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ABSTRACT
Structural and microstructural investigation on solution precursor plasma sprayed copperdoped hydroxyapatite (Cu-HA) coatings with0, 3, 5 and 10 weight percent (wt.%) of Cu dopant
concentration is presented. Scanning electron micrographs show no significant morphological
changes at the surface and cross-section of the coatings as copper content increases. X-ray
diffraction results show decreases in the HA phase content from 93% to 14% and degree of
crystallinity form 94% to 85% along with the increase of impurity phases upon increasing the
copper concentration. RAMAN and IR spectra depicted broadening and red-shifting of the
phosphate bands due to the distortion of the HA structure induced by the insertion of the copper
ions into the HA lattice. X-ray photoelectron spectroscopy results identified that the copper
species incorporated in HA structure was Cu+ and Cu2+ ions. Incorporation of copper ions into
HA was associated to an interstitial insertion along hexagonal channel of the HA structure
which leads to the increase in the lattice a parameter and expansion of the unit cell volume
observed in Rietveld refinement measurements. The insertion was induced by the
dehydroxylation process of HA due to the high temperatures of the plasma jet. Furthermore,
the dopant concentration limitation in order to maintain the dominance of HA phase in the
coating is 5 wt.% of Cu.

Keywords: copper-doped hydroxyapatite, solution precursor plasma spray, microstructure
investigation, interstitial insertion

1. INTRODUCTION
The occurrence of implant associated infection has been one of the major problems in
biomedical application [1-3]. Hence, development of novel implants with inherent antibacterial
capability is highly needed. This capability may be developed by the addition of metal ions to
hydroxyapatite, Ca10(PO4)6(OH)2, (HA). The latter has been one important biomaterial for
implants due to its biocompatibility and bioactivity [4-Erreur ! Source du renvoi
introuvable.]. HA has an advantage of having a flexible structure that provides good absorption
matrix for other ions in its lattice to add some biofunctionality such as antibacterial capability
[3,6-8].
This present study focuses on the incorporation of copper ions to HA as it exhibits
antibacterial characteristics, and has been found out to have pro-angiogenic potential, i.e. the
ability to stimulate the formation of new blood vessels which increases the viability of boneforming cells into implants [7-13]. However, the utilization of Cu is potentially toxic to humans
if exceeds certain amounts [14-15]. Aside from that, incorporation of other ions in the HA
structure bring about structural change which then could influence its physico-chemical
properties [3, 8, 17].
In our previous paper [18], we presented the optimization of spray parameters to obtain
Cu-HA coatings using SPPS process. The present contribution focuses on the structural and
microstructural influence of various copper ion concentration in the HA matrix. Moreover, the
possible mechanism on the incorporation of Cu ion into the HA structure will also be discussed
in this study.
2. Experimental details
2.1. Solution preparation
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For the preparation of Cu-doped calcium phosphate solution, copper nitrate trihydrate
(Cu(NO3)2・3H2O,Scharlau Lab., Barcelona, Spain, 99.5% purity) was used as copper ion
source, calcium nitrate tetrahydrate (Ca(NO3)2.4H2O, Scharlau Lab., Barcelona, Spain, 99%
purity) as calcium ion source and triethylphosphite (P(OEt)3, Sigma Aldrich, Saint-Louis,
Missouri, USA, 97.5 % purity) as phosphorous ion source. Deionized water was used as solvent
in all preparations. After dissolving the Ca and Cu ions precursors, the solution was thoroughly
mixed first using magnetic stirring before adding the hydrolyzed tri-ethyl phosphite solution as
P ions precursor. The possible synthesis mechanism of all chemical precursors was discussed
elsewhere [18]. The stoichiometry of final solution precursor was maintained to have atomic
ratio [(Ca + Cu)/P] = 1.67. Finally, the mixed solution were continually stirred for 24 hours
and left at ambient temperature for 5 days before plasma spraying. The samples’ codes
according to Cu concentration are pure HA for 0 wt.% Cu, 3% Cu-HA for 3 wt.% Cu, 5% CuHA for 5 wt.% Cu and 10% Cu-HA for 10 wt.% Cu.
2.2 Plasma spray parameters
SG-100 torch (Praxair S.T., Indianapolis, IN, USA) mounted on a 6-axis ABB IRB 140
industrial robot (Zürich, Switzerland) was used for plasma spraying of Cu-HA coatings. Argon
gas with flow rate of 45 slpm (standard liter per minute) and hydrogen gas with flow rate of 5
slpm were used as primary and secondary gases, and were kept constant throughout all spraying
experiment. The flow rate of solution was equal to 53 mL/min. The solution was injected into
the plasma jet using mechanical injection system using an external injector (nozzle) with
diameter of 0.3 mm. The injector was set under the angle of 30o backwards with respect to the
torch axis. The substrate used were stainless steel cylinders (ϕ = 25 mm, thickness = 3.0 mm).
They were sandblasted using F36 alumina sand. The spraying distance was 50 mm. A
rectangular spray pattern with 3.0 mm off-set distance after each spray scan at a speed of
500mm/s was used to spray. The temperature at the surface of the sprayed coating was
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monitored using Impac IN 5 pyrometer (LumaSense Technologies, Santa Clara, California,
USA).
2.3 Coatingscharacterization
The morphological features of the as-deposited Cu-HA at the surface and cross-section were
observed using JEOL JSM-IT300LV (Massachusetts, USA) scanning electron microscope
(SEM).
X-ray diffraction measurements were performed using a Bragg Brentano D8 Advance
(Brucker, Massachusetts, USA) diffractometer with CuKα radiation. The scans were performed
in the range of 20° to 70° (2θ), with a step increment of 0.014°. The measured diffractograms
were analyzed using Diffrac+EVA software with the JCPDS-ICDD database for the crystalline
phase identification. TOPAS v.4.2 [19] software was used to estimate the relative amount
(wt.%) of the crystalline phases present in the coating. The degree of crystallinity of the coating
were determined using the following equation
𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦, % =

𝐼(300) − 𝑉(112⁄

300)

𝐼(300)

where𝐼(300) is the intensity at (300) peak and 𝑉(112⁄

300)

× 100%

(Eq. 1)

is the intensity of a valley between

(112) peak and (300) peak [20, 21].
The average crystallite sizes of the coatings are calculated using Williamson-Hall plot
method given in equation 2:
𝛽 cos 𝜃
2sin 𝜃
1
= 𝜀(
) + (Eq. 2)
𝜆
𝜆
𝜏
Where β is the integral broadening of the peaks in radians, θ is the Bragg angle, λ is the
wavelength of the radiation, τ is the effective crystallite size and ε is the effective strain [2122]. The planes used for the calculations are (002), (211), (112), (300), (202), (310), (222) and
(213).
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Due to the abundant presence of peaks, the unit cell refinement of the HA phase was
performed using a full pattern matching with the Rietveld method [21] using JANA 2006
software [24]. In all cases, the refinements were performed using the phases observed including
the impurities present in the samples. The structural models used for the refinement of the
coatings’ phases are listed in Table 1. In every case, the continuous background was modeled
with a 10 terms Legendre polynomial function and the vertical position of the sample was
refined. The peak profiles were represented by pseudo-Voigt functions. The cell parameters and
profile parameters of the main phases were refined, while the cell parameters of the impurities
were kept to their original values and their profile parameters were set to reasonable values and
not refined.
Table 1. Structural models used for Rietveld refinements.
Powder

Phases

References

Chemical

Diffraction File

Formula

No.

Ca10(PO4)6(OH)2

09-0432

Ca3(PO4)2

09-0348

Tetracalcium phosphate (TTCP)

Ca4P2O9

25-1137

[27]

Calcium copper phosphate (CCP)

Ca19Cu2(PO4)14

46-0403

[28]

Calcium oxide (Lime)

CaO

37-1497

[29]

48-1548

[30]

Name and notation in paper

Hydroxyapatite,(HA)
Alpha-tricalcium phosphate,(α-

[25]
[26]

TCP)

Copper oxide (Tenorite)

CuO

The infrared characteristicsof the Cu-HA coatings were determined by Attenuated Total
Reflectance – Fourier Transform Infrared (ATR–FTIR) spectroscopy using Nicolet 6700
(Thermofisher, Massachusetts, USA) spectrometer with a scan range at 4,000- 400 cm-1 infrared
5

spectral region having 2 cm-1 resolution over 32 scans. All experimental runs were conducted
at room temperature and the reflection data were converted into absorption mode.
The experimental Raman spectra of the coatings were recorded at room temperature
using an Invia Reflex Renishaw (Wotton-under-Edge, United Kingdom) Raman spectrometer
equipped with a laser diode (λ=785 nm, 30 mW) in a backscattering geometry using a 100x
objective lens. Prior to measurement, the spectrometer was calibrated with a standard silicon
sample. The scattered photons from the sample were dispersed in a 1200 lines/mm grating and
collected at the same time on a charge coupled device camera detector. The spectra were
obtained in the 75-1200 cm-1 spectral range using a microprobe spot size of 2.0 µm and spectral
resolution of 2.0 cm-1 with 10 seconds exposure time. Raman maps (400x400 µm-2) were
collected using the SteamLine mode (each line is 40 µm long and 1 µm large) with 5 seconds
exposure time and a 20x objective lens. For each map a total of 1349 spectra was collected.
The amount of Ca, P and Cu in the coatings were quantitatively measured using Optima
8300 DV Inductive coupled plasma – atomic emission spectroscopy (ICP-AES) (Perkin Elmer,
Wellesley, Massachusettes, USA). The coatings are first processed into a solution by dissolving
the dried scraped-off coatings with nitric acid and submitted to microwave oven. The solution
is then nebulized inside the chamber and is ionized by ICP torch. The photons emitted were
then measured as concentration of analyzed atoms (Ca, P and Cu) in mg/L.
X-ray photoelectron spectroscopy (XPS) characterization was carried out to determine
the surface chemical composition using Surface Science Instruments X-Probe and S-probe
spectrometers. XPS irradiates the sample with a penetration depth of 8-10 nm using a
monochromatic Al Kα X-ray sources (hν = 1486.6 eV) causing the emission of photoelectrons
and Auger electrons which are identified by hemispherical analyzers and multichannel
detectors. The information gathered through XPS was used in the determination of the number
and kinds of atoms according to its energies in the spectral peaks.
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3. Results
3.1. Microstructural properties of Cu-HA coatings
The surface morphology of the coatings with different Cu concentrations display the
characteristic deposits of solution precursor plasma spray (SPPS) process (see Figure 1) which
shows agglomerated and melted particles with fine spherical particles (less than 1 µm sizes).
The surface of the coatings revealed a cauliflower-like morphology. Relatively dense
microstructure with cone-tip defect and micropores were observed at the cross-section of CuHA coatings. There are no particular changes of the coatings’ microstructures with the copper
concentration.
Pure HA

100 µm

5 µm

10 µm

3% Cu-HA
100 µm

5 µm

10 µm
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5% Cu-HA
100 µm

10 µm

5 µm

10% Cu-HA
100 µm

5 µm

10 µm

Figure 1 SEM images at the surface and cross-section of SPPS pure HA, 3%Cu-HA,
5%Cu-HA and 10% Cu-HA coatings; inset: low magnification at the surface.
3.2. Phase identification of the coatings
The XRD diagrams of the coatings were analyzed using TOPAS software to identify the
crystalline phase formation during the process. The phase identification of all samples is shown
in Figure . The coatings sprayed without copper dopant were mainly composed of 93 wt.% HA.
However, presence of TTCP (6 wt.%) and CaO (1wt.%) as minor impurities were observed as
decomposition product of HA at high temperatures. The coatings doped with 3 wt.% Cu shows
HA as the dominant phase having 88 wt.%, but with some α-TCP (9 wt.%), tenorite CuO (2
wt.%), and very small traces of CaO (<1 wt.%) were also identified. The presence of CuO in
the coatings may be attributed either to the decomposition of copper nitrate precursor or the
reaction of copper ions with oxygen in HA structure at high temperatures. The coating having
composition of 5 wt.% Cu in the HA matrix shows the quantity of HA phase of 81 wt.%. The
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phases of β-TCP (9 wt.%), α-TCP (8 wt.%) and traces of tenorite (2wt.%) were also observed.
For 10% Cu-HA coating, α-TCP becomes the dominant phase with 71 wt.% while HA phase
was only 14 wt.%. The phases ofβ-TCP (11 wt.%) and CaO (2 wt.%), and CuO (1 wt.%) were
observed. The traces of calcium copper phosphate CCP phases were observed at high dopant
concentration. The latter will not be considered in further discussion.

Pure HA

Figure 2: X-ray diffraction diagrams of the coatings with 0 wt.%, 3 wt.%, 5wt.% and 10 wt.%
Cu showing HA and impurities depending on the Cu concentration.
The calculation of the degree of crystallinity shows values in decreasing order from 94%
for pure HA, 90% for 3%Cu-HA and 85% for 5%Cu-HA which correlates to the increasing
9

presence of impurities that could distort the HA structure. The obtained crystallinity of coatings
was still suitable for biomedical applications as ISO standard requires at least 45% crystallinity
for HA coatings [31]. The average crystallite sizes obtained using Williamson-Hall method
were equal to 100 nm for pure HA, 118 nm for 3% Cu-HA and 83 nm for 5% Cu-HA which
lies in the size range considered as nanomaterials which mimics the biological apatite, i.e.,
essential for bioactivity during implantation [32-33].
3.3. Rietveld refinement
Unit cell refinement was performed by a full pattern matching method to clarify the
incorporation of copper into the HA structure using JANA 2006 software. Due to the large
number of crystalline phases in the sample, the refinement was focused on the main crystalline
phase. The impurities were taken into account in the calculation but their characteristics were
not refined due to the small intensity of their respective peaks. The obtained results are
summarized in Table , along with the parameters from bulk HA. When comparing the standard
values from bulk, i.e., prepared via conventional synthesis method, the volume of the unit cell
of the pure HA coating synthesized by plasma spraying was significantly lower which could be
due to compressive stress induced by the substrate or the result of residual constraints from the
very high temperature used during the spraying.
However, when comparing the results of the refinements for the different coatings, we
can notice a clear increase of the volume of the unit cell with the addition of Cu. The expectation
that Cu substitutes to Ca sites in HA structure was not probable because, if there were
substitutions, the volume would tend to decrease due significant difference in the ionic radii of
the two species (r(Ca2+)=1.00 Å and r(Cu2+)=0.73 Å) [34]. Moreover, the lattice parameters a
and c of the HA increased of very similar quantities with the addition of 3% Cu, while for 5%
Cu, the lattice parameter a seems to be the most affected. Considering these observations,
copper ion is probably inserted in the HA structure in interstitial positions along the hexagonal
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channel. In connection to this claim, related studies on Cu-doping into HA had also described
that the insertion mechanism copper ions is at the interstitial 2b Wyckoff site which leads to the
formation of the linear oxocuprate O-Cu-O entities along the hexagonal channel [7, 35-37].
Table 2: Refined unit cell parameters and volume, goodness of fit, reliability factors and
evolution of unit cell parameters for the HA phase.
HA standard
Pure HA
Lattice parameters
a (Å)
9.432
9.4163(2)
c (Å)
6.881
6.8829(2)
3
V (Å )
530.72
528.53(2)
Refinement factors
GOF
1.38
Rp (%)
4.62
Rwp(%)
6.59
Percent difference with respect to pure HA
a
c
Volume
-

3%Cu-HA

5%Cu-HA

10%Cu-HA

9.4229(2)
6.8893(2)
529.75(2)

9.4280(3)
6.8877(2)
530.21(3)

NR
NR
NR

1.56
4.28
6.78

1.25
2.86
3.99

-

0.07
0.09
0.23

0.12
0.07
0.32

-

Note: numbers in parenthesis represent the standard deviations.
NR- not refined

3.4. Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) Spectroscopy
Figure 3 shows the FTIR spectra of coatings with different copper concentrations. The
bending vibration of the phosphate P-O modes at 500-600 cm-1 and the symmetric and
asymmetric vibration of the phosphate at 900-1200 cm-1 were observed in all coatings. In
addition, the OH of HA lattice can be observed as a shoulder peak at ~630cm-1 and the stretching
vibration of OH of HA centered at 3571 cm-1 indicating the formation of the hydroxyapatite
material is depicted on all coatings. Broadening and red-shifting of peaks were observed with
increasing copper concentration in the coatings, signifying the presence of distortions induced
by the incorporation of copper ions into the HA structure. Moreover, this could also be
attributed to the increasing impurity phases in relation to the XRD results.
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Figure 3: FTIR absorption spectra of SPPS HA with different copper concentration; the OH
peaks (left side) were zoomed in for better observation.
3.5. Raman spectroscopy
The Raman analysis of the pure HA, 3% Cu-HA and 5% Cu-HA coatings is presented in
Figure 4. In the pure HA coating spectra, the observed bands wherein the 428 cm-1 and 447 cm1

associated to the ν2 PO43- degenerate bending modes, 580 cm-1, 590 cm-1 and 607 cm-1

attributed to the ν3 PO43- asymmetric bending modes, and 1029 cm-1, 1047 cm-1 and 1076 cm-1
assigned to the ν4 PO43- asymmetric stretching modes indicate that HA was the main phase in
the coatings. In addition, the strong band observed at 962 cm-1 corresponds to the fully
symmetric stretching mode of ν1 PO43-.The sharpness of this band confirms the good
crystallinity of HA coating [38].
12

Raman mapping was also carried out on the coatings to find out the homogeneity of the
phases present in the coating (see supplementary figures). It can be observed that the HA phase
is homogeneously distributed in the coatings with minor TCP components localized in specific
area in the coatings.

Figure 4: Raman spectra of SPPS Cu-HA coatings with different copper concentration
Raman spectra of 3% Cu-HA and 5% Cu-HA coatings present the same features as pure
HA. However, the main band position was slightly red-shifted and clearly broadened (see
Figure 5) which implies that the modification on the HA structure takes place on the phosphate
groups (PO43-). The measured full width at half maximum (FWHM) of the intense peak around
940-980 cm-1 associated to the ν1 PO43- vibrations shows significant increase having values of
7.089 cm-1, 12.773 cm-1 and 17.027 cm-1 with increasing copper content. This broadening can
be associated to the decrease of crystallinity due to the presence of other phases such as α- and
β-TCP. In addition, a broadening in the 622-636 cm-1 region can be attributed to the presence
of Bg vibrations of tenorite CuO in the coatings [39]. With increasing content of Cu, the
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wavenumber of the symmetric stretching of PO43- band decreases from 962 cm-1 down to 955
cm-1 which indicates a change in the PO43- surrounding implying an increase of P-O bond
distances. This increase signifies expansion in the unit cell of the HA structure which correlates
to the unit cell volume increase in our Rietveld refinement results. This behavior can probably
be linked to the insertion of Cu atoms interstitially in the HA structure which occurs on a site
in the hexagonal channel that can affect the PO43-groups leading to an isotropic increase in the
HA unit cell volume. Previous studies described that copper ions was in the HA structure
leading to the formation of linear O-Cu-O oxocuprate entities which resulted to the expansion
of the unit cell volume [7].

Figure 5: 900-1000 cm-1 region of Raman spectra of Cu-HA

3.6. Chemical analysis by inductively coupled plasma - atomic emission spectroscopy
(ICP-AES)and X-ray photoelectron spectroscopy (XPS)
ICP-AES and XPS were carried out in order to quantify the concentration of copper
element and determine the electronic state of the copper species in the coatings. One can
observe from Figure 6 that the copper content in the coatings was increasing with increasing
14

copper dopant concentration which confirms a successful incorporation of copper ions into the
HA structure. It should be noted that the coating was scraped off from the substrate and then
subjected to ICP-AES characterization for quantitative elemental analysis. Calculation of
calcium to phosphate ratio gives a value of 2.2, 2.1 and 1.9 and a calcium-copper to phosphate
ratio of 2.2, 2.4 and 2.2 for pure HA, 3% and 5% Cu-HA coatings, respectively.The values
obtained were non-stoichiometric, i.e., higher that 1.67, indicating the deposition of calciumrich coating. This further confirms that no copper substitution has taken place. This nonstoichiometric ratio was also attributed to the phosphorous deficiency in the coatings which was
probably due to the dissociation/volatilization of P2O5 at high temperatures [17].
On the other hand, XPS (see supplementary figures) results revealed the presence of Cu2+
cations and its corresponding satellite peaks observed at the range of 934-943 eV. Moreover, a
strong peak at 932.63 eV is associated to the electronic state of Cu+ attributed to the reduction
of Cu2+ at high temperatures above 1100oC. This result confirmed that copper species inserted
in the HA structure were Cu+, and Cu2+ entities [7].

Figure 6 (left) Copper concentration in the deposited coating and (right) stoichiometric ratio
of the coatings
4. Discussion
4.1. Influence of Cu concentration on the microstructure of the coatings
The SEM micrographs of the coatings show no particular changes on their morphology
at the surface and cross-section upon doping of copper ions into the HA matrix. This
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observation was expected due to minute concentration of copper added in the solution precursor
feedstock used for spraying. The morphological characteristics of Cu-HA coatings in this
present work are in good agreement with the study of Candidato et al. [17] on SPPS Zn-doped
HA. Similarly, insertion of the copper ions into the HA lattice distorts the crystal structure of
HA which hinder its crystallization as observed with the decreasing degree of crystallinity as
the copper concentration increases. Consequently, the average crystallite sizes of all coating at
various copper concentration remains in the range of nanometer scale, i.e. 83 nm to 118 nm
which is favorable for bone regeneration application as it mimics the dimensions of the natural
bones [32-33]. The production of nanoscale crystallite sizes can be attributed to the breaking
up of the solution droplets into fine ones using SPPS process which resulted to full pyrolysis of
the droplets as it penetrates into the plasma jet [40]. However, the maximum copper
concentration to be incorporated in the HA lattice which preserves the dominance of HA phase
in the coatings was 5 wt.% Cu due to the fact that the HA structure can only accommodate
certain amounts of other ions in its lattice [17].

4.2. Copper incorporation mechanism
XPS result shows the electronic states of Cu+ and Cu2+ cations in the Cu-HA coatings
confirming the successful incorporation of copper ions into the HA structure. The mechanism
of copper incorporation in HA was presumed to be a substitution of copper ions on the Ca(II)
sites which is characterized by a decrease in the lattice parameters and cell volume contraction
of HA due to the smaller ionic radius of Cu2+ compared to the Ca2+[10, 34, 41]. Contrary to the
expected substitution mechanism, Rietveld refinement obtained from this present work shows
a slight increase in the basal a lattice parameter along with the increase of the unit cell volume
with increasing copper dopant concentration into HA. Moreover, ICP-AES results further
solidifies our claim that no calcium site substitution has taken place due to the non-
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stoichiometric Ca/P ratio, i.e., greater than 1.67 for all the coatings indicating that calcium-rich
coating was being deposited.
In addition, Raman and IR spectra shows red-shifting and broadening of the peaks
associated to the phosphate vibrations of HA with increasing copper concentration. Based on
the results, copper ions could possibly be inserted in interstitial position inside the HA matrix
along the hexagonal channel. This claim was in agreement with the crystallographic studies on
Cu-doping into HA which reported interstitial insertion of Cu atoms at 2b Wyckoff site along
the hexagonal channel leading to the formation of linear oxocuprate O-Cu-O entities in the HA
structure [7, 35-36]. This possible copper ion insertion mechanism was favored due to high
sintering temperature above 1100oC of the plasma jet.
It has been reported that the formation of Cu-HA was a result of the transformation of
α-TCP polymorph and copper-phosphate phases at temperatures above 1100oC from the cooling
process [7]. In here, in-flight particles traveling along the high temperature plasma jet may lead
to the dehydroxylation of HA given by the equation:
𝐶𝑎10 (𝑃𝑂4 )6 (𝑂𝐻)2 → 𝐶𝑎10 (𝑃𝑂4 )6 (𝑂𝐻)2−2𝑥 𝑂𝑥 ⬚𝑥 + 𝑥𝐻2 𝑂 ↑

(Eq. 3)

where ⬚ is the vacancy and x<1. The results in the phase transformation of HA into TCP and
the formation of calcium copper phosphate phases that leads to the insertion of copper on the
vacancies induce by the dehydroxylation process. The presence of TCP and CCP phases in
XRD results which supports the transformation of HA together with the presence of Cu+ and
Cu2+cations in XPS confirms the incorporation of copper ions in the HA matrix producing
coatings with chemical formula Ca10Cux(PO4)6(OH)2-2xO2x. However, the limitation on which
copper ions are incorporated on the HA matrix was 5 wt.% of Cu in order to maintain HA as
the dominant phase in the coatings.
On the other hand, comparing our calculated lattice parameters with SPPS Zn-doped
HA coating using similar doping concentration shows values of a = 9.4113(6) Å and c =
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6.8892(5) Å for Zn-doped HA compared with a =9.4280(3) Å and c = 6.8877(2) Å for Cu-HA
suggesting a different insertion mechanism. Previous studies on SPPS Zn-doped HA coating
reported interstitial insertion of linear O-Zn-O entity in the OH crystallographic site of HA
inducing an increase in the lattice c parameters with no significant influence on the unit cell
volume [17]. However, in this present study, the incorporation of the copper ions into the
interstitial site along hexagonal channel shows increase in the lattice a parameters only and
bring about an isotropic increase in the volume of HA unit cell (see Table 1). Furthermore,
previous studies have reported that insertion of the linear O-Zn-O in the HA lattice attracts the
adjacent phosphate groups but not with case of O-Cu-O oxocuprate [7]. Hence, the presence of
O-Zn-O attracts the PO bands while O-Cu-O possibly repels the PO band leading to the
expansion of the unit cell volume.
Furthermore, the transformation of HA into TCP’s due to dehydroxylation also indicates
that copper ion insertion might be localized in an interstitial site affecting the hydroxyl column
as well. Related studies suggested that existence of ordered isolated [OCuO] units might be
present along the channel [37-38].

5. Conclusion
Structural and microstructural investigation on the newly developed solution precursor
plasma sprayed copper-doped HA with varied dopant concentration has been presented. No
significant changes on the microstructural features on the surface and cross-section of the
coatings were evident as copper content increases. A decrease in HA phase content from 93%
to 14% and degree of crystallinity form 94% to 85% along with the increase of impurity phases
were observed upon increasing the copper dopant concentration. RAMAN and IR spectra shows
broadening and red-shifting of the phosphate bands with increasing copper dopant
concentration due to the distortion in the HA structure brought about by the insertion of copper
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ions. XPS results identified that the copper species incorporated in HA structure were Cu+ and
Cu2+ ions. Rietveld refinements confirmed the increase of the lattice a parameter and expansion
of the unit cell volume due to the incorporation of copper ions into the HA lattice.
These results evidenced that the incorporation mechanism of copper ions is probably an
interstitial insertion along hexagonal channel of the HA structure. The insertion was induced
by the dehydroxylation process of HA due to the high temperatures of the plasma jet. No
calcium substitution has taken place contrary to the claims of some previous reports since SPPS
process had deposited calcium-rich coatings as confirmed by the ICP-AES results.
In this study, 5 w.t% Cu is the maximum Cu quantity to be incorporated into the HA matrix
keeping the HA phase the dominant phase in the coating. In-vitro characterization of the
coatings under simulated body fluids, cytotoxicity and antibacterial testing will be conducted
for the investigation of the feasibility of the SPPS Cu-HA coatings for biomedical application
with added biofunctionality.
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Supplementary Figures:
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Figure 1 Raman mapping of pure HA and 5% Cu-HA showing (red) HA phase, (blue) TTCP
phase, and (green) TCP phase.

Figure 2 XPS result showing the binding energy of the Cu 2p spectrum for 5% Cu-HA
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