dehydroxylation, fluoride substitution has been shown to improve the thermal
stability of HAP.[23] Proton conduction was even shown to increase with the addition of up to
50% F- substitution, but decreased with higher levels of substitution due to the strong
electronegativity of F- and their affinity for protons.[8]
While a variety of elements have been doped into the HAP crystal structure to influence
biological, mechanical, and ionic properties, very little is known about how elements from the
lanthanide series impact the crystal growth and structure of hydroxyapatite membranes.
Doping with elements from the lanthanide series may be of interest since they are trivalent
cations. As mentioned with yttrium, trivalent cations can convert OH- to O2-, and potentially
improve HAP’s conductivity. Therefore, preliminary experiments in this work were done to
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introduce various elements from the lanthanide series into the HAP crystal structure using a
novel electrochemical-hydrothermal technique. Since it was desired to test conductivity and
fuel cell performance measurements on the doped HAP films, it was necessary to produce highly
dense films in order to prevent hydrogen gas crossover during measurements. It was found that
ytterbium (Yb3+) doped HAP (YbHAP) was the most suitable dopant to form a fully dense and
smooth membrane. The effect of Yb3+ concentration on the crystal morphology, crystal
structure, and composition was further evaluated. Also, a co-doped ytterbium-fluoride HAP
(YbFHAP) sample was synthesized and characterized since fluorinated HAP has been shown to
have enhanced thermal stability at elevated temperatures, which is critical during conductivity
and fuel cell testing.
To test the conductivity and fuel cell performance of the YbHAP and YbFHAP
membranes, it was necessary to deposit the coating on a substrate that could act as a support
structure for the membrane, while also being the anode for hydrogen oxidation. Previous work
has shown that palladium can serve as a hydrogen membrane at elevated temperatures.[12, 24]
When exposed to palladium at temperatures above 300oC, hydrogen will dissociate into protons
and electrons, with the protons traveling through the palladium. In this work, a thin palladium
film (~10-20 µm) was electrolessly deposited onto one side of a porous stainless steel
substrate.[25] The porous stainless steel provides mechanical support for the thin palladium
film, as compared to using palladium foil that could support itself (80-100 µm). The decreased
thickness of palladium reduces the resistance of protons traveling through the palladium
membrane. The reduced thickness also minimizes the amount of palladium used, which lowers
cost. After the YbHAP and YbFHAP electrolyte was then deposited onto the palladium anode, a
cathode catalyst paste of La0.6Sr0.4Co0.2Fe0.8O3-x (LSCF) (~40 µm) was brush coated on top of the
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YbHAP or YbFHAP membrane to perform oxygen reduction. This entire assembly is called a
“hydrogen membrane fuel cell”, as represented in Figure 4.1.[12, 24]

Figure 4.1. Hydrogen membrane fuel cell, with palladium anode, YbHAP or YbFHAP electrolyte,
and LSCF cathode.
4.2. Experimental
Materials
Titanium(Ti) substrates (12.5 mm x 12.5 mm and 0.89 mm thick), platinum foil (25 mm x
25 mm and 0.127 mm thick), analytical grade Ca(NO3)2·4H2O (99.0% purity), La(NO3)3·6H2O
(99.9% purity), Eu(NO3)3·6H2O (99.9% purity), Ce(NO3)3·6H2O (99.5% purity), Nd(NO3)3·6H2O
(99.9% purity), and Yb(NO3)3·6H2O (99.9% purity) were purchased from Alfa Aesar. (NH4)2HPO4
(>99.0% purity) was purchased from EMD. K2HPO4 (99.99% purity), CaCl2·2H2O (99+% purity),
NaCl (≥99.0% purity), tris(hydroxymethyl)- aminomethane (tris) (99.8+% purity), analytical
hydroxyapatite powder, and disodium ethylenediaminetetraacetate dihydrate (Na2EDTA·2H2O)
(ACS reagent, 99.0-101.0% purity) were all obtained from Sigma- Aldrich. NH4F (ACS reagent,
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98% purity) was purchased from Aldrich Chemical Company, Inc. La0.6Sr0.4Co0.2Fe0.8O3-x (LSCF)
paste was obtained from NexTech Materials. Platinum paint came from SPI Supplies. 36.538.0% hydrochloric acid and 28.0-30.0% pure ammonium hydroxide were purchased from
Mallinckrodt Chemicals. Detergent powder was purchased from Alconox. Sintered porous
stainless steel discs (0.5 µm pore size, 19.05 mm diameter, 1.59 mm thick) were obtained from
Mott Corporation. Deionized water was used for all solutions.
Preparation of palladium on porous stainless steel (PSS)
Samples prepared for conductivity and fuel cell testing were deposited onto a PSS
substrate that was coated with a thin layer of palladium using a reported electroless deposition
process.[25] The PSS substrate was first cleaned with an alkaline solution that consisted of of 5
g Na3PO4, 16.25 g Na2CO3, 11.26 g NaOH, and 1.25 g Alconox powder in 250 mL of DI water. The
substrate was sonicated for 1h in a water bath at 60oC. Then the substrates were removed,
rinsed off with tap water, and sonicated in DI water for another hour. The sample was then
sonicated for 15 minutes in isopropanol and allowed to dry by placing samples in an oven for 30
minutes at 140oC. Finally, the substrate was placed in 1M HCl for 10 minutes, followed by
sonicating in DI water for 10 minutes.
Two beakers were then prepared for the surface activation. Beaker one contained 1 g/L
SnCl2*2H20 and 1 ml/L concentrated HCl in DI water, while beaker two contained 0.1 g PdCl2 and
1 ml concentrated HCl in 100 ml DI water. Both solutions were stirred until the chemicals fully
dissolved. Then the cleaned PSS substrates were immersed in beaker one for 5 minutes at room
temperature, rinsed with DI water, then immersed in beaker two for 4 minutes at room
temperature. The samples were rinsed with 0.01M HCl, then rinsed with DI water, and placed
back in beaker one for 5 minutes. This process was repeated five more times until a uniform,
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brownish gray surface appeared. The samples were then dried for 2 hour at 140oC. One of the
activated sides was lightly scraped off using a box cutter blade since the palladium only needs to
be deposited on one side.
A plating solution was then prepared with 4 g/L Pd(NH3)4Cl2*H2O, 198 ml/L NH4OH
(28%), 40.1 g/L Na2EDTA, and 6 ml/L of 1M H2NNH2, giving a pH ~7.4. Samples were attached
with silver wire through the hole in the substrate so that the sides with the scraped off
activation layer were touching. The samples were placed in a volume of plating solution
according to the ratio Vsolution/Splating area ~3.5 cm3/cm2 for 90-120 minutes at 60oC, then rinsed
with 60oC water. The substrates were then placed in fresh plating solution for another 90-120
minutes. This process was repeated (usually 5-6 times) until a dense palladium layer of about 20
µm was formed.
The substrates were then annealed at a temperature of 640oC for 2 hours using a ramp
rate of 5oC/minute. Hydrogen was applied when the sample reached 300oC at a rate of
200cc/minute, then turned off before the sample cooled down to 300oC to avoid palladium
embrittlement.
Electrochemical deposition of HAP seeds
Samples for XRD and EDX characterization were deposited on titanium substrates, while
samples prepared for conductivity and fuel cell performance were deposited onto PSS-Pd. PSSPd and titanium substrates were gently polished with SiC paper (800 grit) to provide surface
roughness. The substrates were then thoroughly washed with Alconox detergent powder,
rinsed with tap water, attached to a silver wire by tightly wrapping the wire through a premade
hole in the substrate, sonicated in an ethanol/acetone (volume ratio = 50/50) solvent for 30
minutes, and then rinsed with deionized water. An electrolyte solution was prepared containing
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138 mM NaCl, 50 mM tris, 1.25 mM CaCl2, and 0.828 mM K2HPO4 in 125 mL deionized water per
substrate. The solution was buffered to pH 7.2 using hydrochloric acid. The electrolyte solution
was then heated to 95°C. The substrate and a platinum plate were held parallel to each other
with a fixed distance of separation of 10 mm. The substrate and platinum plate were connected
to the negative and positive outlets of a direct current power supply (Instek GPS-3030D),
respectively, and immersed in the electrolyte solution. The electrochemical reaction was carried
out for 5 minutes at 12.5 mA/cm2 (area relative to the platinum plate), then rinsed off with
deionized water and dried in air.

Hydrothermal growth
The hydrothermal solution was prepared by first stirring Na2EDTA·2H2O into 30 mL of
deionized water per sample until it was completely dissolved. The concentration of
Na2EDTA·2H2O was dependent on the concentrations of Ca2+ and Yb3+ (or La3+, Ce3+, Nd3+, and
Eu3+) in the solution according to the equation [EDTA] = [Ca2+] + 1.5[Yb3+]. 0.1 M Ca(NO3)2·4H2O
was then added, followed by 0.06 M (NH4)2HPO4. For La3+, Eu3+, Ce3+, and Nd3+ samples, 0.01M
La(NO3)3·6H2O, Eu(NO3)3·6H2O, Ce(NO3)3·6H2O, and Nd(NO3)3·6H2O of was added to the
hydrothermal solution, respectively. For Yb3+ doped HAP, Yb(NO3)3·6H2O was added in amounts
ranging from 0.05M to 0.03M (YbHAP(0.005M) to YbHAP(0.03M)) for composition and XRD
analysis. A co-doped ytterbium-fluoride sample (YbFHAP) was also prepared, which contained
0.01M Yb(NO3)3·6H2O and 0.02M NH4F. A fluorinated sample (FHAP) was prepared with the
same composition as YbFHAP, except without the ytterbium. A YbFHAP sample was prepared
on PSS-Pd for conductivity and fuel cell performance tests, as well as a YbHAP(0.01M) sample.
The pH of each solution was raised to 10.0 with ammonium hydroxide and then stirred for about
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10 minutes. The electrolyte solution was then transferred to a Teflon-lined stainless steel acid
digestion autoclave (Parr Item No. 4744, 45 mL internal volume), until filled with approximately
60% solution. The seeded substrate was submersed in the solution with the seed layer facing
down and tilted ~45 degrees relative to the bottom of the autoclave. The autoclave was heated
for 15 hours at 200°C and autogenous pressure. After heating, the autoclave was cooled to
room temperature in a fume hood. The sample was then taken out, rinsed with deionized water
several times, and dried in air. For samples with multiple hydrothermal growths, a new
hydrothermal solution was prepared and the hydrothermal process was repeated for a specified
number of times.
Membrane characterization
Crystal morphology was examined using a scanning electron microscope (SEM, ZeissAuriga) with an accelerating voltage of 3 kV. The composition of HAP membranes was
determined by EDX (EDAX). Three spots on each sample were probed at an accelerating voltage
of 15 kV and the values were averaged and standard deviations were calculated. The crystal
structure was determined by X-ray diffraction (XRD) (Philips PW3020) with Cu K1 radiation
(λ=1.540560 Ǻ) from 20-40o with a step rate of 0.02 degrees/second. Phase identification was
made by comparison with the JCPDS files.
Fuel cell conductivity and performance test
A 50-100 µm thick LSCF cathode with dimensions of 0.5 x 0.5 cm was brush coated onto
a YbHAP or YbFHAP membrane that was deposited on PSS-Pd. The LSCF was allowed to dry for 1
hour at 80oC. A platinum mesh with platinum wires attached for lead connections was then
pasted to the PSS and LSCF using platinum paint and LSCF paste on each side, respectively,
followed by drying for 1 hour at 80oC. The sample was then attached to the end of a 20 mm
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diameter alumina tube using a ceramic adhesive (Ceramabond 569, Aremco Products, Inc.), with
the YbHAP or YbFHAP membrane facing outward. The ceramic tube was then attached to a
ProboStat test assembly for hydrogen gas input and removal, as well as connecting to the
Zahner Zennium for electrochemical impedance spectroscopy (EIS) and fuel cell current-voltage
(I-V) measurements. The sample was heated to 400, 500, 600, and 700oC at a ramp rate of
2oC/minute for EIS and I-V measurements. The sample was maintained at each temperature for
15 minutes before measurements in order to allow the sample to reach thermal equilibrium.
Room temperature hydrogen gas was used at a rate of 200 cc/minute for each measurement,
which was controlled by a Scribner Associates 850C test stand. EIS measurements were carried
out using the two-point probe alternating current impedance spectroscopy method over a
frequency range of 1 MHz to 0.1 Hz with an amplitude of 50 mV. I-V measurements were done
in potentiostatic mode at a rate of 5mV/s.

4.3. Results and discussion
All samples were prepared by first electrochemically depositing a HAP seed layer, as
shown in Figure 2.1 of chapter 2. Figure 4.2 shows samples that were then prepared with
various ions from the lanthanide series, in particular La3+, Ce3+, Nd3+, Eu3+, and Yb3+, after one 15
hour hydrothermal growth. EDX verified the presence of each element in the crystal structure.
While all samples contain a relatively similar crystal structure, Yb3+ doped HAP clearly provides
the most suitable morphology for producing a potentially dense film for conductivity
characterization due to its smooth surface and densely packed crystals. Therefore, Yb3+ was
chosen to investigate and characterize in more detail.

73

Figure 4.2. SEM of a) La3+, b) Ce3+, c) Nd3+, d) Eu3+, and e) Yb3+ doped HAP.
Figure 4.3 shows top view SEM images of samples grown as a function of Yb3+
concentration after one hydrothermal growth. Samples with no Yb3+ (HAP) during the
hydrothermal growth have many gaps between the crystals, while samples with 0.005M, 0.01M,
and 0.015M Yb3+ (YbHAP(0.005M), YbHAP(0.01M), and YbHAP(0.015M)) show crystals with a
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smooth surface and are densely packed. The YbHAP(0.02M) sample shows that the crystals
begin to have more gaps between them, while the YbHAP(0.03M) sample seems to change from
a hexaganol surface to pyramidal, with many gaps at the surface.
To understand the morphological changes as Yb3+ concentration increases, composition
analysis was done using EDX and the results are shown in Table 4.1. The ratio of Ca2+ to Yb3+
actually incorporated into the crystals (CaEDX/YbEDX) almost matches the ratio of Ca2+ to Yb3+ in
the hydrothermal solution (CaHydrothermal/YbHydrothermal) for YbHAP(0.005M) and YbHAP(0.01M).
For YbHAP(0.015M) and YbHAP(0.02M), even though 50% and 100% more Yb3+ was
incorporated into the hydrothermal solution compared to YbHAP(0.01M), respectively, only
slightly more Yb3+ was incorporated into the crystal structure. However, a dramatic increase of
Yb3+ incorporated into the crystals occurs for YbHAP(0.03M). This dramatic change of
composition correlates to the morphological changes that occur for YbHAP(0.03M) in Figure 4.3
f.
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Figure 4.3. SEM top view images of crystal layers after one hydrothermal growth as a function of
Yb concentration: a) [Yb3+] = 0.0M, b) [Yb3+] = 0.005M, c) [Yb3+] = 0.01M, d) [Yb3+] = 0.015M, e)
[Yb3+] = 0.02M, and f) [Yb3+] = 0.03M.
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Table 4.1. EDX results of HAP, YbFHAP, and YbHAP samples with various Yb3+ concentrations.
CaHydrothermal/YbHydrothermal is the Ca2+/Yb3+ atomic ratio in the starting hydrothermal solution.
CaEDX/YbEDX is the atomic ratio of the synthesized apatite membrane.
To further characterize the samples as a function of Yb3+ concentration, XRD analysis
was done on each sample, as shown in Figure 4.4. The XRD spectrums of analytical grade HAP
powder and the HAP electrochemical seed layer are shown as a comparison. All the peaks for
the analytical HAP powder are consistent with the standard (JCPDS 09-0432), with the two
highest peaks being the (2 1 1) and (1 1 2) planes. The HAP seed layer has the greatest peak
intensity for the (0 0 2) plane, with significant peaks from the (2 1 1) and (1 1 2) planes also. The
titanium (Ti) (0 0 2) peak can be detected easily due to the thin nature of the film (JCPDS 011197). For the HAP sample with no Yb3+ after one hydrothermal growth, a dramatic increase of
the (0 0 2) peak is observed (the peak is actually off the chart and is around three orders of
magnitude higher than the next highest peak). The large (0 0 2) peak means that the crystals
have preferred c-axis orientation normal to the substrate. For YbHAP(0.005M), YbHAP(0.01M),
and YbHAP(0.015M), almost all other peaks besides the (0 0 2) plane become indistinguishable,
representing almost perfect c-axis orientation. For YbHAP(0.02M), secondary phases begin to
form, in particular Na3Yb2(PO4)3 (JCPDS card 23-0534) and Ca3Yb2O6 (JCPDS card 19-0263). The
crystals also have an enhanced (2 1 1) orientation. For YbHAP(0.03M), the (0 0 2) peak becomes
less intense than the (2 1 1) peak, which shows decreased c-axis orientation. The intensity of
the secondary phase’s peaks also increases. The XRD data is consistent with the morphological
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and composition changes that begin when 0.02M Yb3+ or more is added. Clearly there is a limit
to how much Yb3+ can be incorporated into the crystal structure before the orientation and
composition deviate greatly from undoped HAP. Lattice parameters were calculated the same
way as in chapter 2. Yb3+ is only slightly smaller than Ca2+, so Yb3+ substitution, as expected, did
not dramatically change the unit cell volume, as shown in Table 4.2.

Figure 4.4. XRD patterns of HAP powder, HAP seed layer, and HAP, YbHAP, and YbFHAP after
one hydrothermal growth on titanium: (a) Analytical grade HAP powder, (b) HAP seed layer, (c)
YbFHAP with [Yb] = 0.01M and [F] = 0.02M, (d) HAP, (e) YbHAP(0.005M), (f) YbHAP(0.01M), (g)
YbHAP (0.02M), and (h) YbHAP(0.03M). XRD peaks are identified from the hydroxyapatite
standard pattern (JCPDS 09-0432), titanium (Ti) is identified with (JCPDS 01-1197), while
secondary phases Na3Yb2(PO4)3 and Ca3Yb2O6 are determined from (JCPDS 23-0534) and (JCPDS
19-0263), respectively.

Table 4.2. Lattice parameter calculations.
Previous studies using HAP as a liquid chromatography packing have shown that HAP
has crystal c-surfaces (the crystal facets parallel to the titanium substrate) that are negatively
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charged, while its a-surface crystal facets are positively charged.[26] Since the positively
charged Yb3+ will most likely preferentially adsorb onto the negatively charged c-surface, the
crystal growth onto that surface will slow due to the reduced interfacial free energy of that
facet.[27] Therefore, it becomes more favorable for the crystal to grow wider. With too much
Yb3+ doping, the change in crystal morphology may be due to the fact that calcium substitution
can occur at two different sites. Cations such as Yb3+ can substitute at calcium sites called Ca(I)
or Ca(II). There are four Ca(I) sites per unit cell, and they are in columns parallel to the c-axis
surrounded by nine phosphate oxygen atoms. There are six Ca(II) sites per unit cell, which are
surrounded by seven oxygen atoms.[28, 29] It has been shown that under low cation
substitution, the cations will be evenly distributed among the two sites, but at high substitution,
they will preferentially go to the Ca(II) site.[30] This transition of Yb3+ substitution to the Ca(II)
site manifests itself in a morphological and composition change during the hydrothermal
growth.
In order to make a fully dense membrane to provide a gas tight layer for conductivity
and fuel cell testing, the hydrothermal step can be repeated. Figure 4.5 shows a YbHAP(0.01M)
sample after one, two, three, and four hydrothermal growths. By three hyrdrothermal growths,
the sample has very few gaps as viewed from the top. The thickness after the various growths
ranges from ~10-30 µm, as seen in the side view images of Figure 4.5. The side view also
confirms that the crystals are highly packed and have no gaps through the crystal membrane.
As a comparison, Figure 4.6 shows a HAP sample with no Yb3+ after four hydrothermal growths.
The top view shows that many gaps between the crystals still exist; meaning that under the
current growth conditions a dense film cannot be obtained from a pure hydroxyapatite sample.
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Figure 4.5. Top and side view SEM images of YbHAP(0.01M) after 1, 2, 3, and 4 hydrothermal
growths of 15 hours each: a) 1 growth top view, b) 1 growth side view, c) 2 growths top view, d)
2 growths side view, e) 3 growths top view, f) 3 growths side view, g) 4 growths top view, h) 4
growths side view.
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Figure 4.6. Top and side view SEM images of HAP after four hydrothermal growths: a) HAP top
view, b) HAP side view.
By comparison, a sample that was co-doped with 0.01M Yb3+ and 0.02M F- (YbFHAP)
creates an extremely smooth and densely packed membrane after only one hydrothermal
growth, as seen in Figures 4.7 a and b. The sample is also very thin, only ~5 µm thick. This
morphology is ideal for a fuel cell membrane. XRD data in Figure 4.4 confirms a highly oriented
crystal structure similar to YbHAP(0.01M). EDX data also shows a similar composition to
YbHAP(0.01M), with the addition of fluoride clearly detected. By comparison, a sample that was
only doped with fluoride (FHAP) after four hydrothermal growths is shown in Figures 4.5 c and
d. Under these growth conditions, a sample with many gaps is formed; thus the film is not
suitable for conductivity and fuel cell testing.
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Figure 4.7. Top and side view SEM images of ytterbium-fluoride co-doped sample (YbFHAP) with
[Yb] = 0.01M and [F] = 0.02M, after 1 hydrothermal growth and a fluoride doped sample (FHAP)
with [F] = 0.02M, after 4 hydrothermal growths: a) YbFHAP top view, b) YbFHAP side view, c)
FHAP top view, d) FHAP side view.

Figure 4.8 shows the porous stainless steel (PSS) substrate and the palladium layer that
was electrolessly deposited onto PSS. The PSS is porous enough to allow hydrogen gas to reach
the palladium layer, while the palladium is dense enough to provide a continuous surface to
grow the apatite membrane on. For conductivity and fuel cell testing, YbHAP(0.01M) samples
with three hydrothermal growths were grown onto the palladium, as well as YbFHAP samples
with one hydrothermal growth.
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Figure 4.8. SEM images of porous stainless steel and palladium (Pd): a) Porous stainless steel,
zoomed in, b) Porous stainless steel, zoomed out, c) Pd on porous stainless steel, zoomed in, d)
Pd on porous stainless steel, zoomed out.

Figures 4.9 and 4.10 show Nyquist plots for YbHAP(0.01M)-PSS-Pd-LSCF and YbFHAPPSS-Pd-LSCF, respectively, at temperatures from 400 to 700oC. The membrane bulk resistance
was determined using curve-fitting software to determine the point where the arc intersects the
x-axis. It is clear that for both samples, as temperature increases, the bulk resistance decreases.
In Figure 4.11, an Arrhenius plot is created using the equation σ = L/(R*A), where σ is
conductivity (Siemens/cm , S/cm), L is thickness (cm) of the apatite membrane, A is the area
(cm2) of the smallest electrode, and R is the bulk resistance (Ω). Both samples had areas of 0.25
cm2, while the thickness was approximated as 0.001 cm for YbHAP and 0.0005 cm for YbFHAP
from SEM images. Based on the Arrhenius plot, it can be seen that the YbHAP(0.01M)-PSS-Pd-
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LSCF sample has a slightly higher conductivity throughout the tested temperatures, with
maximum conductivities of ~4x10-5 S/cm and 6.67x10-6 S/cm at 700oC for YbHAP(0.01M)-PSS-PdLSCF and YbFHAP-PSS-Pd-LSCF, respectively. Based on these preliminary results, the amount of
fluoride incorporated into the crystals could be hindering proton mobility when compared to
the unfluorinated samples. Maiti et al. showed that having more than half of the hydroxyl ions
replaced with fluoride can inhibit proton mobility due to fluoride’s high electronegativity and
affinity for the positively charged proton.[8]
Activation energies of 0.585 and 0.588 eV were calculated for YbHAP and YbFHAP,
respectively, from the Arrhenius plot. These values are much lower than the values of 1.0 eV for
yttrium doped HAP as recorded in the literature, and are comparable to other proton
conducting ceramics used for fuel cells.[6, 31] These results suggest that increased conductivity
and decreased activation energy values are a result of minimizing grain boundary resistance,
which act as traps for proton conduction. Also, the aligned orientation of the films along the caxis may provide a more direct path for proton transport through the membrane.
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Figure 4.9. Nyquist plots of YbHAP-PSS-Pd-LSCF from 400-700oC.

Figure 4.10. Nyquist plots of YbFHAP-PSS-Pd-LSCF from 400-700oC.
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Figure 4.11. Arrhenius plot of YbHAP(0.01M)-PSS-Pd-LSCF and YbFHAP-PSS-Pd-LSCF.
Area specific resistance (ASR) measurements as a function of temperature are shown in
Table 4.3. ASR is calculated by multiplying the bulk resistance, as determined from the EIS
curves, times the electrode area, 0.25 cm2. An ASR of around 0.25 Ω*cm2 is often desired for
operational fuel cells.[32] One of the main factors causing the ASR of these samples to be so
high is the interfacial resistance at the LSCF-apatite interface. Typically, when depositing a
cathode such as LSCF on a membrane using screen printing and brush painting, a sintering step
of around 1,100oC for at least 2 hours is done to assure good contact between the cathode and
membrane.[33] However, this step was avoided for these tests in order to prevent cracking of
the apatite membrane. Therefore, the only sintering that was done occurred as the sample was
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being heated for conductivity and performance testing. The conductivity values obtained may
therefore drastically underestimate the true conductivity values of the membrane since the
resistance obtained in the Nyquist plot did not separate out the polarization losses from the
anode and cathode, as well as the interfacial resistance between the electrodes and the
membrane. Using our synthesis technique to create yttrium doped membranes and only
sputtering platinum as the cathode resulted in conductivity values approaching 10-2 S/cm at
700oC.[22] The fact that the ytterbium doped samples have such a significantly lower
conductivity value may therefore be due to the significant contribution of resistance from the
electrodes. In the future, low temperature sintering techniques can be applied to improve the
cathode-membrane contact.[34]

Table 4.3. Area specific resistance of YbHAP(0.01M)-PSS-Pd-LSCF and YbFHAP-PSS-Pd-LSCF.
Another reason for the high ASR may have been the deposition process itself for
applying the cathode. A simple brush coating method was used to apply the LSCF slurry to the
membrane. This method, while simple, does not provide the ideal morphology for a cathode
structure. Many parameters need to be considered when applying the cathode such as
thickness, composition, porosity, thermal expansion matching with the membrane, and
membrane poisoning from the cathode.[35] None of these parameters were optimized for
these experiments, thus reducing overall conductivity values and fuel cell performance. Also,
cathode structures such as functionally graded cathodes can be investigated in order to improve
the cathode performance.[36]

87
Aside from the cathode, the electrolyte itself may not have the proper amount of
doping to improve fuel cell performance. Previous works have shown that hydroxyapatite
doped with yttrium tends to increase in conductivity up to a certain percentage, then
dramatically decreases.[6] The same type of trend occurs for fluoride, where roughly 50%
substitution of fluoride for hydroxyl groups tends to produce the maximum conductivity, but
more or less will decrease conductivity.[8] Optimizing the amounts of dopants in a co-doped
sample would require careful composition analysis to be able to correlate small changes in
composition with conductivity.
Figures 4.12 and 4.13 show current-voltage (I-V) and power curves for YbHAP(0.01M)PSS-Pd-LSCF and YbFHAP-PSS-Pd-LSCF, respectively. Both samples have an open circuit
potential (OCP), or the voltage with zero current being drawn, close to the theoretical Nernst
potential values at 500 and 700oC, which are 1.06 and 1.01V, respectively. For YbHAP(0.01M)PSS-Pd-LSCF, the OCP values were 1.06 and 0.92V at 500 and 700oC, respectively, while for
YbFHAP(0.01M)-PSS-Pd-LSCF, the OCP values were 0.944 and 0.843V at 500 and 700oC,
respectively. The high OCP indicates that the samples have a gas tight layer, since any leakage
due to a porous or cracked membrane would cause a significant drop in the OCP. Also, the high
OCP indicates that there is no significant contribution from electronic conduction. The power
curves for the YbHAP(0.01M)-PSS-Pd-LSCF sample indicate that as temperature increases, the
power density increases. The maximum power density is 0.45 mW/cm2 at 500oC and 1.92
mW/cm2 at 700oC. As for the YbFHAP-PSS-Pd-LSCF sample, the maximum power density is 0.06
mW/cm2 at 500oC and 1.09 mW/cm2 at 700oC. As discussed before regarding ASR values, the
fact that these power densities are roughly 2-3 orders of magnitude lower than current high
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temperature fuel cells such as YSZ at 700oC can partially be attributed to the lack of optimizing
the cathode deposition process, as well as controlling the membrane dopant amounts.

Figure 4.12. I-V and power curves of YbHAP(0.01M)-PSS-Pd-LSCF from 400-700oC.
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Figure 4.13. I-V and power curves of YbFHAP-PSS-Pd-LSCF from 400-700oC.

4.4. Conclusions
The ion conducting abilities of hydroxyapatite offers many potential applications as a
sensor, electret, or fuel cell electrolyte. The electrochemical-hydrothermal method described in
this work improves the conductivity of hydroxyapatite by minimizing grain boundary resistance,
optimizing orientation, and can be further enhanced by controlling the composition, particularly
with dopants. Ytterbium and ytterbium-fluoride doped HAP membranes were characterized.
SEM, EDX, and XRD data shows that the crystal membranes can only be doped with a limited
amount of ytterbium until the crystal morphology, composition, and structure changes. With
the proper amount of doping, a dense hydroxyapatite film with the ideal structure for a fuel cell
electrolyte was created. A protocol for testing the fuel cell characteristics of these
hydroxyapatite membranes was investigated. The high open circuit potentials demonstrated
that the membranes were gas tight, as well as being electronically insulating. While the
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conductivity and performance results were lower than traditional fuel cell electrolytes, there are
many areas for improvement, particularly in applying and optimizing the cathode structure.
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Chapter 5

Electrochemical Reduction of Silver Nanoparticles onto Hydroxyapatite Films

5.1. Introduction

The orthopedic implant market in 2012 was valued at just over $30.5 billion, with over
2.6 million orthopedic implants inserted annually in the United States alone.[1, 2]. Implants are
typically composed of titanium or titanium alloys due to its biocompatability, but much work has
been done to enhance the integration process by coating implant surfaces with hydroxyapatite
(HAP, Ca5(PO4)3OH).[3-6] HAP’s similar composition to bone provides a bioactive surface to
form better tissue ingrowth between the patient’s body and the orthopedic implant, helping to
speed up the recovery process and prevent future prosthetic loosening.[7, 8] However, titanium
or hydroxyapatite coated implants do very little in regards to preventing infections. Over
100,000 implants are infected each year in the United States alone, with medical costs
exceeding $3 billion to treat these infections.[9] Even in the most sterile surgical environments,
bacteria from the surgical equipment, clothing from medical staff, or a patient’s own skin can
still adhere to an implant.[10] Infected implants can be devastating to a patient and may even
require a secondary surgery to clean or replace the implant.[11] In worst case scenarios,
infected implants can lead to amputation or even lethal sepsis. Therefore, there is a high
urgency to not just treat infections, but prevent them from occurring in the first place. If
bacteria adhesion occurs and a bacteria biofilm forms on an implant before tissue regeneration
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occurs, the biofilm can be ten to one thousand times more resistant to antimicrobial agents
than free-floating bacteria.[12]
While systemic antibiotic delivery can help prevent infections, the large dosage of drugs
used increases the likelihood of a patient suffering negative side effects.[13] Also, continual
administration of antibiotics may cause antibiotic-resistant bacteria to form.[14, 15] Therefore,
much research has been done to apply antibiotics locally to the surgical site. Not only can local
drug delivery reduce the amount of antibiotic administered, it is also more likely to prevent an
infection due to its close proximity to the surgical site. To locally administer drugs, many
surgeons have used bone cements made of polymethylmethacrylate (PMMA) that are loaded
with antibiotics.[16, 17] However, PMMA does nothing to help stimulate osteointegration of
the implant with the body and may even need to be removed in a subsequent surgery.[18, 19]
Many groups have also tried to load drugs into HAP coated titanium implants.[20-22] However,
the amount of antibiotic loaded and the release profile usually relies on a bulk diffusion
mechanism or surface roughness characteristics, limiting the parameters to enhance the
amount of loading and extend the release time of antibiotics, particularly for smaller
antibiotics.[21, 22] Electrostatically charged hydrogels have been synthesized in an effort to
extend the drug release, but they have very little benefit in terms of helping the implant
integrate into the body.[23]
Silver ions have long been known to have antimicrobial properties, while having minimal
toxicity to human cells at concentrations below 10mg/l.[10, 24, 25] Silver ions are effective
against a broad range of pathogens such as P. aeruginosa, E. coli, S. epidermidis, and S. aureus,
and these bacteria have been shown to not form a resistance to silver ions.[10, 26] Ionized
silver has been shown to disrupt the function and structure of bacteria cell membranes, leading
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to cell distortion and death. Also, silver ions disrupt critical cell metabolic proteins and enzymes
by binding to thiol groups, as well as bind to DNA and RNA to interfere with replication.[24, 2628]
In this section, a novel and simple method for synthesizing a bioactive HAP coating with
antimicrobial silver nanoparticles is presented (AgHAP). The initial HAP layer was deposited
onto a titanium substrate using an electrochemical method. By shortening the electrochemical
deposition time, a uniform and thin film of HAP crystals was formed. Then, an electrolyte
solution containing silver ions and salt was used to electrochemically reduce silver nanoparticles
directly onto the HAP crystals. The HAP and AgHAP films were characterized and tested for
antimicrobial capabilities.
5.2. Experimental
Materials
Titanium(Ti) substrates (12.5 mm x 12.5 mm and 0.89 mm thick), platinum foil (25 mm x
25 mm and 0.127 mm thick), AgNO3, MgCl2·6H2O (99.0-102% purity) and NaHCO3 (99.7-100.3%
purity) were purchased from Alfa Aesar. K2HPO4 (99.99% purity), K2HPO4·3H2O (99% purity),
CaCl2·2H2O (99+% purity), NaCl (≥99.0% purity), tris(hydroxymethyl)- aminomethane (tris)
(99.8+% purity), and tryptic soy broth were all obtained from Sigma- Aldrich. CaCl2 (99.5%
purity) and Na2SO4 (100.1% purity) was purchased from J.T. Baker. KCl (99.7% purity), 36.538.0% hydrochloric acid, and 28.0-30.0% pure ammonium hydroxide were purchased from
Mallinckrodt Chemicals. Detergent powder was purchased from Alconox. Deionized (DI) water
was used for all solutions.
Electrochemical deposition of HAP seeds
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Titanium substrates were gently polished with SiC paper (800 grit) to provide surface
roughness. The substrates were then thoroughly washed with Alconox detergent powder,
rinsed with tap water, attached to a silver wire by tightly wrapping the wire through a premade
hole in the substrate, sonicated in an ethanol/acetone (volume ratio = 50/50) solvent for 30
minutes, and then rinsed with deionized water. An electrolyte solution was prepared containing
138 mM NaCl, 50 mM tris, 1.25 mM CaCl2, and 0.828 mM K2HPO4 in 125 mL deionized water per
substrate. The solution was buffered to pH 7.2 using hydrochloric acid. The electrolyte solution
was then heated to 95°C. The substrate and a platinum plate were held parallel to each other
with a fixed distance of separation of 10 mm. The substrate and platinum plate were connected
to the negative and positive electrodes of a direct current power supply (Instek GPS-3030D),
respectively, and immersed in the electrolyte solution. The electrochemical reaction was carried
out for 5 minutes at 12.5 mA/cm2 (area relative to the platinum plate), then rinsed off with
deionized water and dried in air.
Electrochemical reduction of Ag nanoparticles
For each sample coated with Ag nanoparticles, an 80 mL solution containing 1.25 mM
Ag(NO3) and 1.25 mM NaCl was prepared. The electrolyte solution was then heated to 95°C.
The HAP coated substrate and a platinum plate were held parallel to each other with a fixed
distance of separation of 10 mm. The substrate and platinum plate were connected to the
negative and positive electrodes of a direct current power supply, respectively, and immersed in
the electrolyte solution. The electrochemical reaction was carried out for 90 seconds at 12.5
mA/cm2 (area relative to the platinum plate), then rinsed off with deionized water and dried in
air.
Bacteria growth testing

98
A solution of Staphylococcus aureus (S. aureus) (ATCC 25923) bacteria in tryptic soy
broth was grown overnight with shaking at 37oC. The bacteria concentration was then diluted
with tryptic soy broth until the solution’s absorbance value at 490 nm was 0.1. Bacteria growth
curves were produced by placing n = 6 HAP and AgHAP samples into wells of a 24 well plate.
Each well was then filled with 2 mL of bacteria suspension, as well as six control wells with just
bacteria suspension. The samples were then incubated at 37oC. Bacteria growth was measured
at various times by taking 200 μL of bacteria solution from each sample and placing it into a 96
well microtitre plate using light scattering at 490 nm. (BioTek FLx800 Fluorescence Microplate
Reader). The 200 μL solution was then placed back into the solution of their respective samples
after each measurement.
Simulated body fluid setup
N = 3 HAP, AgHAP, and titanium substrates were placed facing up in plastic tubes
containing 15 mL of simulated body fluid that was prepared as described by Kokubo, but with
1.5 times the concentrations.[29]. The chemicals used, their amounts, and order in which they
were added is listed in Table 5.1. The final pH was adjusted to 7.4 with tris. The solution was
kept at 37oC and the samples were left for 24 hours.

Table 5.1. Recipe for simulated body fluid.

99

Sample characterization
Crystal morphology was examined using a scanning electron microscope (SEM, ZeissAuriga) with an accelerating voltage of 3 kV. The composition of HAP membranes was
determined by EDX (EDAX). Three spots on two different samples were probed at an
accelerating voltage of 15 kV and the values were averaged and standard deviations were
calculated. The crystal structure was determined by X-ray diffraction (XRD) (Philips PW3020)
with Cu K1 radiation (λ=1.540560 Ǻ) from 20-60o with a step rate of 0.02 degrees/second. Phase
identification was made by comparison with the JCPDS files. For zeta potential measurements,
approximately 1 mg of HAP sample was scrapped off and placed into 1 mL of DI water. A 90Plus
Particle Size Analyzer by Brookhaven Instruments Corporation was used. 10 runs, with 5
cycles/run were used to measure the zeta potential. The Smoluchowski model was used for
calculating zeta potential values.
5.3. Results and discussion
Figure 5.1 shows SEM images of the HAP and AgHAP samples. Individual HAP crystals
are ~ 800 nm long and ~30 nm wide. For AgHAP, the Ag nanoparticles are evenly distributed
over the entire HAP coating and along each individual HAP crystal. The size of the Ag
nanoparticles varies from 5 to 50 nm. The variation in nanoparticle size can potentially be
advantageous to control the release of Ag+ since the rate of ion release is proportional to
particle surface area.[30] A range of particle sizes can insure that there will be some Ag+
released quickly from the smaller particles, while the larger particles will release Ag+ more
slowly. Also, according to the Kelvin equation, particles in the nano-size range have a higher
solubility limit than the bulk, allowing for a higher amount of Ag+ delivered if desired.[31]
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Figure 5.1. SEM of a) HAP side view, b) HAP top view, c) AgHAP side view, d) AgHAP top view,
and e) AgHAP zoomed in.
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EDX results in Table 5.2 and Figure 5.2 confirm the presence of Ag in the AgHAP samples
and give an approximate amount of 1.50 At%. While there is a measurable amount of NaCl on
the HAP sample, most of it is removed after the Ag electrochemical deposition.

Table 5.2. EDX of HAP and AgHAP.

Figure 5.2. EDX spectrum of AgHAP.

XRD in Figure 5.3 verifies that the silver electrodeposition does not change the crystal
structure of the HAP. The peaks for HAP and AgHAP match standard HAP and titanium
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according to JCPDS 09-0432 and 01-1197, respectively. HAP has an enhanced (0 0 2) peak,
showing some preferential orientation along the c-axis. The silver could not be detected using
XRD since the highest peak for silver is at 38.117o according to JCPDS 4-0783, which overlaps
with the (0 0 2) peak for titanium.

Figure 5.3. XRD of HAP and AgHAP.
The formation of silver nanoparticles onto HAP crystals can occur via a variety of
mechanisms. With the applied potential being much larger than the reduction potential of the
metal, nonequilibrium conditions are relevant here.[32] The silver ions are reduced in solution
according to the equation:[33]
Ag+ + e-  Ag

(1)

The positively charged Ag+ is attracted to the titanium substrate since titanium is attached to the
negative electrode during electrochemical deposition. As the Ag+ forms Ag nanoparticles, the
nanoparticles may become lodged into the HAP crystals due to Ag+’s electrostatic attraction
toward the titanium. Even the HAP crystals themselves inherently have a negative surface
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charge. The HAP crystals have a zeta potential of -15.60 ± 0.51. This is a common result since
HAP is thought to have an excess concentration of PO43- groups at its surface.[34-36]
Another mechanism could occur via deprotonation of the HAP hydroxyl group by a base
B:
HAP−OH + B  HAP−O- + BH

(2)

This step would be followed by an electrophilic attack of Ag+:
HAP−O- + Ag+  HAP−Ag

(3)

Also, a very similar mechanism could occur directly onto the titanium substrate:[37]
Ti−OH + B  Ti−O- + BH

(4)

Ti−O- + Ag+  Ti−Ag.

(5)

Finally, some Ag+ can directly substitute for Ca2+ in the HAP crystal structure to form Ca5xAgxHx(PO4)3OH,

where the extra hydrogen is necessary to maintain charge neutrality.

Figure 5.4 compares HAP, AgHAP, and a piece of titanium after being immersed in
simulated body fluid (SBF) for 24 hours. This is a simple, acellular bioactivity test used to
evaluate a coating’s ability to stimulate osseointegration. Both the HAP and AgHAP samples
clearly have a thick new apatite layer formed on and in between the crystals. The thickness of
the new apatite layer is approximately the same for both samples, showing that the silver does
not impede the apatite-forming ability of the HAP coating. EDX results in Table 5.3 verify that
the composition of the new layer is indeed that of apatite. Titanium, on the other hand, clearly
shows its lack of bioactivity. Most of the titanium surface was exposed except for a few small
NaCl and CaCl2 deposits.
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Figure 5.4. SEM of new HAP growth after being immersed in SBF for 24 hours, a) HAP after SBF
immersion, b) AgHAP after SBF immersion, c) representative top view of samples in images a
and b, and d) Ti after SBF immersion.

Table 5.3. EDX of new apatite layer after immersion in SBF for HAP, AgHAP, and Ti.
Figure 5.5 shows the growth profile of S. aureus bacteria and when it is exposed to the
HAP and AgHAP samples. There is a clear distinction between the two samples, showing the
ability of the silver ions released from the AgHAP samples to retard bacteria growth. Based on
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the SBF results, more Ag can potentially be deposited onto the HAP surface in order to further
reduce bacteria growth, while also not hindering new apatite formation. Future tests should be
done to determine the cytotoxicity of increased amounts of Ag nanoparticles.

Figure 5.5. Growth of S. Aureus bacteria when exposed to AgHAP, HAP, and in suspension.

5.4. Conclusions
A novel and simple method to electrochemically reduce Ag nanoparticles onto bioactive
HAP was developed and characterized. The electrochemical reduction is a fast process that
uniformly deposits Ag nanoparticles over the entire HAP coating, while not requiring any harsh
reducing agents. The AgHAP coating has comparable bioactivity to the HAP coating according to
SBF results, but also has antimicrobial properties.
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Chapter 6

Conclusions and Future Work

6.1. Conclusions
This thesis investigated a novel synthesis technique to deposit a highly oriented, crystalline film
of hydroxyapatite onto various metal substrates. Various properties of the coating were characterized
and the coatings were synthesized with many applications in mind such as a fuel cell electrolyte and an
orthopedic coating with antimicrobial properties. A summary of the main conclusions from these
studies are as follows:
(a) The thermal stability of novel hydroxyapatite membranes was investigated in order to determine
their feasibility in high temperature applications. It was found that substituting fluoride into the crystal
structure prevented the hydroxyapatite coating from decomposing into other calcium phosphate phases
such as β-TCP at temperatures up to at least 900oC, whereas unfluorinated samples began
decomposition around 600oC. A yttrium-fluoride co-doped sample demonstrated the potential to
further modify properties of the film by adding additional dopants, while also maintaining a high
thermal stability. The co-doped films also produced a highly dense and thin film after only one
hydrothermal growth, which may be beneficial for applications requiring a dense film such as a fuel cell
electrolyte. Finally, a steam atmosphere was also shown to retard thermal decomposition since it shifts
the decomposition equation to favor hydroxyapatite.
(b) Much research has been done studying the influence of polarizing hydroxyapatite, particularly with a
negative surface charge, in order to improve osteointegration. In this thesis, yttrium-fluoride co-doped
hydroxyapatite membranes on titanium were prepared using a hydrothermal growth and two different
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seeding steps. Both samples had a very large stored charge according to thermally stimulated
depolarization current measurements, even without polarization. The large stored charge is speculated
to come from a composition concentration gradient within the sample. Also, the c-axis orientation of
the crystals relative to the substrate and the fact that they had no grain boundaries along the crystal
allowed the current measured from the samples to be high.
(c) SEM, EDX, and XRD analysis characterized hydroxyapatite films doped with various amounts of
ytterbium. The results showed that there is a range of ytterbium that can be incorporated into the
crystal structure until a phase change occurs. Once the phase change occurs, the membrane loses its
unique crystal orientation and morphology. Ytterbium and ytterbium-fluoride co-doped hydroxyapatite
membranes were then tested as fuel cell electrolytes. The results showed that the membranes were
ionically conductive, electronically insulating, and gas tight. While the conductivity and power output of
the fuel cells were low compared to state of the art fuel cell electrolytes, much can be done to improve
performance such as optimizing the cathode composition and deposition process, as well as controlling
the amount of dopant used.
(d) A hydroxyapatite film that was electrochemically deposited onto titanium was uniformly coated with
silver nanoparticles using a second electrochemical deposition step. The process for reducing silver
nanoparticles on hydroxyapatite is fast, simple, and can be done on a variety of substrate shapes. The
apatite coating with and without silver nanoparticles were shown to have comparable apatite forming
abilities in a simulated body fluid, while the silver coated samples have a superior capability to slow
down bacteria growth.
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6.2. Future Work
The unique morphology, orientation, composition, and electrical properties of the
hydroxyapatite membranes investigated in this thesis offers a wide range of potential applications such
as a fuel cell electrolyte, catalyst support, sensor, electret, or orthopedic implant coating. Some future
projects are suggested to continue investigating the unique properties of this coating.
(a) Characterization of coated screws for clinical applications
The versatility of the electrochemical seeding step allows a hydroxyapatite film to be deposited
onto a variety of shapes such as rods, screws, or even porous materials. Figure 6.1 shows preliminary
results of a coating that was electrochemically deposited onto a titanium dental screw. Rather than
using a flat platinum counter electrode for the deposition, a piece of conductive graphene was used to
surround the screw. The graphene surrounding the screw ensured that a uniform deposition would
occur. Using these screws, in vivo analysis can be done to properly understand how these coatings
behave in the body and how they compare to uncoated screws and state of the art plasma sprayed
hydroxyapatite screws.

Figure 6.1. Electrochemically deposited hydroxyapatite coating on a titanium dental screw.
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(b) Characterization of various metals reduced on hydroxyapatite films
The work in chapter 5 can be expanded in numerous ways. First, more analysis can be done to
understand if the silver nanoparticles not only reduce bacteria growth, but also prevent bacterial
adhesion on HAP’s surface using a Calgary plate. The Calgary plate would allow for carefully placing the
samples upside down in a bacteria suspension so just the coating surface is in the suspension. Upon
drying the samples, SEM observations can give a better idea about bacterial adhesion on the coatings.
Also, more tests should also be done to determine how effective the coatings are against other types of
bacteria. In vitro studies can also be performed using mesenchymal stem cells in order to understand
how the coatings interact with actual human cells.[1] It will be important to understand what amount of
silver can be tolerated before the body’s cells will be negatively impacted. In addition to silver, other
metals can be investigated. Cu2+ has also been shown to have antimicrobial properties.[2] Figure 6.2
shows an SEM image of copper nanoparticles electrochemically reduced onto a hydroxyapatite coating.
Other charged antibiotics or charged species can also be investigated to cover the coating. Also,
hydroxyapatite has been used as a catalyst support with palladium nanoclusters for the selective
oxidation of alcohols.[3] Other catalysts can be deposited and tested in which the HAP coating acts as a
catalyst support.

Figure 6.2. Electrochemical reduction of copper nanoparticles onto the HAP seed layer.
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