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Abstract: Layered Ruddlesden—Popper titanates HLnTiO4 and HyLn,Ti3Oq9 (Ln = La, Nd)
have been exfoliated into nanosheets in aqueous tetrabutylammonium hydroxide and
systematically investigated as hydrogen evolution photocatalysts. The nanosheets were
tested both in as-prepared pristine form and after reassembly by two methods (simple
filtration and precipitation by hydrochloric acid). The nanosheet-based samples demon-
strated by up to 88 times greater photocatalytic performance in comparison with the bulk
precursors and, after modification with a Pt cocatalyst, provided apparent quantum effi-
ciency of hydrogen generation up to 14.2% in 1 mol.% aqueous methanol and 3.15% in pure
water. It was established that the form in which the nanosheets are used strongly affects
the hydrogen production efficiency: the latter typically decreases when moving from the
pristine nanosheets to filtered ones and then to those restacked by hydrochloric acid, which
is determined by the difference in their physical-chemical characteristics being influenced
by the reassembly approach.
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1. Introduction

In the context of depleting mineral reserves and tightening environmental legisla-
tion, heterogeneous photocatalysis is considered a powerful tool for renewable energy
production as well as combating air and water pollution [1-3]. The continuous devel-
opment of hydrogen evolution photocatalysts, initiated by the Fujishima and Honda’s
discovery of water photoelectrolysis [4], involves both the search for new, more efficient
materials and applying advanced modifications to well-known ones [5-14], such as tita-
nium dioxide TiO, [15-20]. Along with the splitting of pure water [21-30], photocatalytic
reforming of bioalcohols, carbohydrates and other plant biomass derivatives is receiving
more and more attention in recent studies because of the feasibility to obtain hydrogen
from aqueous—organic media with much higher quantum yields [31-39].

An actively explored class of heterogeneous photocatalysts is represented by ion-
exchangeable layered perovskite-like oxides—lamellar crystalline solids, whose structure
consists of two-dimensional (2D) perovskite slabs, regularly interspersed with interlayer
spaces populated by cations [40]. These oxides are conventionally classified into two
groups, called Dion-Jacobson phases and Ruddlesden-Popper phases, and follow general
formulae A’[A;,_1BnOsn1]and A'5[A_1BnOspy1], respectively (A = interlayer alkali metal,
A =rare earth or transition metal, B = Ti, Zr, Nb, Ta, etc.) [41-43]. Valuable photocatalytic
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properties of these materials originate from the unique structure of the perovskite slabs
and chemically active interlayer spaces, participating in ion exchange and intercalation
reactions [44—48]. Photocatalytic performance of layered perovskite-like oxides is usually
improved via cationic and anionic substitution [49-53], the creation of heterojunctions
with other inorganic particles [54-63], sensitization with dyes [64], interlayer organic
modification [65-73] and exfoliation into nanosheets [74-76]. The latter approach is of
special interest since it allows for producing 2D photocatalytic nanomaterials that, on the
one hand, retain the perovskite structure and corresponding valuable physical-chemical
properties, and on the other hand, have a number of advantages over bulk precursors. First
of all, perovskite nanosheets are characterized by small size and a high specific surface area,
which reduces the volume recombination of photogenerated charge carriers, magnifies
the amount of active sites, provides efficient adsorption of the reactants and increases
the sedimentation stability of the reaction suspension in general [74]. As a consequence,
nanosheet-based photocatalysts, as a rule, significantly outperform bulk counterparts in
the exhibited activity. In addition, perovskite nanosheets may serve as building blocks for
designing new nanostructured photocatalysts via controllable self-assembly [77].

The most common method for producing perovskite nanosheets is the liquid-phase
exfoliation of layered precursors in the solutions of bulky organic bases (usually tetra-
butylammonium hydroxide, TBAOH) [78]. Prior to the exfoliation, the alkaline forms of
the oxides are transformed into the protonated ones (A’ = H) via acid treatment that, in
turn, are dispersed in aqueous TBAOH. Tetrabutylammonium cations TBA* penetrate into
the oxide interlayer space, leading to its pronounced expansion, which facilitates further
incorporation of water molecules from the solution and, as a consequence, swelling of
the layered precursor. Then, the suspension is usually exposed to ultrasonic treatment
resulting in the delamination of the swollen sample into separate nanosheets [75]. Since the
Dion-Jacobson phases demonstrate relatively high reactivity of the interlayer space and are
amenable to direct incorporation of relatively large organic structures, their liquid-phase ex-
foliation has been studied quite well [79-87] and there exist an imposing number of articles
on photocatalytic properties of their nanosheets [88-97]. At the same time, the available lit-
erature hardly covers the photocatalytic performance of the exfoliated Ruddlesden—Popper
phases HLnTiO4 and HyLn, TizO1¢ [98-100], possessing a perovskite slab thickness of n =1
and n = 3 titanium-oxygen octahedra, respectively, although bulk forms of these titanates
were used to yield efficient hydrogen evolution photocatalysts [67-71]. Apparently, the
main difficulty consists in low exfoliation efficiency of the protonated titanates using the
conventional TBAOH-assisted approach because of their inability to accommodate directly
bulky TBA* cations. However, as shown in our previous publications, this obstacle can
be overcome by using amine-intercalated forms instead of protonated ones as precursors
for exfoliation [101,102], which opens the way to the creation of photocatalysts based on
HLnTiO4 and HyLn, Ti3O1¢ nanosheets.

Another important issue that remained practically unaddressed in the literature
until recently [103] is related to the form in which nanosheets should be used as
hydrogen evolution photocatalysts. Over the years, the most common approach in-
cluded flocculation of the nanosheets after liquid-phase exfoliation by strong electrolytes
(acids [52,58,88,91,95-97,104,105], alkalis [76] or salts [92-94,106-108]) to obtain standard
powder photocatalysts for subsequent redispersing in a desired reaction medium. Mean-
while, our recent study on photocatalytic activity of exfoliated Dion—Jacobson niobates
HA,;Nb3Oqq (A = Ca, Sr) [103] has revealed a strong influence of the nanosheet form (pris-
tine, reassembled by filtering, reassembled by an acid) on hydrogen production efficiency.
Particularly, in most cases the pristine nanosheets without reassembly demonstrated the
best performance due to their high active surface area. At the same time, among the
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reassembled samples, simply filtered nanosheets exhibited a much higher activity than
their counterparts precipitated by hydrochloric acid, which, apparently, was associated
with greater redispersibility of the former in aqueous media.

The present paper, being a logical continuation of our aforementioned reports [102,103],
is a first systematic study on photocatalytic activity of exfoliated Ruddlesden-Popper
titanates HLnTiO4 and HyLn, TizOj in the reactions of hydrogen generation from aqueous
methanol and pure water. The nanosheets are tested both in as-prepared form after liquid-
phase exfoliation and after reassembly by two methods with subsequent redispersing in
the reaction solution. The photocatalytic performance of the nanosheets is improved via
their surface decoration with nanoparticles of a Pt cocatalyst. Besides this, special attention
is paid to consideration of the relationship between the features of the nanosheet-based
photocatalysts and their hydrogen evolution activity.

2. Materials and Methods

Here and below, the following abbreviations are used: HLT and HNT for n =1
titanates HLaTiO4 and HNdTiO4; HLT3; and HNTj3 for n = 3 titanates HyLa,TizO19 and
H,Nd,TizOq9; HLT xEtNH;, HNT xEtNH,, HLT; xEtNH; and HNT3; xEtNH, for their
ethylamine-intercalated derivatives. The three forms of the nanosheets are designated as
follows: NSs for pristine (as-prepared) nanosheets without reassembly; filtered NSs for
those isolated via simple filtering; HCl-restacked NSs for those isolated via flocculation by
hydrochloric acid. The abbreviations for platinized photocatalysts are appended with a /Pt
sign at the end.

2.1. Synthesis of Precursors for Exfoliation

Taking into account the data from our recent article [102], ethylamine-intercalated
forms of the titanates HLT x EtNH,, HNT x EtNH,, HLT; x EtNH, and HNT3 x EtNH, were
used as precursors for the liquid-phase exfoliation into nanosheets. The detailed procedure
for preparing the initial compounds is presented in Information S1. Briefly, alkaline layered
perovskite-like titanates NaLnTiO4 and KyLny TizO1g (Ln = La, Nd) were synthesized via the
conventional ceramic technique and then transformed into the corresponding protonated
forms HLT (HNT) and HLT3 (HNT3) via the acid treatment that, in turn, were treated with
aqueous ethylamine to produce the desired amine-intercalated derivatives.

2.2. Exfoliation into Nanosheets and Their Reassembly

To prepare the suspensions of pristine titanate nanosheets (NSs), 63 mg of each ethy-
lamine derivative was placed into a tube with 50 mL of 0.004 M aqueous TBAOH and
sonicated by a 200 W Hielscher UP200St homogenizer (Teltow, Germany) at a half power
for 5 min. The precursor and TBAOH amounts were chosen in such a way as to provide a
1:1 ratio of TBA™ cations to interlayer vertices of perovskite octahedra, which was found to
be optimal in terms of the exfoliation efficiency [102]. After shaking at room temperature
for 7 d, the mixtures were sonicated for 5 min again. Afterwards, bulk non-exfoliated
particles were sedimented using a laboratory centrifuge ELMI CM-6MT (Riga, Latvia) at
a separation factor F = 1000 for 1 h and the target suspensions of the nanosheets were
carefully separated from the precipitates with a pipette. The exfoliation experiments were
repeated several times to prepare the required suspension volumes. Concentrations of
the nanosheets in the final suspensions were determined spectrophotometrically using
calibration plots from our previous report [102].

Filtered NSs were obtained via the vacuum filtration of the aforementioned suspen-
sions on hydrophilic membrane Teflon filters with a pore size of 200 nm at a rate of 50 mL
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of the suspension per one filter. The samples were rinsed with an excess of hot water, dried
in air and removed from the filters with a spatula.

To obtain HCl-restacked NSs, the suspensions of the exfoliated titanates were acidified
by a 1 M hydrochloric acid under continuous stirring to cause the formation of a flocculent
precipitate (pH < 7), which was then filtered, rinsed and collected as described above.
A generalized scheme for obtaining three forms of the titanate nanosheets is shown in
Figure 1.
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Figure 1. Exfoliation of the titanates into nanosheets and two approaches to their reassembly.

2.3. Investigation of Photocatalytic Activity and Stability

Photocatalytic activity was studied in the reactions of light-driven hydrogen pro-
duction from 1 mol.% aqueous methanol as well as pure water under middle and near
ultraviolet irradiation (a 125 W mercury lamp with a light filter transmitting A > 220 nm)
on the laboratory photocatalytic setting used in our previous reports [65-73]. The main
aim was to compare the activity of three forms of exfoliated titanates—pristine, filtered and
HCl-restacked nanosheets—with each other and with the protonated precursors. All the
samples were tested both in a bare state and after in situ surface modification with a 1%
Pt cocatalyst. The default photocatalyst concentration was 500 mg/L with a suspension
volume of 50 mL. When investigating the activity of pristine NSs in the presence of TBAOH,
the suspensions were preliminarily acidified to achieve pH ~ 6. The default measurement
duration was 2 h, after which the lamp was turned off to organize a dark stage and make
sure that the photocatalytic reaction stops. The measurements included determination of
the hydrogen generation rate w, apparent quantum efficiency ¢ and the factor of increase
in the reaction rate after platinization kp; as quantitative indicators of the photocatalytic
performance. Actual volume photocatalyst concentrations and pH values were controlled
at the beginning (c;, pH;) and at the ending (c;, pHpy) of each experiment. Stability of
the suspensions in the course of photocatalytic experiments was evaluated spectrophoto-
metrically by the c;/c; ratio. Long-term stability of the most active photocatalysts was
studied in the reaction of hydrogen production from aqueous methanol via performing
several running cycles with total duration of 12 h. The activity of the samples obtained was
compared with that of the commercial photocatalyst TiO, P25 Degussa measured under
the same conditions. Composition of some final photocatalytic solutions was additionally
analyzed by means of Raman spectroscopy after filtering the dispersed photocatalysts.

The detailed procedure for the photocatalytic measurements, processing experimental
results, description of the experimental setting and method for calculation of the lamp
photon flux are presented in Information S2-S4. The emission spectrum of the lamp is
shown in Figure S1.
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2.4. Instrumentation and Data Processing
2.4.1. XRD

Powder X-ray diffraction (XRD) patterns of the samples were obtained on a Rigaku
Miniflex II benchtop Rontgen diffractometer (Tokyo, Japan) using Cu K radiation, an
angle range 20 = 3-60° and a scanning rate of 10°/min. Indexing of the diffraction patterns
and calculation of the lattice parameters were performed on the basis of all the reflections
observed using DiffracPlus Topas 4.2 software (Bruker, Karlsruhe, Germany).

2.4.2. Raman Spectroscopy

Raman spectra of the solid samples were recorded on a Bruker Senterra spectrometer
(Billerica, MA, USA) in the spectral range of 50-4000 cm ! using a 532 nm solid-state laser
(power 2 mW, single accumulation time 60 s, 4 repetitions). Raman spectra of the solutions
were collected in the range of 80-3700 cm ! with a 785 nm laser (power 100 mW, single
accumulation time 60 s, 8 repetitions).

243. TG

Thermogravimetric (TG) analysis was performed on a Netzsch TG 209 F1 Libra ther-
mobalance (Selb, Germany) in a synthetic air atmosphere. The temperature program
included heating from room temperature to 950 °C at a rate of 10 °C/min followed by a
20 min isotherm at 950 °C to achieve establishing the constant mass.

2.4.4. CHN-Analysis

The carbon, hydrogen and nitrogen content in the reassembled nanosheets was de-
termined via the elemental CHN-analysis on a Euro EA3028-HT analyzer (EuroVector,
Pavia, Italy).

2.4.5. DRS

Diffuse reflectance spectra (DRS) were recorded on a Shimadzu UV-2550 spectropho-
tometer (Kyoto, Japan) with an ISR-2200 integrating sphere in the range of 220-800 nm after
sample deposition on a barium sulfate substrate. The reflectance spectra were transformed
into coordinates (F-hv)}/2 = f(hv), where F = (1 — R)2/(2R) is the Kubelka-Munk function
of a reflection coefficient R. Linear sections of low-energy regions of the Kubelka—-Munk
graphs were extrapolated to the intersection point whose abscissa was considered the
optical bandgap energy Eg.

2.4.6. TR-PLS

Time-resolved photoluminescence spectroscopy (TR-PLS) was performed on a Horiba
Jobin Yvon Fluorolog-3 spectrofluorometer (Kyoto, Japan). The samples were excited
by a 265 nm pulse light-emitting diode and the photoluminescence decays were mea-
sured at the photoemission maxima. The reassembled titanates were investigated us-
ing the signal deconvolution. The decay graphs I = I(t) were fitted by the function
I=Aj-exp(—t/t1) + Ay-exp(—t/tp) + 1p and average photoluminescence lifetimes T were
found via the formula T = (A4 -t12 + Az'tzz)/(Al 4+ Ap-ty).

2.4.7. SEM

Morphology of the bulk protonated titanates and reassembled nanosheets was inves-
tigated on a Zeiss Merlin scanning electron microscope (SEM) (Oberkochen, Germany)
equipped with a field emission cathode, electron optics column Gemini II and oil-free
vacuum system.
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2.4.8. BET

Specific surface areas S were measured on a Quadrasorb SI adsorption analyzer
(Boynton Beach, FL, USA). Prior to the analysis, 100-150 mg of each sample was degassed
at 25 °C for 12 h. Adsorption isotherms were measured at a liquid nitrogen temperature
(—196 °C) with nitrogen as an adsorbate. The values of specific surface area were calculated
via the conventional multipoint Brunauer-Emmett-Teller method (BET).

2.4.9. Laser Granulometry

Particle size distributions for the reassembled nanosheets were roughly estimated on a
laser diffraction particle size analyzer Mastersizer 3000 (Malvern Panalytical, Malvern, UK)
after their dispersing in water with a Hydro MW sonication unit, using the Mie scattering
model and a particle refractive index of 2.51.

2.4.10. UV-Vis Spectrophotometry

Nanosheet concentrations after liquid-phase exfoliation and stability of the reaction
suspensions during photocatalytic experiments were controlled via the spectrophotomet-
ric analysis carried out on a Thermo Scientific Genesys 10S UV-Vis spectrophotometer
(Waltham, MA, USA). The spectra were recorded in the range of 190-1100 nm at optical
density A < 2. The 1 mol.% aqueous methanol or pure distilled water were used for dilution
and baseline subtraction. The concentrations were calculated using spectrophotometric
calibration plots from our previous report [102].

2.4.11. pH-Metry

The pH values of the reaction suspensions were controlled using a laboratory pH-
meter Mettler Toledo SevenCompact 5220 (Greifensee, Switzerland) equipped with an
InLab Expert Pro-ISM electrode.

3. Results and Discussion
3.1. Characterization of the Initial Titanates, Their Pristine and Reassembled Nanosheets

Successful preparation of the initial protonated titanates and their ethylamine-
intercalated derivatives was confirmed by means of powder XRD analysis, similar to
our previous reports [69,109]. All the diffraction peaks were indexed and the calculated
tetragonal lattice parameters were found to be in good agreement with the values reported
earlier (PDF cards 01-075-2761, 01-076-3080, 00-048-0983 and 01-087-0479). The insertion
of ethylamine provided significant expansion of the titanates” interlayer space and cor-
responding increase in the interlayer distance d (defined in Figure 1). As established in
our previous publication [102], the ethylamine pre-intercalation is a vital step to achieve
acceptable nanosheet yields during the subsequent liquid-phase exfoliation of the titanates
under study in view of their inability to accommodate bulky TBA* cations directly.

The use of the ethylamine precursors allowed obtaining suspensions of titanate
nanosheets (NSs) with the solid phase concentrations (yields) of 250 mg/L (25%),
930 mg/L (93%), 740 mg/L (74%) and 890 mg/L (89%) for HLT, HNT, HLT; and HNTj3,
respectively. Comprehensive characterization of the pristine titanate NSs before reassembly
by means of UV-vis spectrophotometry, dynamic light scattering, electron and atomic force
microscopy is presented in our previous paper [102]. Briefly, the samples preserve the orig-
inal structure of perovskite slabs upon the exfoliation and resulting NSs represent mainly
rectangular particles with lateral dimensions of 30-250 nm. Their predominant thickness is
2.0-2.5 nm, which corresponds to the titanate monolayer (one perovskite slab). Along with
monolayers, the suspensions also contain bilayer particles with the thickness of 4.0-4.5 nm,
but in significantly smaller quantities. Initial pH of the nanosheet-containing suspensions
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is ~11.7, which may be too high for their catalytic and photocatalytic applications and may
require additional acidification. Meanwhile, aggregative and sedimentation stability of
these suspensions was shown to be strongly pH-dependent. In particular, the first visible
signs of the nanosheet agglomeration appear at pH < 9.5 and, when pH is below 8.0 (for
HLT and HNT NSs) or 7.5 (for HLT3 and HNT3 NSs), the particles experience flocculation
and gradual sedimentation unless the stirring is switched on. In general, the suspensions
of the titanate show lower stability with respect to acidification than those of the exfoliated
niobates HA»Nb3Oj (A = Ca, Sr) investigated earlier [103], which are stable as long as the
pH is greater than 4-5.

Using the suspensions of pristine NSs, two forms of the reassembled titanates (filtered
NSs and HCl-restacked NSs) were also successfully collected. As in the case of the niobates
HA;Nb3;O1 (A = Ca, Sr) [103], the direct filtration has proven to be a much less convenient
approach to the nanosheet isolation from a practical point of view than the reassembly by
hydrochloric acid. Particularly, the filtered NSs quickly clog the membrane filter pores and
the filtration process takes a very long time. The suspension acidification, on the contrary,
gives a flocculent precipitate of HCl-restacked NSs that practically does not clog the filter,
allowing for a much higher filtration rate. Apparently, this is why the sedimentation by
strong electrolytes remains the most common approach to the isolation of layered oxide
nanosheets in the available literature. However, as will be shown below, the isolation
approach used significantly influences the properties of the reassembled samples.

Primary characterization of the reassembled titanates was performed using powder
XRD analysis (Figure 2, Table 1). As one can see from the patterns obtained, both forms of
the reassembled nanosheets exhibit evident reflections (00x), corresponding to large inter-
planar distances between the stacked layers. Moreover, the samples preserve practically
the same positions of (110) and (020) reflections as well as values of the a lattice parameter
as their bulk precursors. At the same time, XRD patterns of the reassembled samples differ
noticeably from those of the precursors in strong broadening of the diffraction maxima,
which points to the expressed nanosheet stacking disorder. Thus, both simple filtration
and restacking of the nanosheets by hydrochloric acid result in the assembly of the layered
perovskite-like structure with lower orderliness than in the case of the initial protonated
titanates. Meanwhile, all the reassembled samples show a pronounced low-angle shift in
the (00x) reflections and, accordingly, possess greater interlayer distances 4 in comparison
with those of the protonated precursors (Figure 2, Table 1). This observation points to
the existence of some factors preventing the interlayer space from stronger contraction,
such as potential interlayer embedding of TBA* cations and water molecules. Moreover,
it is important to notice that in the case of HLT3 and HNT; titanates, filtered NSs are
characterized by a more expanded interlayer space than their HCl-restacked counterparts.

Raman spectra of the reassembled nanosheets (Figure 3) demonstrate immutability of
most vibrational modes located in the titanium-oxygen octahedra (400-750 cm~!) and in
the (LnO); layer (270-320 cm ™!, for HLT and HNT only) once again indicating preservation
of the perovskite structure upon exfoliation and reassembly. The main exception is the
symmetric stretching mode of axial Ti-O bonds directed towards the ion-exchangeable
interlayer space (=835 cm~! for HLT, HNT and ~820 cm~! for HLT3, HNT3) whose
frequency is known to be sensitive to the interlayer composition. When going from the
protonated titanates to their reassembled forms, the aforementioned band evidently splits
into two new intense ones: ~775 and ~890 cm ! for HLT (HNT) filtered NSs, ~780 and
~905 cm~! for HLT (HNT) HCl-restacked NSs, ~760 and ~900 cm~! for HLT3 (HNT3)
filtered NSs and ~765 and ~910 cm~! for HLT; (HNT3) HCl-restacked NSs. Such splitting,
apparently, should originate from some changes in the surrounding of the interlayer oxygen
vertices of the terminal perovskite octahedra. Moreover, the foregoing split bands in the
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filtered NSs exhibit 5-15 cm ™~ lower frequencies than in the HCl-restacked ones, which
may point to stronger association of the oxygen vertices with the interlayer components.
A similar splitting caused by the partial dissociation of interlayer hydroxyl groups of the
oxide and subsequent protonation of amine molecules in the interlayer space was observed
earlier for the amine-intercalated titanates [69,109]. Furthermore, Raman spectra of the
filtered NSs clearly show the presence of TBA™ cations in these samples: one can see the
bands of C-N (<1040 cm 1), C-C (~1060 cm 1) and C-H (2820-3050 cm 1) stretching, C—
C-H (~1130 cm 1) and C-N-C (~1450 cm 1) bending as well as H-C-H wagging (~=1310
and ~#1450 cm~!). Thus, the TBA* cations appear to be relatively strongly associated with
the nanosheets, which prevents their complete washout when rinsing with an excess of
hot water. Additionally, the vibrational bands of TBA* are seen to be more intense in
the spectra of HLT3 and HNTj3 filtered NSs, which could indicate greater content of the
organics in these samples. The HCl-restacked NSs, on the contrary, give barely noticeable
TBA™ signals, comparable in intensity with those of water being a weak Raman scatterer.
This suggests that an amount of the residual organics in the HCl-restacked NSs should be
significantly lower.

= HNT; HCl-restacked NSs

HNT, filtered NSs

012
013,
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Figure 2. XRD patterns of the protonated titanates and their reassembled nanosheets.
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Table 1. Characterization of the protonated titanates and their reassembled nanosheets: tetrag-
onal lattice parameters (2, c), interlayer distances (d), quantitative compositions (x, y for
H;_«LnTiO4-xTBA-yH,O and H;_«Ln,Ti3Oq9-xTBA-yH;0), light absorption regions (optical
bandgap energies Eg, absorption edges Aps), average photoluminescence lifetimes (t) measured with
265 nm excitation at emission maxima (Aem ), specific surface areas (S).

o o

Sample a, A c, A d,A X y Eg, eV Aabs, NM T, US (Aem, NM) S, mzlg
HLT 3.7 12.2 12.2 — 0.05 3.45 359 4.70 (360) 9.7
HLT filtered NSs ~3.7 ~14.0 ~14.0 0.05 0.40 3.40 365 0.0071 (420) 54
HLT HCl-restacked NSs ~3.7 ~14.0 ~14.0 0.02 0.40 3.25 382 — 73
HNT 3.7 12.1 12.1 — 0.10 3.48 356 4.77 (360) 8.6
HNT filtered NSs ~3.7 ~16.0 ~16.0 0.05 0.45 3.22 385 0.0042 (420) 64
HNT HCl-restacked NSs ~3.7 ~16.0 ~16.0 0.01 0.75 3.29 377 - 85
HLT; 3.8 27.2 13.6 - 0.15 3.45 359 4.73 (370) 3.2
HLT; filtered NSs ~3.8 ~24.0 ~24.0 0.20 0.60 3.26 380 0.0081 (430) 21
HLT; HCl-restacked NSs ~3.8 ~15.5 ~15.5 0.02 1.10 3.34 371 0.0063 (430) 60
HNTj3 3.8 27.2 13.6 — 0.15 3.47 357 5.42 (370) 3.1
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Figure 3. Raman spectra of the n = 1 (a) and n = 3 (b) protonated titanates and their reassembled
nanosheets.

To confirm the assumption about the residual TBA* content, the quantitative com-
positions of the reassembled samples were investigated by means of TG (Figure S2) and
elemental CHN-analysis. TG curves of the initial protonated titanates demonstrate two
clearly distinguishable mass loss stages corresponding to the liberation of intercalated
water molecules (below 250-300 °C) and subsequent decomposition of the anhydrous
protonated compound (above 275-300 °C). The curves of the reassembled nanosheets, on
the contrary, exhibit a more gradual mass decrease consisting of several overlapping
stages that are difficult to delimitate. Total mass losses for all the reassembled sam-
ples are several times greater than those for the protonated titanates. Approximately
a half of each mass loss takes place at relatively low temperatures (below 150-200 °C),
which allows it to attribute predominantly to the liberation of water located between the
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stacked nanosheets. Additionally, the filtered NSs give greater total mass losses than their
HCl-restacked counterparts indicating a higher content of TBA* cations and/or water
molecules. Indeed, combined TG and CHN-analysis data allow for finding the organic
content of 0.05 and 0.20 TBA* cations per the titanate formula unit for HLT (HNT) and
HLT; (HNT3) filtered NSs, respectively, as well as a perceptible amount of embedded water
(0.40-1.20 molecules) (Table 1). At the same time, the HCl-restacked NSs contain only
0.01-0.02 TBA* cations per the formula unit, which is in good agreement with relatively
low intensity of the corresponding bands in their Raman spectra (Figure 3). With that said,
the filtered NSs can in some sense be considered hybrid inorganic—organic compounds with
TBA* cations strongly embedded between the stacked nanosheets. Unlike them, the HCI-
restacked NSs are practically devoid of the residual organics that, apparently, are washed
out in the form of tetrabutylammonium chloride during the suspension acidification and
further sample rinsing.

The light absorption range of the samples was studied using DRS with the Kubelka—
Munk transformation (Figure 4). It is easy to see that both protonated titanates and their
reassembled nanosheets have the long-wave edge of intrinsic absorption lying in the
near-ultraviolet spectrum area. Nd-containing samples additionally demonstrate several
absorption peaks in the visible region that are not due to the interband transition but due
to Nd** own energy levels. It is these absorption peaks that explain the lilac color of Nd-
containing titanates while their La-containing counterparts are white (colorless). However,
the most important fact established by DRS is the bandgap narrowing observed when
going from the initial protonated samples to their reassembled nanosheets (Table 1), which
allows corresponding photocatalysts to absorb more light for promoting target reactions.
For instance, the optical bandgap energy Eg of HNT and HNTj is reduced from 3.47-3.48
to 3.22 eV upon exfoliation and reassembly, so the final samples are formally able to utilize
irradiation with wavelengths up to 385 nm while the initial compounds are limited by the
values of 356-357 nm.

The intensity of radiative electron-hole recombination in the samples was studied
using the TR-PLS method (Figures 5 and S3). The photoluminescence spectra measured
with a 265 nm excitation evidenced a pronounced bathochromic shift in the reassem-
bled nanosheets” emission maxima (by ~60 nm) in comparison with those of the initial
protonated titanates. Next, the samples were excited by a 265 nm pulse light-emitting
diode and the photoluminescence decays were detected at the emission maxima. When
the chosen excitation wavelength falls in the area of intrinsic photocatalyst absorption
and the recombination is assumed to be predominantly radiative, the average lifetime
of photoluminescence T should correlate with that of the photogenerated charge carriers.
In our case, T values for the initial protonated titanates turned out to be in the range of
4.7-5.4 ps (Table 1). At the same time, their reassembled forms exhibited noticeably poorer
photoluminescence lifetimes of 0.0042—-0.0081 ps, which may be due, among other things, to
the relatively disordered nature of these samples facilitating the luminescence quenching.
Nevertheless, a strict comparison of the reassembled titanates with the precursors is hardly
acceptable here since their luminescence spectra are strongly shifted relative to each other
and the lifetimes correspond to different emission wavelengths. Meanwhile, the emission
maxima of all the reassembled samples are almost the same, which allows one to make
some comparisons. As one can see from Table 1, the HLT filtered NSs show a ~1.7 times
greater T value than HNT filtered ones. In the case of HLT3; and HNTj filtered NSs, this
difference is less expressed and does not exceed ~1.1 times. In addition, the reassembly ap-
proach also affects the photoluminescence lifetime: the filtered HLT3 (HNT3) NSs provide
~1.3 times higher T values in comparison with their HCI-restacked counterparts. Thus, the
lowest rate of radiative electron-hole recombination among the reassembled titanates (and
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ceteris paribus, highest photocatalytic performance) is expected in the case of La-containing
nanosheets isolated via direct filtration.
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Figure 4. Kubelka-Munk plots for protonated forms and reassembled nanosheets of the titanates
HLT (a), HNT (b), HLT; (c) and HNT; (d).

Morphology and the specific surface area of the samples were investigated using SEM
and BET methods (Figure 6, Table 1). The initial protonated titanates are seen to represent
agglomerates of monolithic lamellar particles with lateral dimensions of 0.5-4 um and a
thickness of 200-600 nm. Their reassembled forms, on the contrary, consist of distorted
perovskite layers with irregularly shaped edges, stacked in a relatively large aggregates
of micrometer sizes. The reassembled nanosheets of HLT3 and HNT; demonstrate an
evidently greater stacking order than those of HLT and HNT and one can clearly observe
individual layers of a nanoscale thickness. The specific surface area of the exfoliated and
reassembled titanates reaches 85 m?/g and exceeds that of the precursors (3-10 m?/g)
by up to 19 times, which is of high importance for catalytic applications. Moreover, HLT
and HNT samples outperform their HLT3 and HNT3 counterparts in the specific surface
and the reassembly approach chosen noticeably influences its value: the surface area of
HCl-restacked NSs exceeds that of the filtered NSs by ~1.3 times for HLT (HNT) and
~3 times for HLT3 (HNT3).
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Figure 5. Photoluminescence spectra (a,b) and decay graphs (c—f) for the protonated titanates HLT,
HNT and their reassembled nanosheets.

Particle sizes of two forms of the reassembled titanates were additionally compared
using laser granulometry after their dispersing in water (Figure 7a,b). It should be said
right away that this method gives only a rough comparison of the prevailing particle sizes
in the samples with each other, but does not allow for strictly judging their absolute values
since the calculation theory used is not adapted for lamellar solids. As can be seen from
Figure 7a,b, particle size distributions for the HCl-restacked NSs are shifted to the right
relative to those for the filtered NSs. Thus, the latter are expected to possess greater specific
surfaces due to smaller average particle dimensions, which is not formally consistent with
the BET data (Table 1). The reason for this apparent contradiction is that the specific surface
area is measured for dry solid samples while the size distributions are obtained after their
ultrasonic dispersing in water. Apparently, the filtered NSs undergo the disaggregation
much easier than their HCl-restacked counterparts and, thanks to this, have smaller sizes

(greater surface area) in a suspended state.
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Figure 6. SEM images of the protonated titanates and their reassembled nanosheets.

The relationship between prevailing particle sizes of the initial titanates, their pristine
and reassembled nanosheets can also be illustrated by characteristic UV-vis spectra of their
aqueous suspensions (Figure 7c,d). The initial protonated samples are seen to give non-zero
optical density across the entire spectrum, which is caused by intense Mie scattering on
relatively large particles. The suspensions of pristine NSs, on the contrary, show narrow
overlapping bands only in the middle-ultraviolet region (200-340 nm), representing a
superposition of scattering and absorption by the nanoparticles, while optical density at
greater wavelengths tends to zero. The spectra of both forms of the reassembled and
redispersed nanosheets represent a cross between those of the bulk precursors and pristine
NSs: they show expressed maxima in the ultraviolet range and, at the same time, non-zero
optical density in the rest of the spectrum. This allows one to deduce that their average
particle sizes occupy an intermediate position between those of the protonated titanates



Solids 2025, 6, 16

14 of 26
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and their pristine NSs. Meanwhile, the spectra of the dispersed filtered NSs differ from
those of the HCl-restacked ones by clearer peaks in the ultraviolet area and lower optical
density in the visible range. This fact, apparently, points to smaller particle sizes of the
filtered NSs and is consistent with the results of laser granulometry (Figure 7a,b).
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Figure 7. Particle size distributions for the reassembled HLT; and HNTj3; nanosheets (a,b) and
typical UV-vis spectra of the suspensions of HLT3, HNTj, their pristine as well as reassembled and
redispersed nanosheets (c,d).

Thus, the differences between two forms of reassembled titanate nanosheets—filtered
and HCl-restacked ones—are generally the same as described for the analogous forms
of the exfoliated niobates HA;Nb3O1g (A = Ca, Sr) from our previous report [103]. In
brief, the filtered NSs, being more time-consuming to obtain, represent in some sense
hybrid inorganic—organic materials with TBA* cations strongly embedded between the
stacked layers. They demonstrate improved charge carrier lifetimes and better dispersibility
in aqueous media, which provides smaller sizes of their suspended particles despite a
lower specific surface area in a dry state. The HCl-restacked NSs, on the contrary, are
more convenient to obtain in large quantities. However, they are practically devoid of
the residual organics and show poorer lifetimes of photogenerated electron-hole pairs.
Although the HCl-restacked NSs possess higher specific surface areas in a dry form, they
are less dispersible in water and give greater particle sizes in the suspensions.
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3.2. Photocatalytic Activity in the Reactions of Hydrogen Evolution

The initial protonated titanates and three forms of their nanosheets—pristine, fil-
tered and HCl-restacked—have been comprehensively investigated as heterogeneous
photocatalysts of hydrogen production from 1 mol.% aqueous methanol as well as pure
distilled water. Each photocatalyst was tested both in a bare state and after in situ sur-
face decoration with 1% Pt nanoparticles. The latter are known to serve as a cocatalyst
suppressing the surface charge carrier recombination and creating new active sites of
hydrogen formation, which usually leads to noticeably higher photocatalytic activity of
the platinized samples [35]. Kinetic curves of hydrogen evolution obtained are shown in
Figures 8 and S4-S8, data on the photocatalytic activity are summarized in Table 2 and
comparison of the apparent quantum efficiencies ¢ is visualized as bar graphs in Figure 9.
As one can see, practically all the kinetic curves demonstrate linear behavior that confirms
a stable hydrogen production rate throughout the whole experiment time. When the light
source is switched off, the curves reach a plateau indicating the absence of the activity in a
dark mode.
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Figure 8. Kinetic curves of photocatalytic hydrogen evolution from 1 mol.% aqueous methanol over
the protonated titanates HLT (a,b), HLT3 (c¢,d) and their nanosheet-based photocatalysts.
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Table 2. Photocatalytic activity of the protonated titanates and their nanosheets in the reactions of
hydrogen evolution: hydrogen production rates (w), apparent quantum efficiencies (¢), factors of
increase in the reaction rate after platinization (kpt).

1 mol.% CH3OH Hzo
Photocatalyst

w (Hy), umol/h @, % Kkp¢ w (Hy), umol/h ®, % kpt

HLT 0.73 0.010 — 0.03 0.0007 -

HLT /Pt 14.2 0.19 19 0.66 0.014 22

HLT NSs 721 0.12 — 0.45 0.007 —

HLT NSs/Pt 225 3.72 31 33.2 0.55 74

HLT filtered NSs 2.71 0.045 — 0.34 0.006 —

HLT filtered NSs/Pt 209 3.46 77 15.7 0.26 46
HLT HCl-restacked NSs 2.27 0.023 — 0.24 0.002 —
HLT HCl-restacked NSs/Pt 37.2 0.38 16 8.48 0.087 35
HNT 0.73 0.010 — 0.04 0.0009 —

HNT/Pt 6.23 0.083 8.5 0.11 0.002 2.8

HNT NSs 3.11 0.032 — 0.37 0.004 —

HNT NSs/Pt 11.2 0.12 3.6 0.81 0.008 2.2

HNT filtered NSs 0.94 0.010 — 0.15 0.002 -
HNT filtered NSs/Pt 991 0.10 11 0.48 0.005 3.2
HNT HCl-restacked NSs 0.51 0.005 — 0.03 0.0003 —
HNT HCl-restacked NSs/Pt 7.95 0.082 16 0.25 0.003 8.3
HLT; 1.27 0.017 — 0.08 0.002 -
HLT5/Pt 85.1 1.14 67 19.7 0.43 246

HLT; NSs 112 1.16 — 20.9 0.21 —

HLT; NSs/Pt 1370 14.2 12 139 1.42 6.7

HLT; filtered NSs 19.6 0.20 — 415 0.043 —
HLT; filtered NSs/Pt 1190 12.3 61 305 3.15 73
HLT3; HCl-restacked NSs 14.1 0.14 — 3.01 0.031 -
HLT3; HCl-restacked NSs/Pt 573 5.91 41 98.6 1.02 33
HNT; 2.00 0.027 — 0.05 0.001 —
HNT; /Pt 69.0 0.92 35 15.9 0.35 318

HNT; NSs 21.4 0.22 — 2.10 0.022 —

HNT; NSs/Pt 1260 13.0 59 70.6 0.73 34

HNT; filtered NSs 9.73 0.10 — 1.39 0.014 -
HNT; filtered NSs/Pt 523 5.39 54 142 1.46 102
HNT; HCl-restacked NSs 8.57 0.088 — 0.58 0.006 —
HNT; HCl-restacked NSs/Pt 360 3.70 42 15.0 0.15 26

As follows from Table 2 and has already been shown in previous reports [69,70], the
initial protonated titanates exhibit quite modest hydrogen evolution activity from 1 mol.%
aqueous methanol. Particularly, bare HLT and HNT samples provide the apparent quantum
efficiency of only 0.010%, while HLT3 and HNTj3 allow achieving 0.017% and 0.027%,
respectively. After surface platinization, the hydrogen evolution activity sharply increases
reaching the ¢ values up to 0.19% for HLT /Pt and 1.14% for HLT3/Pt. These values are
noticeably lower than those reported for the niobates HA;Nb3Ojg (A = Ca, Sr) tested under
the same conditions (up to 0.48% in a bare form and 7.8% after platinization) [103]. A
potential reason for this difference consists in poor hydratability of the protonated titanates
(0.05-0.15 water molecules per the formula unit) as compared to that of the niobates (up to
1.5 molecules).
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Figure 9. Comparison of apparent quantum efficiency of hydrogen generation from 1 mol.% aqueous
methanol and water over n = 1 (a—d) and n = 3 (e-h) protonated titanates and their nanosheet-

based photocatalysts.

Meanwhile, exfoliation of the titanates into nanosheets leads to great enhance-
ment of the hydrogen production rate from aqueous methanol. Particularly, the pris-
tine NSs outperform the bulk protonated precursors by up to 88 times and, after pla-
tinization, demonstrate the quantum efficiency of 3.72% (HLT), 0.12% (HNT), 14.2%
(HLT3) and 13.0% (HNTj3). Furthermore, the activity of HLT NSs/Pt (w = 225 pmol/h,
@ = 3.72%) is the highest hydrogen evolution activity achieved so far over the n = 1
Ruddlesden-Popper titanates ALnTiO4 according to the available literature. The filtered
NSs also show acceptable photocatalytic performance being up to 15 times superior to
that of the precursors. After their modification with a Pt cocatalyst, the quantum effi-
ciency reaches 3.46% (HLT), 0.10% (HNT), 12.3% (HLT3) and 5.39% (HNT3). However, the
HCl-restacked NSs are significantly inferior in the activity to the filtered ones, although in
most cases they outperform the protonated precursors. After platinization, their activity
proves to be 0.38% (HLT), 0.082% (HNT), 5.91% (HLT3) and 3.70% (HNT3). Despite the
generally decent level of the photocatalytic performance achieved in aqueous methanol,
the titanate nanosheets are somewhat behind the exfoliated niobates HA,Nb3O1( (A = Ca,
Sr) demonstrated maximum ¢ = 20.8% under the same conditions [103].

The rates of hydrogen evolution from pure water over the same photocatalysts in-
evitably turn out to be somewhat lower than from 1 mol.% methanol (Figure 9, Table 2) due
to thermodynamic and kinetic limitations of the water splitting reaction [110-112]. How-
ever, several photocatalysts under study showed a very respectable activity level, allowing
some progress to be made in this direction. In the case of HLT- and HNT-based samples, the
photocatalytic performance, as usual, increases when going from the HCl-restacked NSs to
filtered NSs and then to pristine ones. The latter outperform the protonated precursors in
the hydrogen production rate by up to 50 times and allow reaching ¢ = 0.55%. Surprisingly,
among the platinized HLT3- and HNT3-based photocatalysts the greatest activity in water
is exhibited by the filtered NSs while the most active ones in a bare form are the pristine
NSs as in all the other cases. The exact reason for this difference remains unclear. However,
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a much more important issue is the impressing hydrogen evolution activity demonstrated
by HLT; filtered NSs/Pt in pure water (w = 305 pmol/h, ¢ = 3.15%) without the addition
of any sacrificial agents. For comparison, the maximum performance of the exfoliated
niobates HA;Nb3O1g (A = Ca, Sr) in water splitting was shown to be evidently lower
(w =110 umol/h, ¢ =2.4%) [103].

The exfoliated and reassembled titanates HLT3 and HNT; have also demonstrated
their superiority over the well-known commercial photocatalyst TiO, P25 Degussa that was
decorated with a 1% Pt cocatalyst and tested under the identical conditions. Particularly,
TiO, /Pt demonstrated maximum quantum efficiency of hydrogen generation of 8.96%
and 2.03% in 1 mol.% methanol and pure water, respectively, while the titanates under
consideration allowed achieving the values up to 14.2% and 3.15%.

Generally, analysis of the hydrogen evolution activity shown by the nanosheet-based
photocatalysts (Figure 9, Table 2) allows identifying the following trends. First of all,
most La-containing samples are seen to be superior in the activity to their Nd-containing
counterparts. This difference is especially expressed between the platinized HLT- and
HNT-based catalysts. After platinization, both pristine and reassembled HLT nanosheets
are tens of times more active than corresponding HNT ones despite the similar chemical
composition, bandgap energy and even smaller specific surface area (Table 1). The same
difference was reported earlier for the organically modified photocatalysts based on HLT
and HNT titanates [70]. One of the potential reasons for this may be associated with the
presence of f-electrons in the Nd shell and resulting absorption in the visible spectrum
region. Such absorption may be a factor responsible for lower activity of the Nd-containing
photocatalysts due to a change in the electron configuration of excited Nd atoms as well
as additional heating of the particles due to the absorption of visible radiation from the
lamp. Besides this, HLT filtered NSs exhibit a higher photoluminescence lifetime than HNT
filtered ones upon excitation in the intrinsic absorption region (Table 1), which may point
to a lower charge carrier recombination rate in the former. This fact is consistent with the
unequal photocatalytic performance of these samples, although it does not fully explain the
strong difference in the platinization efficiency (kp; in Table 2) of HLT- and HNT-filtered
NSs. Among the HLT3- and HNT3-based catalysts, a similar trend can also be revealed
but it is much less pronounced. Additionally, the exfoliated n = 3 titanates significantly
outperform in the hydrogen evolution activity the n = 1 ones, which was also observed
earlier for their inorganic—organic derivatives [69,70]. This may be associated with better
spatial separation of photogenerated electrons and holes in the triple-layer perovskite slabs
than in the single-layer ones, although the photoluminescence lifetimes measured do not
show crucial differences between the n = 3 and n =1 titanates in question.

Finally, the most significant issue in the context of this study is a relationship between
the form of the nanosheet-based photocatalyst used and its hydrogen evolution activity. As
follows from the above, the latter typically decreases when going from the pristine NSs to
filtered NSs and then to HCl-restacked ones. The slightly lower activity of the filtered NSs
in comparison with that of the pristine ones proves to be quite expected since the filtration
process inevitably leads to the particle aggregation and their initial morphology cannot
be restored via repeated sonication. A more intriguing thing is the significantly enhanced
activity of the filtered NSs as compared to that of the HCl-restacked ones despite the smaller
specific surface of the former (Table 1). As already noted, the measured specific surface
area characterizes dry samples. Meanwhile, the filtered NSs undergo ultrasound-assisted
disaggregation in aqueous media much easier than their HCI-restacked counterparts and
give smaller particle sizes in the final suspensions (Figure 7). This, apparently, provides a
greater active surface of the filtered NSs in a redispersed form and, therefore, explains their
improved performance. Furthermore, the photoluminescence lifetimes of the filtered NSs
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exceed those of the HCl-restacked ones (Table 1) indicating a lower intensity of the electron—
hole recombination in the former, which should be favorable for their photocatalytic
properties. Furthermore, the filtered NSs, unlike HCl-restacked ones, represent some sort
of hybrid inorganic-organic materials due to the TBA* cations strongly embedded between
the stacked layers. Taking into account the above, one of tetrabutylammonium’s key roles
may be that its cations prevent adjacent perovskite nanosheets from tightly adhering to each
other and, therefore, facilitate their ultrasonic disaggregation and increase the active surface
area. In addition, organic modification of the interlayer space of layered perovskite-like
oxides was earlier reported to result in a drastic increase in the hydrogen evolution activity
exceeding two orders of magnitude [67,69-73]. Although the reassembled nanosheets with
the interlayer TBA* cations are not completely similar to the mentioned inorganic-organic
compounds, it seems reasonable to assume that, in our case, the bound organics might
have a beneficial effect on the photocatalytic activity too. For instance, it could hypotheti-
cally serve as an additional reducing agent facilitating the Pt cocatalyst deposition on the
sample surface.

Stability of the nanosheet-based photocatalysts obtained was confirmed by the lin-
ear course of the hydrogen evolution kinetic curves (Figure 8) indicating preservation of
the reaction rate throughout the measurement duration. Long-term stability of the most
active HLT3- and HNTj3-based photocatalysts under study—pristine NSs/Pt and filtered
NSs/Pt—was also examined via performing several running cycles in aqueous methanol
with a total duration of 12 h (Figure S9). It was found that the hydrogen evolution activity
remains at a level of no less than 90% of its original value. Some of the photocatalysts were
isolated from the reaction suspensions after photocatalytic measurements and analyzed by
SEM (Figure S10). The final samples were found to represent loose aggregates of perovskite
nanosheets with a noticeable number of voids between particles. In addition, all the photo-
catalytic experiments included monitoring the stability of the reaction suspensions towards
sedimentation, which was evaluated by the ratio of volume photocatalyst concentrations
at the beginning and at the ending of each measurement (cy/c;). As one can see from
Table S1, in most cases the pristine NSs demonstrate noticeably greater stability than the
protonated titanates as well as filtered and HCl-restacked NSs. The reassembled titanates,
on the contrary, form less stable suspensions and are more susceptible to settling on the
reactor walls despite the continuous stirring. However, this practically does not affect the
hydrogen evolution activity, which follows from the linear course of most kinetic curves
(Figures 8 and 54-58).

The photocatalytic hydrogen generation from aqueous methanol is accompanied by
a decrease in pH of the reaction medium, which is especially expressed in the case of
highly active platinized samples (Table S1). This experimental fact may point to the partial
methanol oxidation to formic acid. To consider this issue, the reaction solutions were
sampled after 12 and 24 h of hydrogen generation over HLTj filtered NSs/Pt, filtered and
analyzed by means of Raman spectroscopy (Figure S11). The spectra obtained clearly show
a decrease in the intensity of methanol vibrational bands (for instance, C-O stretching at
~1015 cm~!) due to the lowering of its concentration in the solution. At the same time,
several new bands appear to coincide with O-C-O (~700 cm~!) and H-C-O (~1400 cm 1)
bending modes in a molecule of formic acid. However, another new band that could
be related to C=0 stretching (~1715 cm 1) is strongly broadened and its maximum is
slightly shifted to the high frequency range from the position expected for formic acid
(=1695 cm~1!). Moreover, the spectra also show an expressed peak at ~905 cm~! that
cannot be attributed to the acid. According to reference data, these Raman peaks coincide
with the most intense bands in the spectrum of methyl formate (C-O and C=0 stretching
in the ester group at ~1715 and ~905 cm !, respectively). The H-C-O bending frequency
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(~1400 cm™1) is active in the spectra of both formic acid and methyl formate while the
O-C-O mode (~700 cm™~!) is observed only in that of the acid. Thus, it might be assumed
that formic acid produced in the course of the methanol oxidation reacts with the excess of
the latter under the photocatalytic experiment conditions giving methyl formate. Mean-
while, the Raman bands of both formic acid and methyl formate are seen to be relatively
weak even after conversion of almost half of the methanol (Figure S11). This fact indirectly
points to the probable existence of other channels of methanol transformations that are not
obvious from the Raman spectra (for instance, complete oxidation to carbon dioxide and
water with the liberation of the former from the solution). However, the assumptions made
require verification in a more detailed study.

4. Conclusions

In this study, Ruddlesden-Popper titanates HLnTiO4 and HyLn,Ti3O;¢ (Ln = La, Nd)
have been successfully exfoliated into nanosheets that, in turn, have been systematically
investigated as hydrogen evolution photocatalysts. The nanosheet-based samples demon-
strated by up to 88 times greater photocatalytic performance in comparison with the bulk
precursors and, after surface decoration with Pt nanoparticles, provided apparent quan-
tum efficiency of hydrogen production up to 14.2% in 1 mol.% aqueous methanol and
3.15% in pure water without any sacrificial agents. It was revealed that exfoliated titanates
HyLn,TizOq9 noticeably outperform their counterparts HLnTiOy in the activity, and the
La-containing samples are more active than Nd-containing ones. Furthermore, the form
in which the nanosheets are used strongly affects the hydrogen production efficiency. In
most cases, the latter decreases when going from the pristine nanosheets to filtered ones
and then to those restacked by hydrochloric acid. The unequal activity of two types of the
reassembled titanates follows from the differences in their physical-chemical characteristics
being influenced by the reassembly approach chosen. Particularly, the filtered nanosheets
represent in some sense hybrid inorganic—organic materials with tetrabutylammonium
cations strongly embedded between the stacked layers. They demonstrate improved charge
carrier lifetimes and better dispersibility in aqueous media, which provides smaller sizes of
their suspended particles despite lower specific surface areas in a dry state. The nanosheets
restacked by hydrochloric acid, on the contrary, are practically devoid of the residual
organics and show poorer lifetimes of photogenerated electron-hole pairs. Although
they possess higher specific surface in a dry form, they are less dispersible in aqueous
media and give greater particle sizes in the suspensions. As a consequence, the filtered
nanosheets demonstrate evidently higher hydrogen production rates than their counter-
parts precipitated by the acid. The similar behavior was observed earlier for the exfoliated
Dion-Jacobson niobates HA;Nb3O1g (A = Ca, Sr). Thus, the aforementioned difference
between filtered and acid-restacked nanosheets represents a universal tendency rather than
just a special case. Therefore, the precipitation by acids does not seem an optimal approach
to the preparation of nanosheet-based photocatalysts of hydrogen production despite its
wide use in the available literature.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/s0lids6020016/s1. Figure S1: Emission spectrum of the DRT-125
lamp with photocatalyst absorption regions; Figure S2: TG curves of the protonated titanates and
their reassembled nanosheets; Figure S3: Photoluminescence spectra (a, b) and decay graphs (c-h) for
the protonated titanates HLT3, HNT3 and their reassembled nanosheets; Figure S4: Kinetic curves
of photocatalytic hydrogen evolution from 1 mol.% aqueous methanol and water over bare and
platinized protonated titanates HLT, HNT, HLT3 and HNTj3; Figure S5: Kinetic curves of photocat-
alytic hydrogen evolution from water over bare and platinized HLT nanosheet-based photocatalysts;
Figure S6: Kinetic curves of photocatalytic hydrogen evolution from 1 mol.% aqueous methanol and
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water over bare and platinized HNT nanosheet-based photocatalysts; Figure S7: Kinetic curves of
photocatalytic hydrogen evolution from 1 mol.% aqueous methanol and water over bare and pla-
tinized HLT3 nanosheet-based photocatalysts; Figure S8: Kinetic curves of photocatalytic hydrogen
evolution from 1 mol.% aqueous methanol and water over bare and platinized HNT3; nanosheet-
based photocatalysts; Figure S9: Hydrogen generation rate from 1 mol.% aqueous methanol over
platinized HLT3 and HNT3 nanosheet-based photocatalysts after several running cycles; Figure S10:
SEM images of HLT3 NSs/Pt and HNT3; NSs/Pt isolated from the reaction suspensions after standard
photocatalytic experiments in 1 mol.% aqueous methanol; Figure S11: Raman spectra of 5 mol.%
aqueous methanol solutions before and after photocatalytic experiments of various durations with
HLT; filtered NSs/Pt; Table S1: Data on pH (pH;—Dbefore, pH,—after the photocatalytic experi-
ment) and sedimentation stability of the reaction suspensions (c, /c;—ratio of volume photocatalyst
concentrations at the ending and at the beginning of the photocatalytic experiment); Information
S1: Detailed procedure for preparing the precursors for exfoliation; Information S2: Detailed pro-
cedure for photocatalytic measurements; Information S3: Scheme and operating principle of the
photocatalytic setting; Information S4: Determination of the lamp photon flux.
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