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A colloidal-amphiphile-templated growth is developed to synthesize 
mesoporous complex oxides with highly crystalline frameworks. 
Organosilane-containing colloidal templates can convert into thermally 
stable silica that prevents the overgrowth of crystalline grains and the 
collapse of the mesoporosity. Using ilmenite CoTiO3 as an example, the 
high crystallinity and the extraordinary thermal stability of its mesoporosity 
are demonstrated at 800 °C for 48 h under air. This synthetic approach is 
general and applicable to a series of complex oxides that are not reported 
with mesoporosity and high crystallinity, such as NiTiO3, FeTiO3, ZnTiO3, 
Co2TiO4, Zn2TiO4, MgTi2O5, and FeTi2O5. Those novel materials make it 
possible to build up correlations between mesoscale porosity and surface-
sensitive physicochemical properties, e.g., electromagnetic response. For 
mesoporous CoTiO3, there is a 3 K increase of its antiferromagnetic ordering 
temperature, compared with that of nonporous one. This finding provides a 
general guideline to design mesoporous complex oxides that allow exploring 
their unique properties different from bulk materials.

complex oxides, in general, has associated 
kinetic barriers from the slow diffusion in 
solids.[15] When there are two metal cat-
ions involved in crystallization of complex 
oxides like ABO3, their nonuniform dis-
tribution can result in spontaneous phase 
separation to form simple oxides.[16] A del-
icate balance of their sol–gel rates and the 
precautious control of thermal annealing 
procedure is needed. On the other hand, 
ordering competition between the crys-
tallization of oxides and the mesoscale 
porosity brings profound difficulties to 
synthesize complex oxides (e.g., perov-
skites and ilmenites) with mesoporous 
structures. Crystallization usually leads to 
the formation of large crystalline grains 
that will create strong interfacial ener-
gies between crystalline walls and pores 
(e.g., air or templates). For any templated 
growth of mesoporous oxides using hydro-
carbon-based surfactants or block copoly-

mers (BCPs) as soft templates,[17–19] mesoscale nanostructures 
collapse prior to the crystallization of oxides,[20–22] because these 
soft templates are not mechanically strong and thermally stable 
under elevated temperatures (i.e., >500 °C).

Nanostructures show a profound impact on the magnetic 
properties of materials as well and a few theoretical models 
have been proposed to understand magnetic behavior of 
nanoscale particles.[23–30] The magnetic ordering temperature 
(Curie temperature or Néel temperature) in magnetic materials 
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1. Introduction

Complex oxides, such as perovskites, have been of tremen-
dous interest in a broad range of applications, e.g., supercon-
ductor,[1] catalysis,[2–4] and sensing.[5] Crystallinity is one of the 
key parameters to control their physicochemical properties 
of nanostructured oxides.[6–8] However, there are major chal-
lenges in synthesizing porous complex oxides with highly 
crystalline frameworks.[9–14] On one hand, crystallization of 
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is highly size-, strain-, and surface-sensitive.[25,29,31–36] Many 
magnetic nanostructures exhibit unusual low-temperature 
magnetic properties.[37,38] Nanoporous ferrite materials have 
also been reported to show altered magnetic ordering.[39–41] 
For example, Igarashi and Okazki investigated the magnetic 
properties of porous NiZn ferrites prepared by hot pressing 
and they showed that the demagnetizing factor was almost pro-
portional to the porosity.[39] In addition, magnetic ordering of 
mesoporous spinel Co-based oxide materials shows a depend-
ence on both the specific surface area[42] and crystallite size.[43] 
Given the synthetic challenges in preparation of crystalline, 
mesoporous complex oxides, the impact of mesoporosity on the 
magnetic ordering temperature of an antiferromagnetic (AFM) 
material has not been studied previously.

We herein report a colloidal-amphiphile-templated approach 
to synthesize the mesoporous complex oxides with controllable 
porosity, crystallinity, and elemental components (Figure 1).  
We demonstrate the strong correlation between mesoscale 
structures and the antiferromagnetic ordering. The key findings 
in the current work are threefold. First of all, we resolved the 
synthetic challenges in thermal stability of templates. Hybrid 
colloidal amphiphiles consisting of organosilane moieties were 
used as templates to grow mesoporous oxides with crystalline 
frameworks. Compared to hydrocarbon-based soft templates, 
those hybrid polymers can preserve its mesoporous structure 
even at temperature as high as 900 °C under air (extremely 
important in terms of metal-to-oxygen stoichiometry). Second, 
crystallization of complex oxides was achieved in the context of 
porous solids. Eight different mesoporous complex oxides were 
synthesized via thermal annealing at different temperatures. 
Balancing the strong interfacial energies between crystalline 
walls and pores resulted in the formation of crystalline complex 
oxides with mesoporosity. Third, the magnetic property shows 
a strong correlation to the mesoporosity. Using CoTiO3 as an 
example, we showed that the mesoscale porosity can shift its 
antiferromagnetic ordering temperature by 3 K. Our method, 
therefore, provides a general strategy to synthesize titanates 
and other complexed oxides that possibly enables the new 

understanding of the porous solids different from their bulk 
counterparts.

2. Results and Discussion

Mesoporous complex oxides were synthesized using evapo-
ration-induced self-assembly with organosilane-containing 
colloidal templates, as illustrated in Figure 1. The templates 
were prepared through the micellization of an amphiphilic 
BCP, poly(ethylene glycol)-block-poly(3-(trimethoxysilyl)propyl 
methacrylate) (PEO114-b-PTMSPMA236, Mn = 63.6 kg mol−1) as 
reported previously (Figure S1, Supporting Information).[44–47] 
Using mCoTiO3 as an example, titanium butoxide (TBT) and 
Co(NO3)2 (Ti:Co = 1:1, mol) were dissolved in an ethanol solu-
tion of citric acid (four equivalencies to TBT), followed by 
adding the ethanol solution of colloidal templates. The mixed 
solution was stirred for 1 h at room temperature; and it was 
then evaporated at 40 °C for 24 h and at 100 °C for another 
12 h. The obtained gel was then calcined at 400–900 °C for 4 h 
to form crystalline mesoporous CoTiO3, denoted as mCoTiO3-T 
where T refers to the calcination temperature.

The porosity of CoTiO3 was revealed by electron microscopy. 
Using mCoTiO3-800 as an example, well-resolved mesoporous 
structures were seen from low-magnification scanning elec-
tron microscopy (SEM) (Figure 2a). The pores are uniform 
throughout and the average pore size is around 12.2 nm meas-
ured from the SEM image (Figure 2a,b). Figure 2c shows the 
dark-field scanning transmission electron microscopy (STEM) 
where the contrast arises from the pore and the framework. 
The distribution of Co, Ti, and O was examined using STEM 
energy-dispersive X-ray spectroscopy (STEM-EDS). The map-
ping suggests the uniform distribution of Co, Ti, and O 
(Figure 2e). The atomic ratio from STEM-EDS was estimated 
to be 1:0.98:3.3, in close agreement with the stereochemical 
ratio of CoTiO3 (Figure S2, Supporting Information). High-res-
olution transmission electron microscopy (HR-TEM, Figure 2d) 
displays the clear crystal lattices of CoTiO3. The d-spacings of 

Adv. Funct. Mater. 2020, 1909491

Figure 1. Illustration of colloidal-template growth of mesoporous ilmenite CoTiO3.
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0.25, 0.27, and 0.37 nm were assigned to (110), (104), and (012) 
planes of ilmenite CoTiO3, respectively.[48–50]

The crystal structure of ilmenite mCoTiO3-800 was further 
confirmed by X-ray diffraction (XRD) (Figure 2g). No extra dif-
fraction peaks from other oxides, e.g., CoO, Co3O4, and TiO2, 
were seen (Figure S3, Supporting Information). As a control, 
we prepared mTiO2 annealed at 800 °C (mTiO2-800) using a 
similar method reported previously (Figure 2g and Figure S4, 
Supporting Information).[46] Compared to the white power of 
mTiO2, mCoTiO3-800 showed a dark green color (Figure 2f) 
with visible light adsorption in the range of 400–700 nm 

(Figure S6, Supporting Information). The crystallinity and the 
porous structures of mTiO2 and mCoTiO3 were compared. The 
crystal grain size of TiO2 and CoTiO3-800 is 11.9 and 16.4 nm, 
respectively, from the Scherrer formula. mTiO2 has an ordered 
porous structure with a pore size of 12.4 nm (Figure S4, Sup-
porting Information). Both N2 sorption isotherms of mTiO2-
800 and mCoTiO3-800 show a typical type-IV hysteresis loop as 
a characteristic for mesopores. The Brunauer–Emmett–Teller 
(BET) specific surface area of mCoTiO3-800 is 53 m2 g−1 with 
a pore diameter of 13.0 nm; and mTiO2 has a slightly higher 
specific surface area of 73 m2 g−1 with a similar pore diameter 
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Figure 2. Structural characterization of mCoTiO3-800. a,b) SEM and c) dark-field STEM images showing the mesoporous features of mCoTiO3-800.  
d) HR-TEM image indicating the crystal structure with clear crystal lattice from CoTiO3. e) STEM-EDS mapping showing the uniform distribution of Co, 
Ti, and O in mCoTiO3-800. f) Photos and g) powder XRD of mTiO2-800 and mCoTiO3-800. h) N2 sorption isotherms of mTiO2-800 and mCoTiO3-800. 
The insert in (h) shows the pore size distribution derived from adsorption branches of isotherms.
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of 13.0 nm. These results indicate the successful synthesis of 
mCoTiO3 with pure ilmenite phase and mesoporosity.

Small angle X-ray scattering (SAXS) was used to compare the 
porous structures of mTiO2-800 and mCoTiO3-800 (Figure 3a). 
The scattering pattern of mTiO2 shows a strong interparticle 
correlation that results in the intense peak (q = 0.028 Å−1) and 
two oscillations (q = 0.057 and 0.088 Å−1). The high q-scattering 
follows a q−4 decay, i.e., Porod scattering, originated from the 
scattering of order mesostructures. The SAXS pattern of 
mCoTiO3, however, exhibits less Bragg-like intensity and fewer 
peaks implying its less defined structure, while the q−4 Porod 
decay remains at high q. These results suggest that mTiO2 has 
a more defined porous structure compared to mCoTiO3 even 
at the same annealing temperature. A less-ordered structure of 
mCoTiO3 as compared to that of mTiO2 is likely due to a higher 
weight shrinkage in the formation of complex oxides with a 
much larger unit cell (Figure S5, Supporting Information).

There are two key parameters in our syntheses to resolve the 
synthetic challenges in the preparation of mesoporous complex 
oxides with crystalline frameworks. First of all, the use of citric 
acid as an inhibitor to control the hydrolysis rate of titanium 
precursor ensures the formation of the uniform ilmenite-type 
crystallinity. The sol–gel reactivity of TBT and Co(NO3)2 is quite 
different. Citric acid that slows down the hydrolysis of TBT 
ensures the uniform distribution of Co and Ti. In the absence of 
or with a low concentration (less than two equivalencies to TBT) 
of citric acid, phase separation occurred and impure phases 
such as TiO2 and Co3O4 were observed (see Figures S6–S9, 
Supporting Information). With a higher concentration of citric 
acid, transparent gels were yielded which further converted  

into pure CoTiO3. Other inhibitors like acetylacetone can be 
used as well to ensure the formation of CoTiO3 (Figures S10 
and S11, Supporting Information). Second, organosilane-con-
taining colloidal templates play an essential role in stabilizing 
the mesoporous structures with crystalline frameworks. In the 
absence of colloidal templates, highly crystalline but nonporous 
CoTiO3 (denoted as bCoTiO3) was yielded (Figure S12, Sup-
porting Information). The BET result confirmed a typical N2 
isotherm of bulk materials with a low specific surface area of 
2.9 m2 g−1 (Figure S12, Supporting Information). The formation 
of ilmenite-type CoTiO3 with a right stereochemistry requires 
the thermal annealing at high temperature (e.g., 800 °C) under 
air. The use of soft templates like hydrocarbon-based polymers 
(e.g., Pluronic P123) cannot stabilize the porous structures of 
CoTiO3 (see Figure S13, Supporting Information).

We evaluated the crystalline structure of mCoTiO3 annealed 
at different temperatures using wide-angle XRD. No crystal-
line structure was seen when the annealing temperature was 
below 600 °C. Very broad diffraction peaks appeared at 700 °C. 
The pure ilmenite phase of CoTiO3 can only be observed at 
>800 °C (Figure 4b). This is somewhat different from pure TiO2 
and Co3O4 that could crystalize around 400 °C.[46,51,52] Raman 
spectroscopy which is sensitive to the vibration modes of CoO6 
octahedra even in amorphous CoTiO3 was further used to 
investigate the formation of CoTiO3 crystallites (Figure 4b,c). 
The more pronounced peak at ≈694 cm−1 is assigned to the 
symmetric stretching mode of CoO6 octahedra as the A1g sym-
metry for regular Oh octahedra.[53] The peak shows a slight shift 
to a higher frequency with the increase of the annealing tem-
perature (Figure 4b). Figure 4c plots the peak half width as a 
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Figure 3. a) SAXS patterns of mTiO2-800 and mCoTiO3-T. The solid lines are the fitting curves. b) Scheme of porous structure in mCoTiO3 with 
enhanced calcination temperatures.
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direct measurement to confirm the crystallinity[54,55] against 
the annealing temperature. There is a gradual transition from 
700 to 900 °C where the peak at ≈694 cm−1 became shaper along 
with the formation of CoTiO3 as indicated in XRD patterns.

The evolution of porous structures of mCoTiO3 was studied 
using SAXS (Figure 3a). The SAXS patterns were best fitted 
with a sphere-packing model with a combination of two par-
ticles representing mesopores and micropores, respectively 
(see the Supporting Information for fitting details). The calcu-
lated structural parameters including the wall thicknesses, the 
volume fraction ratios, and the specific surface area ratios of 
the two pores are listed in Table S1 in the Supporting Informa-
tion. The mesopores arising from colloidal templates are fairly 
stable below 800 °C. The fitted diameter of mesopores is in the 
range of 7–9 nm, slightly smaller than that observed from elec-
tron microscopy. The mesopores show a drastic size increase 

to 12 nm at 900 °C which is likely caused by the overgrowth 
of crystallinities. Other than mesoporosity, there are micropo-
rous structures around 2 nm likely from the distance of various 
crystalline domains, also confirmed by BET (see below). Quali-
tatively, the volume ratio of micropores and mesopores showed 
the growth of crystalline domains that diminishes the contribu-
tion from micropores. As summarized in Table S1 in the Sup-
porting Information, the microporosity collapsed completely 
at >800 °C along with the disappearance of high q scattering 
feature. A possible scheme is present in Figure 3b. Those 
results evidenced the crystallization mechanism of mesoporous 
CoTiO3 as well as the importance of colloidal templates to pre-
serve the mesoporosity.

N2 sorption isotherms were used to characterize the devel-
opment of mesoporous structures under thermal annealing 
in alignment with SAXS. As seen in Figure 4d, type-IV 
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Figure 4. Structural and crystallinity characterization of mCoTiO3-T. a) XRD patterns, b,c) Raman spectra, d) N2 sorption isotherms, and e) pore size 
distribution of mCoTiO3-T.
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hysteresis isotherms loops were seen for mCoTiO3-T calcined 
at 400–900 °C (see additional BET results in Figure S14, Sup-
porting Information). The specific surface area and porosity 
were further summarized in Table S4 in the Supporting Infor-
mation. The pore size distribution derived from the Barrett–
Joyner–Halenda (BJH) method is in good agreement with those 
measured from SEM images (Figures S15 and S16 and Table S2, 
Supporting Information). When the calcination temperature is 
below 800 °C, the isotherms show the N2 absorption under a low 
pressure. This is indicative of the coexistence of micropores. The 
shift of the hysteresis loop was seen along with the decrease of 
specific surface area. The specific surface area of mCoTiO3-500 
and mCoTiO3-700 is fairly close, 107 and 101 m2 g−1, respec-
tively. When the calcination is above 800 °C, the specific sur-
face area decreases. mCoTiO3-800 has a specific surface area of 
53 m2 g−1; while that of mCoTiO3-900 is 17 m2 g−1.

We further analyzed the porosity of mCoTiO3-T using the 
density functional theory (DFT) method to better understand 
the evolution of the two different pores, since the DFT method 
is a better method to analyze microporosity. Those results are 
summarized in Figure S17 and Table S3 in the Supporting 
Information. There is a notable change of the volume ratio of 
two pores (meso-to-micro) along with an increase of annealing 
temperature. Below 800 °C, the volume ratio of two pores 
(meso-to-micro) did not show an obvious change and both 
pores contribute to the overall porosity. When the calcination 
temperature reached 800 °C the pore volume from micropores 
became almost negligible as the meso-to-micro ratio is around 
15; that is, >90% of the pore volume measured from BET is 
from mesoporosity. The trend was more obvious for mCoTiO3-
900 where a major decrease of the specific surface area along 
with an increase of mesopore size were also seen. This is very 
likely attributed to the growth of crystallite domains with the 
removal of microporosity in between, as confirmed by SAXS 
analysis (Figure 3). Therefore, the improvement of crystal-
linity resulted in the growth of crystallites and the collapse of 
micropores. The underlying mechanism for the disappearance 
of microporosity results from the thermal stability of our col-
loidal templates. Organosilane-containing colloidal templates 
underwent sol–gel chemistry and transformed into inorganic 
silica under calcination. After the glass transition of residual 
silica at 900 °C, those colloidal templates are not mechanically 
strong enough to prevent the overgrowth of CoTiO3 crystallites.

The thermal stability of mCoTiO3-800 mesoporous structures 
was assessed by varying the thermal annealing time at 800 °C 
(Figures S18–S21, Supporting Information). As confirmed by 
SEM, mCoTiO3-800 retained its mesoporosity after calcination 
at 800 °C for 48 h. Raman spectra showed more vibrational 
peaks along with the decrease of the peak half width at 694 cm−1 
when increasing the calcination time (Figure S21, Supporting 
Information). This is attributed to a better crystallinity, in agree-
ment with XRD results (Figures S19 and S20, Supporting Infor-
mation). The SAXS results showed a low q peak at 0.038 Å−1 of 
mCoTiO3-800 calcined for 1–48 h. There was a shoulder peak at 
0.071 Å−1 for mCoTiO3-800-1h; while it disappeared for longer 
thermal annealing treatments. The SAXS results suggest the 
disordered mesostructure under long time calcination. The 
disordered mesostructure confirms the ordering competition 
between the crystallinity and porosity of the frameworks.

Our synthetic approach can be extended to synthesize various 
mesoporous complex oxides with different metal components 
and ratios (Figure 5 and Figures S22–S27, Supporting Infor-
mation). Crystalline titanates in the forms of MTiO3, M2TiO4, 
and MTi2O5 were synthesized and exhibited mesoporous struc-
tures. For example, trigonal mNiTiO3 (space group: R-3(148)), 
spinel mZn2TiO4 (space group: Fd-3m(227)), and orthorhombic 
mFeTi2O5 (space group: Bbmm(63)) with well-defined 
mesoporous structures and crystal structure are present in 
Figure 5, indicating the general synthetic method for metal 
titanates. The SAXS fitting results also indicated the existence 
of mesopores and micropores (Figure S28 and Table S5, Sup-
porting Information), consistent with the results of mCoTiO3. 
Other titanates, such as mFeTiO3, mZnTiO3, mCo2TiO4, and 
mMgTi2O5, were also prepared successfully and the results 
are summarized in Figures S22–S25 in the Supporting Infor-
mation. Therefore, our colloidal-templating method provides 
a general and powerful strategy to synthesizing different com-
plexed oxides with mesoporosity and crystallinity.

To understand the influence of mesoscale porosity on the 
magnetic properties of CoTiO3, the temperature-dependent 
magnetic susceptibility (χ) of mCoTiO3 (annealed at different 
temperatures) and bCoTiO3 (annealed at 800 °C for 4 h) were 
measured in the zero-field-cooling (ZFC) and field-cooling 
(FC) modes. To perform the ZFC measurement (not presented 
here), the sample was cooled from 380 K down to 10 K and then 
a dc magnetic field of 50 Oe was applied followed by measure-
ment of magnetic susceptibility versus temperature (χ vs T) 
while heating the sample. For the FC measurement, the sample 
was cooled from 380 to 10 K in an applied magnetic field of 
50 Oe and the χ data were measured while cooling (Figure 6a). 
An anomaly is clearly seen in the FC data of all the samples 
(also in ZFC, which is not presented here) that is associated 
with the Néel temperature (TN) of the AFM material.[56–58] 
Here, TN is taken as the peak temperature in χ versus T plot 
or temperature at which the temperature dependent d(χ)/dT  
curve becomes zero (Figure S29, Supporting Information, 
and Table 1). For bCoTiO3, TN was observed at ≈39 K. In AFM 
CoTiO3 single crystals, χ was reported to be anisotropic with TN 
at 36–38 K.[56,57,59] Since the transition temperature in bCoTiO3 
is near the previously reported values for bulk CoTiO3,[57] the 
transition is believed to be genuine and not due to any impu-
rity (or adsorbed oxygen). As a comparison, mCoTiO3-800 has a 
TN of ≈42 K. Thus, it might be inferred that mesoscale porosity 
in CoTiO3 shifted the AFM ordering temperature by ≈3 K 
since the Co oxidation states of the two samples are identical  
(Figure S30, Supporting Information). Lowering TN with 
reduced particle size has been observed in many oxides on the 
basis of finite size effects.[28,29] However, in the present case, 
mCoTiO3-800 with a crystal grain size of ≈16 nm exhibit a 
higher TN compared to that of bCoTiO3 with ≈60 nm crystal 
grain size. Thus, particle/grain size alone cannot explain the 
change in the magnetic behavior in mesoporous material here.

For T > TN (in the paramagnetic region, 50–380 K), 1/χ 
versus T plots of all samples were fitted (Figure 6b) with the 
Curie–Weiss (CW) law

C

T
χ

θ( )=
−

 
(1)

Adv. Funct. Mater. 2020, 1909491
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where C is molecular Curie constant, T is temperature, and 
θ is the Weiss constant. The values obtained from the fit-
tings are presented in Table 1. For bCoTiO3, values of C 

from the slope and θ from the intercept were found to be 
3.88 emu K Oe−1 mol−1 and −5.71 K, respectively. A negative 
value of θ confirms the dominant AFM exchange interaction in 

Adv. Funct. Mater. 2020, 1909491

Figure 5. SEM images, SAXS, and XRD patterns of a–d) mNiTiO3, e–h) Zn2TiO4, and i–l) FeTi2O5.

Figure 6. a) Temperature-dependent field cooling magnetic susceptibility of mCoTiO3 annealed under different temperatures and nonporous CoTiO3 
measured under a field of 50 Oe. b) Temperature dependence of inverse magnetic susceptibility obtained from (a) and fitted by Curie–Weiss law 
represented by solid lines.



www.afm-journal.dewww.advancedsciencenews.com

1909491 (8 of 10) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2020, 1909491

the present CoTiO3.[56,60] From the C value, effective paramag-
netic moment (μeff) can be calculated using the equation

k C

n

3
eff

Bµ =
 

(2)

where kB is Boltzmann constant and n is the number of mag-
netic ions per unit mass (n = Co/g as Ti4+ is nonmagnetic). As 
summarized in Table 1, bCoTiO3 had a μeff of 5.57μB. This value 
is higher than the spin only value of 3.87μB for Co2+ (S = 3/2) 
and lower than the total μeff with unquenched orbital moment 
(6.63μB).[61] Experimentally, slightly higher values of μeff have 
been reported than the spin-only value.[56,57,59] This indicates 
that the orbital moment of bCoTiO3 is left slightly unquenched. 
For mCoTiO3-800, the CW fit yielded a value of μeff = 5.11μB, 
slightly smaller than that of bCoTiO3 annealed at the same 
temperature. Increasing specific surface area in porous oxide 
here likely resulted in a smaller number of spins per unit mass 
contribution to the total magnetization and μeff. However, 
mCoTiO3-800 exhibited largest μeff among the porous samples, 
given the optimized crystallinity and the oxidation state of Co2+.

It should be noted that mCoTiO3 calcined at different tem-
peratures has different crystallinity and pore sizes (or specific 
surface area). All mCoTiO3 samples obtained below 700 °C are 
amorphous and no AFM ordering was observed. mCoTiO3-700 
exhibited minimum crystallinity and lowest χ for T ≥ 25 K as 
depicted in Figure 6a; while, mCoTiO3-800 shows a slightly 
higher χ compared to that of mCoTiO3-900. At a low tempera-
ture, T < 25 K, there is a rise (or upturn) in the χ values of 
porous samples. This upturn is the largest for mCoTiO3-700, 
with least crystallinity. This upturn is attributed to some para-
magnetic defects such as uncoupled spins (Figure S31, Sup-
porting Information), mostly on the surface. The upturn in the 
χ values at low temperatures in mCoTiO3-800 and mCoTiO3-
900 shows a minimum upturn. Similar behavior has generally 
been observed in nanomaterials, e.g., nanoparticles.[43,62] As the 
size of nanoparticles is reduced, deviations from bulk magnetic 
properties may appear due to surface magnetization effects 
and finite-size effects.[63] In mesoporous materials, smaller 
crystallites (as in present mCoTiO3-700 and mCoTiO3-800) 
have been found to result in large solid–solid interface (more 
grain boundaries), which also contributes to the disruption of 
the AFM ordering in addition to the large specific surface area 
(solid–air interface).[43] The distinction of individual effect of 
the two interfaces is not possible because both interfaces are 
present and changing in the present mesoporous materials.

The mesoscale porosity obviously raised the antiferro-
magnetic transition temperature of CoTiO3, compared to its 

bulk counterpart;[64] however, the details of 
mechanism are currently unclear. Among 
all porous CoTiO3, the TN of mCoTiO3-700 
is lower than that of the other two samples. 
In ilmenite, a pair of CoO6 and TiO6 octa-
hedra share a face along c-axis;[59] but Co2+ is 
slightly larger than Ti4+. As shown in Raman 
spectroscopy, the symmetric stretching mode 
of CoO6 octahedra assigned to the A1g model 
presents a shift to higher frequencies when 
increasing the calcination temperature. This 

is indicative of the distortion of CoO6 octahedra along the for-
mation of crystalline CoTiO3. The influence of the lattice dis-
tortion of ABO3-type oxides on their magnetic ordering tem-
perature has been previously studied. In particular, pressure on 
perovskite type manganites and orthochromites impacts both 
the volume of the unit cell and the local structure that change 
their transport and magnetic properties.[65–67] The increase of 
MO6 (M = Co, Cr, and Mn) distortion had a positive dTN/dP 
suggesting that TN increases with the distortion of MO6 octa-
hedra.[67] This explains TN of mCoTiO3-800 and mCoTiO3-900 
is higher than that of mCoTiO3-700 (less distorted CoO6 octa-
hedra). On the other hand, there is a large coercivity of mag-
netic ordering at nanoscale.[63] In case of NiO, TN of its nano-
particles shows a scaling law[68]

T D T
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1N N
0

1/
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where TN(∞) and TN(D) are the Néel temperature for the bulk 
and nanoparticles with a diameter of D, ξ0 is the magnetic 
correlation length of the system at T = 0 K and ν is a critical 
exponent related to ξ0. At 700 °C, mCoTiO3 has larger specific 
surface area and smaller crystal grain size compared to those 
of mCoTiO3-800 and mCoTiO3-900. The magnetic ordering of 
such domains becomes more difficult, along with their abun-
dant surface defects.

3. Conclusion

To summarize, we demonstrate a colloidal-amphiphile-tem-
plated growth method to synthesize mesoporous complex 
oxides (titanates) with crystalline walls. The use of organosi-
lane-containing colloidal templates can prevent the overgrowth 
of crystallinities and the collapse of the mesoporous structure 
of complex oxides. Through the combination of scattering and 
electron microscopy, the evolution of mesoporous/micropo-
rous structures while crystallizing the ilmenite-type titanates 
were investigated. Using mCoTiO3 as example, we showed 
the growth of crystallinities while collapsing micropores and 
retaining mesopores at evaluated temperatures. Below 800 °C, 
mCoTiO3 has high specific surface areas of 83–107 m2 g−1 and 
amorphous frameworks; when annealing at 800 °C, mCoTiO3-
800 displays reasonably high specific surface areas of 53 m2 g−1 
but crystalline frameworks. Our synthetic approach is general 
and applicable to eight complex oxides with mesoporosity and 
high crystallinity. As a demonstration of mesoscale porosity 

Table 1. Néel temperature (TN), molecular Curie constant (C), Weiss temperature (θ), and 
effective magnetic moment (μeff) obtained from the magnetic measurements and Curie–
Weiss fitting of the magnetic susceptibility.

Sample TN [K] C [emu K Oe−1 mol−1] θ [K] μeff [μB]

mCoTiO3-700 38.9 2.27 ± 0.02 −17.74 ± 1.67 4.26 ± 0.01

mCoTiO3-800 42 3.26 ± 0.01 −13.14 ± 0.88 5.11 ± 0.01

mCoTiO3-900 40 2.61 ± 0.02 −1.31 ± 1.75 4.56 ± 0.02

bCoTiO3 39 3.88 ± 0.02 −5.71 ± 1.39 5.57 ± 0.02
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impacting with surface-sensitive physicochemical properties, 
mesoporous crystalline CoTiO3 showed a shift in antiferro-
magnetic transition temperature compared to the bulk one. 
Our results therefore illustrate new synthetic paradigms of 
mesoporous complex oxides that potentially show unique prop-
erties not present in their bulk forms.

Our method provides a general synthetic approach for pre-
paring porous complex oxides that are difficult to crystallize and 
form uniform/pure crystal phases through sol–gel chemistry. 
The design of colloidal templates consisting of <10 wt% orga-
nosilane in the cores offers a solution to the thermal stability of 
templates. Together with the balance of the sol–gel rate of metal 
ions, the formation of uniform complex oxides with crystal-
line frameworks is demonstrated. The colloidal templates can 
stabilize the mesoporous structures at high annealing tempera-
ture, very importantly under air as a key to control the oxygen 
stoichiometry in the resultant complex oxides. Our synthetic 
methods can be extended to a library of other complex oxides 
(or ceramics) not limited to titanates, e.g., orthoferrite and lan-
thanum barium copper oxide, possessing unique porous struc-
tures; and those oxides are potentially applicable in many fields, 
such as (photo)catalysis, energy storage, superconductors, and 
sensing. Their mesoporous structures with high specific sur-
face area provide abundant accessible surface sites that are of 
key importance for such applications. For example, lanthanum 
orthoferrite is one of the promising p-type semiconductors 
with a narrow bandgap of 2.1 eV and can be used as a photo-
cathode to catalyze the photoreduction of water.[69] The balance 
of porosity and crystallinity in those photocatalysts is crucial 
but remains as a grand challenge in conventional templating 
syntheses. The further use of our synthetic method will provide 
a powerful tool to prepare new porous materials with superior 
performances.

4. Experimental Section
Synthesis of mCoTiO3: In the synthesis of mCoTiO3, 250 mg of citric 

acid was first dissolved in 2 mL of ethanol. 110 μL of titanium butoxide 
and 93 mg of Co(NO3)2·6H2O were added into the mixture, followed 
by stirring to form a uniform solution. Then, 5 mL of polymer micelles 
of PEO-b-PTMSPMA (15 mg mL−1 in ethanol) was added. The mixed 
solution was stirred for 1 h. The obtained solution was then poured 
into a Petri dish to evaporate the solvent at 40 °C for 24 h and at 
100 °C for another 12 h. The collected solid was ground to fine power, 
followed by calcination at specific temperature. mCoTiO3 was obtained  
after removing the templates by washing with hot 2 m NaOH for three 
times.

Characterization: SEM images were carried out on a Nova NanoSEM 
450 from Field Electron and Ion Company (FEI). Transmission electron 
microscopy (TEM) and high-angle STEM were carried out on a Talos F200X 
Atomic Resolution Analytical Microscope. The pore size distributions 
and the wall thicknesses of materials were measured and analyzed 
using ImageJ (version 1.52a). The XRD patterns were recorded on a 
Rigaku Ultima IV diffractometer (Cu Kα1 radiation, λ = 1.5406 Å) with 
operation voltage of 40 kV and current of 44 mA. The SAXS patterns 
were conducted on a Bruker Nano STAR instrument. Cu-Kα X-ray with the 
wavelength (λ) of 1.5418 Å was used with a sample-to-detector distance 

of 68.0 cm to cover a scattering vector, 
4 sin

2
q

π
λ

θ≡  ranging from 0.012 

to 0.32 Å−1. The N2 sorption was measured on a Micromeritics ASAP 
2020 Surface Area and Porosity Analyzer. The pore size distributions 
were derived from the adsorption branches of isotherms using the BJH 

method. The microporosity was further analyzed using the DFT method. 
The Raman spectra were conducted on a Renishaw system 2000 with the 
laser wavelength of 514 nm. Proton nuclear magnetic resonance spectra 
were measured on a Bruker Avance 400 mHz spectrometer. The UV–vis 
spectra were measured on a Shimadzu UV 2450 equipped with a single 
monochromatic system. The X-ray photoelectron spectroscopy (XPS) was 
collected on a Thermo Scientific K-Alpha X-ray photoelectron spectrometer.

Magnetic Susceptibility Measurement: The magnetic properties were 
measured by using a vibrating sample magnetometer attached to the 
Evercool Physical Property Measurement System (from Quantum 
Design Inc.). The temperature dependent magnetic susceptibility was 
recorded under zero-field cooled (ZFC) and field cooled (FC) conditions 
with an applied magnetic field of 50 Oe between 10 and 300 K.
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