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A B S T R A C T   

The authors present novel insights into the formation of nanoporous, wet-chemically produced sodium titanate 
films onto microspherical substrates of varying composition. Microspheres of Ti6Al4V (atomised; ca. 20–50 μm), 
which were utilised due to their ubiquitous industrial usage relative to metallic titanium, were compared with 
TiO2 microspheres (flame spheroidised anatase and rutile powders; average ca. 30–40 μm). These were then 
suspended in 5 M NaOH solutions (60 ◦C, 24 h), and then characterized (SEM, EDS, XRD, XPS) to determine the 
extent of sodium titanate generation, and the potential inhibition of formation due to oxygen content. It was 
found that excessive oxygen content (flame-spheroidised rutile and anatase powders) resulted in inhibition of 
nanoporous titanate formation, apart from the top few nanometres of the surface, since a diffusion barrier of TiO2 
prevents further conversion. The characteristic nanoporous titanate structures were formed on the Ti6Al4V 
microspheres, ca. 1 μm (999 ± 25 nm) in thickness, whereas no visible alteration to the TiO2 microspheres were 
seen. High surface concentration (ca. 9.5–17.6 at.%) of Na was seen in all samples via XPS, including the TiO2 
microspheres (despite no morphological change), however, only the Ti6Al4V microspheres exhibited moderate 
Na content (ca. 4.7 at.%) via EDS, illustrating a diffusion gradient during formation. The confirmation of these 
structures onto microspherical substrates opens the possibility for application in biomaterials, water treatment, 
and energy fields.   

1. Introduction 

Alkaline titanate structures have garnered significant attention, in a 
wide variety of fields, due to their multifunctional properties [1,2]. 
Fields such as photocatalysis [3], biomaterials [4], radioactive waste
water treatment [5], and batteries [6], just to name a few, have 
benefited from the research into these structures. Their ability to 
translate so easily between fields is due to their ion-exchangeability 
[7–9], functionalisation [10], simplistic methodology [11], as well as 
their production into a number of different morphologies; from 1D 
nanostructures [12], to 2D exfoliated nanosheets and 3D nanotubes 

[13], as well as formation onto varying alloy compositions; from Ti–Nb 
[14], to Gummetal® (Ti59Nb36Ta2Zr3O0.3) [15], to the widely used 
Ti6Al4V [16]. Specifically in a biomedical context, the ability to dope 
such structures with specific ions can result in either bioactive and/or 
antimicrobial properties, which address significant problems currently 
with implant failure rates and the ever-increasing severity of antibiotic 
resistance [17–19]. 

The present authors have conducted several published studies 
looking into the formation of nanoporous alkaline titanate films, as 
opposed to nano-tubular and nano-sheet formations, mainly for 
biomedical applications. This is due to the improved cellular viability on 
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such nanoporous structures, with enhanced functionality via cationic 
exchange. From work into antibacterial gallium-doping of the sodium 
hydrogen titanate structure (one of the first studies to investigate 
gallium-doping of such structures) [20], to the potential translation of 
nanoporous sodium titanate coatings onto the surface of alternative, 
non-Ti containing materials (316 L SS [21], Mg [22]) through conver
sion of sputtered Ti films, information has been gleaned regarding the 
formation mechanism of these structures. Since the seminal work by Kim 
et al. [23] and Kokubo et al. [24], a great deal of work has been con
ducted into various aspects of alkaline titanate formation. These include: 
the formation of nanotubes as carrier material for cellular stimuli ap
plications (drug delivery, protein carriers, etc.) onto Ti and TiO2 sub
strates using various temperatures and concentrations [25–29] 
compared to the widely used 5 M, 60 ◦C, 24 h NaOH solution treatment 
that produces nanoporous films; nanowhiskers and nanowire scaffolds 
have be used to encourage proliferation of MG63 osteoblast cells [30]; as 
well as formation of titanate spheres, with enhanced porosities of up to 
200 μm [31]. However, the production of nanoporous titanate films onto 
microspherical substrates is somewhat limited in the literature, as well 
as comparing this with TiO2 microspheres. 

The present authors aim to elucidate the effect of microspherical 
nature of the substrates, and their relative oxygen content, on the initial 
formation of nanoporous titanate films utilising lower temperature/ 
concentration conditions (5 M NaOH; 60 ◦C; 24 h), and whether this 
agrees with common consensus on the titanate formation mechanism, as 
outlined by Kim et al. [23] and Kokubo [32]. Initially, the TiO2 
passivated layer on the surface is partially dissolved due to corrosive 
attack of hydroxyl groups. 

TiO2 +OH− →HTiO−
3 (1) 

Simultaneously, hydration of the underlying Ti metal due to diffu
sion processes occurs, enabling the foundation for subsequent titanate 
formation: 

Ti+ 3OH− →Ti(OH)
+

3 + 4e− (2)  

Ti(OH)
+

3 + e− →TiO2∙H2O+

(
1
2

H2

)

↑ (3)  

Ti(OH)
+

3 +OH− ↔ Ti(OH)4 (4) 

Consequently, the hydrated TiO2 formed from the aforementioned 
reactions generates negatively charged titanium oxide hydrates. 

TiO2∙nH2O+OH− ↔ HTiO−
3 ∙nH2O (5) 

Since these structures are negatively charged, combination with al
kali ions in solution occurs, which in the case of NaOH is Na+ to form 
sodium (hydrogen) titanate structures. By altering the morphology and 
composition of the initial substrate, despite both possessing a top surface 
of TiO2, the authors postulated that either the limitation of free Ti within 
the structure reduces the ability to form such structures, the increased 
oxygen content enables greater penetration and formation into thicker 
and/or denser titanate films, the microspherical nature of the substrate 
may have higher reactivity due to increased surface area, and/or TiO2 
would provide higher stability in NaOH solutions compared to pure Ti. 
These postulates were investigated in this study. 

In addition, limited research had been conducted on the wet- 
chemical production of alkaline titanate layers on Ti-containing micro
spheres [33]. Therefore, this study investigated the effect of oxygen (O) 
content in Ti based microspheres, comparing Ti6Al4V and TiO2 micro
spheres due to the relative ease of producing Ti6Al4V and TiO2 micro
spheres of similar size and the industrial importance in the biomedical 
and energy fields, to ascertain whether titanate structures could be 
produced on 3D surfaces, using the same wet chemical conditions. 

2. Materials and methods 

2.1. Powders 

Plasma atomised Ti6Al4V Grade 23 powder (LPW Technologies, UK; 
Fig. 1A) was utilised as the base material for the self-assembly study. The 
powder was provided by Dr. Nesma T. Aboulkhair (Additive 
Manufacturing and 3D Printing Research Group, University of Notting
ham), with the D10, D50, and D90 values, calculated via a Mastersizer 
3000 (Malvern, UK) laser diffraction method, of 19.6, 31.5 and 49.1 μm, 
respectively [34]. Ti6Al4V microspheres are herein labelled: 
Ti6Al4V_MS. 

The TiO2 microspheres were produced in house (Advanced Materials 
Research Group, University of Nottingham) through flame- 
spheroidisation (FS) of anatase and rutile powders. Granular particles 
(<150 μm; ImageJ analysis demonstrated average particle sizes of 37.5 
± 0.7 and 35.8 ± 0.9 μm for anatase and rutile particles, respectively) 
were prepared by mixing TiO2 (<5 μm; ≥99%, Sigma Aldrich, UK; Both 
anatase and rutile powder used separately) and 2% polyvinyl alcohol 
(PVA; ≥99%, Sigma Aldrich, UK) solution. The mixture was then pro
cessed utilising a flame spheroidisation process to prepare solid micro
spheres, which utilised an oxy/acetylene flame spray gun (MK 74, 
Metallisation Ltd., UK) (Fig. 1B & C) [35]. TiO2 microspheres produced 
using anatase powder are herein labelled: FS_Anatase_MS. TiO2 micro
spheres produced using rutile powder are herein labelled: FS_Rutile_MS. 

2.2. Wet-chemical conversion 

The Ti6Al4V and TiO2 microspheres were suspended in a ca. 5 M 
NaOH solution prepared using NaOH pellets (ca. 19.99 g per 100 mL of 
distilled water; 99.9% purity; Sigma-Aldrich). 10 mL aliquots of the 
NaOH solution were dispensed into polypropylene containers, which 
contained 5 g of either of the studied microspheres. These were then 
sealed and heated in a low temperature furnace at 60 ± 2 ◦C for 24 h. 
Upon removal, the microspheres were washed via filtration in deionised 
water to remove excess NaOH, before furnace drying at 100 ◦C for 1 h (in 
air), followed by storage within a desiccator until testing. These samples 
are herein labelled with the suffix: NaTC. 

2.3. Characterization 

2.3.1. Scanning electron microscopy (SEM) & energy dispersive X-ray 
spectroscopy (EDS) 

Image acquisitions for higher resolution micrographs were con
ducted on a Field-Emission Gun Scanning Electron Microscope (JEOL 
7100 FEG-SEM). Surface compositional analysis was determined via an 
Energy-Dispersive X-ray spectrometer (EDS) (Oxford Instruments) at a 
working distance of 10 mm, a beam voltage of 15 kV, whilst maintaining 
a minimum X-ray count of 150,000 counts. 

2.3.2. X-ray photoelectron spectroscopy (XPS) 
All samples were mounted onto stainless steel stubs using carbon 

sticky tabs. X-ray Photoelectron Spectroscopy (XPS) was conducted 
using a VG ESCALab Mark II X-ray photoelectron spectrometer with a 
monochromatic Al Kα X-ray source incident to the sample surface at 
≈30◦. Survey and high-resolution scans were conducted in addition to 
the measurement of adventitious C 1s for calibration: charge corrected 
to 284.8 eV. Parameters for acquisition were as follows: step size of 1.0; 
number of scans set at 5; dwell time 0.2 s for survey scans, and 0.4 s for 
high-resolution scans. Binding energies were measured over a range of 
0–1200 eV. All spectra were analysed in CasaXPS constraining the Full 
Width at Half Maximum (FWHM) to the same value for all deconvoluted 
spectral peaks for the same element. 

2.3.3. X-ray diffraction (XRD) 
X-ray diffractograms of the pre- and post-titanate converted samples 
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were recorded using a Bragg-Brentano configured Bruker D8 employing 
Cu K-α radiation, which was operated at a working voltage and current 
of 40 kV and 40 mA, respectively. This machine is equipped with a 
LYNXEYE XE-T position sensitive (1D) energy discriminating detector, a 
variable anti-scatter screen, variable divergent slits, and a variable de
tector window. Measurements were taken with a step size of 0.02◦ be
tween 20 and 100◦ 2θ. Rietveld refinements [36] were performed using 
Topas V6 software and the fundamental parameters approach to X-ray 
line profile fitting was employed [37,38]. 

2.3.4. Raman spectroscopy 
Raman spectroscopy was achieved utilising a HORIBA Jobin Yvon 

LabRAM HR spectrometer. Spectra were acquired using a 660 nm laser 
(100 mW power), 100× objective, 300 μm confocal pinhole and a 600 
lines/mm rotatable diffraction grating along a path length of 800 mm. 
Detection of spectra was attained through the use of a thermoelectrically 
cooled (− 60 ◦C) SYNAPSE CCD detector (1024 pixels). Instrument 
calibration was conducted using a standard Si (100) reference (standard 
band at 520.7 cm− 1) and the Rayleigh line at 0 cm− 1, prior to spectra 
acquisition. A constrained time window of 10 s was employed for each 
spectrum recording with 10 accumulations. 

2.3.5. Mercury porosimetry 
The porosity of the microsphere surfaces was investigated using 

mercury intrusion porosimetry (Micromeritics Autopore IV 9500). A 5 cc 
powder penetrometer (Micrometrics) with 1 cc intrusion volume was 
used for all samples. An empty penetrometer test was also conducted as 

a blank before running the samples. 

3. Results 

3.1. SEM/EDS 

As observed in Fig. 2A-C, the Ti6Al4V microspheres (Ti6Al4V_MS) 
exhibited a relatively smooth morphology produced via the atomisation 
process. However, following wet-chemical conversion in NaOH 
(Ti6Al4V_MS NaTC), a nanoporous morphology characteristic of tita
nate structures was present, with clear morphological differences 
(Fig. 2C & F) noted between pre- (_MS) and post-titanate (_MS NaTC) 
converted samples. In some cases, cross growth and bonding between 
titanate structures of neighbouring microspheres was exhibited, with 
examples of bonded (Fig. 3A & B) and fractured structures (Fig. 3C & D); 
fracturing occurred due to removal of the spheres from their container. 

Delamination of the fracture structures occurred predominantly at 
the interface of the Ti substrate, and the titanate formed layer, which is 
clearly exhibited in Fig. 3C & D, as both fracture ends revealed a smooth 
morphology, matching the underlying microsphere surface texture. 
Thickness of the titanate structures were analysed using SEM and 
ImageJ analysis, with the main thickness defined (detailed in Fig. 4) as 
the average height of the individual titanate dendrite extensions. This 
thickness was found to be 999 ± 25 nm (n = 10). 

When the same chemical conversion was applied to titania (TiO2) 
microspheres, the morphology of the microspheres (size range ca. 
10–100 μm) did not produce any discernible change in structure of the 

Fig. 1. Micrographs of microspheres utilised within this study. A) Ti6Al4V microspheres produced via atomisation; B) TiO2 microspheres produced from anatase 
powder via flame spheroidisation; C) TiO2 microspheres produced from rutile powder via flame spheroidisation. 

Fig. 2. SEM micrographs showing unconverted (Ti6Al4V_MS) and converted (Ti6Al4V_MS NaTC) Ti6Al4V microspheres demonstrating the ability to convert the 
surface into nanoporous titanate structures. A, B & C) Unconverted Ti6Al4V_MS samples, and D, E & F) Converted Ti6Al4V_MS NaTC samples. 
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produced microspheres, aside from removal of surface particulates 
(Fig. 5). However, small levels of Na were seen on the surface from EDS 
analysis (Table 1); it was hypothesised that the level of oxygen content 
in the surface had a marked influence of the growth mechanism seen. In 
comparison to the Ti6Al4V_MS NaTC samples, the Na levels were 
significantly lower for the FS_Anatase_MS NaTC and FS_Rutile_MS NaTC 
samples, with ca. 4.7, 0.5 and 0.2 at.%, for the Ti6Al4V_MS NaTC, 
FS_Anatase_MS NaTC, and FS_Rutile_MS NaTC samples, respectively; the 

latter two results are below the threshold for accurate assessment via 
EDS (ca. 1 at.%). A significant reduction in Ti (ca. 87 to 31 at.%) and 
increase in O (ca. 0 to 61 at.%) content was noted for the Ti6Al4V_MS, 
compared to the Ti6Al4V_MS NaTC samples. Both the anatase and rutile 
samples maintained constant Ti (ca. 30–32 at.%) and O (ca. 68–70 at.%) 
levels. 

The EDS mapping presented in Fig. 6 shows that Ti, O and Na (pre
sent in the NaTC samples only) were homogeneously distributed across 
the spheres. Higher relative quantities of Na (in relation to Ti and O) in 
the Ti6Al4V_MS NaTC sample were observed compared to both the 
FS_Anatase_MS NaTC and FS_Rutile_MS NaTC samples (Table 1). 

3.2. XPS analysis 

XPS analysis of both the titanate converted and non-titanate con
verted Ti6Al4V and TiO2 (flame-spheroidised anatase and rutile) mi
crospheres are detailed in Fig. 7, Table 2 & Table 3. For the Ti6Al4V_MS 
samples, the Ti was found to be in its 4+ valence state (2p 3/2 = ca. 
458.7 eV), characteristic of the passivated TiO2 layer that forms due to 
exposure to air. O had 2 peak deconvolutions located at ca. 530.3 
(60.5%) and 532.3 (39.5%) eV corresponding to metallic oxide and 
hydroxide bonding, respectively. Upon conversion to sodium titanate 
(Ti6Al4V_MS NaTC), there was a shift (ca. 0.7 eV) to lower binding 
energies in the Ti peak position (ca. 458.0 eV), which was characteristic 
of Ti4+ within titanate structures. There was an increase in the number 
of O peak deconvolutions, with 4 peaks located at ca. 529.6, 531.3, 
532.5 and 534.9 eV corresponding to O2− (ca. 54.7%; Ti4+—O), 
bridging OH−

br/defective oxides/Non-lattice O (ca. 24.0%), terminal 
OH−

t/H2O (ca. 9.4%), and Na KLL Auger e− (ca. 11.8%), respectively. A 
peak was also formed at 1071.1 eV corresponding the Na–O bonding of 
titanate structures, with two Ti LMM Auger peaks that were also present 
in the Ti6Al4V_MS sample. 

Fig. 3. SEM micrographs showing cross growth and fracture features noted on the titanate converted Ti6Al4V microspheres (Ti6Al4V_MS NaTC). A) & B) Cross- 
linking of two individual microspheres through the growth and bonding of the produced titanate nanostructures at different magnifications. C) & D) Smooth 
morphology of the microsphere surfaces at the failure of the bonded interface at either end of the failure. 

Fig. 4. SEM micrograph demonstrating a representative thickness of the tita
nate constructs on the Ti6Al4V microspheres (Ti6Al4V_MS NaTC). The main 
thickness was defined as the average height of the individual extended titanate 
dendrites (n = 10). 
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For the FS_Anatase_MS and FS_Rutile_MS samples, similar peak 
deconvolutions to the Ti6Al4V_MS sample were noted. Ti was found in 
its 4+ valence state (ca. 458.4–458.6 eV), and the O deconvolutions 
revealed two peaks at ca. 529.9 (73.6–78.2%) and 532.2 (21.8–26.4%) 
eV, again corresponding to the aforementioned bonding. Following 
titanate conversion, both the FS_Anatase_MS NaTC and FS_Rutile_MS 
NaTC samples again exhibited similar deconvolutions to the 
Ti6Al4V_MS NaTC counterpart, with notable shifts in binding energies 
for both Ti and O to lower eV values. The peak deconvolutions for the O 
spectral range exhibited 4 peaks located at ca. 529.4 (ca. 28.1%), 531.2 
(ca. 38.3%), 532.8 (ca. 17.1%), and 535.5 (ca. 16.5%) eV for the 
FS_Anatase_MS NaTC samples, whilst the FS_Rutile_MS NaTC sample 
exhibited peaks at ca. 529.6 (ca. 16.8%), 531.6 (ca. 31.2%), 533.0 (ca. 
45.0%), and 535.6 (ca. 7.0%) eV, corresponding to O2− (Ti4+—O), 
bridging OH−

br/defective oxides, terminal OH−
t/H2O, and Na KLL 

Auger e− , respectively. The relative percentages of each type of bonding, 
specifically the reduction in Ti4+—O bonding characteristic of titanate 
structures, demonstrated that the quantity of surface titanate that 
formed was considerably less for the FS_Anatase_MS NaTC and FS_Ru
tile_MS NaTC, and may only be present in the top few nanometres of the 
surface. 

It was clear from the relative elemental compositions (Table 3) that 
the Ti6Al4V_MS NaTC samples exhibited higher Na content compared to 
both converted anatase and rutile samples, however, there was no sig
nificant difference between the FS_Anatase_MS NaTC and Ti6Al4V_MS 
NaTC samples. Furthermore, the Ti and O content for the Ti6Al4V_MS 
and Ti6Al4V_MS NaTC samples remained constant, however, the 
anatase and rutile counterparts exhibited a reduction in Ti (O content 
increased for rutile but decreased for anatase). 

Fig. 5. TiO2 microspheres produced via a flame spheroidisation process using rutile or anatase starting powder, with subsequent titanate (NaTC) conversion. A–C) 
FS_Anatase_MS; D–F) FS_Rutile_MS; G–I) FS_Anatase_MS NaTC; J–L) FS_Rutile_MS NaTC. 

Table 1 
EDS elemental composition of Ti6Al4V, Anatase and Rutile microspheres (Ti6Al4V_MS, FS_Anatase_MS, and FS_Rutile_MS, respectively), as well as sodium titanate 
conversion of all three types, herein labelled with NaTC suffix. All values are mean ± standard error (n = 3).  

Sample ID Elemental composition / at.% 

Na Ti O Al V 

Ti6Al4V_MS 0 86.7 ± 0.1 0 9.4 ± 0.1 3.9 ± 0.1 
Ti6Al4V_MS NaTC 4.7 ± 0.3 30.9 ± 0.7 60.5 ± 0.5 2.6 ± 0.1 1.4 ± 0.1 
FS_Anatase_MS 0 30.0 ± 3.6 70.0 ± 3.6 0 0 
FS_Anatase_MS NaTC 0.5 ± 0.1 31.0 ± 1.9 68.4 ± 1.9 0 0 
FS_Rutile_MS 0 31.3 ± 3.3 68.7 ± 3.3 0 0 
FS_Rutile_MS NaTC 0.2 ± 0.0 30.0 ± 3.3 69.8 ± 3.2 0 0  
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3.3. XRD 

Fig. 8 shows powder X-ray diffractograms for Ti6Al4V_MS, FS_Ana
tase_MS and FS_Rutile_MS as well as their corresponding titanate 
counterparts (Ti6Al4V_MS NaTC, FS_Anatase_MS NaTC and FS_Ruti
le_MS NaTC respectively). The X-ray diffractograms for both the FS_A
natase _MS and FS_Anatase _MS NaTC samples revealed that, as expected 
due to the conversion via flame-spheroidisation, rutile was the major 
phase (98–99 wt%) along with a smaller fraction of anatase (1–2 wt%). 
The FS_Anatase _MS NaTC diffractogram exhibited no evidence of any 
crystalline titanate reflections. The FS_Rutile_MS and FS_Rutile_MS 
NaTC X-ray diffractograms were broadly similar to the FS_Anatase _MS 
and FS_Anatase _MS NaTC diffraction patterns, and rutile was the prin
cipal phase along with a smaller fraction of anatase. The FS_Rutile _MS 
was comprised of approximately 2–3 wt% anatase and 97–98 wt% rutile. 
However, whist the FS_Rutile_MS NaTC diffractogram exhibited no 
definitive peaks which can be indexed to crystalline titanate, there were 

several unidentified reflections situated at ~25, 38 and 54◦ 2θ, which 
appeared following the titanate conversion. The lattice parameters of 
the phases in the FS_Anatase_MS, FS_Rutile_MS, FS_Anatase_MS NaTC 
and FS_Rutile_MS NaTC samples were determined by Rietveld analysis 
and are reported in Table 4. This table showed that the titanate con
version had little to no effect on the lattice parameters of both the 
anatase and rutile phases. 

The X-ray diffractogram from the Ti6Al4V_MS revealed a HCP α-Ti 
solid solution as the only indexable phase. The broad and somewhat 
complex nature of these reflections can be attributed to the rapid so
lidification rates associated with plasma atomisation. Likewise, only 
HCP α-Ti reflections were observed in the Ti6Al4V_MS NaTC diffracto
gram and there were no significant evidence of any crystalline titanate. 
The lattice parameters of these samples are also reported in Table 4, and 
the titanate conversion appeared to cause a very slight shift in the lattice 
parameters of the α-Ti phase. 

Fig. 6. EDS mapping of Ti6Al4V_MS, FS_Anatase_MS, and FS_Rutile_MS samples, with their NaTC counterparts, demonstrating homogeneous distribution of Ti, O and 
Na, where applicable, with relative elemental ratios due to count intensities. AR = as received prior to titanate conversion; NaTC = titanate converted. 
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3.4. Raman spectroscopy 

Raman spectral analysis is detailed in Fig. 9. Both rutile and anatase 
flame-spheroidised powders (FS_Rutile_MS and FS_Anatase_MS, respec
tively) demonstrated similar bands, even when subjected to titanate 
conversion. Bands were located at ca. 150, 230, 420, and 600 cm− 1 

corresponding to both anatase and rutile species. Specifically, the 150 
cm− 1 peak related to anatase B1g and Eg modes, whilst the bands at ca. 
230, 420, and 600 cm− 1 correlated with rutile second order phonons 
(Ti2O3), Eg, and A1g modes, respectively. No titanate modes were noted. 

For the Ti6Al4V powders however, significant dissimilarities were 
noted pre- and post-titanate conversion. The Ti6Al4V_MS powder did 
not present any noticeable modes, likely due to not being particularly 
Raman active. Following NaOH treatment, peaks at ca. 285, 440, and 
920 cm− 1, with broad peaks around 680–800 cm− 1 were seen, and were 
consistent with sodium hydrogen titanate (NaxH2-xTi3O7). 

3.5. Mercury porosimetry 

Fig. 10 & Table 5 demonstrates the porosity measurements generated 

via mercury porosimetry for the pre- and post-titanate converted sam
ples. It is clear from the data that the most significant change in surface 
porosity was from the Ti6Al4V microspheres before and after the NaOH 
treatment, with porosities of ca. 31.7 and 60.1%, respectively. This 
highlighted sub-micron scale pores present on the surface due to the 
titanate conversion. 

Higher cumulative intrusion (Fig. 10A) was seen in the titanate 
converted samples, compared to the unconverted counterparts, 
although the anatase and rutile flame-spheroidised, titanate-converted 
samples did not experience as significant increases as seen in the 
Ti6Al4V_MS NaTC sample. Furthermore, the log differential intrusion 
data (Fig. 10B and C) demonstrated higher incidences of small, sub- 
micron and nanometre-sized pores in the Ti6Al4V_MS NaTC sample 
compared to its unconverted counterpart, which only exhibited a sharp 
peak at ca. 10 μm, which is likely the interparticulate distance. In 
addition to this, the size of the interparticulate distance appears to 
broaden in the Ti6Al4V_MS NaTC. 

The packing porosity of the pre-converted microspheres 
(Ti6Al4V_MS, FS_Rutile_MS, and FS_Anatase_MS) was found to be ca. 
31.7, 43.8, and 43.4%, respectively, which is from the interparticulate 

Fig. 7. X-ray photoelectron spectral analysis for as-prepared (Ti6Al4V_MS; FS_Anatase_MS; FS_Rutile_MS), and titanate converted Ti6Al4V (Ti6Al4V_MS NaTC) and 
TiO2 (anatase – FS_Anatase_MS NaTC; rutile – FS_Rutile_MS NaTC) microspheres. (A) Survey spectra identifying all elemental photoelectron emissions, (B) High- 
resolution spectra of O 1s peaks with overlapping Na KLL Auger emission, (C) High-resolution spectra of Ti 2p doublet splitting peaks, and (D) High resolution 
spectra of Na 1s, with overlapping Ti LMM Auger emissions. 
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gaps, which are ‘seen’ as pores through the mercury porosimetry anal
ysis. No significant variations were seen for the rutile and anatase mi
crospheres post-conversion (Rutile_MS NaTC and Anatase_MS NaTC), 
highlighting no morphological changes due to the titanate conversion. 
All samples exhibited an increase in porosity values, however, the tita
nate converted rutile and anastase samples exhibited a significantly 
lower increase in porosity (9.0 and 5.4%, respectively), compared to the 
titanate converted Ti6Al4V microspheres (47.3%), relative to the un
converted samples (Fig. 10D). 

4. Discussion 

Within the literature presently, there have been limited in
vestigations into the usage of Ti-containing microspherical substrate 
being converted into titanate, with the view to understand the variation 
in relative surface area, compared to polished discs previously seen in 
the literature [23,45–47]. The authors postulate that through usage of 
microspheres, which have a titanate-converted top layer, may aid in 
water treatment and biomedical fields due to the increase in surface 
porosity, and ion-exchange potential. Kokubo et al. studied the mecha
nism of titanate formation on commercially pure Ti (Cp-Ti) substrates 
and demonstrated that the process was diffusion dependant, with 
movement of Na and O into the substrate to allow subsequent formation. 
This was achieved on both Cp-Ti, as well as many alloy types, including 
Gum metal (Ti-36Nb-2Ta-3Zr-0.3O) [47,48]. The most notable paper by 

Xie et al., details the formation mechanism of titanate nanotubes using 
TiO2 precursor materials, however, their formation occurred through 
hydrothermal methods at much higher temperatures (200 ◦C) than the 
present lower temperature (60 ◦C) methodology [49]. As such, it was 
interesting to compared the potential formation of nanoporous titanate 
films onto Ti6Al4V and TiO2 microspherical substrates, at lower tem
peratures seen for titanate-converted TiO2 literature thus far. 

The generally agreed consensus on wet-chemical alkaline titanate 
formation, as detailed previously in Section 1 from the seminal papers 
by Kim et al. [23] and Kokubo [32], states that initially the TiO2 
passivated layer on the surface of Ti/Ti alloys is partially dissolved due 
to corrosive attack of hydroxyl groups. 

TiO2 +OH− →HTiO−
3 (1) 

Concurrently, the underlying Ti metal is hydrated via diffusion: 

Ti+ 3OH− →Ti(OH)
+

3 + 4e− (2)  

Ti(OH)
+

3 + e− →TiO2∙H2O+

(
1
2
H2

)

↑ (3)  

Ti(OH)
+

3 +OH− ↔ Ti(OH)4 (4) 

Consequently, the hydrated TiO2 formed from the aforementioned 
reactions generates negatively charged titanium oxide hydrates. 

TiO2∙nH2O+OH− ↔ HTiO−
3 ∙nH2O (5) 

Since these structures are negatively charged, combination with al
kali ions in solution occurs, which in the case of NaOH is Na+ to form 
sodium (hydrogen) titanate structures. However, to what extent this 
dependence on O has on the formation of titanate has yet to be quan
tified fully. This study outlined insights into this part of the titanate 
mechanism, through the production of Ti6Al4V microspheres 
(Ti6Al4V_MS), as well as those comprised of TiO2 (anatase and rutile 
flame-spheroidised powders; FS_Anatase_MS and FS_Rutile_MS, respec
tively). Comparison of the morphological, structural, and chemical 
properties of these materials pre- and post-titanate conversion has 
enabled further insights into the role of O in the titanate mechanism to 
be gleaned. 

Table 2 
XPS analysis of titanate converted (_MS NaTC) and non-titanate (_MS) converted Ti6Al4V and TiO2 microspheres.  

Sample code Elements Binding energy / eV Corresponding bonds (area / %) Ref. 

Ti6Al4V_MS O 1s 530.3 (O2− ) 
532.3 (OH−

t) 
Mx+—O (60.54) 
Mx+—OH (39.46) 

[39,40] 

Ti 2p 3/2 458.7 (Ti4+) O—Ti4+ (100) [39] 
Ti6Al4V_MS NaTC O 1s 529.6 (O2− ) 

531.3 (OH−
br) 

532.5 (OH−
t/H2O) 

534.9 (Na KLL) 

Ti4+—O (54.70) 
Ti4+—OH (24.04) 
O—H (9.44) 
- (11.82) 

[40] 

Ti 2p 3/2 458.0 (Ti4+) O—Ti4+ (100) [23,24,41–43] 
Na 1s 1071.1 O—Na (95.2) [23,24,41–44] 

FS_Anatase_MS O 1s 529.9 (O2− ) 
532.2 (OH−

t) 
Ti4+—O (73.56) 
Ti—OH (26.44) 

[39,40] 

Ti 2p 3/2 458.4 (Ti4+) O—Ti4+ (100) [39] 
FS_Anatase_MS NaTC O 1s 529.4 (O2− ) 

531.2 (OH−
br) 

532.8 (OH−
t/H2O) 

535.5 (Na KLL) 

Ti4+—O (28.12) 
Ti4+—OH (38.31) 
O–H (17.12) 
- (16.45) 

[40] 

Ti 2p 3/2 458.0 (Ti4+) O—Ti4+ (100) [23,24,41–43] 
Na 1s 1071.2 O—Na (81.4) [23,24,41–44] 

FS_Rutile_MS O 1s 529.9 (O2− ) 
532.2 (OH−

t) 
Ti4+—O (78.19) 
Ti—OH, Ti2+/3+—O (21.81) 

[39,40] 

Ti 2p 3/2 458.6 (Ti4+) O—Ti4+ (100) [39] 
FS_Rutile_MS NaTC O 1s 529.6 (O2− ) 

531.6 (OH−
br) 

533.0 (OH−
t/H2O) 

535.6 (Na KLL) 

Ti4+—O (16.84) 
Ti4+—OH (31.22) 
O–H (44.95) 
- (7.00) 

[40] 

Ti 2p 3/2 458.2 (Ti4+) O—Ti4+ (100) [23,24,41–43] 
Na 1s 1071.2 O—Na (83.2) [23,24,41–44]  

Table 3 
Elemental composition analysis (at.%) as confirmed via XPS analysis of survey 
spectra. Data presented is the software calculated mean and standard deviation 
from CasaXPS.  

Sample ID Elemental composition / at.% 

Na O Ti 

Ti6Al4V_MS 0 84.4 ± 0.4 15.6 ± 0.4 
Ti6Al4V_MS NaTC 17.6 ± 0.8 66.8 ± 0.9 15.6 ± 0.6 
FS_Anatase_MS 0 77.6 ± 0.5 22.4 ± 0.5 
FS_Anatase_MS NaTC 16.5 ± 0.4 73.4 ± 0.4 10.2 ± 0.3 
FS_Rutile_MS 0 75.5 ± 0.4 24.5 ± 0.4 
FS_Rutile_MS NaTC 9.5 ± 0.4 83.9 ± 0.5 6.7 ± 0.3  
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From the data collected in this study, the authors present two po
tential factors that will serve as an extension to the currently accepted 
mechanism, providing a more comprehensive understanding of the wet- 
chemical alkaline titanate methodology. These factors are:  

1) Inhibition of oxygen diffusion, oxygen vacancies/Ti interstitials and 
lower corrosion rate/reactivity in TiO2 compared to Ti alloys, despite 
both containing a top surface containing TiO2 (requirement for 
initiation of titanate formation).  

2) Lack of free Ti in the TiO2 materials preventing subsequent reactions 
to occur. 

These factors, the data that suggests them, and their relation to the 
titanate formation mechanism, are described in detail below, as well as 
details regarding the microspherical nature of the substrates. 

4.1. Oxygen diffusion, vacancies and diffusion barriers 

It was evident that oxygen played a significant role in the conversion 
of titanate, with excessive quantities resulting in minimal titanate con
version (see SEM; Fig. 2 & Fig. 3). From the Kim et al. mechanism [23], 
titanate formation was reliant on a thin passivated TiO2 layer forming on 
the top of the Ti-containing substrate, in which this layer facilitated the 
initial growth of the titanate structure through corrosive attack and 
diffusion of Na. Once the growth began to occur, this TiO2 layer, and 
hydrate derivatives thereof, converted into sodium titanate (Fig. 11). 
The nanoporosity of this layer enhances diffusion of O2− and Na+ into 

Fig. 8. XRD spectra for pre- and post-titanate converted samples. Peaks we identified as either HCP Ti (ICDD PDF 00-044-1294), Rutile (00-021-1276), or Anatase 
(00-021-1272). 

Table 4 
Lattice parameters of the known phases identified in the Ti6Al4V_MS, FS_Ana
tase_MS, FS_Rutile_MS, Ti6Al4V_MS NaTC, FS_Anatase_MS NaTC and FS_Ruti
le_MS NaTC as determined by Rietveld analysis.  

Sample ID Anatase lattice 
parameter (nm) 

Rutile lattice 
parameter (nm) 

Hcp α–Ti lattice 
parameter (nm) 

a = b c a = b c a = b c 

Ti6Al4V_MS 0.3785 0.9518 0.4593 0.2960 – – 
Ti6Al4V_MS NaTC 0.3784 0.9518 0.4593 0.2960 – – 
FS_Anatase_MS 0.3788 0.9516 0.4594 0.2960 – – 
FS_Anatase_MS 

NaTC 
0.3787 0.9514 0.4594 0.2960 – – 

FS_Rutile_MS – – – – 0.2924 0.4660 
FS_Rutile_MS 

NaTC 
– – – – 0.2928 0.4668  
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the underlying Ti material, as well as facilitating additional corrosive 
attack, forming further TiO2 derivatives, which subsequently convert 
into sodium titanate. There is a limitation on the thickness of the titanate 
produced since this mechanism is reliant on diffusion of Na+ and O2− , 
which ultimately is thickness dependant; Fick's law of diffusion states 
that the rate of diffusion for a substance is proportional to both the 
surface area and concentration gradient and is inversely proportional to 
the thickness of the membrane/substrate which the diffusing substance 
is diffusing into [50]. Although O2− can penetrate further (ca. 2 μm 
[43,51]) into the Ti surface through heat treatments, the process is 
limited by the initial O2− and Na+ diffusion, which reaches equilibrium 
at ca. 1 μm, hence the titanate thickness is limited to this [45]. 

By producing a purely TiO2 surface, the middle aforementioned re
actions (Eqs. (2)–(4)) cannot occur since there is no free Ti available to 
generate such species, although conversion can still occur via the first 
equation at the top surface as there is TiO2 available to convert, albeit 
with a lower corrosion rate. Further growth and conversion of the tita
nate structure can, therefore, not be facilitated, and hence, is not seen in 
the TiO2 microspheres (aside from the XPS analysis (Fig. 7), which 
investigated the top ca. 5 nm of the surface). Furthermore, diffusivity of 
O2− was hindered due to the formation of TiO2, as this layer can act as a 
barrier to O2− , since any free lattice vacancy sites (such as the octahedral 
interstitial sites), now occupied by O2− , are regarded as immobile 
blocking sites [52,53]. From Ouyang et al., the diffusivity of oxygen in 
α-Ti, β-Ti and TiO2 was examined [54]. Diffusivity, being the rate of 
diffusion of one substance through another [55], as defined by: 

DA = Ae
−

(

E
RT

)

(6)  

where: DA is the rate of species A diffusing through the reaction inter
face, A is the pre-exponential factor derived empirically, E is the acti
vation energy of oxidation (J⋅mol− 1), T is the temperature (K) and R is 
the molar gas constant (8.314 J⋅K− 1⋅mol− 1) [54]. Ouyang et al.'s study 
derived expressions for O2− diffusion (pure O2 atmosphere) in α-Ti 
(HCP; Eq. (7)), β-Ti (BCC; Eq. (8)) and TiO2 (rutile) (Eq. (9)): 

Dα
(
m2⋅s− 1) = 7.78× 10− 5e

(

−
203400

RT

)

(7)  

Dβ
(
m2⋅s− 1) = 3.3× 10− 2e

(

−
246000

RT

)

(8)  

DTiO2

(
m2⋅s− 1) = 1.7× 10− 6e

(

−
276000

RT

)

(9) 

Assuming the diffusion mechanism obeys Arrhenius kinetics, the 
diffusivity of O2− in α-Ti and TiO2 at the temperature used in this study 
(333K) for titanate synthesis is 9.65 × 10− 37 and 8.62 × 10− 50 m2⋅s− 1, 
respectively. This substantial reduction in O2− diffusion through TiO2 
relative to α–Ti demonstrates that one of the significant pathways for 
this mechanism is impeded, and therefore will inhibit titanate formation 
significantly compared to pure Ti or Ti alloys; this is exemplified in the 
SEM (Fig. 2, Fig. 3 & Fig. 5), EDS (Fig. 6) and XPS (Fig. 7) results 
gleaned. Results are discussed further in Section 4.3. 

It is widely known that TiO2 is a non-stoichiometric compound 
(usually denoted as TiO2-δ), and hence requires additional consider
ations when attempting to model diffusion kinetics of various species. As 
detailed by Das et al. [56], defects in the TiO2 structure include the 
presence of oxygen vacancies [VO], as well as Ti interstitials [Tii]. 
Depending on different morphologies of TiO2, variations in the 

Fig. 9. Raman spectra of Ti6Al4V, as well as flame-spheroidised rutile and anatase samples pre- (_MS suffix) and post-titanate conversion (_MS NaTC suffix) using a 
660 nm laser. 

M.D. Wadge et al.                                                                                                                                                                                                                              



Materials Characterization 185 (2022) 111760

11

concentration of oxygen vacancies can occur. Additional reports suggest 
that during hydrogenation of the TiO2 lattice, oxygen vacancies are 
formed, as well as the potential creation of Ti interstitials, however, the 
latter is more probable under high annealing temperatures (>600 ◦C; at 
the rutile transformation temperature) [57]. Therefore, oxygen va
cancies are more likely to form in the anatase structure of TiO2, whilst Ti 
interstitials being more prevalent in rutile TiO2 [58]. 

Relating the above to the potential titanate formation mechanism, 
since the formation is heavily reliant on diffusion kinetics for oxygen 
species, correlating the above principles on vacancies is necessary to 
have a better understanding of this process. As discussed by Dawson 

[59], diffusion rates generally tended to decrease in BaTiO3 and SrTiO3, 
albeit having higher diffusion in SrTiO3, when the concentration of 
oxygen vacancies decreases. Inhibition of titanate formation would 
therefore be enhanced in TiO2 materials, since both exhibit more rutile 
phases, which have a thermodynamic tendency to form Ti interstitials 
rather than oxygen vacancies. Any free Ti interstitials may react with the 
NaOH solution to form titanate structures, however, the diffusion of 
oxygen species would be inhibited, effectively stalling the reaction. 
Furthermore, as detailed by Grubova et al. [60], the role of oxygen va
cancies strongly influences the reactivity of the surface. Specifically, the 
rutile TiO2 (110) surface plane has many defects, with oxygen vacancies 
providing a significant portion. Combining the understanding from the 
data within this paper, and the current thinking regarding the mecha
nism in the literature, it is evident that in the TiO2 microspheres, the 
higher incidence of Ti interstitials over oxygen vacancies in the bulk 
material; as well as the higher surface reactivity in the rutile TiO2 (110) 
plane; demonstrates the lack of sodium titanate formation in the bulk 
material, with a very thin layer (10s of nm) of which is only discernable 
via XPS (Fig. 7). 

4.2. Dependence on free Ti 

Although significant, the diffusion of O2− is not the only limiting 
parameter of the reaction presented. Once the TiO2 surface has reacted 
with the NaOH solution to form the HTiO3

− ions, there is a requirement 

Fig. 10. Porosity properties of Ti6Al4V, rutile and anatase flame-spheroidised microspheres pre- and post-titanate conversion. A) Cumulative mercury intrusion 
curves vs. pore diameter (μm); B) Log differential intrusion curves of all samples demonstrating the porosity of the surfaces, in addition to interparticle voids; C) Log 
differential intrusion curves focussing on purely the Ti6Al4V pre- and post-titanate samples, illustrating the significant difference in porosity due to conversion; D) 
Porosity (%) of all samples obtained both pre- and post-titanate conversion. 

Table 5 
Mercury porosimetry data, detailing the bulk and apparent skeletal density used 
to calculate the approximate porosity of the microspheres.  

Sample ID Bulk density 
(g/mL) 

Skeletal density 
(g/mL) 

% porosity (hg 
porosimetry) 

Ti6Al4V_MS 2.622 3.837 31.7 
Ti6Al4V_MS NaTC 1.539 3.857 60.1 
FS_Anatase_MS 2.203 3.920 43.8 
FS_Anatase_MS 

NaTC 
1.990 3.837 48.1 

FS_Rutile_MS 2.252 3.979 43.4 
FS_Rutile_MS 

NaTC 
2.259 4.175 45.9  
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for hydration of the underlying Ti metal. This process must occur in the 
Ti6Al4V spheres, which are assumed to behave like bulk Ti due to the 
size of the spheres (> 20 μm) compared to the titanate thickness (ca. 
1–1.6 μm), as well as previous reports demonstrating nanoporous so
dium titanate layers can form on both Cp-Ti and Ti6Al4V; Al and V do 
not hinder this formation [33,61,62]. However, this process must be 
inhibited in the TiO2 materials described. A postulate for this is pre
sented in Xie et al.'s study [49], whereby different Ti-containing pre
cursors were assessed on the formation of titanate nanowires through 
hydrothermal (200 ◦C) methods. They proposed that the mechanism 
occurs through a dissolution-crystallisation mechanism. The Ti con
tained within the substrate dissolves into the basic solution (NaOH), 
causing formation of [Ti(OH)4(OH2)2]0; similar species to those outlined 
in the mechanism above by Kim et al. [23]. Saturation occurs, which 
results in combination and formation of titanate structures, which 
nucleate on the surface. Subsequent diffusion, dissolution and formation 
occurs until a steady state is reached. This process occurred on Ti and 
TiO2 (both reaching full conversion within 24 h), however, this was due 
to the differences in processing temperatures (200 vs. 60 ◦C). It is likely 
this process is impeded in TiO2 due to the lower temperature employed 
in this study, hence reducing the potential diffusion and dissolution of 
free-Ti. Results exemplifying this factor are discussed in the section 
below (Section 4.3). 

4.3. Combined evidence for the proposed mechanism factors 

From the EDS and XPS analysis (Figs. 6 & 7), it was clear that trends 
in the oxygen, sodium and titanium content of the samples tested varied 
depending on the original composition, as well as the subsequent tita
nate conversion; the microspherical nature of the substrate did not seem 
to aid in titanate formation on the TiO2 samples. From the Ti6Al4V 
samples, the data gathered agreed well with the hypothesis outlined 
above for the conversion of Ti6Al4V microspheres, compared to TiO2. 
For the oxygen content following titanate conversion, the amount 
increased from ca. 0 to 61 at.% in EDS, whilst observing a reduction from 
ca. 88 to 67 at.% in XPS. The increase in O from EDS indicated there was 
a diffusion gradient occurring in the microspheres, akin to bulk Ti. A 
reduction in XPS is indicative of the relative ratio between the Ti, O and 
Na, since there is an increase in Na due to the titanate conversion. The 
Na content also increases for both EDS (ca. 0 to 5 at.%) and XPS (ca. 0 to 
18 at.%), however, there was a higher quantity of Na in the XPS mea
surement, indicating a diffusion gradient, as illustrated by Kim et al. and 
Kokubo et al. [43,51]. Ti decreased in EDS (ca. 87 to 31 at.%), but 
remained constant in XPS (ca. 16 at.%), also indicating titanate con
version, and matching relative quantities from Zárate et al. [44], 
through the aforementioned mechanism. 

In comparison to the FS_Anatase_MS and FS_Rutile_MS microspheres, 
and their titanate converted counterparts, the relative quantities of Na, 

O, and Ti, were substantially different to the Ti6Al4V_MS samples. Ox
ygen content pre- and post-titanate conversion for both EDS and XPS, 
remained approximately constant: Anatase from ca. 70 to 68 at.% (EDS) 
and ca. 78 to 73 at.% (XPS); and Rutile from ca. 69 to 70 at.% (EDS) and 
ca. 76 to 84 at.% (XPS), for pre- (_MS) and post-titanate converted (_MS 
NaTC) samples, respectively. There were marginal changes to the sur
face composition (XPS), probably due to titanate conversion occurring 
in the top few nm of the surface, whilst the mean composition through 
the microsphere (ca. 2 μm; EDS) remained constant. For both the anatase 
and rutile flame-spheroidised samples (_MS/_MS NaTC), Na content 
increased significantly post-titanate conversion (NaTC) for the XPS 
measurements: ca. 0 to 17 at.% and 0 to 10 at.% for Anatase_MS (NaTC) 
and Rutile_MS (NaTC) samples, respectively, whilst EDS remained <1 at. 
% for both. This exemplified that the titanate conversion occurring in 
the top portion of the surface, however, was limited to just the surface, 
since low quantities are noted in EDS. A similar trend was seen for Ti, 
with similar values (ca. 30 at.%) detailed in EDS for both FS_Anatase_MS 
and FS_Rutile_MS pre- and post-titanate conversion, whilst the XPS 
values reduced for both: ca. 22 to 10 at.% and 25 to 7 at.% for FS_A
natase_MS NaTC and FS_Rutile_MS NaTC, respectively. This reduction is 
likely due to the top portion of the surface reacting with the NaOH so
lution to form the HTiO3

− species essential for the initial titanate for
mation, exemplifying the increase in Na and O content in XPS as a result. 
Once formed, and in agreement with the previously outlined hypothesis, 
this layer in conjunction with there being no free movement of Ti, 
resulted in the inhibition of the titanate mechanism. Thus, limiting 
titanate formation to the top few nanometres of the surface. 

Additional bonding information, and insights into titanate formation 
were noted through X-ray diffraction and Raman spectral analyses 
(Figs. 8 & 9). For the anatase and rutile samples, both pre-and post- 
titanate conversion, only anatase and rutile bonding/phases were seen 
[63], which further demonstrated the limited formation of titanate on 
the oxygen-rich powders. The broad Raman peaks located at ca. 420 and 
600 cm− 1 are in agreement with Exarhos [64], which correspond to Eg 
and A1g rutile modes that have the same localised structural groups with 
absence of long-range order. Additional anatase and rutile Raman bands 
located at ca. 150 and 230 cm− 1 correlate with studies by Porto et al. 
[65] and Ocaña et al. [66], respectively, as well as the present authors 
[20,21]. The similarities in the powders is due to the high flame tem
peratures (>1500 ◦C) that occurred during the flame spheroidisation 
process [67] and the presence of oxygen causing extensive rutile for
mation, with residual anatase phases, matching the XRD analysis (Fig. 8) 
[68]. 

Conversely, the Ti6Al4V samples detailed titanate bonding, in 
agreement with EDS and XPS analyses (Figs. 6 & 7, respectively), albeit 
not seen in XRD due to the higher penetration depth, with Raman peaks 
located at ca. 285, 440, a broad peak at 860–800, and 900 cm− 1 

[69–71]. The peaks at ca. 285 and 900 cm− 1 are in good agreement with 

Fig. 11. Schematic diagram demonstrating titanate conversion as a result of substrate used; Ti6Al4V vs. TiO2.  
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previous studies by the present authors, demonstrating either intrinsic 
hydrogen titanate (H2Ti3O7) and/or Na2Ti3O7 bands, similar to Rodrí
guez-González et al. [72] and Bamberger et al. [73], respectively. 
Furthermore, the peak located at ca. 440 cm− 1, indicated Ti–O bending 
vibrations of 6- and 3-coordinated Ti and O, respectively, which is in 
good agreement with Ma et al. [74] and Kim et al. [42]. The broad peak 
ranging from 680 to 800 cm− 1, is likely [TiO6] octahedral Ti—O—Ti 
vibrations, which are characteristic of alkaline titanate structures 
[75,76]. Cumulatively, through understanding the reaction mechanism 
outlined, the diffusion processes occurring through these reactions, as 
well as data provided, it was clear how titanate growth was inhibited 
due to excessive O in the TiO2 microspheres, and that there is a 
requirement for free Ti in order for further diffusion and conversion to 
proceed. 

In addition to the chemical and morphological understanding of the 
conversion, mercury porosimetry analysis was also conducted (Fig. 10), 
to gain some insight of the surface porosity, and if titanate formation had 
occurred on the FS_Anatase_MS NaTC and FS_Rutile_MS NaTC samples, 
albeit not visible under standard microscopy. An increase of ca. 5–9% 
was seen in porosity from the FS_Anatase_MS and FS_Rutile_MS to 
FS_Anatase_MS NaTC and FS_Rutile_MS NaTC samples, however, the 
Ti6Al4V_MS to Ti6Al4V_MS NaTC transition exhibited a ca. 47% in
crease. This drastic increase was indicative of the increased roughness 
due to the characteristic nanoporosity of the titanate formation, and was 
in line with the log differential intrusion (Fig. 10B and C) and SEM 
micrographs (Fig. 2). Additionally, the interparticulate distance calcu
lated to ca. 10–20 μm for the Ti6Al4V_MS exhibited a broadening (ca. 
2–50 μm), which is likely due to the effect of titanate strut formation. 
The titanate structures have a significant effect on the interparticulate 
distance, due to interlocking of the struts reducing the distance in some 
case, whilst an increase in microsphere diameter (titanate coating 
thickness of ca. 800 nm results in an increase in microsphere diameter to 
at least 1.6 μm) due to the coating may have cause the variance at the 
upper bound. 

Despite titanate formation occurring chemically, there was no 
morphological and porosity evidence seen in the SEM micrographs 
(Fig. 2 vs. Fig. 5) and the mercury porosimetry data (Fig. 10 & Table 5) of 
the TiO2 (FS_Anatase_MS NaTC and FS_Rutile_MS NaTC) samples, which 
was linked to the growth of the sodium titanate nanocrystals due to the 
interplay of solution and substrate equilibrium reactions. Huang et al. 
hypothesised, and extended further than Kim et al., the likely mecha
nistic growth of titanate structures [77]. Additional work by Zhao et al. 
[78], Lu et al. [79], and Mao et al. [80] have all focussed on the growth 
mechanism of titanate structures, however, due to differences in the 
methodology, particularly the chemical routes used: Zhao [78] utilised 
8.5 mL tetrabutyl titanate in HCl/Neutral/NaOH conditions; Lu [79] 
investigated combined bismuth/sodium titanate structures through 
bismuth nitrate pentahydrate, TiO2 and a NaOH mineraliser; whilst Mao 
[80] focussed on the growth of titanate structures using combined 
H2O2/NaOH solutions, which enhanced oxidation, it was difficult to 
specifically comment with regard to the present study. The growth 
mechanism was dependent on the presence of a Ti/oxide interface. Due 
to the presence of NaOH, the oxide layer present will react to form Na2- 

x(Hx)TiO3 (x = 1 or 0), which occurs inhomogeneously across the sur
face. This resulted in localised areas of increased dissolution and con
version, which enabled exposure of Ti, and thus resulted in further 
oxidation and dissolution. In the case of TiO2 (which was not observed 
by Huang et al. but of which the mechanism is hypothesised here), and 
despite inhomogeneous dissolution and conversion, the underlying 
layers were TiO2 not Ti, and hence ultimately reached equilibrium once 
all of the underlying TiO2 had converted to titanate, inhibiting further 
conversion. Furthermore, additional mechanisms involving the diffu
sion of OH− in high concentration NaOH solutions could cause bulk TiO2 
to react to form Ti3O7

2− , however, again this process was ultimately 
diffusion limited, and the absence of free Ti limited subsequent reactions 
[77]. 

5. Conclusions 

As evidenced from the data, successful formation of a titanate layer 
was produced on the Ti6Al4V microspheres, as previously hypothesised. 
Conversely, the formation of TiO2 microspheres using anatase and rutile 
powder, resulted in no morphological nanoporous titanate growth, 
however, evidence of titanate formation via chemical analysis only in 
the XPS results, indicated minimal surface formation. Residual Na (< 1 
at.%) via EDS was found on both of these samples, however, the low 
quantity evidenced the limitation of titanate formation due to O content 
in the substrate. The titanate formation mechanism was proposed to be a 
culmination of the material present and the ability for ions to diffuse 
through the structure. In the Ti6Al4V samples, there is an intrinsic 
passivated TiO2 layer that forms (ca. 5 nm thick) due to atmospheric 
exposure. This is fundamental to the initial formation of the sodium 
titanate structures. Subsequent growth is driven through conversion of 
TiO2 into titanate, whilst facilitating Na and O diffusion into the Ti 
structure to continue its growth. This mechanism is limited to the depth 
of Na diffusion (ca. 1 μm from the literature). For the TiO2 samples, Na 
and O are limited in their ability to diffuse into the material, since there 
is no free Ti available for conversion, therefore limiting the titanate 
growth only to the top surface. 

Additional assessments by focussing on TiO2 microspheres solely and 
varying the temperature and concentration of the NaOH solution should 
be conducted to a point where titanate formation occurs on the TiO2 
substrates as a separate study to the present publication. The applica
bility of the nanoporous sodium titanate structures onto microspherical 
substrates should certainly be investigated for biomedical, electro
catalysis, and water treatment applications, as well as comparing this to 
the state-of-the-art for that particular field. Some of which will be 
described in subsequent publications by the present authors. 
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