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Abstract: The stability of platinized n-butylamine-intercalated layered titanate H2La2TisO1 during
the process of photocatalytic hydrogen production from aqueous methanol under UV irradiation
has been thoroughly investigated by means of XRD, CHN, TG, *C NMR, BET, SEM and GC-MS
analysis. It was revealed that n-butylamine completely abandons the interlayer space and trans-
forms into n-butyraldehyde within 3 h of the reaction, while the particle morphology and specific
surface area of the photocatalyst are preserved. The resulting solid phase contains carbon in at least
two different oxidation states, which are attributed to the intermediate products of methanol oxida-
tion bound to the perovskite matrix. The activity of the photocatalyst formed in this way is stable in
time and strongly depends on the medium pH, which is not typical of either the parent H2La2TizO10
or TiO2. An approximate linear equation ¢ = 29-2-pH holds for the apparent quantum efficiency of
hydrogen production in the 220-340 nm range at 1 mol. % methanol concentration. In the acidic
medium, the photocatalyst under study outperforms the platinized H2La2TisO10 by more than one
order of magnitude. The variation in methanol concentration allowed a maximum quantum effi-
ciency of hydrogen production of 44% at 10 mol. % to be reached.
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1. Introduction

In recent decades, the world has been facing the aggravation of environmental prob-
lems such as the greenhouse effect, global warming as well as water, air and soil pollution,
which largely originate from the continued use of fossil fuels. The threat of the resulting
energy and ecological crisis motivates researchers and engineers to develop and imple-
ment novel environmental remediation approaches, waste-free technologies and renewa-
ble energy sources, including hydrogen. The latter is considered a promising energy car-
rier characterized by unprecedented high calorific value and the absence of secondary
pollution being typical of traditional fuels [1-3].

One of the most eco-friendly approaches to hydrogen production is water photoelec-
trolysis, which was first described by Fujishima and Honda [4] and led to the active de-
velopment of photoelectrochemical cells and powder photocatalysts [5-14]. At the same
time, thermodynamic and kinetic limitations of the water splitting reaction still make it
difficult to create highly efficient photocatalytic hydrogen generators [15-17] despite sig-
nificant progress made in this direction in recent years [18-27]. In this regard, along with
the aforementioned water splitting technique, another method for hydrogen production
is being actively explored —the photocatalytic conversion of plant biomass and primary
products of its processing (methanol, other bioalcohols, carbohydrates, etc.) which allows
much greater quantum yields to be achieved [28-36].
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Along with the «classic» photocatalyst TiO2 [37—41] as well as various sulfide- [42,43]
and nitride-based [44-46] materials, a significant contribution to the development of pho-
tocatalytic hydrogen production was made by the study of ion-exchangeable layered ox-
ides adopting the perovskite structure [47]. Promising photocatalytic properties of these
oxides originate from their unique 3D crystal lattice formed by perovskite layers, provid-
ing the efficient separation of photoexcited charge carriers and chemically active inter-
layer spaces [48-52]. Layered perovskite-type oxides open up a vast scope for researchers
to carry out various modifications via the topochemical reactions of intercalation and ion
exchange [38—47] to optimize photocatalytic performance for a wide range of applications.
Furthermore, these materials are amenable to ion substitution in the perovskite block [53—
58], conjunction with different cocatalysts and photosensitizers [59-68] as well as exfolia-
tion into perovskite nanosheets [69,70], which allows for the creation of new efficient pho-
tocatalysts with a wide light absorption region and high specific surface area. In addition,
another intriguing feature of ion-exchangeable layered perovskites is the probable in-
volvement of their interlayer space in the photocatalytic reaction, accommodating reac-
tants from the solution as an additional reaction zone [71-73].

After the substitution of interlayer cations with protons, layered perovskite-type ox-
ides may be used to yield hybrid inorganic—organic materials via the intercalation of or-
ganic bases [74-76] or the esterification-like grafting of alcohols [77-79] and other hydroxy
compounds [80-82]. The inorganic-organic samples obtained in these ways can not only
combine practically significant features of the parent substances in one material but also
exhibit new properties not being typical of the initial components [83-85]. Although such
hybrid materials have a wide range of promising applications, until recently, they were
practically not considered as hydrogen evolution photocatalysts due to the potential pho-
todegradation of the organic modifiers [86]. At the same time, there were some reports on
the enhanced activity of layered oxides modified by alkoxy groups [87] and polyaniline
[88-90] in relation to the light-driven decomposition of organic dyes as model water con-
taminants. Moreover, our recent studies have revealed that the organically modified lay-
ered perovskite-type oxides HCa:NbsO1 and H2LnaTisOw (Ln = La, Nd) demonstrate ex-
cellent hydrogen evolution activity in aqueous solutions of methanol [91-94], glucose and
xylose [95]. The photocatalytic reaction rate exceeded that observed over the unmodified
oxides by more than two orders of magnitude and was stable in time. However, our pre-
liminary studies also revealed that some hybrid photocatalysts experience a pronounced
contraction of the interlayer space as a result of photocatalytic reaction, which indicates
either the escape or destruction of the inserted organic molecules. This conflict between
the stable photocatalytic activity and apparent chemical instability of hybrid photocata-
lysts motivated us to investigate the ongoing processes more carefully. From our perspec-
tive, understanding the chemical nature of hybrid photocatalysts under operation condi-
tions and the reasons for their high and stable activity may lead to significant progress in
the future design of new highly efficient photocatalytic systems.

The main purpose of the present work was to characterize the changes that occur in
the hybrid photocatalyst during the reaction of hydrogen production from aqueous meth-
anol under UV light. As a research object, we chose one of the most active hybrid photo-
catalysts we have discovered so far: the layered perovskite-type titanate H2La2Ti3O10 in-
tercalated by n-butylamine and modified with platinum nanoparticles as a cocatalyst [94].
We investigated the structure, composition, particle morphology and surface area of the
photocatalyst before and after the photocatalytic reaction and also analyzed the composi-
tion of the reaction solution during the photocatalytic process. Furthermore, we studied
the dependence of photocatalytic activity on the medium’s pH and methanol concentra-
tion. Some experiments were additionally performed for the isostructural titanate
H2Nd:TisO10 modified in the same way for comparison.
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2. Results and Discussion
2.1. XRD Analysis

The n-butylamine-intercalated titanate HzLa:TisO1w0xBuNH: (further referred to as
HLTsxBuNH-2) was obtained from the initially synthesized Ka2La2Ti3O10 (KLT3) by protona-
tion yielding H2La2TisO10 (HLT3) followed by subsequent methylamine and n-butylamine
introduction. According to powder XRD analysis, all the samples were obtained as single-
phase products without notable impurities. The XRD patterns and lattice parameters for
this series are presented in Figure 1. Corresponding data for the analogous neodymium-
containing series KoNd:2TisOw (KNTs), HoNd2TisOw (HNTs), H2Nd:TisOwxBuNH:
(HNTsxBuNHz2) have already been reported in [91] and therefore are not presented here.

The most important information provided by XRD in the current study is the degree
of expansion or contraction of the space between adjacent perovskite layers during chem-
ical transformations. Due to the possible change in space groups during these transfor-
mations, it is convenient to keep track of the interlayer distance d, which is the distance
between centers of two adjacent perovskite layers and is easily derived from the corre-
sponding unit cell parameter for each space group. These interlayer distances d are pre-
sented in Table 1.
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Figure 1. Powder XRD patterns of (a) the initial titanate KzLa>TisO10 (KLTs), (b) its protonated form
HzLa>Tis010 (HLT3), (¢) n-butylamine-intercalated form HzLa>TisOwxBuNHz (HLT3xBuNH-2) and (d)
platinized n-butylamine-intercalated form H:La:TisO10xBuNH2/Pt after 2.5 h of photocatalytic ex-
periment (HLT3xBuNH2/Pt_PC).

The initial alkaline form of the layered titanate KLTs was indexed in the I4/mmm
space group (staggered conformation of perovskite layers) with the lattice parameters
slightly enlarged compared to the KNTs analog, which is in good agreement with the lit-
erature data [96]. After protonation, the interlayer distance d decreased from 14.87 A to
13.71 A due to the substitution of potassium cations by smaller protons. The subsequent
intercalation of n-butylamine led to a huge expansion of the interlayer space by 11.35 A
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and to a transition into the P4/mmm space group corresponding to the eclipsed confor-
mation of adjacent perovskite layers.

To prepare the sample “after photocatalysis”, 100 mg of HLTsxBuNH:was dispersed
in 50 mL of 1 mol. % aqueous methanol containing 5.1 pmol H2PtCls as a platinization
agent and irradiated by UV light in the photocatalytic reactor for 150 min—a typical du-
ration of our photocatalytic experiment. The solid sample obtained in this way after cen-
trifugation and drying is further denoted as HLTsxBuNH-/Pt_PC.

XRD analysis of the HLTsxBuNH:/Pt_PC sample revealed that the interlayer distance
shrunk almost to its original value before butylamine intercalation (HLT3). This clearly
suggests that at least a major part of the intercalated butylamine left the interlayer space
via either deintercalation or photocatalytic degradation. Furthermore, the XRD pattern of
HLTsxBuNH2/Pt_PC compared to HLTs showed strong anisotropy —particularly, the low-
angle peaks, whose positions depend exclusively on the interlayer distance d, were signif-
icantly broadened. This may be explained by the stacking disorder of perovskite layers
that arises from intensive reactions taking place in the interlayer space, accompanied by
the escape of butylamine molecules. In the case of the neodymium-containing analog
HNTsxBuNH2/Pt_PC, this effect of the anisotropic broadening was much more pro-
nounced and, thus, did not allow us to estimate the interlayer distance even approxi-
mately.

Table 1. The content of carbon and nitrogen per formula unit of the layered oxide determined by
CHN analysis and the interlayer distance d for the samples of protonated (HLTs and HNTs), me-
thylamine-intercalated (HLTsxMeNH: and HNTsxMeNH:) and #n-butylamine-intercalated
(HLTsxBuNH: and HNTsxBuNH:) layered titanates, and the platinized samples after photocatalytic
experiments (HLTsxBuNHz/Pt_PC and HNTsxBuNHz/Pt_PC).

Sample C N d, A

HLT; 0 0 13.71

HNT3 0 0 13.591

HLTsxMeNH: 0.9 1.1 21.94

HNTsxMeNH: 1.0 1.2 21.981

HLTsxBuNH2 43 0.9 25.06

HNT3xBuNH: 42 0.9 24701

HLT3xBuNH2/Pt_PC 1.0 0 =14.1
HNTsxBuNH/Pt_PC 0.9 0 -

! Data from our previous work [91].

2.2. CHN Analysis

The results of elemental CHN analysis shown in Table 1 support the XRD data quite
well. As can be seen, the determined amounts of carbon and nitrogen per formula unit of
the layered oxide were in good agreement with the expected values corresponding to one
molecule of methylamine and n-butylamine per formula unit. Having said so, both lan-
thanum- and neodymium-containing samples included similar amounts of the interlayer
amine molecules. However, after the photocatalytic reaction, we did not detect nitrogen
in either of the samples, while the carbon content decreased by 4 times. The chemical na-
ture of the remaining carbon is not clear yet, but its presence explains the slightly enlarged
interlayer distance compared to that of the initial protonated form.

2.3. TG Analysis

The above results are supplemented by thermogravimetric analysis data (Figure 2).
The TG curve of the protonated sample HLT3, as usual, demonstrates two steps of mass
loss: the first one (T <200 °C) caused by the deintercalation of small amounts of water and
the second one (280 °C < T < 600 °C) corresponding to the complete thermolysis of the
layered oxide HxKoxLa2TisOw with the liberation of water to form residual
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K2«La2TisO10-x2. Based on the mass losses at these two steps, we calculated the protonation
degree (x/2 =0.83) and the amount of intercalated water per formula unit (y = 0.22) accord-
ing the procedure described in [97].
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Figure 2. Thermogravimetric curves for the protonated titanate (HLT3), its n-butylamine-interca-
lated form (HLT3xBuNH:) and the platinized n-butylamine-intercalated form after photocatalytic
experiment (HLTsxBuNH/Pt_PC).

The TG curve of HLTsxBuNH: shows a total mass loss as high as 12.99%, which is
not separated so easily into distinct consecutive steps. If we subtract the mass loss of
2.27%, which has to be due to the thermolysis of the protonated form, and assume the
residual 10.72% to correspond solely to the butylamine (although there might also be some
minor amount of water and/or methylamine), we obtain 0.99 butylamine molecules per
formula unit, which is consistent with the CHN analysis data. The increase in mass ob-
served between 450 °C and 650 °C is typical of such types of hybrid materials [94] and is
caused by the partial oxidation of organic molecules, which do not liberate at low temper-
atures but remain bound to the perovskite matrix. At sufficiently high temperatures, the
oxidation of such species finally leads to gaseous CO: and, thus, the mass of the sample
falls again.

The TG curve of the sample after the photocatalytic reaction (HLTsxBuNH2/Pt_PC)
clearly indicates that at least a major part of n-butylamine left the interlayer space. On the
other hand, we see that this sample is by no means identical to the initial protonated form
HLTs. We still observe the stage of mass increase, which is typical of oxidizable organic-
containing samples, although this stage shifted to lower temperatures by ca. 80 °C com-
pared to HLT3xBuNHo.. In addition, the total mass loss was almost 2% greater compared
to HLTs. Unfortunately, we cannot draw any further quantitative conclusions from these
results without knowledge of the specific nature of residual organic species in the sample.
By now, we can only state that during the photocatalytic reaction, the butylamine-inter-
calated sample HLT3xBuNH: did not return to the original protonated form HLT3 or some
of its hydrated derivatives—it still contained certain amounts of organics capable of oxi-
dation in the air atmosphere at elevated temperature.
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2.4. BC NMR Analysis

The disappearance of butylamine from the interlayer space during the photocatalytic
reaction was also confirmed via solid-state 3*C NMR spectroscopy. As can be seen from
Figure 3, before the irradiation of the HLTsxBuNH: sample, four distinct peaks were
clearly detected, corresponding to the four carbon atoms in the BuNHs* cation. Note that
this first sample was not just the original HLTsxBuNH: but it was the one dispersed in the
1 mol. % methanol solution containing H2PtCls and subjected to ultrasonic treatment in
exactly the same way as during the other photocatalytic experiments. The only difference
is that the sample was separated from the solution and dried without being irradiated,
unlike the other samples in this series. Upon the irradiation, the four peaks of n-butyla-
mine gradually decreased, and after 150 min, only a low-intensity broad peak remained
in the corresponding region of a chemical shift. Additionally, a new low-field shifted peak
appeared in the region of 175 ppm which can typically be attributed to carboxylic acid
derivatives.

U before irradiation

M 10 min irradiation

20 min irradiation

‘MWW“WMMMM 30 min irradiation
*
W% 150 min irradiation

250 200 150 100 50 0 -50
8, ppm

Figure 3. 13C solid-state NMR spectra of the n-butylamine-intercalated titanate HLTsxBuNH: after
different times of irradiation in 1 mol. % aqueous methanol solution with H2PtCls additive (standard
photocatalytic conditions); 1, 2, 3, 4—characteristic peaks of n-butylammonium, *—new peak corre-
sponding to carbon in oxidized state.

Although the NMR spectra obtained are not as informative as one would like, we can
conclude that the carbon, which was contained in the HLTsxBuNH:/Pt_PC sample in an
approximate amount of one atom per formula unit, was present at least in two different
oxidation states with chemical shifts around 40 and 175 ppm. We have to emphasize that
this remaining carbon was likely to originate not from the intercalated n-butylamine but
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HLT;xBulNH,

rather from the methanol in the reaction solution. During the photocatalytic process, com-
pact methanol molecules may easily penetrate into the interlayer space, especially as long
as it remains expanded by the intercalated n-butylamine. Once inserted, methanol mole-
cules can readily undergo photocatalytic oxidation, forming a whole cocktail of interme-
diate products, which may be bound to the perovskite matrix in different ways. Taking
into account the relatively low total mass loss of the HLTsxBuNH2/Pt_PC sample (5.16%)
together with the estimated content of one carbon per formula unit, one can conclude that
the main part of the organic species must be bound to the inorganic matrix rather than
represent individual intercalated molecules. According to known data on photocatalytic
methanol oxidation over TiO2 and other oxides [98-100], these might be interlayer meth-
oxy groups (Ti-OCHzs), chemically bound formaldehyde (Ti-OCHz), formyl (Ti-OCH) and
formate ((Ti-O)2CH-) groups. It is important to note the NMR spectrum hardly changed
in its appearance even after 24 h of the photocatalytic reaction, suggesting that a quasi-
stationary state was established, which is consistent with the fact of its stable photocata-
lytic performance.

2.5. BET and SEM

Measurements of the BET specific surface area revealed that the initial n-butylamine-
intercalated sample (HLTsxBuNH:) and the sample after photocatalytic experiment
(HLTsxBuNH2/Pt_PC) had almost the same specific area of 15.3 m?/g and 12.7 m?/g, re-
spectively. This indicates that no considerable delamination of the layered structure oc-
curred during the photocatalytic process, which could otherwise have strongly affected
the photocatalytic activity of the sample. SEM investigations also confirmed that the initial
plate-like particle morphology of HLTsxBuNH:2 was preserved after the photocatalytic ex-
periment (Figure 4). This is in agreement with our previous reports on analogous hybrid
photocatalysts [91,94]. The deposited platinum nanoparticles can be seen on the SEM im-
age as light dots distributed over the surface of HLTsxBuNH2/Pt_PC particles.

! 100 nm

Figure 4. SEM images of the n-butylamine-intercalated titanate before (HLT3xBuNH2) and after
(HLT3xBuNH-/Pt_PC) the photocatalytic experiment.

2.6. G5-MS Analysis of Solution

As a final approach to investigate the processes occurring during the irradiation of
HLTsxBuNH: in the methanol solution, we analyzed the liquid phase in the course of the
photocatalytic experiment by means of GC-MS. For this, we carried out a long-term 12 h
experiment sampling 1 mL of the reacting suspension for analysis every 1 h. Between
sampling, the rate of hydrogen evolution was also measured. Unfortunately, we did not
get the opportunity to make a reliable quantitative calibration of the GC-MS for the de-
tected components, so the results presented only reflect the relative changes in concentra-
tion, but not their absolute values.



Catalysts 2022, 12, 1556

8 of 19

Hydrogen evolution rate, pmol/ml-h

12

10

As can be seen from Figure 5, at the starting point prior to irradiation, the solution
already contained a certain amount of n-butylamine, which deintercalated from
HLTsxBuNH: during the preparation of the suspension. In the course of the next 3 h, the
butylamine concentration gradually decreased to almost zero, while a new component,
n-butyraldehyde, was rapidly produced, reaching its peak concentration after around 2 h.
It is natural to assume that the butyraldehyde is formed from the butylamine by photo-
catalytic oxidation and is an intermediate product since its concentration gradually de-
creased throughout the experiment after 2 h. Despite the undoubted complexity of ongo-
ing processes, the kinetic curves of both butylamine and butyraldehyde are surprisingly
good, described by the standard kinetic model of consecutive first-order reactions A — B
(k1); B — C (k2) with apparent rate constants k1 =1.41 h™, k2=0.20 h-".

u [ | [ ] g -
u [ |
. . ........ @
o formic acid ,-‘
] o
m @ n-butyraldehyde
@
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| o o
® > 2 methenamine
Q, n-butylamine e ® e
. " ® .
®... 9 @8

Time, h

Figure 5. Dynamics of the main components detected via GC-MS in the reaction solution during
photocatalytic hydrogen evolution over HLTsxBuNHz/Pt from 1 mol. % aqueous methanol for 12 h
and the change in hydrogen evolution rate.

Attention should be paid to the time interval around 3 h—by this time, the butyla-
mine was almost completely consumed, and simultaneously, we observed a sharp in-
crease in the hydrogen generation rate. It was also not until this time that we started de-
tecting two other main products—formic acid and methenamine. Formic acid is a natural
oxidation product of methanol, while methenamine is probably formed by the condensa-
tion of formaldehyde and ammonia, and the latter is released from butylamine during its
conversion to butyraldehyde. The above reactions are schematically presented in Figure
6.



Catalysts 2022, 12, 1556

9 of 19

[

— NHs;

[O]
CH3OH —_— CHzo
- H,0

BCH,0 + 4NH; ——= .

- 6H,0 N/

[Q]
CH,0 ——= HCOOH

Figure 6. Supposed scheme of formation of the main products detected in the reaction solution dur-
ing photocatalytic hydrogen evolution over HLTsxBuNHz/Pt from 1 mol. % aqueous methanol.

One possible reason why 3 h is such a critical point at the reaction timeline regarding
the hydrogen evolution rate may be the change in the solution pH. By the start of the
reaction, the measured pH value was 10.2, which was due to the basic nature of n-butyla-
mine. By the end of the experiment, however, the pH value already dropped below 3.5.
This is easily explained because basic butylamine is decomposed and acidic species are
also formed during methanol oxidation. Thus, it should have been right between 2 and 4
h that the pH value changed most significantly, although we did not monitor it during
this experiment. The effect of the acceleration of hydrogen evolution with time found dur-
ing this long-term experiment was quite surprising to us, because typically, we limited
the experiment time by 2.5 h, which was clearly insufficient for this effect to occur.

Concerning the stability of photocatalytic performance, the hydrogen evolution rate
stayed almost constant from 5 to 12 h of the experiment time. The total amount of hydro-
gen evolved during this experiment from every 1 mL of the reaction mixture was approx-
imately 110 pmol, while the photocatalyst content in every 1 mL was only 3 pumol. The 36-
fold excess of the formed product relative to the catalyst indicates the process under study
to be truly photocatalytic, without the significant consumption or deactivation of the solid
photocatalyst.

To conclude the discussion of this experiment, we should mention that other prod-
ucts, besides the ones presented in Figure 5, including formaldehyde, formamide, butyra-
mide and n-butylformamide, were also detected in the reaction medium in minor
amounts. They were mostly accumulated during the first two hours of the experiment and
did not show considerable concentration dynamics throughout the further experiment.

2.7. Effect of pH on the Photocatalytic Activity

In order to confirm our hypothesis concerning the reaction acceleration, we decided
to examine the effect of pH on the hydrogen evolution rate separately. For this aim, we
employed our standard experimental conditions (photocatalyst concentration 0.5 g/L in 1
mol. % methanol, 1 wt. % platinum loading) and adjusted the pH value by the addition of
HCI or KOH directly to the reaction mixture after platinum had been deposited under
identical initial conditions. In addition to HLTsxBuNH2, we also chose the protonated
sample without butylamine (HLT3) and TiO2 P25 Evonic-Degussa as photocatalysts for
comparison.

The results presented in Figure 7 show that the acidic medium indeed favors the
photocatalytic performance of HLTsxBuNH2/Pt: the difference in apparent quantum
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efficiency at pH < 3 and pH > 12 was about one order of magnitude. This is in contrast
with the data obtained for both HLT3/Pt and TiO2/Pt. The photocatalytic activity of the
platinized layered oxide HLTs without intercalated butylamine was overall quite poor
and hardly exceeded 1% on the quantum efficiency scale, being almost the same at natural
pH =4.6 and basic pH = 11.15 and dropping even lower at pH =3 (¢ = 0.6%). As expected,
platinized titania showed much better performance; however, at pH values below 4, its
efficiency also decreased. This behavior is consistent with the literature data [101] and is
explained by the protonation (-OH:*) and dissociation (-O-) of OH-groups on the surface
of TiOz in acidic and basic medium, respectively, which affects the adsorption properties
of both the surface and the particle agglomeration. As a result, the optimal pH for the
photocatalytic reaction lies around the neutral region, and the overall effect of pH on the
reaction rate is not crucial (the observed difference at extreme points may be around 2.5
times). As we see, the same tendency also approximately held for HLTs. However, the
amine-intercalated sample HLTsxBuNH:/Pt strongly deviated from its «classic» analogs,
showing an abnormally high pH dependence of photocatalytic activity. The reason for
such behavior is unclear. Hopefully, future studies will explain this phenomenon based
on the chemical and structural nature of the catalyst, which has not been completely de-
termined yet, despite our efforts.
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Figure 7. Dependence of apparent quantum efficiency of hydrogen evolution from 1 mol. % aqueous
methanol on the solution pH for the platinized titanate HLT3/Pt, its n-butylamine-intercalated form
HLT3xBuNH2/Pt and platinized TiO2 P25 for comparison.

2.8. Effect of Methanol Concentration on the Photocatalytic Activity

As a final point in this work, we investigated the dependence of the hydrogen evo-
lution rate on the methanol concentration. We already reported this dependence for
HNT3xBuNH2/Pt in the concentration range of 0-10 mol. % [91]. Then, we extended the
concentration range up to 30 mol. % and supplemented the study with data for
HLTsxBuNH2/Pt and platinized TiO2 P25 for comparison (Figure 8).



Catalysts 2022, 12, 1556

11 of 19

60
3 50 —
&
>
g
S 40 -
=
e
)
£
2 304
o
<
5
(op
=
T 204
—
<
Q.
(o
<
10 -
0 -

HNT,xBuNH,/Pt
...... o
g ®...
B e e

.....

. °®
Q A A A A
| ® A
;A ’
g 1 1 1 I i 1 4 1
0 5 10 15 20 25 30

Methanol concentration, mol. %

Figure 8. Dependence of apparent quantum efficiency of hydrogen evolution on the methanol con-
centration for the platinized n-butylamine-intercalated titanates HLTsxBuNH2/Pt, HNTsxBuNHo>/Pt
and platinized TiOz P25 for comparison.

Platinized titania behaves quite naturally —the reaction rate increases rapidly at a low
methanol concentration and reaches saturation at 10 mol. % with an apparent quantum
efficiency around 20%. This is consistent with the usually adopted Langmuir-Hinshel-
wood model for heterogeneous catalysis. Both HLT3xBuNH2/Pt and HNT3xBuNH:/Pt
samples show overall similar behavior at low methanol concentrations with the only dif-
ference being their greater activity. However, after the maximum quantum efficiency is
reached at 10 mol. % (¢ = 44% for HLTsxBuNH:/Pt and ¢ = 52% for HNT3xBuNH2/Pt),
both curves start to decrease, and this effect is more pronounced for the more active
HNT3xBuNH2/Pt than for HNT3xBuNH>/Pt. This is another case where an unusual kinetic
dependence is observed for hybrid samples under investigation.

We propose two possible reasons for such behavior. Firstly, it may reflect the fact that
both methanol and water are involved in the reaction mechanism and, thus, they both
should be present in considerable concentrations for the reaction to proceed efficiently.
We have already reported [92-94] that the photocatalytic activity of hybrid photocatalysts
correlates with the degree of their interlayer hydration, and the same trend also holds for
layered oxides without organic modifiers [96,102,103]. This highlights the important role
of intercalated water molecules in the mechanism of hydrogen production, and, thus, if
the availability of water molecules for the interlayer space decreases, one can also expect
some drop in the reaction rate. Secondly, we should emphasize that during these meas-
urements, platinum was deposited on the samples in situ, i.e., in each experiment, during
deposition, the concentration of methanol was different. The methanol concentration can
potentially affect the properties of deposited platinum nanoparticles in terms of their size,
surface distribution, etc., which may, in turn, lead to a change in photocatalytic activity.
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This effect did not reveal itself in the case of TiOz, but it certainly could be felt in the case
of more complex organically modified layered oxides HLT3xBuNH2 and HNTsxBuNHo-.
Overall, based on the results obtained, we believe that the process of platinum deposition
can play a crucial role in the formation of active photocatalysts from organically modified
layered oxides. Particularly, the presence of intercalated organic molecules opens up the
potential possibility of platinum deposition not only on the outer surface of the photo-
catalyst particles but also between the perovskite layers. This process deserves special in-
vestigation and is the subject of our current studies.

2.9. Applications of Obtained Results

As for practical applications of the results obtained in this study, we would like to
mention the following:

e We clearly demonstrated that the inorganic—organic hybrid material HLT:xBuNH2 is
unstable under the photocatalytic reaction conditions. This fact should be strictly
considered in future works devoted to photocatalytic properties of related com-
pounds in order to give a correct interpretation of observed phenomena. At first
glance, the high and stable photocatalytic performance may give the misleading im-
pression that the catalyst itself is also chemically stable. However, as we see, this is
not necessarily the case. Possible transformations of the photocatalyst during the re-
action should always be examined carefully.

e  Despite the observed instability of the inorganic—organic hybrid under the photo-
catalytic reaction conditions, we still claim that the organic modification of layered
oxides is a promising strategy to create highly efficient photocatalytic systems. The
reason for that is again the stable photocatalytic activity of the material formed dur-
ing photocatalysis, which is many times higher than that of the initial unmodified
sample. Why there is such a pronounced difference is not yet clear, but hopefully, it
will be explained in future studies.

e  The transformation of n-butylamine into n-butyraldehyde observed during the pho-
tocatalytic reaction led us to the idea that such systems could have a potential syn-
thetic application. Principally, there is nothing new in applying photocatalysis for
organic synthesis. However, the fact that the reactant molecules are intercalated into
the interlayer space of the photocatalyst may strongly affect the efficiency and selec-
tivity of the ongoing reaction as compared to the usual case when the reaction takes
place on the surface of a bulk photocatalyst. Special studies are needed to test this
hypothesis.

3. Materials and Methods
3.1. Synthesis of the n-Butylamine-Intercalated Titanates

The synthesis procedure of the layered oxides under study has already been reported
in detail in our previous works [91,94], so here, we will describe it only briefly. The initial
alkaline forms of layered titanates KzLa2Ti3010 (KLT3) and KoNd2Ti3O1w0 (KNT3) were ob-
tained via the solid-state synthesis from K2COs, TiO2 and La20s (or Nd20gs) as starting re-
agents (Vekton, Saint Petersburg, Russia, 99.9%). Stoichiometric amounts of TiO2 and
La20s (or Nd20s) were mixed together with a 50% excess of K2COs, ground under an #n-
heptane layer in a planetary micro mill with a silicon nitride bowl, dried, pressed into
pallets and calcined at 1000 °C for 10 h in corundum crucibles.

The protonated forms H2La>Ti3010 (HLT3) and H2Nd2TisO10 (HNTs) were obtained
from the corresponding alkaline forms via the ion exchange reaction with an excess of 0.1
M hydrochloric acid for 7 days under continuous stirring at room temperature. Before the
reaction, KLTs and KNTs were exposed to humid air (RH = 75%) overnight to achieve
preliminary water intercalation. The solids obtained were separated from the solution via
centrifugation at 3000 RCF and dried over CaO.
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The intercalation of n-butylamine (BuNH:) into the protonated forms was conducted
in two steps with the intermediate intercalation of methylamine (MeNH>). In the first step,
12 g of HLT3 (or HNT3) was dispersed in 120 mL of the 38% aqueous MeNH2 solution and
stirred in a closed flask at 60 °C for 10 d. In the second step, the separated and dried solid
denoted as HLTsxMeNH: (or HNTsxMeNH:) was dispersed in 80 mL of n-butylamine to-
gether with 10 mL of water, stirred in a closed flask at room temperature for 4 d, separated
and dried. The solid samples obtained, denoted as HLTsxBuNH2 and HNTsxBuNH2, were
further used for photocatalytic experiments as the main objects of investigation in this
work.

3.2. Characterization of Hybrid Photocatalysts

Powder X-ray diffraction (XRD) analysis was performed in each step of synthesis on
a Rigaku Miniflex II diffractometer (Tokyo, Japan) using CuKa radiation, 20 range of 3-
60° and a scan speed of 10°/min. The XRD patterns obtained were indexed, and the unit
cell parameters were determined using DiffracPlus Topas 4.2 software provided by
Bruker (Billerica, MA, USA).

The amounts of carbon, hydrogen and nitrogen in the inorganic-organic hybrids
were determined via elemental CHN analysis on a Euro EA3028-HT analyzer (Pavia, It-
aly).

Thermogravimetric (TG) analysis was carried out on a Netzsch TG 209 F1 Libra mi-
crobalance (Selb, Germany) in synthetic dry air atmosphere. The temperature program
included heating of the samples from room temperature to 880-950 °C at a rate of 10
°C/min followed by a 20 min isotherm stage.

Solid-state nuclear magnetic resonance spectra (**C NMR) were recorded on a Bruker
Avance III 400 WB spectrometer (Billerica, MA, USA) at an operating frequency of 100.64
MHz using a CP/MAS technique. Tetramethylsilane was used as an external reference.

The specific surface area of the samples was determined by the Brunauer-Emmett—
Teller (BET) method on a Quadrasorb SI analyzer (Boynton Beach, FL, USA) using nitro-
gen as an adsorptive gas.

The morphology of the samples was investigated via scanning electron microscopy
(SEM) on the Zeiss Merlin scanning electron microscope with a field emission cathode,
electron optics column GEMINI-II and oil-free vacuum system.

The liquid-phase products of the photocatalytic reaction were identified on a gas
chromatograph-mass spectrometer Shimadzu GCMS-QP2010 Ultra (Kyoto, Japan)
equipped with an AOC-5000 Plus autosampler and a Rxi-624Sil MS column (30 m, 0.25
mm, 1.4 um). The separation was conducted using a program of a temperature increase
from 40 °C to 280 °C for 10 min. Helium was used as a carrier gas.

3.3. Photocatalytic Experiments

Photocatalytic experiments were carried out on a self-made laboratory setup, which
had been employed in our previous works [91-94]. A certain mass of a photocatalyst sam-
ple (typically 30 mg) was dispersed in 60 mL of the aqueous methanol solution of the
desired concentration, by default, 1 mol. %. After ultrasonic treatment for 10 min in an
Elmasonic S10H bath (Singen, Germany), 50 mL of the photocatalyst suspension was in-
troduced into the external-irradiation reaction cell equipped with quartz windows, a mag-
netic stirrer, a thermostatic liquid cut-off filter (aqueous solution of KCl and NaBr, 6 g/L
each, 2 cm optical path, cut-off wavelength A <220 nm, T = 20 °C) and connected to a
closed gas circulation system (120 mL constant volume). To achieve in situ platinization
of the photocatalyst samples, 1 mL of the 1.27 mM H:PtCls aqueous solution was also
added to the reaction suspension, which corresponded to a platinum content of 1 wt. % in
the final composite photocatalyst. Before the start of the photocatalytic reaction, argon
was purged through the suspension and gas circulation system for 20 min to remove and
substitute the residual air. During the experiment, the photocatalyst suspension was irra-
diated using a 125 W medium-pressure mercury lamp (DRT-125), and the amount of
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hydrogen accumulated in the circulating gas mixture was determined every 5 min via a
gas chromatograph Shimadzu GC-2014 (Kyoto, Japan) equipped with an Rt-Msieve 5A
column and a TCD, using Ar as a carrier gas. When necessary, the system was intermedi-
ately purged with argon for 15 min to blow away the accumulated hydrogen and normal-
ize the increased pressure. As a result, kinetic curves of hydrogen evolution were ob-
tained, and the rate of the photocatalytic reaction was calculated from the slope of these
curves. The apparent quantum efficiency ¢ was calculated by dividing the rate of hydro-
gen evolution by twice the incident photon flux with energy greater than the photocatalyst
bandgap. The photon flux was determined via the advanced ferrioxalate actinometry
method, as described in detail in [91].

When the effect of solution pH on the photocatalytic activity was investigated, the
pH value was adjusted by the addition of small amounts of HCl or KOH directly to the
reaction medium after the platinum deposition had been completed. The pH value was
controlled using a Mettler Toledo SevenCompact 5220 pH-meter (Greifensee, Switzer-
land) equipped with an InLab Expert Pro-ISM electrode.

The aim of some photocatalytic experiments was not only to measure the hydrogen
evolution rate but also to prepare the samples of photocatalysts after the reaction for fur-
ther analysis. In the case of such preparative experiments, the initial amount of the pho-
tocatalyst was increased 4-fold (120 mg per 60 mL of solution), and so was the concentra-
tion of H2PtCle to preserve the same platinum content in the sample (1 wt. %). The photo-
catalyst after the reaction was separated from the solution via centrifugation at 3000 RCF
and dried over CaO for 24 h. The samples obtained from HLTsxBuNH2 and HNTsxBuNH2
in the described manner after 150 min of the photocatalytic reaction are denoted as
HLTsxBuNH2/Pt_PC and HNTsxBuNH2/Pt_PC. The same conditions were also applied to
the long-term photocatalytic experiment when the reaction solution was analyzed.

4. Conclusions

It was established that the platinized n-butylamine-intercalated layered titanate
H:La2TisO10xBuNH:2/Pt, which had previously been reported as a highly efficient photo-
catalyst for hydrogen production from aqueous methanol under UV irradiation, is unsta-
ble under operating conditions. Specifically, the intercalated butylamine molecules aban-
don the interlayer space and are oxidized to butyraldehyde, which undergoes further
transformation. Despite this, the remaining solid phase demonstrates unprecedented high
and stable photocatalytic activity with respect to hydrogen evolution compared to the in-
itial protonated titanate H2La2TisO1w. The characterization of the solid phase formed after
photocatalysis revealed that it contains significant amounts of carbon in at least two dif-
ferent oxidation states, which can be attributed to the intermediate products of methanol
oxidation bound to the perovskite matrix in the interlayer space. The photocatalytic activ-
ity of H2La2TisO10xBulNHz/Pt was found to be strongly pH-dependent, reaching maximum
values in acidic medium (pH < 3) and monotonously decreasing about 10 times, while the
reaction medium changed to alkaline (pH > 12). Such behavior is not typical of either the
initial Hz2La2Ti3O10 or bulk TiO:z and, thus, indicates a special reaction mechanism, proba-
bly involving the interlayer space as a special reaction zone.
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