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Abstract: Two series of hybrid inorganic—organic materials, prepared via interlayer organic modifi-
cation of protonated Ruddlesden-Popper phases HLnTiO4 (Ln = La, Nd) with n-alkylamines and
n-alkoxy groups of various lengths, have been systematically studied with respect to photocatalytic
hydrogen evolution from aqueous methanol under near-ultraviolet irradiation for the first time.
Photocatalytic measurements were organized in such a way as to control a wide range of parameters,
including the hydrogen generation rate, quantum efficiency of the reaction, potential dark activity of
the sample, its actual volume concentration in the suspension, pH of the medium and stability of
the photocatalytic material under the operating conditions. The insertion of the organic modifiers
into the interlayer space of the titanates allowed obtaining new, more efficient photocatalytic materi-
als, being up to 68 and 29 times superior in the activity in comparison with the initial unmodified
compounds HLnTiO,4 and a reference photocatalyst TiO, P25 Degussa, respectively. The hydrogen
evolution rate over the samples correlates with the extent of their interlayer hydration, as in the
case of the inorganic-organic derivatives of other layered perovskites reported earlier. However, the
HLnTiO4-based samples demonstrate increased stability with regard to the photodegradation of the
interlayer organic components as compared with related H,Ln; Ti3O1¢-based hybrid materials.

Keywords: photocatalysis; hydrogen; layered perovskite; titanate; intercalation; grafting

1. Introduction

Overcoming many global ecological problems caused by the rapid industrial growth
and the active use of traditional fuels in the XX-XXI centuries is associated with environ-
mental remediation, the introduction of non-waste technologies and the development of
alternative energy sources, including hydrogen. High calorific value and the absence of
secondary pollution make hydrogen fuel a potential substitute for petroleum products
and natural gas, which is of great importance in the context of the approaching energy
crisis [1-3].

One of the environmentally friendly methods for producing hydrogen is known to be
the photocatalytic decomposition of water and organic matter [4-7]. However, despite the
recent advances in pure water splitting over powder semiconductor photocatalysts and in
photoelectrochemical cells [8-10], the use of water as a raw for hydrogen generation still
remains a major challenge for researchers due to thermodynamic and kinetic limitations
of this reaction, which hinder the achievement of high quantum yields. In this regard, in
recent years, much attention has also been paid to the photocatalytic conversion of plant
biomass and its components (bioalcohols, carbohydrates, etc.) to produce hydrogen with
much greater efficiency [11-19]. Moreover, the scientific community has begun the active
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development of multifunctional photocatalysts for simultaneous hydrogen generation and
environmental remediation via the decomposition of organic water pollutants [20-22].

At the moment, most investigated heterogeneous photocatalysts for plant biomass
reforming are semiconductor oxides [23-29], sulfides [30,31], nitrides (primarily, metal-free
g-C3Ny [32-34]), tungstates [35] and other compounds. Nevertheless, their photocatalytic
activity often appears to be insufficient for implementation in industry, which motivates
researchers to examine other types of photocatalytically active materials, including those
with a layered type of structure. Among the latter, ion-exchangeable layered perovskite-like
oxides deserve special attention due to their unique structural features and stability in
aqueous and water-organic media. A crystal matrix of these oxides is formed by nega-
tively charged perovskite slabs, alternating regularly with interlayer spaces occupied by
different cations.

Remarkable photocatalytic activity of layered materials in relation to hydrogen genera-
tion, water purification and other reactions originates from the unique perovskite structure,
being responsible for the efficient separation of photoexcited charge carriers and high
chemical activity of the interlayer space towards intercalation and ion exchange [36—42].
In particular, the interlayer space is supposed to accommodate reactant molecules during
photocatalytic reactions and, thus, serve as an additional reaction zone with new catalytic
properties [43—45]. Furthermore, there are different approaches to the improvement of
photocatalytic activity: ionic substitution in the perovskite slabs [46-51], surface tailoring
with cocatalysts and photosensitizers [52-59], creation of heterojunctions [60-64], and exfo-
liation into nanosheets [65]. Another interesting approach to the modification of layered
perovskite-like oxides is the introduction of organic components into the interlayer space,
which allows producing hybrid inorganic-organic materials [66-68]. Organic modification
is carried out either as intercalation of organic bases [69,70] or grafting of alcohols [71-73],
carbohydrates [74], alkoxysilanes [75] and organophosphorus acids [76]. Despite a wide
variety of known perovskite-based inorganic-organic derivatives, until recently, they were
almost never investigated as catalysts or photocatalysts due to potential concerns about
their stability under operating conditions [77]. However, our recent studies have shown
that oxides HCap;Nb3O19 and HyLn, TizOqg (Ln = La, Nd), after organic modification, ex-
hibit magnificent photocatalytic performance towards hydrogen production from aqueous
methanol [78-82], glucose and xylose [83], being typical components of plant biomass
processing. Particularly, the activity of the organically modified materials exceeded that
of the initial protonated oxides up to 117 times, and apparent quantum efficiency reached
40% in the near-ultraviolet range after additional surface platinization. Despite the partial
degradation of interlayer organic modifiers upon photocatalysis, the hydrogen evolution
rate over the hybrid samples was found to be stable for a long time. The findings described
made the creation of organically modified photocatalysts an intriguing and promising
research direction. At the same time, it is important to note that all the aforementioned
samples were based on n = 3 layered perovskites while the photocatalytic performance of
such compounds is known to correlate with the perovskite slab thickness [77]. However,
the activity of the materials with thinner perovskite slabs (particularly, # = 1) still remains a
much less explored issue.

Layered perovskite-like compounds HLnTiO, are protonated forms of the
Ruddlesden—-Popper titanates ALnTiOy4 (A = alkali cation, Ln = La or lanthanide) whose
structure is characterized by complete ordering of A* and Ln®* cations between two
nonequivalent interlayer spaces, separating perovskite slabs with a thickness of n = 1
titanium—oxygen octahedron (Figure 1) [84,85]. Unlike photocatalytic properties of the
aforementioned 7 = 3 niobates and titanates, those of ALnTiO, are considered only in a
few papers. Particularly, it was established that the activity of ANdTiOy in the reaction
of aqueous methyl orange decomposition rises in the series of interlayer cations A* = H,
Na*, Li+ [86]. Photocatalytic properties of HLnTiO4 (Ln = La, Nd) and the products of their
topochemical dehydration in the reaction of hydrogen evolution from aqueous isopropanol
were found to depend on a particular Ln3* cation: La-containing samples provide a
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2—4 times higher reaction rate than Nd-containing ones [87]. The activity of KLaTiO4
in relation to pure water splitting was reported to increase after the partial substitution of
Ti** by Zr** [47] and surface modification with Ni particles as a cocatalyst. Nitridation of
ALaTiO4 (A* = K*, H"), despite the bathochromic shift of the absorption edge, was found
to result in the activity decrease because of pronounced electron-hole recombination on
Ti®* cations and surface defects as well as photodegradation of the nitrided compounds in
general [50].
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Figure 1. Structure of ALnTiO4 (n = 1) (a) and AyLn;TizOqq (n = 3) (b) titanates.

The present research continues the series of our articles on layered perovskite-based
inorganic—organic photocatalysts and sheds light on the hydrogen evolution over the
derivatives of relatively little-studied n = 1 titanates HLnTiO4 (Ln = La, Nd) from aqueous
methanol under near-ultraviolet irradiation for the first time. The study also pays attention
to the further improvement of their photocatalytic activity via modification with a Pt
cocatalyst and stability under operating conditions and makes a comparison of the n =1
inorganic—organic samples with the related # = 3 compounds reported earlier.

2. Results and Discussion
2.1. Characterization of the Protonated and Organically Modified Titanates

The objects of the investigation are protonated titanates HLnTiO4 (hereinafter desig-
nated as HLT for Ln = La and HNT for Ln = Nd) and their hybrid inorganic-organic deriva-
tives HLnTiO4 xRNH, (HLTxRNH,, HNT xRNH;) and HLnTiO4 xROH (HLT xROH,
HLT xROH) (R = methyl Me, ethyl Et, n-propyl Pr, n-butyl Bu, n-hexyl Hx, n-octyl Oc and
n-decyl Dc) prepared via the intercalation of n-alkylamines and grafting of n-alcohols into
the interlayer space. The above formulae of the inorganic-organic derivatives are only
conventions for corresponding compounds, which do not reflect their true compositions.

All the aforementioned samples prepared for this photocatalytic study have been
completely characterized in full accordance with the methods from our previous report [73].
Here, we highlight only the key points that are essential in the light of this research.

In accordance with the powder XRD data (Figure S1), both protonated titanates HLT
and HNT, as well as all the products of their organic modification, were successfully
prepared as individual phases not containing perceptible impurities. Tetragonal lattice
parameters of HLT and HNT were determined to be a = 3.71 A, c=122A anda=3.68 A,
¢ =12.1 A, respectively, which generally agrees with the literature data [85]. In both cases,
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the ¢ parameter is equal to the interlayer distance d (Table 1), and adjacent perovskite slabs
are arranged in a staggered conformation in relation to the proton-populated interlayer
space, which corresponds to the existence of a relative displacement of the perovskite slabs
along both lateral axes by a/2. The n-alkylamine and n-alkoxy derivatives are distinguished
from the background of the protonated titanates by the interlayer space significantly
expanded by inserted organic components, which is clearly seen from the low-angle shift of
the (00x) reflections and the corresponding increase in the c lattice parameter and interlayer
distance d, being proportional to the organic chain length. As noted earlier [73], for all the
organically modified titanates, the c parameter and interlayer distance d are related by the
equality ¢ = 2d, which points to the probable change of the perovskite slabs’ conformation
from staggered to eclipsed under the action of organic components being incorporated.
At the same time, titanium—oxygen octahedra appear to preserve their lateral sizes since
positions of some reflections, such as (110) and (020), as well as the a lattice parameter, stay
predominantly unchanged upon the organic modification.

Table 1. Lattice parameters in the tetragonal system, interlayer distances d, organic (x) and water (y)
content per formula unit, light absorption edges and specific surface areas of the initial titanates and
their inorganic—organic derivatives. Compositions of the n-alkylamine and n-alkoxy derivatives are
presented as HLnTiO4-xRNH,-yH,O and H;_,LnTiO4_,-xRO-yH,O, respectively.

Sample a, A ¢, A d, A X y Eg, eV Amax, NM S, m?/g
HLT 3.71 12.2 12.2 — 0.05 3.45 359 9.7
xMeNH, 3.77 33.3 16.7 0.35 0.45 3.58 346 4.0
X EtNH, 3.75 37.7 189 0.35 0.50 3.48 356 —
xPrNH, 3.76 41.2 20.6 0.35 0.30 3.50 354 —
xBuNH, 3.76 47.8 23.9 0.40 0.25 3.61 343 2.6
x HxINH» 3.76 549 27.5 0.35 0.45 3.47 357 —
X OcNH;, 3.78 66.3 33.2 0.45 0.40 3.49 355 15
xMeOH 3.72 32.3 16.2 0.70 0.45 3.47 357 17
x EtOH 3.72 36.6 18.3 0.40 0.50 3.47 357 —
x PrOH 3.73 41.6 20.8 0.45 0.35 3.45 359 —
x BuOH 3.73 45.6 22.8 0.40 0.25 3.45 359 1.6
x HxOH 3.74 55.4 27.7 0.40 0.10 3.46 358 —
x DcOH 3.73 56.8 28.4 0.35 0.05 3.46 358 6.4
HNT 3.68 12.1 12.1 — 0.10 3.48 356 8.5
xMeNH, 3.74 33.1 16.6 0.35 0.40 3.41 364 5.6
x EtNH, 3.74 37.6 18.8 0.45 0.20 3.50 354 —
xPrNH; 3.74 40.4 20.2 0.45 0.40 3.43 362 —
xBuNH, 3.74 47.7 23.9 0.45 0.30 3.50 354 5.6
x HxNH; 3.72 54.0 27.0 0.45 0.35 3.42 363 -
X OcNH, 3.81 65.4 32.7 0.45 0.40 3.45 359 7.7
x MeOH 3.71 32.0 16.0 0.75 0.40 3.42 363 5.0
x EtOH 3.70 36.4 18.2 0.50 0.30 3.39 366 -
x PrOH 3.72 41.1 20.6 0.40 0.15 3.45 359 —
x BuOH 3.71 44.5 22.3 0.40 0.15 3.45 359 4.0
x HxOH 3.71 549 27.5 0.40 0.10 3.41 364 —
x DcOH 3.71 58.0 29.0 0.35 0.10 3.41 364 15

As follows from the spectroscopic data [73], the n-alkylamine derivatives synthe-
sized are non-covalent intercalation compounds with n-alkylammonium cations associated
electrostatically with interlayer oxygen vertices of perovskite octahedra. The n-alkoxy
derivatives, on the other hand, contain organic chains anchored covalently to the per-
ovskite matrix. Along with organic components, all the organically modified samples
preserve some amount of intercalated water (Table 1).

Diffuse reflectance spectra transformed into Tauc plots (Figures 2, S2 and S3) allow
estimating optical bandgap energies Eg of the titanates under consideration (Table 1). As one
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can see, light absorption by La-containing samples is only due to the interband transition
occurring in the near-ultraviolet region whilst Nd-containing compounds also have visible
absorption bands associated with energy transitions of f-electrons, which provides a purple
color of the corresponding powders. Insertion of organic components into the interlayer
space is found not to be accompanied by any changes in general spectrum appearance and
visible absorption bands. However, upon the interlayer space expansion, the corresponding
shift of bandgap energy reaches 0.16 eV, although it does not give an evident correlation
with the organic chain length. The relatively weak influence of organic modifiers on the
light absorption region is associated with the fact that energy bands in the materials in
question are known to be formed by 2p-orbitals of oxygen and 3d-orbitals of titanium [88],
which are not strongly affected by inserted organic modifiers. Thus, the operating range of
the organically modified titanates as photocatalysts is middle- and near-ultraviolet. Taking
into account the DRT-125 lamp spectrum (Figure S4), the differences in the long-wavelength
absorption edge of HLT-based samples (Table 1) cannot be a weighty reason for those in
their photocatalytic behavior since the lamp does not have emission peaks in the range
of 343-359 nm. At the same time, the red absorption edge of some HNT derivatives is
located near an intense lamp peak at 365 nm, which could provide greater photocatalytic
reaction rates over these samples due to a wider range of available light. However, since
this peak meets the absorption edge of the samples, the quantum yield of the reaction at
this wavelength is hardly high enough. With that said, the possible absorption at 365 nm
was not taken into account while calculating the quantum efficiency ¢ and, consequently,
its value for some HNT-based samples may be somewhat overestimated.

(a) (b)

HLT*xDcOH

HNTxDcOH

(F-E)12
(F-E)12

2.0 25 3.0 3.5 4.0 45 5.0 5.5
E, eV E, eV

Figure 2. Tauc plots for the initial protonated forms and n-decoxy derivatives of HLT (a) and HNT
(b) titanates.

The specific surface area of the titanates under study falls in the range of 1.6-17 m?/g
(Table 1). The large spread of its values, apparently, originates from the pronounced poly-
dispersity of the samples” powders observed earlier in the SEM images [73,89], which, in
turn, is predetermined by the high-temperature ceramic synthesis of the alkaline precursors,
resulting in high crystallinity but strong accretion of the oxide polycrystals. Neverthe-
less, some organically modified n = 1 titanates (particularly, HLT xOcNH,, HLT xMeOH,
HNT xDcOH) turn out to show much greater specific surface areas in comparison with
those of n = 3 titanates and niobates studied earlier [80,81].

2.2. Photocatalytic Activity of the Protonated and Organically Modified Titanates

Photocatalytic activity and stability of the titanates prepared were investigated in
the reaction of light-driven hydrogen evolution from 1 mol. % aqueous methanol being
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a typical biomass-derived compound. All the samples were tested both in a bare form
and after modification with a 1% Pt cocatalyst. Along with reaction rates and apparent
quantum efficiencies (Figures 3 and 4, Table S1), the photocatalytic measurements were
aimed at monitoring the potential dark activity of the samples as well as the stability and
composition of reaction suspensions (Tables S2 and S3).

a b c d
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Figure 3. Kinetic curves of photocatalytic hydrogen evolution over the initial protonated titanates,
their n-alkylamine (a—d) and n-alkoxy (e-h) derivatives in a bare state and with a Pt cocatalyst from
1 mol. % aqueous methanol under near-ultraviolet irradiation. Grey background corresponds to the
dark stages (irradiation source is turned off).
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Figure 4. Apparent quantum efficiency of photocatalytic hydrogen evolution over the initial proto-
nated forms and inorganic-organic derivatives of HLT (a) and HNT (b) titanates in a bare state and
with a Pt cocatalyst as well as platinization increase factors kpy.
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A slope of kinetic curves of hydrogen evolution (Figure 3) indicates that the photo-
catalytic activity of bare protonated titanates HLT and HNT is very low (¢ = 0.01%) and
independent of a specific lanthanide. Additional modification of the titanates with Pt
nanoparticles, conventionally used as a cocatalyst, allows for facilitating surface charge
separation and creating new active sites, decreasing the hydrogen formation overpotential.
In our case, the platinization makes the La-containing compound (¢ = 0.19%) more than
twice as active as the Nd-containing analog (¢ = 0.08%). This fact is consistent with earlier
reported data on photocatalytic hydrogen evolution from aqueous isopropanol over HLT,
HNT and the products of their thermolysis [87] that showed a 2—4 times greater activity of
La-containing compounds as compared to Nd-containing ones. However, the activity of
both n = 1 titanates proves to be lower than that of their 7 = 3 counterparts HyLn;TizO1g
(Ln = La, Nd) under the same conditions [81], which may be associated with the unequal ef-
ficiency of charge separation in the perovskite slabs of various thickness (visual comparison
of the n = 1 and n = 3 structures is presented in Figure 1).

All the organically modified titanates exhibit much greater hydrogen evolution activity
in comparison with their initial protonated forms. At the same time, after the organic
modification, the differences in the photocatalytic performance of La- and Nd-containing
samples become much more pronounced (Figure 4). These differences might be due to the
greater hydratability of the La-containing samples in aqueous media, although the data
available do not allow establishing this fact strictly since structure, quantitative composition,
chemical properties, light absorption regions and morphology of the compounds with both
lanthanides differ slightly [73].

The most active sample in the series of bare n-alkylamine derivatives HLT xRNH,
is the methylamine titanate (¢ = 0.31%); the least activity is shown by ethyl- and n-
propylamine compounds (¢ = 0.01-0.11%) and intermediate activity values are found for
n-butyl-, n-hexyl- and n-octylamine samples (¢ = 0.17-0.24%). In the series HNT x RNHp,
the highest photocatalytic activity is demonstrated by the n-propylamine compound
(¢ = 0.03%), while its values for other derivatives are quite similar (¢ = 0.014-0.015%)
and practically one order of magnitude lower than for the cognate La-containing hybrid
titanates. Platinization greatly changes the correlation of the photocatalytic activity with
a specific interlayer amine. In the series HLTxRNH;/Pt, its maximum relates to the
ethylamine-intercalated titanate (¢ = 1.3%), which was revealed to be the least active in a
bare form. At the same time, the methylamine derivative, being the most active without a
cocatalyst, shows the least activity after platinization (¢ = 0.65%). Among HNT x RNH, /Pt
representatives, the activity maximum falls on the n-octylamine titanate (¢ = 0.38%).
The most active sample from each series of bare n-alkoxy derivatives HLT xROH and
HNT xROH is its simplest representative—methoxy compound (¢ = 0.67% for La- and
¢@ = 0.17% for Nd-containing). Further elongation of the grafted n-alkoxy chain results
in a sharp activity drop. After platinization, the maximum of the photocatalytic activity
in both series HLT xROH /Pt and HNTxROH /Pt still falls on the methoxy derivatives
(¢ =1.4% for La- and ¢ = 0.54% for Nd-containing). It should also be noted that while
the n-decoxy lanthanum titanate shows a relatively low activity in its series (¢ = 0.04%
without Pt and ¢ = 0.33% with Pt), its neodymium counterpart is the second most active
after the methoxy compound (¢ = 0.12% without Pt and ¢ = 0.47% with Pt). In general,
platinized ethylamine and methoxy derivatives of HLT appear to be the most promising
photocatalytic materials among the titanates in question, exhibiting the greatest hydrogen
production rate in aqueous methanol.

Thus, the organic modification of the n = 1 titanates allows for improving their
hydrogen evolution activity up to 68 times, and the products obtained provide up to
29 times higher apparent quantum efficiency in comparison with the reference photocata-
lyst TiO, P25 Degussa (¢ = 0.023% under the same conditions). Having said so, additional
surface platinization results in reaching the efficiency up to ¢ = 1.4%. However, despite
the beneficial effect of the organic modification, the photocatalytic performance of the
n = 1 titanates turned out to be significantly lower than that of their n = 3 counterparts
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H,Ln,TizOqg tested in our previous report [40]. This trend is especially pronounced upon
the platinization: while the HyLn,Ti3O1¢-based derivatives greatly increase their activity
after Pt loading (average kp; = 20-30), the activity of HLT- and HNT-based ones is gen-
erally less dependent on the Pt cocatalyst (kp; = 5-15) (Figure 4). Moreover, the lowest
values of kp; fall on the most active samples (particularly HLT xMeOH). In view of the
above, the photocatalytic performance of HLT- and HNT-based samples, unlike that of
H,Ln,TizOq¢-based ones, is limited rather by volume electron-hole recombination than
by surface one since, otherwise, Pt deposition could have provided a greater effect on the
reaction rate. This trend, apparently, originates from the fundamental difference in the
structure of the aforementioned #n = 3 and n = 1 titanates (Figure 1) since the latter belong
to a K;NiFy structural type with a significant difference of the lanthanide surrounding
(9-fold coordination in HLnTiOy instead of 12-fold coordination in HyL.n, TizOqg). Thus,
n = 3 structures appear to be preferable for the efficient separation of photogenerated charge
carriers than n = 1. A similar trend was observed earlier for n = 2 and n = 3 tantalates [77].

As can be seen from the data presented, the hydrogen evolution activity of the organi-
cally modified samples does not show an evident correlation with the organic chain length
and, apparently, is associated with the simultaneous influence of several factors. Although
the enhanced activity of some derivatives (such as HLT xMeOH and HNT x DcOH) may be
associated with their relatively high specific surface area, the surface factor does not explain
the experimental trends in the activity in general. A more viable hypothesis explaining
the photocatalytic activity increase after organic modification is the functioning of the
interlayer space as an additional reaction zone in photocatalysis [45]: inserted organic
components expand the interlayer space, facilitating penetration of the reactant molecules
to the interlayer reaction centers that are inactive in the unmodified titanates due to the
steric limitations. This hypothesis is also supported by the correlation between hydrogen
evolution activity and the interlayer water content (Table 1), which was observed earlier
for the organically modified n = 3 layered perovskites: as a rule, more hydrated samples
exhibit greater activity as compared with the practically anhydrous ones [79-81]. Interca-
lated water molecules may form highly reactive hydroxyl radicals [90,91] involved in the
methanol oxidation along with holes and, thus, increase the hydrogen evolution rate.

The rate of photocatalytic hydrogen evolution from aqueous media is known to
depend on their pH [92], although the corresponding correlation in real systems is quite
complex because pH may greatly affect the properties of a photocatalyst itself (primarily
of its surface). According to our pH measurements (Tables S2 and S3), photocatalytic
suspensions of both protonated and n-alkoxy compounds are slightly acidic. In the case of
the n-alkoxy derivatives, it is apparently due to the presence of residual interlayer protons
at non-grafted vertices of titanium-oxygen octahedra. The n-alkylamine compounds, on
the contrary, give slightly alkaline suspensions, and their pH is observed to decline with
the amine chain length rising, which may be explained by the lesser propensity of low-
polar n-alkylamines to transition into the polar aqueous solution. Taking into account the
report on the pH influence [92], we could have expected the n-alkylamine derivatives to
show greater photocatalytic activity since the pH of their suspensions falls in the optimal
range of 8-10 (Tables S2 and S3). However, the comparison of their activity with that
of most n-alkoxy titanates allows considering pH not the main factor determining the
differences in their efficiency. Furthermore, the pH of the reaction medium is seen not to
stay constant during photocatalytic measurements (pH; # pH,, Tables S2 and S3). The pH
reduction detected during some experiments (pH; > pHy) is potentially associated with
the partial oxidation of methanol to formic acid. Minor pH increase disclosed for some
n-alkylamine titanates (pH; < pHj;) should be due to partial amine deintercalation into the
reaction solution.

In the course of preparation of photocatalytic suspensions, it was established that
the sample dispersibility is strongly dependent on the polarity of the interlayer organic
modifier. Particularly, the titanates modified by short-chain organic components (R = Me,
Et, Pr and Bu) readily give suspensions in aqueous methanol under shaking and sonication,
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while those containing long-chain interlayer structures (R = Hx, Oc and Dc) do it reluctantly
as well as form films on the suspension surface and glass flask because of poor hydratability
of low-polar organic chains. Although sonication of the initial protonated titanates is not
accompanied by the formation of surface films, their suspensions possess low sedimen-
tation stability without continuous stirring, which may be due to greater particle sizes.
Experimental correlations between bare sample concentrations at the beginning (c;) and at
the ending (c,) of the photocatalytic measurement and specific interlayer organic modifier
(Figure S5) show that the most concentrated suspensions are typical of the hybrid com-
pounds with intermediate lengths of n-alkylamine or n-alkoxy chains. After platinization,
concentrations ¢; and ¢y, as a rule, reduce due to the probable contraction of the electrical
double layer associated with the medium acidification. Despite a perceptible decrease
in volume sample concentration during some photocatalytic experiments, an accordant
descent of the hydrogen generation rate usually is not seen. This may indicate the proper
participation of all sample particles (including those settled on the reaction cell walls) in
hydrogen formation.

When interpreting photocatalytic properties of the organically modified layered per-
ovskites, we should take into account their potential exfoliation into nanosheets upon the
preliminary sonication or photocatalytic experiments since this may explain the height-
ened activity of some samples. The presence of nanoparticles may be detected by UV-vis
spectrophotometry of the supernatant after moderate centrifugation of the reaction suspen-
sions [40]. In the case of the organically modified titanates in question, the nanoparticle
concentration in centrifuged reaction suspensions is quite low (c3 < 2.0 mg/L). The ex-
ceptions are two amine derivatives, HNTXEtNH; (c3 = 6.6 mg/L) and HNTxPrNH2
(c3 = 4.3 mg/L), that, however, do not show abnormally high activity (Figure 4). As
revealed earlier, organically modified Ruddlesden-Popper titanates are relatively stable
towards exfoliation even under prolonged sonication unless the exfoliating agent (such as
TBAOH) is added into the system [40].

2.3. Stability of the Organically Modified Titanates under Photocatalytic Conditions

The stability of the inorganic-organic samples obtained has been examined in two
aspects: maintaining the activity during long-term operation and chemical stability of the
interlayer organic modifiers.

First of all, the photocatalytic performance of the two most active platinized titanates
(HLT xEtNH; /Pt and HLT xMeOH/Pt) was evaluated in the course of several running
cycles (Figure S6). It was demonstrated that the samples preserved 85-90% of the initial
activity after six cycles with a total duration of 12 h. The photocatalytic nature of hydrogen
generation over the organically modified titanates was confirmed by the following evidence.
The samples under study do not show dark activity, and after the irradiation source is
turned off, all the kinetic curves for hydrogen reach a plateau indicating a zero reaction rate
(Figure 3). Furthermore, the hydrogen indeed evolves from the reaction solution rather than
from interlayer organic modifiers, which becomes clear from the following calculations. For
instance, the hydrogen amount generated over the methoxy derivative HLT xMeOH /Pt
during the 12 h photocatalytic measurement (1.2 mmol H;) exceeds 12.3 times the amount
that could have been evolved via the complete oxidation of the interlayer methoxy groups,
contained in 25 mg of the irradiated sample (0.0973 mmol Hy). Having said so, the reaction
rate stays practically unchanged.

Since some inorganic-organic derivatives of the related n = 3 titanates HyLn;TizOq,
considered in our previous report [81], were found to experience practically complete de-
composition of the interlayer organic components during photocatalytic hydrogen genera-
tion, similar chemical instability would be expected from the HLT-based samples. However,
the n = 1 titanates in question turned out to demonstrate significantly greater stability of the
interlayer organics under photocatalytic conditions. XRD patterns of the samples separated
after photocatalytic measurements (Figure 5) differ from those of the initial compounds
by the shift of the (00x) reflections to larger 26 angles (HLT xMeNH,, HLT x EtNH3), their
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widening (HLT x OcNH;, HLT x DcOH) or formation of by-phases (HLT xMeOH). These
structural transformations may be caused by the partial degradation of inserted organic
modifiers, samples’ disordering along the c crystallographic axis upon the organic with-
drawal, and additional hydration of the interlayer space, respectively. Having said so,
unlike the H;Ln,Ti3O1p-based samples, none of the HLT inorganic—organic derivatives
turns structurally into the protonated titanate, which points to at least partial preservation
of the interlayer organic components in the course of photocatalysis.

Modifier
|HLTx.../Pt after PC|
DcOH
IHLTX... before PC |
MeOH
g OcNH,
N
g EtNH,
B T N
‘/C( B
§ MeNH,
" s AA__ M Initial HLT

20, °

Figure 5. XRD patterns of some inorganic-organic derivatives before and after photocatalytic (PC)
experiments.

This fact is fully consistent with the Raman spectra of the final samples (Figure 6)
that clearly indicate the presence of organic modifiers in their matrix. However, the
relative intensity of some bands diminishes after photocatalytic experiments, which is more
pronounced in the case of HLT x EtNH,, HLT xOcNH; and HLT x DcOH and, apparently,
is associated with a decrease in organic content in these samples. At the same time,
HLT xMeNH,; and HLT xMeOH taken after photocatalysis show intense vibrational bands
of the interlayer organics, comparable with those in the spectra of the initial materials. In
accordance with the results of quantitative CHN-analysis, HLT xMeNH, and HLT x MeOH
indeed preserve a vast majority of the organic modifier in the course of photocatalytic
measurements: the former contains 0.3 residual methylamine molecules per formula
unit (initial content 0.35) and the latter includes 0.5 methoxy groups per formula unit
(initial content 0.7). However, the organically modified titanates with longer organic
chains (HLT x EtNH;, HLT x OcNH,, HLT x DcOH) appear to preserve only approximately
0.1 organic units per titanate formula whilst the initial content is 0.35-0.45. The estimated
compositions of the final samples are in good consistency with total mass losses observed in
their TG curves (Figure S7). Being analyzed after photocatalysis, the organically modified
titanates exhibit a significantly less pronounced mass gain in the temperature range above
450 °C that is interpreted as partial oxidation of the residual carbon in the sample [73].
This fact points to the probable weakening of the bond between the perovskite matrix and
organic component during photocatalysis, which allows the residual organics to liberate at
lower temperatures.
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Figure 6. Raman spectra of some inorganic-organic derivatives before and after photocatalytic (PC)
experiments.

SEM images of the long-chain inorganic-organic derivatives, separated after pho-
tocatalytic experiments (Figure 7), clearly show that the samples undergo pronounced
lamination, which is probably caused by the partial withdrawal of long organic components
from the interlayer space during photocatalysis. This morphological feature is consistent
with the aforementioned reduction of the (00x) XRD peaks since the final samples inevitably
become more disordered along the ¢ crystallographic axis. Nanoparticles of the Pt cocatalyst
are seen in the SEM images as light dots of 5-7 nm in size. The lamination observed not
only increases the sample surface but also facilitates the penetration of solution molecules
into the interlayer space, increasing the probability of Pt reduction in this zone with the
formation of interlayer active sites for hydrogen evolution, although the latter assumption
requires a separate experimental verification.

2.4. Possible Interpretations of Photocatalytic Properties of the Organically Modified Titanates

As the study has shown, organic modification of layered perovskite-like titanates
HLT and HNT can provide a great increase in their photocatalytic activity with regard
to hydrogen production from aqueous methanol. The activity growth may be caused by
greater accessibility of the interlayer space, considered an additional reaction zone, for
reactants—methanol and water molecules. In other words, interlayer organic modifiers
strongly enlarge the interlayer distance 4 and, thus, create new channels for the diffusion
of the reactants to the interlayer reaction centers (Figure 8). Along with the reactants, the
platinizing agent used, HpPtClg, also might enter the expanded interlayer zone and provide
interlayer platinization of the sample. The SEM images (Figure 7) indicate the plausibility
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of this hypothesis since one can see Pt nanoparticles located in the region of the crystal
lamination, pointing to the possible platinum deposition also in the interlayer space far
from the crystal boundaries. Nevertheless, the available data do not allow firm conclusions
to be drawn, and the interlayer platinization at the moment remains only a guess requiring
further research.

k | .}
7 i A0

100 nm

(a) HLTXOcNH, before P 00nm - (b) HLTXDcOH before PC %

(c) HLTxOcNH,/Pt after PC 00nm  (q) HLTXxDcOH/Pt after PC

Figure 7. SEM images of the initial n-octylamine (a) and n-alkoxy (b) derivatives and their composites
with a Pt cocatalyst after the photocatalytic experiment (c,d).

Figure 8. Potential explanations of the photocatalytic properties of inorganic-organic derivatives:
increasing of the interlayer reaction zone accessibility (a), reduction of Pt nanoparticles in this zone (b).
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Moreover, the correlation between the photocatalytic activity and interlayer hydration
degree indicates that water molecules, apparently, are also involved in the photocatalytic
process, despite the presence of easily oxidizable methanol. The role of water molecules
probably consists in the formation of reactive hydroxyl radicals providing further oxidation
of the alcohol. Organic modifiers may also affect electrosurface properties of the titanates
changing constants of reactant adsorption and product desorption as well as offsetting
energy band boundaries in near-surface layers, but these issues require a more detailed
study. At the same time, the drastic activity rise on moving from the protonated titanates
to hybrid inorganic-organic compounds is not due to the band gap contraction, function-
ing of organic modifiers as photosensitizers, enhancement of crystallinity, exfoliation of
the samples into nanosheets or perceptible change in the equilibrium pH value of their
reaction suspensions.

Despite the stable hydrogen evolution rate over most samples in question, the inter-
layer organic modifiers experience partial decomposition during photocatalysis. Thus, the
photocatalytic activity observed, strictly speaking, is inherent not in the initial samples
taken before loading into the reactor but in the products of their transformations existing
under the photocatalytic conditions. Moreover, these products may be stable only in the
reaction medium and not amenable to isolating individually.

3. Materials and Methods
3.1. Materials Preparation

All the samples for this photocatalytic study were synthesized in full accordance with
the methods from our previous report [73]. In brief, initial alkaline titanates NaLnTiO4
(NLT) were prepared following the conventional ceramic technique. The products obtained
were treated with hydrochloric acid to produce their protonated forms HLT and HNT,
further used for the preparation of hybrid inorganic-organic derivatives HLT xRNH,/
HNT xRNH; and HLT xROH/HLT xROH via the intercalation of n-alkylamines and graft-
ing of n-alcohols into the interlayer space. Brief synthesis conditions are summarized in
Table S4.

3.2. Investigation of Photocatalytic Activity

Photocatalytic activity was studied with respect to light-driven hydrogen evolution
from 1 mol. % methanol both for bare samples and their composites with a 1% Pt cocatalyst
under near-ultraviolet irradiation. The experiments were performed on the laboratory
photocatalytic setting used in our previous reports [78-82], presented in Scheme S1. The
photocatalytic performance of the samples was evaluated in terms of hydrogen evolution
rate w, apparent quantum efficiency ¢ and multiplicity of increase in the rate after Pt
loading (platinization increase factor kp). The method for calculation ¢ is presented in
Information S1.

3.3. Testing the Activity of Bare Samples (No Cocatalyst)

To prepare the reaction suspension, 0.03 g of the sample was placed in a round-bottom
flask containing 60 mL of 1 mol. % aqueous methanol. The flask was sealed, shaken and
sonicated in an Elmasonic S10H bath (Elma, Singen, Germany) for 10 min. Then, 54 mL
of the suspension obtained was pumped into the reaction compartment of the cell, after
which the magnetic stirrer, light filter, lamp and argon purging through the suspension
were turned on. After 15 min, 4 mL of the suspension was taken from the cell to establish
actual volume concentration of the sample and pH of the medium before the photocatalytic
measurement (c;, pHj). After 15 min, argon purging of the reaction compartment was
turned off, and the photocatalytic measurement, consisting of chromatographic analysis
of the gaseous phase every 15 min, was conducted for 2 h. Afterwards, the lamp was
turned off to organize a 45 min dark stage and monitor potential activity of the sample in
the absence of irradiation. Thereafter, 4 mL of the suspension was sampled to determine
volume concentration of the sample and pH of the medium at the end of the photocatalytic
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measurement (cp, pHp). After this, 30 mL of the residual suspension was centrifuged (ELMI
CM-6MT (Riga, Latvia)) at a separation factor F = 1000 for 1 h to precipitate bulk particles
and determine the concentration of the fine particle fraction in the final colloidal solution
as well as its pH value (c3, pH3). This step is essential to control the potential formation of
perovskite nanosheets via the exfoliation of organically modified samples in the course of
photocatalytic measurements since the exfoliation into nanosheets is known to lead to a
significant increase in the catalytic activity [65].

3.4. Testing the Activity of Pt-Loaded Samples

In this case, the volume of the initial suspension for pumping into the reaction com-
partment was 53 mL. Then, 15 min after the magnetic stirrer, light filter, lamp and argon
purging were turned on, 1.1 mL of the 1.27 mM H,PtCls aqueous solution was injected
into the reaction suspension to perform in situ photocatalytic platinization of the sample
(1 mass. % Pt in the resulting photocatalyst). The gaseous phase was analyzed every 5 min,
and the dark stage duration was 20 min. Other experimental conditions and procedures
were the same.

3.5. Investigation of Stability under Photocatalytic Conditions

Photocatalytic performance of the most active samples (platinized HLT xEtNH,; and
HLT xMeOH) was additionally investigated by conducting several running cycles of hy-
drogen generation from 1 mol. % aqueous methanol with total duration of 12 h. Chemical
stability towards photodegradation of the organic modifiers in the course of photocatal-
ysis was studied for the two aforementioned derivatives and for those with the shortest
and the longest organic chain (HLT xMeNH,, HLT x EtNH,, HLT x OcNH,, HLT xMeOH,
HLT xDcOH). The samples were separated from the reaction suspension after the standard
photocatalytic experiment via vacuum filtering, air-dried and investigated by means of
XRD, Raman spectroscopy, TG, CHN-analysis and SEM. The data obtained were compared
with those for the initial samples.

3.6. Characterization
3.6.1. XRD

Powder X-ray diffraction (XRD) patterns of the samples were recorded on a Rigaku
Miniflex II benchtop diffractometer (Tokyo, Japan) using CuK, radiation, an angle range
260 = 3-60° and a scanning rate of 10°/min. The lattice parameters in the tetragonal
system were calculated on the basis of all the diffraction peaks observed using DiffracPlus
Topas software.

3.6.2. Raman Spectroscopy

Raman scattering spectra were collected on a Bruker Senterra spectrometer (Billerica,
MA, USA) in the wavenumber range of 600-3600 cm ™. Protonated titanates, n-alkylamine
and methoxy derivatives were studied using a 488 nm incident laser (power 4 mW, ac-
cumulation time 10 s), n-decoxy derivatives—785 nm (power 50 mW, accumulation time
60 s).

3.6.3. DRS

Diffuse reflectance spectra (DRS) were recorded on a Shimadzu UV-2550 spectropho-
tometer (Kyoto, Japan) with an ISR-2200 integrating sphere attachment in the range of
220-800 nm using barium sulfate as an external reference with the reflection coefficient
R = 1. The reflectance spectra were transformed into coordinates (F-hv)1/2 = f(hv), where
F = (1 — R)?/2R is the Kubelka-Munk function. Linear sections of the graph were
extrapolated, and an optical bandgap energy E; was found as an abscissa of their
intersection point.
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3.6.4. CHN-Analysis

Quantitative compositions of the inorganic—organic derivatives were calculated on
the basis of carbon, hydrogen and nitrogen content determined via the elemental CHN
analysis on a Euro EA3028-HT analyzer (EuroVector, Pavia, Italy).

3.6.5. TG

Thermogravimetric (TG) analysis was performed on a Netzsch TG 209 F1 Libra ther-
mobalance (Selb, Germany) in the synthetic air atmosphere. The temperature program
included heating the sample from room temperature to 900 °C at a rate of 10 °C/min
followed by keeping it at the maximum temperature for 20 min to achieve establishing the
constant mass.

3.6.6. SEM

Morphology of the samples was studied on a Zeiss Merlin scanning electron micro-
scope (SEM) (Oberkochen, Germany) equipped with a field emission cathode, electron
optics column Gemini II and oil-free vacuum system.

3.6.7. BET

Specific surface areas S of the samples were measured by a Micromeritics ASAP 2020
volumetric adsorption analyzer (Norcross, GA, USA). Prior to analysis, 150-200 mg of
each sample was degassed for 12 h at 25 °C. Adsorption isotherms were obtained at a
liquid nitrogen temperature (—196 °C) with Kr as an adsorptive. Specific surface areas
were calculated via the conventional Brunauer-Emmett-Teller method (BET) using at least
five points from the relative pressure range of 0.05-0.15. The Kr molecular cross-sectional
area was assumed to be 0.210 nm?.

3.6.8. ICP-AES

Concentrations of the perovskite nanosheet colloidal solutions used for building
spectrophotometric calibration plots were determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) on a Shimadzu ICPE-9000 spectrometer (Kyoto,
Japan) after preliminary acid digestion.

3.6.9. Spectrophotometry

Actual volume concentrations ¢y, ¢y, c3 of the samples in photocatalytic suspen-
sions were determined via spectrophotometric analysis performed on a Thermo Scientific
Genesys 10S UV-vis spectrophotometer (Waltham, MA, USA) using previously built cali-
bration plots (Figure S8). Measurements were conducted in the range of optical density
A <2. The 1 mol. % aqueous methanol was used for dilution and baseline subtraction.

3.6.10. pH Measurement

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

4. Conclusions

In the present article, we have carried out a comprehensive investigation of 24 hybrid
inorganic—organic compounds based on layered perovskite-like titanates HLT and HNT
as photocatalytically active materials for light-driven hydrogen production from aqueous
methanol, a typical biomass-derived alcohol. Organic modification of the titanates’ in-
terlayer space by n-alkylamines and n-alkoxy groups allowed improving the hydrogen
evolution activity up to 68 times and obtaining the samples providing up to 29 times higher
apparent quantum efficiency in comparison with the reference photocatalyst TiO, P25
Degussa. The platinized ethylamine and methoxy derivatives of HLT proved to be the
most promising photocatalytic materials among the n = 1 organically modified titanates
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under study (¢ = 1.3-1.4%). The activity was found to correlate with the hydration degree
of the interlayer space, considered an additional reaction zone in photocatalysis. It was
assumed that organic modification substantially improves the accessibility of this zone for
reactants and, potentially, for the platinizing agent, which, apparently, accounts for the
multiple activity growth. Moreover, the inorganic-organic derivatives of the n = 1 titanates
demonstrated significantly greater chemical stability with respect to photodegradation of
the interlayer organic components in comparison with the H,Ln,Ti3O;p-based samples re-
ported earlier. However, the latter allowed reaching an order of magnitude higher quantum
efficiency of hydrogen evolution under the same conditions, probably, due to better charge
separation in the three-layer (n = 3) perovskite slabs as compared with the single-layer
(n=1) ones.
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