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A B S T R A C T

Evonik Aeroxide P25 (formerly Degussa P25) is a flame-made multiphasic TiO2 nanoparticles containing anatase
and rutile, as well as a small amount of amorphous TiO2. The past decades have witnessed the wide applications
of P25 as a benchmark material for studying photocatalytic mechanism, materials and process. However, con-
troversy remains regarding the microstructure of anatase and rutile: do they interwoven forming heterojunction
structure or exist individually? To clarify it, we selected a medium alkaline, LiOH to erode bare P25 under a mild
hydrothermal condition. Since rutile presents much higher resistances towards dissolution by LiOH than anatase,
it is reasonable to find during hydrothermal reaction that the ratio of anatase to rutile (A/R) gradually decrease
if they exist individually. Reversely, the A/R value gradually increases at the beginning of the hydrothermal
reaction, implying that rutile shows high activity towards dissolution and phase transformation to lithium ti-
tanate. As calculated, around 15% rutile nanoparticles more likely exist on the surface of anatase with the
formation of a heterojunction structure, although isolated nanoparticles with sole rutile phase coexist. In ad-
dition to XRD analysis, TEM measurement shows that the Moiré fringes frequently present, which further
manifests that some anatase particles are covered with rutile clusters or thin overlayers.

1. Introduction

Semiconductor photocatalysis and the associated photoactive ma-
terials have attracted numerous interests that aims to efficiently convert
solar energy to chemical energy for various technologically important
applications, such as environmental remediation, solar fuel production,
photocatalytic organic synthesis, etc. Owing to its outstanding physi-
cochemical characteristics, e.g. suitable band position, non-toxicity,
low cost, chemical inertness, photostability, and biocompatibility, TiO2

has been demonstrated to be one of the most viable photocatalysts
[1–5]. Given the superior functionality, TiO2 nanoparticles have been
commercially produced in large scale and brought a widespread success
in practical applications. As estimated by Robichaud et al. [6], the
market of TiO2 will be dominated by the nanosized TiO2 by 2025 with
an annual global production of 14 million tons.

A representative TiO2 nanoparticle product is Evonik (formerly

Degussa) AEROXIDE® TiO2 P-25 (denoted as P25). Manufactured via a
proprietary Aerosil process, namely, TiCl4 vapor-fed flame pyrolysis
process, P25 was initially produced for chemical industry. Academic
studies on P25 as a semiconducting metal oxide photocatalyst seren-
dipitously appeared in early 1980s, and surged in 1990s following the
rapid development in semiconductor photochemistry. Up to now P25
has been undoubtedly the most commonly used commercial TiO2 for
studying photocatalytic processes. Specifically, P25 is also the most
widely employed referential photocatalyst to evaluate the photo-
catalytic activity of new materials. Several remarkable properties ac-
count for the uniqueness of P25: high chemical purity, relatively broad
light absorption, low aggregation, excellent dispersion especially in li-
quid media, and high quantum efficiency and photocatalytic activity for
various photocatalytic reactions [4,7,8].

Interestingly, although P25 has been widely employed, controversy
remains regarding the microstructure of P25. As widely revealed by
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XRD analysis, P25 is of mixed-phase TiO2 mainly containing anatase
and rutile, the two most common crystal phases of TiO2. However, at-
tempts made to understand the exact state of anatase and rutile phases,
as summarized in Fig. 1, have unfortnately led to contestable results,
despite different characterization techniques used and a variety of
persuasive evidences provided. For example, based on transmission
electron microscopy (TEM), Ohno et al. [9] and Datye et al. [10] ob-
served individual anatase- and rutile-phase TiO2 particles that were
separated without forming a heterojunction structure (Type A in Fig. 1),
while Bickley et al. [11] observed that some individual particles were a
mixture of amorphous TiO2 with either anatase or rutile phased TiO2,
and the other particles, which were mostly anatase, covered by a thin
overlayer or of rutile (Type B in Fig. 1). Thus, the intimate contact
among the amorphous, anatase, and rutile TiO2 was believed to im-
prove the magnitude of the space-charge potential due to the efficient
charge carrier separation, leading to a much higher photocatalytic ac-
tivity than that of sole-phase TiO2, either anatase or rutile. Such a sy-
nergetic effect was demonstrated by using electron paramagnetic re-
sonance (EPR) spectroscopy by Hurum et al. [12] and Macdonald et al.
[13,14]. By irradiating an aqueous P25 suspension with visible light
(> 400 nm) at an extremely low temperature of 10 K to exclude inter-
particle charge transfer, they detected the electron transfer from rutile
to anatase, implying the presence of chemically bonded clusters [12].
On the contrary, Otahni et al. [15,16] isolated the anatase nanoparticles
from P25, and found that P25 showed a lower photocatalytic activity in
most photocatalytic processes than single-phase anatase due to the
presence of less active rutile phase in P25. The absence of synergetic
effect, as they concluded, was thus associated with the fact that P25 was
a simple mixture of anatase and rutile without any electrical interac-
tions. Very recently, Ide et al. [17] claimed that the synergetic effect
and the superior photocatalytic activity of P25 are originated from the
anatase-rutile interparticle contact (Type C in Fig. 1). Different from
Type B with a smaller size rutile, Type C possesses similar size anatase
and rutile that are fused together tightly. The interface of anatase-rutile
nanoparticles, like the heterojunction structure, is beneficial to the
charge carrier separation and consequently the efficiency of photo-
catalysis [18,19]. The interparticle structure of P25, as further de-
monstrated by Ide et al., can be improved by hydrothermal treatment
due to the aggregation and crystallization [17].

A comprehensive understanding of P25 microstructure is of parti-
culate importance for designing efficient TiO2-based photocatalyst for
various photochemical applications since the phase composition and
microstructure have significant influences on the resulting properties
and performances of the photoactive materials. Using single char-
acterization technique seems to be insufficient to provide solid

evidences, which, instead, might lead to the inconsistent results as
mentioned above. Normally “direct” characterization of polymorphic
P25 at the nanoscale is of huge difficulty. Taking TEM as an example,
the inhomogeneity of P25 makes the observation somewhat contingent
and ambiguous. Herein a novel “indirect” tactic has been developed to
ease the analyses of the composition and microstructure of P25.
Different from previous studies, chemical corrosion of P25 by LiOH at
hydrothermal conditions reveals as an effective means to discriminate
the crystal phases of P25. Based on their different reaction kinetics with
LiOH, the states of anatase and rutile are well understood with the aids
of X-ray diffraction (XRD) and TEM techniques.

2. Experimental section

2.1. Hydrothermal reaction between P25 with LiOH

All the chemicals were purchased from Aldrich and used as received
unless otherwise stated. P25 (1.0 g) was dispersed in 30 ml of LiOH
solution (1.0 mol/L). The milk-like suspension was stirred for 15 min
before transferred to a Teflon-lined autoclave to conduct the hydro-
thermal reaction in an electronic oven with a temperature of 90 °C.
After keeping in oven for different time of 0.5–8 h, the autoclave was
cooling down and the collected powdered samples were washed with
water for three times.

2.2. Materials characterization

Powder wide-angle XRD measurement was performed on a Bruker
D8 Advance X-ray diffractometer with a monochromated high-intensity
CuKα radiation (λ = 1.5418 Å). Quantitative analysis of the obtained
XRD patterns was implemented according to the Rietveld refinement
technique with the aid of X'Pert HighScore Plus (HSP) and MAUD
(Materials Analysis Using Diffraction) programs [20,21]. The mor-
phology and microstructure of P25-based nanoparticles were observed
by a JEOL JEM-2010 transmission electron microscope. Nitrogen ad-
sorption-desorption isotherms were obtained using a Micromeritics
ASAP 2020 surface area, and Brunauer-Emmett-Teller (BET) equation
was used to calculate the surface area from adsorption data obtained at
P/P0 = 0.01–0.30.

3. Results

3.1. Phase composition of P25

Fig. 2a shows a representative XRD pattern of P25, which matches

Fig. 1. The possible microstructures of anatase and rutile in P25: free naonparticles (A); heterojunction structure consisting of rutile clusters and thin overlayers on anatase nanoparticles
(B); and inter-particles (C).
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well with tetragonal anatase and rutile (Powder Diffraction File (PDF)
Nos. 21–1272 and 21–1276, International Centre for Diffraction Data
(ICDD), respectively. According to Rietveld refinement, the ratio of
anatase to rutile (A/R) is determined to be 4.85. Annealing at 420 °C for
2 h allows for the complete crystallization of P25, for which amorphous
TiO2 transforms to anatase; while the amount of rutile remains constant
(Fig. 2b). The relative anatase phase composition in annealed P25 thus
increases to 84.1%, and that of rutile is 15.9%. Therefore, the exact
phase composition can be determined to be anatase (77.1%), rutile
(15.9%) and amorphous TiO2 (7.0%).

3.2. Phase confirmation for lithium titanium oxides

Considering that P25 contains crystalline and amorphous TiO2, we
firstly studied the hydrothermal reaction between LiOH with P25, TiO2

nanoparticles consisting of single-phase anatase and rutile, or amor-
phous TiO2. Fig. 3 shows the representative XRD patterns of lithium
titanium oxide compounds obtained from hydrothermal treatment of
TiO2 in LiOH solution for a prolonged period of 12 h. Interestingly,
tuning the crystallinity of TiO2 leads to distinct lithium titanium oxide
phases.

For amorphous TiO2, the diffraction peaks are well matched with
those of lithium titanate hydrate (Li1.81H0.19Ti2O5·2H2O, PDF #47-
0123, ICDD), as shown in Fig. 3a.

2LiOH (aq.) + TiO2 (amorphous, s)→ Li1.81H0.19Ti2O5·2H2O (s) + H2O(1)

In contrast, replacing the amorphous TiO2 with P25 in the same
hydrothermal process gives rise to an entirely distinct product with
three well-resolved diffraction peaks at 2θ of 43.7, 63.2 and 79.9°,
which, as shown in Fig. 3b, can be indexed to the (200), (220) and
(222) peaks of metastable cubic α-Li2TiO3 phase (Li-deficient, PDF
#03-1024, ICDD), respectively. The original anatase and rutile phases
in P25 completely disappeared, and no XRD pattern for
Li1.81H0.19Ti2O5·2H2O from amorphous TiO2 was detected, presumably
a result of small quantity of amorphous TiO2 in P25.

2LiOH (aq.) + TiO2 (anatase or rutile, s) → α-Li2TiO3 (s) + H2O (2)

It is worthy to note the reason why LiOH was chosen as a corrosive
agent. The mild alkaline solution of LiOH creates a medium for easy
monitoring of the reaction process. The commonly used strong alkaline

such as NaOH and KOH may indiscriminatively lead to an alkaline ti-
tanate regardless of TiO2 phase, while mild LiOH offers good selectivity
in hydrothermal product upon reactions with crystalline and amor-
phous TiO2. The resultant XRD peak positions of α-Li2TiO3 and
Li1.81H0.19Ti2O5·2H2O are totally different. Recalling the amount of
amorphous TiO2, as calculated above, is ∼7% in P25, less than the
detection limit for quantifying by XRD. Accordingly, when conducting
hydrothermal process between P25 and LiOH, peaks for
Li1.81H0.19Ti2O5·2H2O are indistinguishable even if the amorphous TiO2

in P25 completely transforms. Moreover, the as-formed
Li1.81H0.19Ti2O5·2H2O will not affect the peakintensities of TiO2 and α-
Li2TiO3 since the characteristic XRD peak positions of
Li1.81H0.19Ti2O5·2H2O, α-Li2TiO3, anatase, and rutile differ from each
other without any overlapping. More interestingly, α-Li2TiO3, the key
product from P25, only has three sharp and well-defined diffraction
peaks in the 2θ range of 20–80°, contrary to the sodium or potassium
titanium oxide that presents quite many weak diffraction peaks in its
XRD pattern, as we studied previously [22]. Therefore, a higher level of
accuracy for the subsequent Rietveld refinement is obtained when
analyzing the phase composition of α-Li2TiO3, anatase and rutile in the
collected powder samples after different time of hydrothermal reaction
between P25 and LiOH.

Fig. 2. XRD patterns of the as-received P25 (a) and 420 °C-annealed P25 (b).

Fig. 3. XRD patterns of the lithium titanium oxide products derived from complete phase
transformation of differentTiO2 in LiOH aqueous solution under hydrothermal conditions:
(a) amorphous TiO2; (b) P25.
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3.3. Kinetics of hydrothermal reaction between LiOH with anatase and
rutile in P25

Fig. 4 shows the time-resolved XRD patterns of the hydrothermal
products of P25 in LiOH solution at different reaction time (t). With the
proceeding of the reaction, the XRD peaks of anatase and rutile become
weak gradually, while those of α-Li2TiO3 turn intense progressively,
suggesting the gradual transformation from anatase and rutile TiO2 to
α-Li2TiO3. In addition, the peak positions of anatase and rutile shift to
lower diffraction angles. The expansion in crystal lattices results from
the lithiation process, i.e. insertion of lithium ions into the TiO2 crystal
lattices.

At t= 0.5 h, the lattice constants of anatase (I41/amd space group)
increases from a= b= 3.788 Å and c = 9.370 Å to 3.792 and 9.497 Å,
respectively. For rutile (P42/mnm), the value increases from 4.566 and
2.948 Å to 4.619 and 2.954 Å, respectively. At this stage, no detectable

new phase such as lithium titanate can be observed. The lithiation
process merely leads to the expansion of the crystal lattices of rutile and
anatase, while phase transformation from TiO2 to α-Li2TiO3 has yet
occurred. In addition, the fractions of anatase and rutile are nearly
unchanged, suggesting the phase transformation from amorphous to
anatase, or anatase to rutile does not take place as well.

At t = 1.0 h, α-Li2TiO3 (2.2 wt%) starts to appear, and the diffrac-
tion peaks become stronger and sharper gradually with the increase of
the reaction time. The fraction of TiO2, either anatase or rutile, decrease
simultaneously, accompanied with attenuation in the intensity of their
diffraction peaks. Apparently, the formed α-Li2TiO3 is derived from the
further lithiation of anatase and rutile TiO2 in P25. Previous studies
have shown that the formation of titanates, e.g. SrTiO3, BaTiO3,
CaTiO3, etc., at alkaline conditions via the hydrothermal process is
considered to involve the in-situ crystallization or the dis-
solution–precipitation mechanisms [23]. For either pathway, titanates
are considered to be generated at the TiO2/LiOH solid-liquid interface
directly. TiO2 on surface can react with LiOH, while the remained TiO2,
either amorphous or crystallized, keeps unchanged. Such a phase
transformation is in good accordance with our findings here. Indeed,
even using amorphous TiO2 as precursor, the collected powder samples
at different hydrothermal reaction time only exhibits single phase of
Li1.81H0.19Ti2O5·2H2O, while anatase and rutile are not detected.

Although both anatase and rutile can be transformed to the same α-
Li2TiO3 product, they show different lithiation kinetics. Anatase has a
less constrained crystal structure beneficial to lithium ions insertion,
and thus shows a much higher reaction rate with LiOH than rutile with
a similar particle size, as demonstrated by a number of studies on the
hydrothermal synthesis of α-Li2TiO3 precursor for Li4Ti5O12-based li-
thium ion battery anode materials [24,25]. The result has been also
verified in our hydrothermal condition. Using anatase and rutile na-
noparticles with similar particle size of 40 nm, anatase shows much
higher reaction rate than rutile (see Fig. S1 in supporting materials).
Such difference in hydrothermal reaction rate with LiOH can be also
found for rutile and anatase during the hydrothermal reaction with
LiOH. The diffraction peaks of anatase fade much faster than those for
rutile. However, at the early formation stage of α-Li2TiO3, i.e.
t= 1–2 h, A/R value does not decrease but slightly increased (Fig. 4b).
Typically, at t= 2 h, the weight fractions of anatase and rutile decrease
from 82.9% and 17.1% (Note: to simplify the calculation of the phase
composition anatase, rutile and α-Li2TiO3 during hydrothermal process,
we omit the amount of amorphous TiO2, whose reaction does not have
influences on the XRD patterns of other crystal phase, and the sub-
sequent refinement as well. Thus the total weight fraction of anatase
and rutile becomes 100%, while A/R vale keep unchanged) to 76.1%
and 13.7%, respectively. The corresponding A/R value increases from
4.85 to 5.55.

Further prolonging the hydrothermal reaction time (t > 2 h) leads
to a dramatic decrease in the value of A/R. The weight fraction of
anatase decreases almost lineally and presents a much steeper slope,
when compared with that of rutile that relatively shows sluggish li-
thiation kinetics. By calculating the slope, the reaction rate of anatase is
15.2% per hour, while that of rutile is 2.07% per hour. That is, the
reaction rate of anatase is more than 7 times that of rutile. The obvious
difference in reaction rate might be due to the denser crystal structure,
lower concentration and the bigger size of rutile phase, in comparison
with anatase phase in P25.

3.4. TEM characterization

Fig. 5a shows a representative low-magnification TEM image, which
provides an overview of the morphology of P25 TiO2 nanoparticles. The
shape of P25 is irregular. Most TEM images of the nanoparticles are in
shapes of distorted square, rectangle, and circle. The size of primary
nanoparticles ranges from 10 to 50 nm, largely distributed from 15 to
25 nm. This result is in good agreement with its BET surface area

b

Fig. 4. (a) Time-dependent XRD patterns of the samples upon hydrothermal reaction of
P25 with LiOH for 0.5–8 h. The columns in the bottom depict the standard peak position
of anatase (red), rutile (black), and α-Li2TiO3 (blue); (b) The variations of weight fraction
of anatase and anatase in P25, the formed α-Li2TiO3, the ratio of anatase to rutile (A/R) as
a function of hydrothermal reaction time. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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(60.8 m2/g) and BJH desorption pore size (17.8 nm).
High-resolution TEM analysis was carried out to understand the

microstructure of P25, and the representative micrographs are shown in
Figs. 5b-d. The single particles with single anatase or rutile phase were
widely observed. However, Moiré fringes were casually observed in the
TEM analysis (Fig. 5b), which indicates that certain anatase nano-
particles are covered with rutile clusters. The coverage seems partial,
since no core-shell structure can be detected. Attempts were also made
to find the presence of anatase-rutile inter-particle contact (Type C).
Considering that the random packing of nanoparticles during the
sample preparation and drying could deliver false appearance of inter-
particle heterojunction, we ruled out the overlapping nanoparticles (see
Fig. 5c) and focused on the nanoparticles possessing a Janus-like
structure at a low magnification. However, under the high-resolution
measurement, the TEM micrograph recorded at the interfaces did not
show any inter-particle structure. On contrary, clear gap between the
nanoparticles were clearly observed (Fig. 5d), and intimate contact
with obvious phase junction could not be found during our TEM mea-
surement.

4. Discussion

The phase composition of P25 has been measured by various
groups, but different results were obtained. Interestingly, our results
shown above were all obtained from P25 purchased in 2015 and 2016,
and the molar ratio of A/R was measured to be 4.85.However, Degussa
P25 that we purchased in 2007 only shows an A/R value of 3.55 (or
78:22). Except the inherent test error, it seems that Evonik and Degussa
companies may update their process [26]. As such, it is not surprising
that Ohno et al. reported that A/R was 70:30 [9]; while recent studies

demonstrated a remarkably enhanced A/R value [15,27]. Also, the
surface area of P25 increased from 46.7 to 60.8 m2/g, probably due to
the enhanced amount of anatase and slight decrease in the particle size.

The underlying microstructural investigation of P25 can be in-
directly understood based on the currently developed P25–LiOH hy-
drothermal reactions that offer an interesting platform for reliable
phase identification and Rietveld refinement thanking to: (1) facile
control of the hydrothermal lithiation reaction under a mild alkaline
condition, (2) direct reaction pathway without additional phase trans-
form and intermediates, and (3) simple and well-resolved XRD patterns.
By identifying the different lithiation kinetics of anatase and rutile in
P25, it is interesting to find that rutile with lower activity in lithiation
shows faster reaction speed at the early stage (1 ≤ t≤ 2 h), which is
presumably due to the presence of small-size rutile clusters and over-
layers on anatase surface, as further proven by the fact of the presence
of Moiré fringes in TEM measurement. After the small rutile clusters or
overlayers have been transformed to α-Li2TiO3, only free anatase and
rutile particles are left. As the reaction proceeds (t≥ 2 h), anatase
shows a superior reaction rate to rutile towards the formation of α-
Li2TiO3.

Despite the presence of heterojunction structure in P25 (Type B), its
fraction seems quite small. Assuming that the reaction rate difference of
anatase and rutile free nanoparticles follows the speed at t > 2 h, by
which the rutile clusters or thin overlayers have been completely
transformed to α-Li2TiO3, the fraction of small rutile particles for the
construction of heterojunction structure will be around 15% of totally
amount of rutile.

The above evidence can be further supported by the TEM mea-
surement. P25 mainly possess free nanoparticles with single anatase or
rutile phase (Type A). In additional, Moiré fringes present at times in

Fig. 5. TEM images of P25 with different magnifi-
cation present: (a) nanoparticle morphology at a low
magnification; (b) TiO2 surface with rutile cluster
with Moiré fringe; (c) overlapping of two nano-
particles; the dash line depicts the shape of the
bottom nanoparticle; (d) neighbor nanoparticles
without forming heterojunction structure.
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the TEM micrographs, suggesting the presence of a thin rutile overlayer
on anatase surface (Type B). Thus, a heterojunction structure of Type B
truly exists in P25, although only a limited quantity. Regarding the
structure of Type C, the linkage between free nanoparticles were not
found. Different from the results from Ide et al. [17],clear grain
boundary or planar defect was not present during TEM observation.
Therefore, on the basis of our observation, no evidence was found for
the presence of inter-particle structure.

It is well known that the microstructure of nanomaterials is always
correlated with the processing method. For Aerosil process, the high-
temperature flame synthesis coupled with a rapid cooling process fa-
cilitates the formation of TiO2 with a majority of anatase phase since
anatase is a kinetically stable phase at nanoscale [28,29]. The anatase-
to-rutile phase transformation then could be induced by heat of fusion
released during the nucleation of melt or occurred at an insufficient
cooling rate [8,30]. Thus, rutile clusters can be formed at the surface of
anatase. Indeed, several groups have recently reported controllable
synthesis of binary-phase heterojunctioned TiO2 and even the WO3/
TiO2 mixed oxides heterojunction by flame synthesis [31–33]. How-
ever, the heteroepitaxial growth of rutile on anatase surface to form
inter-particle structure may be inhibited due to the highly dispersing
medium and vigorous oxidation process [31].

5. Conclusions

The current study presents a microstructural characterization of
Aroxide P25 nanoparticles with dual crystal phases. Based to the dif-
ferent reaction kinetics of anatase and rutile with LiOH, the mild hy-
drothermal reaction of P25 in aqueous LiOH solution offers a facile
platform to understand the microstructure of P25. The reaction time-
dependent XRD analysis demonstrates the possible presence of rutile
clusters or thin layers on the surface of anatase since at the beginning of
the reaction rutile inert rutile shows higher lithiation activity than
anatase. Combining with TEM measurement, P25 is plausibly to be
mainly comprised of individual anatase and rutile nanoparticles, to-
gether with around 15% of rutile formed heterojunction structure with
anatase phase.
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