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ABSTRACT: Exploiting advanced semiconductor photocatalyst with superior activity and
selectivity for the conversion of CO, into solar fuels and valuable chemicals is of worldwide

interest. In this report, hierarchical amine-functionalized titanate nanosheets based yolk@shell
microspheres were synthesized via one-pot organic amine mediated anhydrous alcoholysis of
titanium(IV) butoxide. The selected organic amine, diethylenetriamine, played multiple roles.
First, it was essential for the crystallographic, morphological and textural control of the
synthesized titanate nanoarchitectures. Second, it was crucial for the in situ functionalization of
titanate nanosheets by concurrent interlayer intercalation and surface grafting, which gave rise
to the strong visible-light absorption ability and high CO, adsorption capacity. As a
consequence of the synergetic tuning in multilevel microstructures, an integrated engineering of
the multifunctional modules of the titanate-based photocatalysts was achieved for efficient CO,

reduction toward solar fuels.
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1. INTRODUCTION

The serious worldwide greenhouse effects, disastrous environ-
mental pollution and extremely urgent fossil fuels shortage have
led to an increasing interest in developing artificial photosyn-
thesis for producing solar fuels and valuable chemicals.'”’
Although significant advances have been achieved in the past
years, the photocatalytic CO, conversion efliciency toward the
desired hydrocarbon products is still rather low and is far from
stratifying practical applications.® Exploiting advanced semi-
conductor photocatalyst with superior activity and selectivity is
urgently desirable but remains as one of the greatest challenges.
Titania and a variety of other semiconductor photocatalysts
were fabricated and modified by various methods to enhance
photocatalytic performances.*”®

Inspired by the exceptional properties and great application
potentials of graphene, fabrication and application of various
two-dimensional (2D) nanosheets other than graphene have
attracted tremendous attention.” "' Titanate nanomaterials
with layered structure, consisting of TiOg octahedral layers and
interlayer compensating positive ions, have attracted consid-
erable attention because of their excellent physiochemical
properties and a wide range of applications, especially in the
field of photocatalysis."*"'* As for promising photocatalysts, the
band-edge positions of the layered titanate nanomaterials
including the valence band top and the conduction band
bottom are located at desirable potential levels.'>">The
anisotropic layered structure facilitates favorable vectorial
separation and transportation of photogenerated charge carriers
as well as flexible nanostructural construction with consequence
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of special size and morphological effects.”'> Moreover, the
characteristic layered structures of titanate favors the highly
tolerable interlayer and surface modification by ion intercala-
tion, organic grafting, and nanoparticle loading, leading to
unique multifunctional combination and cooperation.'®”"?
Two basic kinds of strategies have been developed for the
fabrication of 2D titanate nanosheets. Conventionally, 2D
titanate nanosheets were prepared via top-down strategy
involving layer-by-layer exfoliation of a parent layered titanate
bulk, typically driven by interlayer intercalation of organic ions
(e.g, quaternary ammonium cations).12 Alternatively, bottom-
up strategy based on a simple alkaline hydrothermal method
was recently developed for the convenient preparation of 2D
titanate nanosheets in high yield.13 Moreover, the alkaline
hydrothermal method facilitated the coupled synthesis and
assembly of 2D titanate nanosheets toward higher-level
hierarchical architectures with special structural advantages for
practical applications.”*~>* However, the as-prepared titanate
photocatalysts usually had larger band gap, even compared to
titania, and no desirable visible-light absorption was achieved."
Besides, creating those titanate architectures typically required
inorganic alkaline aqueous solution with ultrahigh concen-
trations (typically, concentrated NaOH solution in 10 M),
which make it difficult to extend the applications of titanate
nanomaterials in cost-effective and environmentally benign
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manner. It would be very interesting to discover certain mild
reaction mediators (other than conventional strong inorganic
bases) that can introduce suitable alkaline environment for
designable formation of titanate nanostructures,’” and simulta-
neously, bring specific guest moieties for interlayer and surface
modification giving rise to exceptional optical and surface
properties. In this report, organic amine mediated solvothermal
alcoholysis of titanium(IV) butoxide in the absence of water
was exploited for one-pot constructing titanate hierarchical
yolk@shell microspheres. Simultaneously, both interlayer and
surface chemistry of the as-prepared titanate samples were
modified in situ by selected diethylenetriamine as a typical
organic amine. As a consequence, the as-prepared titanate
samples exhibited high visible-light harvesting ability, large CO,
capture capacity and efficient photocatalytic CO, reduction
performance.

2. EXPERIMENTAL SECTION

2.1. Preparation. All chemicals were analytical grade and used
without further purification. The hierarchical titanate yolk@shell
microspheres were synthesized referencing the previously published
procedures,” >’ but paying special attention at avoiding water being
involved in the whole synthesis processes because the presence of
water will change the crystallographic phase and morphology of
resulting products. In a typical synthesis, 0.1 mL of diethylenetriamine
(DETA) was first added to 80 mL of isopropyl alcohol under vigorous
stirring, and then (S min later) 3 mL of titanium(IV) butoxide was
added, and the mixed solution was sealed and stirred constantly for
another 10 min. Subsequently, the mixture was transferred into a 200
mL Teflon-lined autoclave and kept in an electric oven at 200 °C for
24 h. The yellow precipitates were harvested via centrifugation, washed
thoroughly with ethanol and water, and dried at 80 °C overnight. The
obtained sample was denoted as TN200. For comparison, sample was
also prepared in the absence of DETA under otherwise identical
conditions and the corresponding sample was denoted as T200. In
addition, the effects of solvothermal temperatures (160 and 180 °C)
and time (2, 6, 12, 36, and 72 h) and additional calcination treatment
at higher temperature (300, 400, and 500 °C) on the structures and/or
properties of the synthesized samples were also investigated. The
calcination was proceeded in air for 1h and the ramping rate was set at
3 °C min™". The sample names and the corresponding synthesis
conditions are listed in Table S1 in the Supporting Information.

2.2. Characterization. X-ray diffraction (XRD) patterns obtained
on a D/Max-RB X-ray diffractometer (Rigaku, Japan) with Cu Ka
irradiation at a scanning rate of 0.05° 20 s~ were used to determine
the phase structures of the samples. Field-emission scanning electron
microscopy (FESEM) images were examined by an S-4800 (Hitachi,
Japan) scanning electron microscope. Transmission electron micros-
copy (TEM) and high-resolution transmission electron microscopy
(HRTEM) analyses were performed on a JEM-2100F electron
microscope (JEOL, Japan) using a 200 kV accelerating voltage.
Nitrogen sorption isotherms were measured on an ASAP 2020 gas
adsorption apparatus (Micromeritics, USA). All the samples were
degassed at 180 °C prior to nitrogen sorption measurements. The
Brunauer—Emmett—Teller (BET) surface area was determined by a
multipoint BET method, using the adsorption data in the relative
pressure (P/P,) range of 0.05—0.3. The adsorption branch of nitrogen
sorption isotherms was used to determine the pore size distribution by
the Barret-Joyner-Halender (BJH) method, assuming a cylindrical
pore model”® The volume of nitrogen adsorbed at the relative
pressure (P/P;) of 0.97 was used to determine the pore volume and
the average pore size. CO, adsorption was measured using an ASAP
3020 carbon dioxide adsorption apparatus (Micromeritics, USA).
UV—visible diftuse reflectance spectra of the samples were obtained on
a UV-2550 UV—visible spectrophotometer (Shimadzu, Japan). A fine
BaSO, power was used as a reflectance standard in a UV—vis diffuse
reflectance experiments. Fourier transform infrared (FTIR) spectra of
the samples were recorded using an IR Affinity-1 FTIR spectrometer
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(Shimadzu, Japan). X-ray photoelectron spectroscopy (XPS) measure-
ments were carried out using an ultrahigh vacuum VG ESCALAB 210
electron spectrometer using Mg Ka radiation. XPS data were
calibrated using the binding energy of C 1s (284.8 eV) as the internal
standard. Fourier transform (FT) Raman spectra were recorded on a
Nexus FT infrared spectrometer (Thermo Nicolet, USA) equipped
with a Raman module accessory using a Nd**:YVO, laser (1064 nm)
as the near-infrared excitation source. Zeta potential was analyzed
using the MPT-2 Multi-Purpose Titrator linked with a Zetasizer Nano
instrument (Malvern, USA).

2.3. Photocatalytic Reduction of CO,. The photocatalytic
reduction of CO, was operated in a 200 mL homemade Pyrex reactor
at ambient temperature and atmospheric pressure, similar to our
previously reported procedures.””*® Typically, 100 mg of catalyst was
suspended into 10 mL of DI water in a glass reactor via ultrasonic
dispersion for 30 min, and then dried at 80 °C over 2 h. The catalysts
were deposited onto the bottom of the reactor forming a thin and
smooth film. Before light irradiation, the reactor was sealed and
deoxidized by blowing nitrogen for 30 min to remove air. CO, and
H,O vapor were produced from the reaction of NaHCO; (0.12 g,
introduced into the reactor before seal) and HCl aqueous solution
(0.25 mL, 4 M), which was injected into the reactor via a syringe. A
300W Xe arc lamp (Changzhou Siyu Science Co. Ltd., China) with a
UV-cutoff filter (A > 400 nm) was used as a light source and
positioned ~22 cm above the photocatalytic reactor. The focused
intensity measured using a visible-light radiometer (Model: FZ-A,
China) was ca. 150 W cm™ The gas product taken from the reactor
was analyzed using a gas chromatograph (GC-2014C, Shimadzu)
equipped with a flame ionized detector (FID) and methanizer.
Product gases were calibrated with a standard gas mixture and
determined using the retention time. Each photocatalytic CO,
reduction cycle in this study was performed in triplicates.

3. RESULTS AND DISCUSSION

3.1. Crystallographic Structures. The crystallographic
structures of the as-synthesized products were studied by XRD
and Raman analyses. As shown in Figure S1A (Supporting
Information), only two recognizable diffraction peaks located
around 26 = 25 and 48° was recorded for the sample TN200,
and the XRD diffraction peaks were very weak and wide,
suggesting the smaller crystallite size and/or poor crystallinity
of the present solvothermally synthesized samples. Note that,
similar synthesis procedures were employed in previous studies
to fabricate titania nanostructures with additional calcination
treatment, and those two diffraction peaks was assigned to
anatase (101) and (200) planes.* In fact, it was hard to identify
the crystallographic phase based only on these two XRD
diffraction peaks. In this situation, the Raman spectroscopy as a
more sensitive method was carried out to further clarify the
crystallographic structures. Note that because of the low degree
of crystallinity and strong photoluminescence interference, no
resolvable Raman peak was recorded for TN200 using visible-
light laser (514.5 nm Ar* laser) as excitation source (Figure
S2A in the Supporting Information). To exclude the shielding
effects of photoluminescence, Fourier transform (FT) Raman
spectrum using 1064 nm near-infrared excitation source
(Nd*":YO, laser) was recorded, as shown in Figure 1. The
spectrum presented weak and broad Raman vibrational peaks
centered around 197, 276, 386, 446, 672, 702, 786, 822, and
926 cm™!, which can not be assigned to either anatase or rutile
TiO,, but shared similar peak positions and profiles to the
layered lepidocrocite titanate nanostructures with a typical
chemical formula, H,Ti,_, /4,40, ({J: vacancy).” ~>* In this
regard, the aforementioned two XRD diffraction peaks located
around 260 = 25 and 48° were related to protonated titanate
(110) and (200) planes, respectively.’' The added DETA as a
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Figure 1. Fourier transform (FT) Raman spectra of (a) TN200 in
comparison with (b) TN160, (c) T200, and (d) TN200—500 using
1064 nm near-infrared excitation source (Nd**:YO, laser).

typical organic amine with strong basicity in the solvothermal
synthesis system was crucial for the formation of the as-
obtained titanate products.'” The samples prepared without the
DETA under otherwise identical conditions (denoted as T200
in Table 1 and Table SI in the Supporting Information) was
well-crystallized as anatase TiO, (JCPDS card no. 21—1272;
space group I4,/amd (141); ay = 3.7852 A, ¢y = 9.5139 A), as
evidenced by XRD (Figure S1 in the Supporting Information)
and Raman (Figure 1) analyses.

Notably, the synthesis conditions, including the solvothermal
temperature and time, were also important for the controlled
synthesis of titanate products. No samples were obtained when
the solvothermal temperature was below 160 °C, whereas dark
colored samples can be readily produced with solvothermal
temperature above 160 °C. The samples obtained at different
solvothermal temperature (below 200 °C as we used) shared
the similar crystallographic structures but with perceptible
difference in the degree of crystallinity, as evidenced by varied
Raman peak intensity for TN160 versus TN200 (Figure 1).
Obviously, higher solvothermal temperature corresponded to
titanate sample with higher degree of crystallinity. As expected,
the degree of crystallinity of the samples can also be largely
modified by the solvothermal treatment time (Figure S1B and
Figure S2 in the Supporting Information). Moreover, phase
transition from titanate to anatase titania occurred during the
solvothermal treatment after progressively extending the
solvothermal treatment time up to 36 and 72 h (Figure S1B
and Figure S2 in the Supporting Information). Overall, during
solvothermal treatment processes, two phase transformation
processes occurred, that is, conversion of amorphous titanate to
progressively crystallized titanate and subsequent conversion of
titanate to anatase titania. By simple calcination, the
solvothermally synthesized titanate products can also be easily
transformed into well crystallized anatase TiO, (Figure S1C in
the Supporting Information and Figure 1). Note that the slight

change in the Raman peak positions for sample T200 versus
TN200—500 was probably resulted from their different
crystallite size and morphology.

3.2. Morphological Aspects. Similar to reported
results,”>”>” the DETA mediated anhydrous alcoholysis of
titanium (IV) butoxide under one-pot solvothermal conditions
(above 160 °C) generally gave rise to hierarchical titanate
microspheres with typical yolk@shell configuration, as
indicated by FESEM and TEM images for sample TN200
(Figure 2a—c, see a detailed morphological depiction in the

50 nm e

Figure 2. (a, b) FESEM, (c, d) TEM, and (e, f) HRTEM images of the
typical sample TN200.

Supporting Information). It was expected that such yolk@shell
structures should introduce multireflections of incident light
within the hollow chamber and improve the light harvesting,
which was beneficial for photocatalytic applications.”® The
combined SEM and TEM observation reflected that the yolk
was aggregate of tiny nanoparticles, whereas the shell was built

Table 1. Basic Physicochemical Properties and Photocatalytic Performance of the Typical Samples

pore volume

sample SBET(mZg_l) (cmsg_l) average pore size (nm)
TN160 465 0.28 2.4
TN200 246 0.18 3.0
TN200—500 91 0.3 13.1
T200 107 0.12 4.45

N/Ti CO, adsorption CH,OH production rate (umol
ratio (mmol g ') h7'g™)
0.35 1.34 0.8
0.31 0.79 2.1
0.03 0.11 0
0 0.45 0.3
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by irregular assembly of nanosheets. The nanosheets on the
external surface of the shell were so thin that they were
transparent and curved in the enlarged TEM image (Figure
2d). The nanosheets were interwoven and gave rise to highly
porous framework. The high-resolution TEM (HRTEM) image
(Figure 2e, f) indicated that the nanosheets may be lying
parallel or standing perpendicular to the grid surface. The lying
nanosheets indicted that the thin TiO, nanosheets (Figure 2e)
were not single-crystalline but were further assembled by tiny
nanosheets via oriented attachment, as illustrated by the
isolated visible lattice fringes sharing the similar orientation on
a single nanosheet. The distance of the observed lattice fringes
was measured to be close to 0.19 nm, corresponding to the
interplane spacing of (200) facets of hydrogen titanate."” The
standing nanosheets (Figure 2e, f) reflected the thickness of the
nanosheets varying in the range of 2—5 nm, the interplane
distance of about 0.35 nm was related to (110) facets, and the
interplane distance of about 0.6 nm was related to interlayer
spacing of titanate nanosheets along b axis ([010] direc-
tion)."”*'73* The reflected crystallographic microstructure was
consistent with the aforementioned Raman analysis, corre-
sponding to the layered orthorhombic lepidocrocite hydrogen
titanate. ' 7>*

The formation processes the as-prepared uniform hierarch-
ical titanate yolk@shell microspheres conformed well to our
previously proposed chemically induced self-assembly and in
situ self-transformation (CIST) mechanism,>**® based on the
time-dependent evolution experiments and systematic XRD
(Figure S1B in the Supporting Information), SEM and TEM
investigations (Figure S3 in the Supporting Information).
Notably, the added DETA in the present study was necessary
for the formation of the uniform hierarchical titanate yolk@
shell microspheres, controlling both the crystallographic and
morphological evolution. Without DETA, both the self-
assembly process to amorphous spherical framework and
their consequent self-transformation process toward crystalline
titanate yolk@shell counterparts was out of control, and thus,
only ill-shaped anatase titania microspheres was formed with
relatively smooth surface (Figure S4 in the Supporting
Information).

The multilevel microstructures of the synthesized titanate
products could be easily tuned by a variety of synthesis
parameters, including solvothermal temperature, concentration
of added DETA as well as the organic amine selected. For
example, the solvothermal temperature affected both the
alcoholysis dynamics of titanium(IV) butoxide and the rate of
dissolution and recrystallization process, as a consequence, the
solvothermal temperature affected both the size and morphol-
ogy of the synthesized titanate spheres (Figure SS in the
Supporting Information). The average diameter of the
synthesized titanate spheres was reduced from 1.8 ym to 600
and 400 nm as the solvothermal temperature was reduced from
200 to 180 and 160 °C, respectively. Moreover, as the
solvothermal temperature was reduced to 160 °C, no visible
nanosheets was formed on the external surface of the
synthesized TN160 titanate spheres. Upon calcination, the
hierarchical titanate yolk@shell microspheres converted into
well-crystallized anatase TiO, counterparts with remaining
yolk@shell morphology, but the sphere size was greatly
reduced to 1.2 ym.

3.3. Pore Structures. To characterize the specific surface
area and porosity of the as-prepared hierarchical titanate yolk@
shell microspheres, we carried out N, sorption analysis. Figure
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3 showed the N, sorption isotherms and the corresponding
pore size distribution curves of the sample TN200 in
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Figure 3. (a) Nitrogen adsorption—desorption isotherms and (b) the
corresponding pore size distribution curves for sample TN200 in
comparison with TN160, T200 and TN200—500.

comparison with other related reference samples. The nitrogen
sorption isotherm (Figure 3a) of sample TN200 was a
combination of types I and IV (BDDT classification).”® At a
low relative pressure range (below 0.4), the isotherm exhibited
a high adsorption associated with the presence of micropores
(type 1), suggesting that the samples still contained a large
portion of amorphous titanate (in good agreement with weak
and wide peak in the corresponding XRD result).”” At higher
relative pressures, the isotherm exhibited an interconnected
hysteresis loop associated with capillary condensation of gases
within mesopores. Significantly, the hysteresis loop covered a
broad range of relative pressures from approximately 0.4 to 1.0,
consistent with the wide mesopore size distribution within the
as-prepared hierarchical titanate yolk@shell microspheres. In
addition, the lack of plateau on the adsorption isotherm at the
relative pressures approaching 1 indicated the presence of
macropores.®® This wide pore size distribution was further
confirmed by the corresponding pore size distribution curves
(Figure 3b). Interestingly, the as-prepared hierarchical titanate
yolk@shell microspheres contained micropores (below 2 nm),
small mesopores (from 2 to 10 nm), large mesopores (from 10
to SO nm) and macropores (above 50 nm), which
demonstrated the existence of multilevel nanoporous structures
resulted from the hierarchical assembly of the basic building
blocks including both tiny 0D nanoparticles and 2D nano-
sheets. The BET surface area (Sggy) and pore volume of the as-
prepared hierarchical titanate yolk@shell microspheres was 246
m® ¢! and 0.18 cm® g7/, respectively (Table 1). By contrast,
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the sample TN160 prepared at lower solvothermal temperature
basically had similar hierarchical pore structures as that of the
sample TN200, but it had larger Sgp (465 m* g™') and pore
volume (0.28 cm® g™'). It was believed that such a highly
porous framework within the as-prepared yolk@shell structured
hierarchical titanate microspheres would be beneficial for
enhancing molecular adsorption and diffusion during photo-
catalytic reactions.

It has been demonstrated above that DETA was crucial for
regulating the assembly and transformation processes during
the formation of as-prepared hierarchical titanate yolk@shell
microspheres. In this connection, the added DETA was also
important for the formation of the aforementioned multilevel
nanoporous structures. As the N, sorption isotherm of sample
T200 shown in Figure 3a, the adsorption in low relative
pressure range (below 0.45) was obviously reduced, consistent
with the good crystallization of sample T200 with much lower
micropores. The hysteresis loop associated with mesopores by
intra- and interaggregation was located within narrower relative
pressures(from 0.45 to 0.9), which was consistent with the
uniform particle size and morphology of the building blocks
(just OD nanoparticles), giving rise to narrower pore size
distribution (Figure 3b). In addition, the adsorption related to
macropores at the relative pressures approaching 1 decreased,
suggesting that less macropores was formed within T200
microspheres. Overall, as shown in Figure 3b, the micropores
and macropores were not favored in the absence of DETA, and
the resulting pore sized distribution within T200 microspheres
was much narrower, with a dominant monomodel mesopores
size distribution centered around 10 nm. Relatively, the sample
T200 prepared without DETA had smaller Sgpp (107 m*g™")
and pore volume (0.12 cm’g™") (Table 1) as compared with
the sample TN200 counterpart.

Upon calcination, although the resulting TiO, products
(TN200—500) basically remained in the hierarchical yolk@
shell morphology (Figure S6 in the Supporting Information),
great changes occurred in pore structures. Both the micropores
and small mesopores almost vanished, accompanied by the
right shift of the hysteresis loop toward higher relative pressure
ranges (from 0.65 to 1), as a consequence of the enhanced
crystallization and ripening of crystallite, giving rise to larger
aggregation-induced mesopores. Moreover, great increase
occurred in adsorption related to macropores at the relative
pressures approaching 1. Interestingly, after calcination, the
pore volume was largely increased from 0.18 to 0.3 cm’g”’, in
contrast to the great reduce in Sppy from 246 to 91 m* g™
(Table 1). The reduce in Sgpr was resulted from growth in
crystallite size, whereas the increase in pore volume originated
from the removal of organic moieties.

3.4. Guest Modification (Surface Grafting). In addition
to the mediating effects over the crystallographic, morpho-
logical, and porous structures, the added DETA may also
greatly modify the synthesized titanate host by guest
incorporation involving either interlayer intercalation or surface
grafting. The chemical components of the sample TN200 were
investigated by XPS analysis in comparison with the samples
TN160, T200, and TN200—500. On the basis of the survey
spectra (Figure S7a in the Supporting Information), in addition
to the dominant Ti and O peaks, two obvious peaks related to
C and N species were detected in the sample TN200. To
determine the nature of guest moieties present in the titanate
host, the high-resolution XPS spectra of N 1s and C 1s core
level were examined, as shown in Figure 4. The chemical nature
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Figure 4. High-resolution XPS spectra of (a) N 1s and (b) C 1s for
sample TN200 in comparison with TN160, T200, and TN200—500.

of the N species in N-modified TiO, was a major point under
debate, depending on the specific synthesis processes.>> Taking
account of the employed mild solvothermal conditions in the
present study, the incorporated azo moieties shall mainly
modified the surface and interlayer space of titanate host,
instead of entering into the TiOg4 octahedral layers. As expected,
N 1s peak associated with substitutional N with a binding
energy of 396—397 eV was not detected. The high resolution
XPS spectrum of N 1s for TN200 can be well deconvoluted
into two peaks (Figure 4a). The peak located at the lower
binding energy (centered at 399.6 eV) can be assigned to
surface grafted amine (—NH,), while the another peak located
at the higher binding energy (centered at 401.3 eV) can be
attributed to protonated amine (—NH,") intercalated between
TiOg octahedral layers."” Obviously, the incorporated N-species
were originated from the added DETA, as shown in Figure 4a,
no N signal was detected for the sample T200 prepared without
DETA. Note that, the solvothermal temperature affected the
loading amount and states of incorporated N-species. The N/
Ti ratio was 0.35 and 0.31 for TN160 and TN200, respectively
(Table 1). Moreover, higher solvothermal temperature favored
more —NH;" intercalated into the interlayer space between the
TiOg octahedral layers of titanate host. However, after
calcination at 500 °C in air for 1 h, the titanate was converted
into anatase titania, and the layered structures were completely
destroyed, as a result, the intercalated —NH;" was readily
removed from the calcined sample TN200—500, surprisingly, a
small portion of surface grafted —NH, was not eliminated but
transggrmed into substitutional NH, and NO, in the titania
host.

The XPS spectrum of C 1s (Figure 4b) for TN200 can be
fitted into three peaks at 284.8, 286.3, and 288 eV, which were
assigned to carbon atoms in the C—C, C—0, and C=0 bonds,
respectively.*® Similarly, no C 1s peak for Ti—C bonds (around
281 eV) resulted from the substitution of O with C in TiOg
octahedra was recorded, suggesting that carbon also mainly
modified on the surface and/or interlayer of sample TN200.
Although the three C peaks can be observed in all the
solvothermally synthesized samples (TN160, TN200, and
T200), obviously, as shown in Figure 4b, the added DETA
favored the surface modification with carbonaceous moieties via
C—O-Ti bonds. After calcination at 500 °C in air for 1 h, only
two peaks corresponding to C—C and C=0 bonds were left
for sample TN200—500, whereas the C 1s peak related to C—O
bonds vanished. Upon high-temperature calcination up to 500
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°C, the surface carbonaceous modifier shall be mostly removed,
as supported by the TG-DTA analysis (Figure S8 in the
Supporting Information); therefore, it was believed that most of
the recorded C—C and C=O peaks for sample TN200—500
were mainly originated from surface adsorbed hydrocarbon and
CO, from air as adventitious contaminant. The grafting amount
of C- and N-containing organic moieties on the surface and
interlayer of sample TN200 was estimated to be about 19 wt %
(Figure S8 in the Supporting Information). Unfortunately,
although the IR absorption associated with vibration of C—C,
C-H, and C—O bonding was recorded, the surface grafted
—NH, and —NHj;" can not be exclusively identified by FTIR
spectroscopy (Figure S9 in the Supporting Information),
because of the sensitivity limit and possible peak overlapping.

3.5. Light Absorption. It has been well-demonstrated that
enhanced visible-light photocatalytic efficiency of TiO, could
be readily achieved by introducing various dopants (especially,
nonmetal species) into the TiO, host, which gave rise to
various localized states within the bandgap and/or grafted
chromophoric complexes as sensitizer on the surface.”” Figure $

TN200 434
TN160 370
T200 392

TN200-500 384

:\\\’

500 600
Wavelength (nm)

Absorbance (a.u.)

300

Figure 5. UV—vis diffuse reflection spectra of sample TN200 in
comparison with TN160, T200, and TN200—500. The inset showed
the absorption edges.

showed the UV—visible diffuse reflectance spectra for sample
TN200 together with other related references. The sample
TN200 showed strong visible-light absorption in wide region
from 400 nm up to 800 nm, with the absorption edge at the
434 nm. Obviously, both the absorption range and the
characteristic absorption edge of sample TN200 were
tuned'>*° by the grafted C and N species on the surface or
interlayer of titanate host, which would probably act as both
visible-light sensitizer and bandgap engineer. Relative to
TN200, the sample TN160 showed significantly less redshift
in the absorption edge (370 nm) and slightly weaker absorption
in visible-light region. Taking account of the weaker interlayer
—NH," intercalation in TN160 versus TN200 (Figure 4), it
seemed that the interlayer intercalated —NH;" was much
important in narrowing the band gap of titanate. In contrast,
although the sample T200 contained a large portion of surface
modified C—O moieties, it showed a very limited visible-light
absorption above 400 nm with the absorption edge at 392 nm.
In this regard, it was supposed that grafted N-containing species
on the surface or interlayer of as-prepared titanate contributed
more for the wide and strong visible-light absorption. As a
confirmation, after calcination of TN200 at 500 °C in air, most
surface-grafted N-containing species was removed, and the
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resulting sample TN200—500 also showed very limited visible-
light absorption above 400 nm with the absorption edge
shifting to 384 nm. The bandgap energies (Figure S10 in the
Supporting Information) were roughly estimated to be about
3.35, 2.65, 3.15, and 3.20 eV for the samples TN160, TN200,
T200, and TN200—500, respectively.

Note that the long-tail absorption in the visible-light region
(400—800 nm) may be attributed to surface defects.*”*"*
Calcination of TN200 at 300 °C leading to strongest visible
light absorption (Figure S10 in the Supporting Information)
was just because of the introduction of hi[gher density of defects
during removal of grafted C/N-species.” Higher-temperature
calcination of TN200 at 500 °C in air reduced not only the
surface grafting level but also the defect density."' The phase
transformation from modified layered titanate to clean titania,
with higher crystallization and higher packing density of TiOg4
octahedra, resulted in lower tolerance to dopants and defects
and loss of visible-light absorption ability (Figure S10 in the
Supporting Information). The solvothermal temperature and
subsequent calcination temperature affected the grafting
process and grafting level, as well as the complementary
defects, which together affected the visible-light harvesting
capacity of the related samples (Figure S10 in the Supporting
Infomration).

3.6. CO, Adsorption. Besides the influence over light
absorption, the surface modification with C and N species
affected a variety of the surface physicochemical properties,
including surface basicity and charge (Figure S11 in the
Supporting Information), which greatly affected the CO,
adsorption performance on the synthesized hierarchical titanate
yolk@shell microspheres. The adsorption of CO, onto the
photocatalyst surface was the first essential step affecting the
reaction pathway and dynamics of the photocatalytic CO,
reduction.*”> We investigated the CO, adsorption performance
of sample TN200 in comparison with sample TN160, T200,
and TN200—500 using CO, adsorption isotherms. As shown in
Figure 6, the sample TN200 exhibited a rapid rise in CO,
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Figure 6. CO, adsorption isotherms of sample TN200 in comparison
with TN160, T200, and TN200—500.

uptake along with elevated CO, pressure at a relatively low
level (P/P, < 0.2), as a consequence of specific interactions
between CO, and the surface organic grafters including
hydroxyl and amine groups.® Meanwhile, the sample TN200
had high specific surface area and pore volume, endowing it
with high CO, uptake ability at higher P/P, conditions (P/P, >
0.2).>° More CO, could be adsorbed within the hierarchical
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nanopores of the yolk@shell microspheres. Because of larger
surface grafting level of organic amine and higher specific
surface area (Table 1), the sample TN160 had an even larger
CO, adsorption capacity. However, the sample T200 prepared
without DETA shown much lower CO, adsorption capacity as
compared with TN200, highlighting the crucial role of DETA
in modifying the surface properties and pore structure for CO,
capture. As expected, the sample TN200—500 showed greatly
reduced CO, adsorption capacity, as a consequence of reduced
specific surface area and limited active adsorption sites after the
removal of organic grafters by calcination treatment.

3.7. Photocatalytic Activity. Photocatalytic CO, reduc-
tion activity was evaluated using the synthesized various
samples under visible-light irradiation (4 > 400 nm). Figure
7a showed the original chromatogram for the photocatalytic
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Figure 7. (a) Original chromatograms for sample TN200 after 1 h
irradiation in contrast to that without catalyst or light irradiation and
(b) comparison of CH;OH generation rate for various typical samples.

reduction of CO, over sample TN200. CH;OH was yielded as
the major product, with a small amount of HCHO. Control
experiments indicated that no appreciable reduction products
were detected in the absence of either photocatalyst or light
irradiation, suggesting that the CO, reduction was proceeded
via photocatalytic reaction on the photocatalyst. The photo-
catalytic CO, reduction process and mechanism was quite
complex. In principle, the proton-assisted multielectron CO,
reduction pathway, involving electron and proton transfer, C—
O bond breaking, C—H/C—C bond formation, was thermo-
dynamically more favorable than the one-electron CO,
reduction pathway.””* Taking account of the reduction
products detected in the present study, the typical two-
electron, two-proton reaction pathway involving formaldehyde
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as characteristic intermediate was proposed.” Note that the
CH,, a common product using various TiO, photocatalysts,*”>°
was not detected in the present study. It seemed the surface
amine functionalization can not account for the product
selectivity,”® the combined contribution from the titanate
with higher conduction band level and interlayer amine
functionalization in tuning the reaction pathway and products
shall be further investigated.

Figure 7b showed the comparison of visible-light photo-
catalytic production rates of CH;OH over samples synthesized
under different conditions and Degussa P 25. Overall, the
sample TN200 showed the best activity in photocatalytic CO,
reduction toward generation of CH;OH as valuable solar fuel.
The combined special crystallographic and surface properties of
TN200 were responsible for its superior photocatalytic CO,
reduction performance. As compared with titania, the layered
framework of titanate with lower packing density endowed it
with higher interlayer and surface loading ability toward organic
grafters, acting as both light-harvesting centers and active
adsorption centers. The resulting both higher visible-light-
harvesting ability and larger CO, adsorption capacity
contributed to higher photocatalytic CO, reduction activity.
The post calcination treatment of TN200 induced the
transformation of titanate to titania as well as the removal of
grafted organic moieties, and generally reduced the photo-
catalytic CO, reduction activity (Figure 7b and Table 1).
Moreover, it was generally documented that, as compared with
titania, the titanate was much inactive for photocatalytic
reactions in terms of hydrogen production and organics
oxidation,"* which were harmful back or side reactions for
photocatalytic CO, reduction toward solar fuels, including
CH,OH.* This assumption was also supported by our
preliminary results. Although no hydrogen was detected during
photocatalytic CO, reduction using TN200 as photocatalyst,
detectable chromatogram peaks for hydrogen was recorded
using the sample T200 (2 gmol h™' g™') and TN200—500 (8
umol h™' g7') as photocatalyst. Meanwhile, the photocatalytic
oxidation ability toward mineralization of organics, as a back
reaction against CO, reduction, was largely enhanced after
conversion of TN200 to titania by high-temperature calcina-
tion, evidenced using RhB as an example (Figure S12 in the
Supporting Information).”® Overall, as a result of limited
visible-light absorption ability, inferior CO, adsorption capacity,
and serious back reactions, both sample T200 and calcined
samples, especially TN200—500, showed very limited photo-
catalytic CO, reduction activity toward CH;OH production. By
the way, as the titania conduction band potential is just close to
the CO, and water reduction potential, cocatalyst is usually
necessary to reduce overpotential for efficient photocatalytic
CO, reduction,* and thus, in the present study, cocatalyst-free
photocatalytic CO, reduction is much lower using titania as
photocatalyst.

With increasing solvothermal temperature from 160 to 200
°C, the CH;OH production rate increased greatly from 0.8 to
2.1 ymol h™' g™" (Figure 7 and Table SI in the Supporting
Information). The solvothermal temperature largely affected
the various structural and chemical parameters, including the
morphological and textural characteristics, degree of crystal-
linitym and defect density, as well as the chemical composition
in terms of NH,/NH;" content and ratio, water content, etc.
All those differences were possibly responsible for the
difference in light-harvesting ability, CO, adsorption capacity,
and photocatalytic CO, reduction activities. For example,
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although the higher specific surface area and higher loading
amount of surface organic grafter for TN160 endowed it with
higher CO, adsorption capacity, the weaker visible-light-
harvesting ability (Figure S) and inferior degree of crystallinity
(Figure land Figure S1 in the Supporting Information) for
TN160 made it with relatively inefficient charge generation and
transportation toward surface catalytically active sites for
photocatalytic CO, reduction. On the other hand, the suitable
solvothermal time is also important in tuning the CH;OH
production rate. As the solvothermal temperature was set at
200 °C, the CH3;OH production rate first increased with
increasing solvothermal time up to 24 h, and then reduced with
further increasing solvothermal time to 36 and 72 h (Figure
S13 and Table Sl in the Supporting Information). The
crystallographic characteristics (including crystal polymorph
and crystallinity), textural features (including morphology and
pore structures), and interlayer and surface guest incorporation
(affecting light harvesting and reactant adsorption) was varied,
which was crucial in tuning the photocatalytic CO, reduction
properties. The photocatalytic stability of sample TN200 was
studied as a typical example. The time-dependent CH;OH
yield did not linearly increase with prolonged light irradiation
time (Figure S14A in the Supporting Information). In fact, this
was similar to the case for many reported photocatalysts.> After
more than 3 h, the increase in CH;OH yield was almost
suspended for TN200. However, if the photocatalysts were
recollected and washed after each service and reused again for
the 1 h photocatalytic CO, reduction cycle, the stability was not
bad, and the activity was reduced by about 10% after six cycles
(Figure S14B in the Supporting Information). In this regard, it
was believed that some organic products adsorbed on the
photocatalysts surface and inhibited the continuous activity in
photocatalytic CO, reduction.

It is generally recognized that four interconnected basic
processes are involved for various photocatalytic redox
reactions (including photocatalytic CO, reduction) over TiO,
or other photocatalysts, that is, first light absorption and
excitation to produce photogenerated charge carriers (holes
and electrons), then charge separation and bulk transport
toward the catalyst surface, subsequently, reactant adsorption
and activation by interfacial charge transfer from catalyst surface
to adsorbed reactants, and finally, the surface redox reactions
with targeted pathway and kinetics.* Accordingly, the photo-
catalytic material systems dominating the photocatalytic
processes can be divided into four functional modules, that is,
light-active centers, charge transportation channel, adsorption
centers and the catalysis-active centers. In this sense, modifying
photocatalytic processes and performances could be primarily
achieved by designing the related functional modules, which are
essentially dependent on engineering the multilevel structures,
including electronic, crystallographic, surface, and textural
structures of the employed photocatalyst. An integrated
engineering of the multilevel structures would enable a
synergetic tuning of the four functional modules, a
comprehensive optimization of the overall interconnected
complex photocatalytic processes and a maximum enhance-
ment of the photocatalytic efficiency. The constructed titanate
nanosheet-assembled hierarchical yolk@shell microspheres in
this study is just a model example, in which the integrated
engineering of multilevel microstructures was one-pot achieved
for the synergetic tuning of the four functional modules and
thus the great enhancement in photocatalytic performances.
The added DETA is crucial, enabling the integrated engineering
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of multilevel microstructures and the multifunctional modules
of the photocatalytic material systems. First, the DETA
facilitated the formation of titanate as dominant crystallo-
graphic phase by providing suitable alkaline reaction environ-
ment. Generally, titanate has a favorable band structure with a
higher conduction band than that of titania,'> which is
thermodynamically desirable for photocatalytic CO, reduction
even without the assistance of cocatalyst.* Moreover, the
anisotropic layered crystallographic structure of titanate itself
and the incurring favored formation of ultrathin sheetlike
titanate nanostructures together facilitate favorable vectorial
separation and transportation of photogenerated charge
carriers.” In addition, the layered structure facilitates either
the interlayer or surface guest incorporation,m_19 as a result,
both the electronic structures and surface properties were
modified to enhance both light harvesting and CO, capture.
Second, the added DETA affects the self-assembly and self-
transformation processes toward constructing titanate nano-
sheets-assembled yolk@shell microspheres, giving rise to
unique structural advantages as well as accompanying
hierarchical porosity and higher specific surface area, all
contributing to enhanced light harvesting and CO, capture.
Third, the added DETA acts as sources of the guest modifier,
which contributes to both interlayer and surface grafting of C-
and N-containing moieties. Overall, all four functional modules
are modified simultaneously by the one-pot DETA-mediated
programmed design of crystallographic, textural (both
morphological and porous), electronic, and surface properties;
as a consequence, the photocatalytic processes and perform-
ance are well integratively tuned to great extent.

4. CONCLUSIONS

Visible-light-responsive nanosheet-assembled hierarchical tita-
nate yolk@shell microspheres with engineered multilevel
microstructures and eflicient photocatalytic CO, reduction
performance were synthesized via DETA-mediated anhydrous
alcoholysis of titanium(IV) butoxide under one-pot solvother-
mal conditions. The formation the hierarchical titanate yolk@
shell microspheres conformed to the typical chemically induced
self-assembly and in situ self-transformation mechanism, and
the selected DETA was crucial in directing morphological and
crystallographic evolution as well as the formation of
hierarchical porous structures. Simultaneously, the visible-light
absorption ability and the CO, adsorption capacity would be
tuned by the DETA involved interlayer and surface
modification of the titanate host. As a result of synergetic
tuning of the multifunctional modules of the photocatalytic
system, especially light-harvesting centers and CO, adsorption
centers, the designed amine-functionalized titanate yolk@shell
microspheres can be used as efficient photocatalysts for
cocatalyst-free photocatalytic reduction of CO, to dominant
CH;0H. The present study would inspire new ideas in
designing advanced photocatalysts with delicate multifunctional
modules to control the photocatalytic processes and to enhance
the photocatalytic performances by integrated engineering of
the multilevel structures.
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We provide preparation conditions for various samples and
additional XRD patterns, Raman spectra, SEM and TEM
images, XPS spectra, TG-DTA curves, FT-IR spectrum, UV—
vis diffuse reflection spectra and band gap analysis, zeta

DOI: 10.1021/acsami.5b00982
ACS Appl. Mater. Interfaces 2015, 7, 8166—8175


http://dx.doi.org/10.1021/acsami.5b00982

ACS Applied Materials & Interfaces

Research Article

potential analysis, photocatalytic RhB oxidation degradation
and photocatalytic CH;OH production activities, and stability
of some reference samples. This material is available free of
charge via the Internet at http://pubs.acs.org/.
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