
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 1
0:

47
:0

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
The custom mak
aAnalytical & Testing Center, Sichuan Univ

nic7504@scu.edu.cn; nic1976@scu.edu.cn;
bState Key Laboratory of Oral Diseases, Na

Disease, West China Hospital of Stomatolo

China. E-mail: zss_1977@163.com

† Electronic supplementary informa
10.1039/c9ra08168b

Cite this: RSC Adv., 2019, 9, 41311

Received 8th October 2019
Accepted 28th November 2019

DOI: 10.1039/c9ra08168b

rsc.li/rsc-advances

This journal is © The Royal Society o
ing of hierarchical micro/
nanoscaled titanium phosphate coatings and their
formation mechanism analysis†

Bianyun Cai,a Nan Jiang,b Peijie Tan,b Yi Hou,a Yubao Li,*a Li Zhang *a

and Songsong Zhu*b

In this study, a series of hierarchical micro/nanoscaled titanium phosphate (TiP) coatings possessing various

surface morphologies were successfully fabricated on titanium (Ti) discs. The hydrothermal reactions of Ti

discs in hydrogen peroxide (H2O2) and phosphoric acid (H3PO4) mixed solution yield diverse topographies

such as hemispheric clump, cylindrical rod, spherical walnut, micro/nano grass, micro/nano sheet, and

fibrous network. And their crystal structures were mainly composed of Ti(HPO4)2$0.5H2O, (TiO)2P2O7,

H2TiP2O8, Ti(HPO4)2 and TiO2. The morphology and crystal shape of the TiP coatings depend strongly

on the mass ratio of H2O2/H3PO4, reaction temperature and water content. Besides, the formation

mechanism of TiP coatings with diverse morphologies was explored from the perspective of energetics

and crystallography. The mechanism exploration paved the way for custom-making TiP coatings with

desirable micro/nanoscaled morphologies to meet specific application purposes. The in vitro cytological

performances of TiP coatings were also evaluated by co-culturing with rat bone marrow stromal cells

(BMSCs), demonstrating a positive prospect for their use in bone tissue engineering.
1. Introduction

Titanium (Ti)-based implants without surface modication
generally lack initial osseointegration with surrounding bone
tissues, leading to a short lifespan or even implantation failure.1

Therefore, various surface modications including plasma-
spraying,2 sandblasting,3 acid etching,4 alkali-heat treatment,5

anodic oxidation6 and surface coatings7,8 have been explored to
modify the Ti surface structure, chemistry or topography while
retaining the excellent bulk properties, among which, advanced
surface coatings are the most widely applied methods to
improve the osteoconductivity and osseointegration of Ti
implants.

Bioinspired by the fact that natural bone possesses
a micro/nano-scaled hierarchical structure mainly composed
of calcium (Ca) and phosphorus (P), Sul et al.9 incorporated P
into the at titanium dioxide (TiO2) coating, and nally found
increased bone-implant contact around the modied TiO2

coating. While Park et al.10 fabricated a crystalline P-
incorporated Ti oxide surface, which exhibited enhanced
ersity, Chengdu 610065, China. E-mail:

zhangli9111@126.com

tional Clinical Research Center for Oral

gy, Sichuan University, Chengdu 610065,

tion (ESI) available. See DOI:

f Chemistry 2019
MC3T4-E1 cells attachment, vitality and osteoblastic gene
expressions. It has been analyzed that the enhanced biolog-
ical performance of P-incorporated coatings stems from the
truth that P-containing groups not only release a specic
signal to induce osteoblasts differentiation,11 but also provide
binding sites to attract Ca ions preferentially and form
calcium phosphate, which is favorable to improve the bioac-
tivity and biocompatibility of Ti implants.12,13 Recently, some
efforts have focused on fabricating titanium phosphates (TiP)
coatings with nanostructured morphology mimicking natural
bone in both composition and microstructure through
hydrothermal reactions of TiO2 powders or Ti plates in
phosphate acid (H3PO4) solution.14,15 Especially, we have
lately prepared TiP coatings with micro/nanoscaled hierar-
chical structure by reacting Ti substrates with hydrogen
peroxide (H2O2)/H3PO4 mixed solution under hydrothermal
conditions and also conrmed their greatly promoted
osseointegration with surrounding bone tissues in compar-
ison with the untreated Ti implants.16 Interestingly, we found
the coating morphology is adjustable by regulating hydro-
thermal parameters, which triggers our great interest to
explore the growth mechanism of TiP crystals with different
morphologies.

According to the classical Curry–Wulff's rule, the crystal
faces with the highest surface energy grows fastest to minimize
the overall surface energy of all exposed crystal faces,17 which
well explains the phenomenon that the same material oen
exhibits different crystal shapes resulting from the interference
RSC Adv., 2019, 9, 41311–41318 | 41311
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of environmental conditions.18 In our earlier work, it was found
that in hydrothermal reactions, there were many variables (such
as the mass ratio of H2O2/H3PO4, water content in H2O2/H3PO4

and reaction temperature) that inuence the crystal growth,
nally resulting in very different coating morphologies on Ti
substrate.16 Therefore, making clear of how these variables
affecting the crystal growth and shapes is of great signicance
for researchers to custom make desirable TiP crystals suitable
for specic purposes.

It is well known that the crystallization process usually
consists of nucleation and crystal growth.19 But only when the
energy provided is enough to cross the potential barrier of
nucleation can the critical crystal nuclei form,20 then followed
by the crystal growth via ion-by-ion (or ion–molecules) attach-
ment, which according to the Kossel's model of crystal layer
growth, is a slow and complex process needing adequate
energy.21 Therefore, we here hydrothermally fabricated TiP
coatings on Ti discs with tailored crystal chemistry and surface
topography by controlling the mass ratio of H2O2/H3PO4 (R),
reaction temperature (T), and water content (W) in H2O2 and
H3PO4 mixed solution. And the formation mechanism of these
hierarchically structured TiP coatings as well as the correlation
between the synthesis conditions and the formed crystal phase/
morphology were explored from the perspective of energetics
and crystallography. On this basis, cell responses to these TiP
coatings formed on Ti discs were evaluated in vitro in order to
provide strong evidence for TiP coated Ti implants to be used in
orthopedic and dental applications.
2. Experimental section
2.1. Materials

Commercially pure titanium substrates (Ti, 99.99% purity, Baoji
Titanium Industry Co. Ltd., China) were machined into f10mm
� 1 mm discs. Hydrogen nitrate (HNO3), hydrogen uoride
(HF), acetone, ethyl alcohol, 30 wt% aqueous hydrogen peroxide
(H2O2) and aqueous phosphoric acid (H3PO4,S85 wt% in H2O)
were purchased from Chengdu Kelong Chemical Reagent
Company. All chemicals were of analytical grade and used
directly without further purication.
2.2. Synthesis of TiP coatings

Aer polished to mirror nish with 400, 800, 1200 and 2000
grit SiC sandpapers, sequentially, Ti discs were soaked in
10 mL of a mixture solution of HF : HNO3 : H2O at a volume
ratio of 1 : 3 : 5 for 5 min to remove the naturally formed
oxidized layer, then ultrasonically cleaned with acetone,
alcohol and deionized water for 30 min, respectively. Aer
that, Ti discs were placed into a mixed solution containing
H2O2 and H3PO4 with different mass ratio and water content in
a Teon liner, which was then tightly sealed in an autoclave
followed by hydrothermal treatment at different temperature
varying from 80 �C to 220 �C for 24 h. Then, Ti discs were
repeatedly washed under a strong stream of distilled water to
remove the impurities on surfaces and nally dried in air at
room temperature for 24 h.
41312 | RSC Adv., 2019, 9, 41311–41318
2.3. Surface characterization

The surface and cross-sectional morphologies of TiP coatings
were observed by scanning electron microscopy (SEM, JSM-
6500LV, JEOL, Japan). X-ray diffraction (XRD, RINT-2000,
Rigaku, Japan) was used to identify the phase compositions
and the surface crystallinity of TiP coatings. The surface
elemental compositions and mappings of TiP coatings were
determined by energy-dispersive X-ray spectrometry (EDS,
EPMA, JAX-8100, Japan). The chemical states of titanium (Ti),
oxygen (O) and phosphorus (P) were analyzed by X-ray photo-
electron spectroscopy (XPS, AXIS Ultra DLD, KRATOS, UK),
outtted with a monochromatic Al Ka radiation (hn ¼ 1486.6
eV). The obtained data were analyzed by soware of XPS Peak
Fit 4.1. The contact angles of the samples against water were
tested with Automatic Contact Angle Meter Model (SL200B,
Solon Information Technology, China), and ve random loca-
tions on each sample were measured to give the average value.
2.4. Cell isolation and culture

Cell isolation and culture were conducted in accordance with
the Guidelines for Care and Use of Laboratory Animals of
Sichuan University and experiments were approved by the
Animal Research Committee of the State Key Laboratory of Oral
Diseases and West China School of Stomatology, Sichuan
University (approval number: SKLODLL2013A118). Briey, bone
marrow mesenchymal stem cells (BMSCs) were extracted from
the femurs of 4 weeks old male Sprague-Dawley rats (Animal
Research Center, Sichuan University, China) and cells at
passage 2 were used for cell experiments.
2.5. Cell attachment assay

Ti discs were sterilized with Low Temperature Plasma Sterilizers
(HRPS-120, Haier, Qingdao) for 2 h, and then soaked into PBS
buffer solution for 24 h. BMSCs in the second passage were
seeded onto the pre-wetted Ti disc (1 � 105 cells per disc), and
incubated in a humidied incubator at 37 �C with 5% CO2 for
4 h. Then, the sample was rinsed three times with PBS to
remove those unattached cells. The remaining cells were xed
with 2.5% glutaraldehyde and were dehydrated in a graded
series of ethanol solutions (20%, 40%, 60%, 80%, 90% and
100%). Themorphology of cells attached to Ti disc was observed
with SEM (JSM-6510LV, JEOL, Japan) aer gold sputtering.
2.6. Cell immunouorescence staining

Cell immunouorescence staining and the expression of
integrinb1 and vinculin on the experimental Ti samples were
detected by confocal laser scanning microscopy (CLSM). Aer
incubation with Ti sample for 48 h, the cells were xed in 4%
paraformaldehyde and permeabilized with 0.2% Triton X-100.
Nuclei were counterstained with DAPI and Ti samples were
mounted on a glass slide. All procedures were completed in the
dark, and all samples were observed using CLSM aer thorough
rinsing using PBS solution.
This journal is © The Royal Society of Chemistry 2019
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2.7. Cell proliferation assay

BMSCs were seeded on the sterilized Ti discs at a cell density of
about 2 � 104 cells mL�1. Aer co-culturing for 1, 3, 5 and 7 d,
20 mL of CCK-8 solution and 180 mL of culture medium were
added to each well and then further incubated for 2 h. Finally,
the absorbance of the incubated solution was measured by
a microplate reader (Thermo, USA) at 450 nm wavelength.

2.8. ALP activity assay

The differentiation of BMSCs on sterilized Ti discs was evalu-
ated by the ALP activity assay. BMSCs were seeded on Ti discs at
a cell density of about 2 � 104 cells per well and incubated for 7,
10 and 14 days, respectively. Then the cultured cells were xed
by 4% paraformaldehyde and ALP activity was determined at
405 nm using p-nitrophenyl phosphate as a substrate.

3. Results and discussion
3.1. Effects of water content in hydrothermal solution

Hydrothermal method is based on dissolution reaction at the
highly-stressed contact zones between particles in the presence
of a solvent, which follows by a precipitation process on lower-
stressed surfaces.22 As shown in SEM images, aer hydro-
thermal treatment under 120 �C for 24 h in H2O2 and H3PO4

mixed solution, the surface morphologies of coatings formed
on Ti discs evolved from spherical walnut-like, cylindrical rod-
like to grass-like structures with water content changing from
0 to 90 wt% by setting R as the constant of 9 : 1 (Fig. 1A), and the
corresponding coating thickness changed in the range of 11.9 to
105.2 mm (Fig. 1B). In a classically hydrothermal reaction,
a solute dissolves and enters into a solution under certain
temperature and pressure in form of ions or molecular groups,
Fig. 1 The SEM images showing the surface topography (A) and the
cross-sectional morphology (B) of the TiP coatings reacted for 24 h in
mixed solution with H2O2/H3PO4 at 9 : 1 under 120 �C with water
content of 0 (a), 50% (b), 70% (c) and 90% (d); the XRD patterns (C) and
XPS full spectra (D) of TiP coatings reacted for 24 h in mixed solution
with H2O2/H3PO4 at 9 : 1 under 120 �C with water content changing
from 0 to 90 wt%.

This journal is © The Royal Society of Chemistry 2019
which are transported to the low temperature area (Ti discs) by
convection generated by the temperature difference between
the upper and lower parts of the reactor to form a supersatu-
rated solution, then the nucleation occurs, followed by crystal
growth. Therefore, more water evaporates to produce larger
vapor and higher system pressure with the increase of water
content in a closed reactor possessing the same volume.23–25

Meanwhile, higher system pressure can provide an additional
driving force for the nucleation, urging TiP crystals to orien-
tated grow along the crystal plane with higher energy, which
helps explain why the coating structure transforms from
spherical walnut-like structure (3 dimensional stable structure
with low specic area) to cylindrical rod-like (2 dimensional)
and even grass-like structures (1 dimensional) with water
content increasing. XRD spectra shown in Fig. 1C conrm the
crystalline phases formed on Ti discs in H2O2 and H3PO4 mixed
solution with different water content. Specically, the phases
referring to Ti, TiO, H2TiP2O8 and Ti(HPO4)2 showed up without
water, but with the increase of water content, Ti(HPO4)2 grad-
ually transformed into Ti(HPO4)2$0.5H2O, while H2TiP2O8

further reacted with TiO2 to nally form (TiO)2P2O7. The XPS
full spectra in Fig. 1D indicated that the formed coatings were
mainly made up of Ti, O and P elements, whose high-resolution
XPS spectra were exhibited in Fig. S1.† Obviously, the peaks of
Ti2p centered at 459.0 eV and 464.7 eV are assigned to the typical
binding energies for Ti2p1/2

and Ti2p3/2
of Ti4+; the P2p peak at

133.4 eV corresponds to the binding energy of P in PO4
3�. In the

O1s spectra, the peaks at 530.32 eV and 531.6 eV are attributed to
Ti–O–Ti in TiO2 and O in Ti–O–P and P]O, respectively, while
the peak at 532.1 eV belongs to O in P–O–P.
3.2. Effects of mass ratio of H2O2/H3PO4 (R) in hydrothermal
solution

Based on the effects of water content on the morphologies of
TiP coatings, 70 wt% of water in solution was set for further
study. The morphology evolution of TiP coatings aer hydro-
thermally treated for 24 h under 120 �C inmixed solution with R
varying from 1 : 9 to 9 : 1 (1 : 9, 1 : 7, 1 : 5, 1 : 3, 1 : 2, 1 : 1, 2 : 1,
5 : 1, 7 : 1 and 9 : 1, respectively) can be observed directly
through SEM images shown in Fig. S2,† which indicates that
with smaller R values (meaning less H2O2 in solution), the
formed coatings mainly exhibited cylindrical rod-like structures
(R varies from 1 : 9 to 1 : 1), then evolved to sheet-like and even
grass-like structures along with enlarging R values (from 2 : 1 to
9 : 1). Accordingly, it can be analyzed that corrosion dominates
the hydrothermal reaction when H3PO4 more than H2O2 is
present in the mixed solution (R# 1 : 1), together with plenty of
Ti4+ ions continually releasing from Ti surface to supersaturate
the solution, while H2O2 as an oxidizer can provide extra energy
to accelerate nucleation process, then make TiP crystals grow
into short rod-like structure (3 dimensional structure with low
specic area); however, with the R value increasing to more than
1 : 1 till 9 : 1, high H2O2 content in the mixed solution together
with high reaction pressure can offer enough energy to urge TiP
crystals grow along the highest face and nally form sheet-like
(2 dimensions) and even grass-like (1 dimension) coatings
RSC Adv., 2019, 9, 41311–41318 | 41313
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with higher specic area, indicating that H2O2 plays an
important role for crystal shapes, which in turn result in the
morphologic diversity of TiP coatings.
Fig. 2 The SEM images showing the surface topography (A) and the
cross-sectional morphology (B) of the TiP coatings reacted for 24 h in
mixed solution with H2O2/H3PO4 at 9 : 1 containing 70 wt% water
under 80 �C (a), 100 �C (b), 160 �C (c) and 220 �C (d); the XRD patterns
(C) and XPS full spectra (D) of the TiP coatings reacted for 24 h inmixed
solution with H2O2/H3PO4 at 9 : 1 containing 70 wt% water under
80 �C, 100 �C, 160 �C and 220 �C, respectively; the XPS high resolution
spectra for O1s of the TiP coatings prepared under 80 �C (E) and 220 �C
(F).
3.3. The effects of reaction temperature (T) in hydrothermal
treatment

According to the great contribution of H2O2 to the morphologic
diversity of TiP coatings, we here set the R value as 1 : 2 to 9 : 1
for further experiments. SEM images in Fig. S3† detailedly
reveal the morphologies of TiP coatings transform with varying
R values (1 : 2, 1 : 1, 2 : 1, 5 : 1, 7 : 1, and 9 : 1) under different T
(80, 100, 120, 140, 160, 180, 200, and 220 �C) aer hydrother-
mally reacted for 24 h. Here, the temperature starting from
80 �C and ending with 220 �C is set because no coatings can
grow on Ti discs in the hydrothermal system below 80 �C
meanwhile the maximum temperature of Teon liner can
endure is 230 �C. Reacting under 80 �C for 24 h, Ti disc displays
a relatively smooth surface with shallow pits in the range of R
variations. While under 100 �C, the surfaces for all groups show
hemispheric clumps-like structures consisted of numerous
“petals” growing radially outward, but these hemispheres
present a trend to grow bigger with R increasing. With the
increase of T, the surface morphology undergoes the evolution
from sheet-like to grass-like. As T is further increased, the
coating exhibits network structure consisted of some randomly
aligned slender bers. In contrast, the inuence factor of T has
a much bigger impact on the surface topography of TiP coatings
in comparison to R. Therefore, groups with R value at 9 : 1 and T
of 80, 100, 160 and 220 �C were selected as representative
candidates to further investigate on the structures and
compositions (Fig. 2). When T is 80 �C, only a corrosion region
composed of pure Ti about 5.8 mm thick is formed on the Ti
substrate (Fig. 2A(a), B(a) and C). While the crystalline products
referred to Ti, TiO2(rutile) and Ti(HPO4)2$0.5H2O with hemi-
spheric clumps-like structures and coating thickness around
65.6 mm except for a corrosion region about 5.8 mm thick grew
on Ti disc under 100 �C (Fig. 2A(b), B(b) and C). With T
increasing up to 160 �C, a reticular network structure where
short and thin bers are arranged randomly with about 103.4
mm coating thick and a corrosion region about 6.5 mm thick can
be observed on Ti disc (Fig. 2A(c) and 2B(c)). And the XRD
pattern marked as 160 �C in Fig. 2C shows that Ti(HPO4)2-
$0.5H2O transformed into Ti(HPO4)2 accompanied by the loss of
a half crystal water together with the presence of a more stable
compound of titanium oxide phosphate ((TiO)2P2O7) due to
more dissolved Ti4+ reacting with abundant H2O2 and H3PO4.
Keep improving T to 220 �C, the diffraction peaks assigned to
Ti(HPO4)2 and (TiO)2P2O7 are markedly intensied (Fig. 2C) and
the network coating showing a 83.3 mm thickness along with
a 6.8 mm thick corrosion region is made up of much longer
bers (Fig. 2A(d) and 2B(d)).

The XPS full spectra in Fig. 2D show that the coatings
prepared under 100, 160 and 220 �C are mainly composed of Ti,
O and P elements, but the surface of Ti disc treated under 80 �C
displays no trace of P but only Ti and O. In general, the atom
losing an electron oen generates a blue shi in the binding
41314 | RSC Adv., 2019, 9, 41311–41318
energy, on the contrary, red shi occurs. As shown in the high-
resolution XPS spectra (Fig. S4†), about 1–2 eV blue shi in the
electron binding energies for Ti2p1/2

and Ti2p3/2
on the surfaces of

Ti discs can be seen with T going up from 80 �C to 220 �C
because there are much more Ti atoms losing their electrons to
be oxidized into Ti4+. The P2p peaks at 133.4 eV correspond to
the binding energy of P in PO4

3�, suggesting the successful
incorporation of P into the Ti surface. Moreover, the charac-
teristic peaks attributed to Ti–O–P, P]O and P–O–P newly
appear in the spectra of O1s on the surfaces of samples hydro-
thermally treated under different T (Fig. S4† and 2F). The XPS
data further testify that the newly formed TiP coatings are
mainly composed of Ti(HPO4)2 and Ti(HPO4)2$0.5H2O,
although not excluding the existence of free phosphate groups,
which is consistent with the XRD results in Fig. 2C.
3.4. The wettability and P contents of Ti surfaces aer
hydrothermal treatment

As reported,26,27 the surface wettability and surface free energy
(SFE) of Ti implants have great impacts on the attachment of
proteins or biomacromolecules which in turn inuence the
proliferation of osteoblasts and then the osteointegration of Ti
implants. The hydrophilicity of these treated Ti surfaces were
tested using contact angle (CA) measurement against water,
through which the corresponding SFE was calculated, as shown
in Fig. 3A. The water CA on Ti surface treated under 80 �C for
24 h is about 42.7�, and then decreases to about 5.6� under
100 �C whereas it decreases signicantly to 0� with T increasing
from 160 �C to 220 �C, implying that the TiP coatings formed
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 The water contact angle curves (A) and the corresponding
surface energy curves (a) of TiP coatings reacted for 24 h in mixed
solution with H2O2/H3PO4 at 9 : 1 containing 70 wt% water under
80 �C, 100 �C, 160 �C and 220 �C, respectively; the atomic percentage
of P given by EDS (B), themerge images (C) and the distribution images
of P (D) analyzed by EDS mapping of TiP coatings reacted for 24 h in
mixed solution with H2O2/H3PO4 at 9 : 1 containing 70 wt% water
under 80 �C (a), 100 �C (b), 160 �C (c) and 220 �C (d).
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above 160 �C behave super-hydrophilic property. The SFE is
oppositely proportional to the CA of surfaces, that is, the
smaller the CA, the higher the SFE (inset of Fig. 3A). The values
of CA and SFE are listed in Table S1.†

The distribution and atomic percentage of P in TiP coatings
formed on Ti discs under different T were characterized by EDS
and surface mapping. It is obvious that the atomic percentage
of P in coatings rises with T (Fig. 3B), the Ti surface treated
under 80 �Cmainly consists of Ti and O, as well as trace amount
(0.03%) of P, but with T increasing, more and more P elements
except for Ti and O are present in the formed coatings (Fig. 3C,
D and S5†).
3.5. Formation mechanism of TiP coatings with diverse
morphologies

In the hydrothermal system of this study, TiP coatings pos-
sessing diverse surface morphologies result from the reactions
of Ti metal with H2O2 and H3PO4 in the solution, which involves
a complex process including surface corrosion, oxidation,
dissolution, nucleation, crystallization and re-deposition. Ti
metal displays a dense hexagonal structure with lattice
constants of a ¼ 0.2911 nm and c ¼ 0.46843 nm at room
temperature. Under the help of H3PO4 in hydrothermal reac-
tion, H2O2 are rstly decomposed into O2 to react with Ti atoms
on the surface, thus generate lots of random defects (so-called
“pitting attack”), resulting in a greatly enlarged surface area
on Ti disc, enhanced surface free energy and chemical poten-
tial.28,29 With the increase of T, more H2O2, H+ and O2 are
incorporated into the active Ti surface, facilitating the genera-
tion of Ti4+ as depicted in the following formula:30

2H2O2 / 2H2O + O2 (1)
This journal is © The Royal Society of Chemistry 2019
Ti + 2H2O2 + 4H+ / Ti4+ + 4H2O (2)

Ti + 4H+ / Ti4+ + H2 (3)

Ti + O2 + 2H2O / Ti4+ + 4OH� (4)

With the pitting attack and the generation of Ti4+

continuing, more atomic vacancies generate, which enlarges
the atomic spacing and expand the pore numbers at the
corrosion region, and then increase the surface area and free
energy of Ti samples, making the surface corrosion and oxida-
tion reaction more intensive to form a loose surface on Ti
substrate. Subsequently, more H2O2 molecules inltrate into
the loose surface on Ti substrate and react with those released
Ti4+ to form different forms of the peroxohydroxo titanium
complexes, such as cationic [Ti(O2)(OH)]+, [Ti(O2)(OH)2] and
[Ti(O2)(OH)3]

�.31,32 The peroxohydroxo titanium complexes are
unstable and can be dimerized, leading to the formation of
various oxoperoxohydroxo di-titanium complexes, such as
[Ti2O5(OH)2], [Ti2O5(OH)3]

� and [Ti2O5(OH)4]
+.33 At the same

time, the complex of [Ti2O5(OH)3]
� are unstable and decompose

into a precipitate of titanium hydroxide (Ti(OH)4).34 The corre-
sponding reactions are described as follows.

3Ti4+ + 3H2O2 + 6H2O / [Ti(O2)(OH)]+ + [Ti(O2)(OH)2]

+ [Ti(O2)(OH)3]
� + 12H+ (5)

3[Ti(O2)(OH)2] + 3[Ti(O2)(OH)3]
�/ [Ti2O5(OH)2] + [Ti2O5(OH)3]

�

+ [Ti2O5(OH)4]
+ + 3H2O (6)

[Ti2O5(OH)3]
� + H2O / Ti(OH)4 + 1/2O2 + OH� (7)

Finally, TiP coatings with diverse morphologies deposit on Ti
substrates accompanied by a series of physicochemical reac-
tions between PO4

3�, HPO4
2�, H2PO4

� groups and Ti4+, H2O2 as
well as the above-mentioned complexes probably in the
following ways: (a) Ti(O2)(OH)n�2

(4�n)+ or Ti2O5(OH)x
2�x

continue to react with PO4
3�, HPO4

2� and H2PO4
� groups in

solution, leading to the deposition of amorphous or low crys-
tallinity TiP coating; (b) high crystallinity TiP coating forms as
the dissolved Ti-containing groups react with P-containing
groups to organize into crystal clusters via the classical and/or
non-classical pathways;35

Ti(OH)4 + 4H+ + 2HPO4
2� / Ti(HPO4)2 + 4H2O (8)

(c) Ti4+ and H2O2 directly react with PO4
3�, HPO4

2� and H2PO4
�

groups to form polynuclear complexes with hierarchical struc-
tures and multi-components containing Ti, P, O, and H.

It has been reported that only small amount of H2O2

decompose to generate O2 if heated under <100 �C;36 mean-
while, the set temperature of 80 �C is far below the boiling point
of water (100 �C), not enough to vaporize water for promoting
the reaction pressure to generate extra driving force. Both of the
above reasons explain why no TiP coating except for a corrosion
region with a �5.8 mm thickness formed on Ti substrate aer
hydrothermally treated for 24 h under 80 �C. With the temper-
ature going up to 100 �C, which on one hand makes more H2O2
RSC Adv., 2019, 9, 41311–41318 | 41315
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Fig. 5 The BMSCs morphology investigated by SEM with 4 h incu-
bation (A) and the integrin b1 and vinculin expressions of BMSCs
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decompose into O2, on the other hand just equals to the boiling
point of water, vaporizing part of water molecules to enhance
the pressure in reactor, nally the energy accumulated in
hydrothermal system is just enough to propel the formation of
TiP coating with sphere-shaped morphology (3 dimensions)
possessing low specic surface area in order to minimize the
integrated surface energy,37 this process needs relatively less
energy. Simultaneously, the decomposition of H2O2 is an
exothermic reaction which generates a lot of heat further to
provide energy for the hydrothermal system and also additional
driving force for the nucleation of TiP crystals. Therefore, as the
temperature and H2O2 content in system keep increasing (from
120 �C to 160 �C, then to 220 �C), abundant energy is provided to
make TiP complexes grow faster in directions with higher
surface energy, ultimately forming TiP coatings possessing
cylindrical rod (2 dimensions) and ber network (1 dimension)
structures with a higher surface-to-volume ratio, as shown in
Fig. 4.
investigated by CLSM after 48 h incubation (B) on the TiP coatings
reacted for 24 h in mixed solution with H2O2/H3PO4 at 9 : 1 containing
70 wt% water under 80 �C (a), 100 �C (b), 160 �C (c) and 220 �C (d); the
CCK-8 assay of the BMSCs cultured for 1, 3, 5, and 7 days (C) and the
alkaline phosphatase activity (ALP) of BMSCs after culturing for 7, 10,
and 14 days (D) on different Ti substrates. #p < 0.05 compared to
sample prepared under 80 �C.
3.6. Cytocompatibility of Ti samples with hydrothermal
treatment

As the precursor of osteoblasts, BMSCs play an important role in
bone ecological stability and regeneration. The initial adhesion
and spreading of BMSCs is the key factors that directly affect
subsequent cellular functions and osseointegration.38,39 The
adhesion status and morphologies of BMSCs on various
implant surfaces aer 4 h incubation are detected by SEM
(Fig. 5A). For the sample hydrothermally processed under 80 �C,
cells exhibit globular morphologies with limited spreading
where few pseudopodia can be observed. In contrast, cells
seeded on 100 �C or 160 �C hydrothermal groups spread much
better, showing at and stretching shapes. More fusiform or
multilateral cells with more pseudopodia are observed on TiP
coating with the increase of T to 220 �C, behaving their robust
vitality.

The CLSM images exhibit the expression of integrinb1 and
vinculin. As shown in Fig. 5B and S6,† a stronger uorescent
intensity can be seen for uorescence-stained cells cultured on
TiP coatings prepared among T of 100, 160 and 220 �C
compared with the group treated under 80 �C, which are in
Fig. 4 The schematic formation mechanism of the TiP coatings with
different surface morphology formed on Ti discs.

41316 | RSC Adv., 2019, 9, 41311–41318
accordance with the SEM observation. To be specic, along with
the increasing of T, more uorescent signal can be clearly
detected especially for samples prepared under 160 �C and
220 �C, suggesting that the formation of TiP coatings avail
integrinb1 and vinculin expressions, implying conducive cell
adhesion.

CCK-8 assay was applied to measure the proliferation of
BMSCs in order to investigate the biocompatibility of TiP
samples. The results of the BMSCs cultured for 1, 3, 5, and 7
days are shown in Fig. 5C. The higher the processing temper-
ature is, the better cell viability on these surfaces can be ob-
tained. BMSCs on samples prepared under 80 �C show up the
worst proliferating ability while they show the best on 220 �C
group.

Cell differentiation is one of the key processes to evaluate the
material biocompatibility. As a classical marker of differentia-
tion of osteoblasts, ALP is detected in this study to conrm the
cell mineralization.40–42 The ALP activity of BMSCs cultured on
TiP coatings is shown in Fig. 5D. ALP activity of TiP coatings
prepared under 100, 160 and 220 �C is notably greater than
those prepared under 80 �C, indicating that the formation of
TiP coatings was benecial to cell osteogenic differentiation.

The better cell adhesion, proliferation and differentiation
can be detected for TiP coatings prepared under 100 �C to
220 �C than the sample treated under 80 �C, which is mainly
attributed to their excellent hydrophilicity, bigger surface free
energy and higher atomic percentage of homo-dispersed P. On
the other hand, BMSCs are extremely sensitive to acidic envi-
ronment while TiP coatings are slightly acidic due to the
residual of acid reactant or incomplete cleaning. Therefore, the
This journal is © The Royal Society of Chemistry 2019
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improved cell responses for samples prepared under 160 �C and
220 �C are also attributed to the completely breaking down of
the residual acid reactant accompanied by the increase of T.

4. Conclusion

A simple hydrothermal reaction of Ti discs in the mixed
aqueous solutions of H2O2 and H3PO4 yielded various hierar-
chical micro/nanoscaled TiP coatings with a variety of crystal
chemistry and surface topography by varying the mass ratio of
H2O2/H3PO4, reaction temperature and water content of the
hydrothermal solution. It is claried that temperature, H2O2

and water content in the mixed solution play great roles in
providing energy for the formation of TiP coatings with diverse
morphologies. The formation mechanism of these TiP coatings
was investigated comprehensively from the perspective of
energetics and crystallography, providing conveniences for
researchers to custom-make TiP coatings with desirable
morphologies to meet specic purposes. The in vitro cytological
performances of TiP coatings indicate that TiP coated Ti
implants have the potential to be used in bone tissue
regeneration.
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