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H/D kinetic isotope effect has been employed to study the
mechanism of the thermally assisted photocatalytic hydrogen
production over noble metal-free Ti@TiO, core-shell
nanoparticles. We have found that the observed large H/D
isotope separation factor (o = 11.3 + 1.7-6.2 + 0.9) is due to the
electron hole-mediated cleavage of OH bond. It was concluded
that strong H/D isotopic selectivity is associated with significant
photothermal effect.

Production of “green” hydrogen is of paramount importance
for clean and secure energy systems. Up to date, the baseline
technology to access “green” H, is the water-electrolysis,
where the main challenges are the elevated cost and the use
of critical raw materials.” Photocatalysis is potentially a very
promising way to split water and produce H, directly from
solar light without the use of electricity. However, achieving
such a process with high efficiency continues to be a
challenge. Introducing heat into photocatalytic processes has
attracted much attention in the last decade because it may
significantly improve the photoconversion efficiency.>”?
However, literature survey revealed a lack of consensus about
the origin of temperature effect in photocatalytic processes.
At present, there are three hypotheses explaining the
photothermal effect in solutions:

(i) temperature dependent competition between water
molecules and sacrificial reagents at the catalyst surface,”

(ii) temperature effect on the migration of intermediates
in the vicinity of active sites of catalysts,” and

(iii) positive temperature effect on charge carrier mobility
and interfacial charge transfer.®

The H/D kinetic isotope effect (KIE) can provide insightful
information about the dominating reaction pathway of
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photocatalytic H, formation. In the gas phase, H/D KIE
revealed a critical role of the photoexcited hot carriers in the
photocatalytic steam reforming of CH,/CD, mixture over Rh/
TiO, catalyst.” In aqueous solutions, the KIE is usually studied
by comparing the photocatalytic reaction rates in H,O and
D,0.5"° Observed at such conditions KIE represents the
overlap of primary isotope effect referred to the cleavage of
chemical bonds and solvent isotope effect. Moreover, the H/D
isotopic exchange between the solvent and reacting species
can mask the actual source of hydrogen in photocatalytic
process. The physico-chemical properties of D,O, such as
polarity, viscosity, dielectric constant etc., are different from
those of H,0 and tend to be dependent on temperature.'’
Therefore, comparison of the hydrogen formation rate in neat
H,0 and D,O is hardly applicable for understanding the
origin of thermally assisted photocatalytic process. Recently,
photocatalytic hydrogen production was studied in H,O/D,0O
mixtures over platinized TiO, in the presence of
formaldehyde.'* It was shown that the reaction rate decreases
with increasing D,O concentration. However, neither the
effect of temperature nor the H/D isotopic selectivity were
investigated. Herein, we report for the first time the effect of
temperature on H/D isotopic selectivity during the
photocatalytic hydrogen production using H,0/D,0 mixtures
over noble metal-free Ti@TiO, core-shell photocatalyst in the
presence of 1 M glycerol (Glyc) as sacrificial reagent.

The Ti@TiO, photocatalyst has been prepared by
sonohydrothermal  treatment of metallic titanium
nanoparticles (NPs) in pure water at 200 °C under the
assistance of 20 kHz ultrasound as described previously.’*"?
The particles are composed of quasi-spherical 50-150 nm Ti°
core coated by 10-20 nm of TiO, anatase nanocrystals.
Additional data about the catalyst preparation and their
morphology are presented in the ESIf (Fig. S1-S3). The
absorption spectrum of Ti@TiO, nanoparticles is composed
of interband and intraband transitions of metallic Ti
spanning from UV to NIR spectral range and a TiO, bandgap
localized at 220-350 nm."*"®
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The photocatalytic experiments were performed in a
thermostated argon-flow cell adapted to the outlet gas
analysis by mass spectrometer. Irradiation was carried out
using the white light of ASB-XE-175 W xenon lamp equipped
with ozone blocking coating. The light power measured by
X1-1 Optometer was found to be equal to 8.9 W and 0.6 W
for vis/NIR (400-1100 nm) and UV (300-420 nm) spectral
ranges respectively. The temperature inside the photoreactor
was controlled using Julabo F12 thermostat. More details can
be found in the ESI} (Fig. S4). Obtained results were analysed
according to three parameters: (i) the total hydrogen
formation rate, R(>_H,), calculated as the sum of the rates of
three released hydrogen isotopic species R(>_H,) = R(H,) +
R(HD) + R(D,), (ii) the apparent activation energy, E,, for total
hydrogen production, and (iii) the isotopic selectivity
measured as H/D isotope separation factor, oy = (H/D)/(H/
D)y, where the initial ratio (H/D), was equal to the molar
composition of H,O/D,O mixture with 1 M Glyc, and the
experimental (H/D) ratio was measured in released hydrogen
for H,, HD and D, isotopologues using mass spectrometry as
it described in the ESL}

Fig. 1 depicts the emission profiles of H,, HD, and D,
species during photolysis of 50 mol% H,0/50 mol% D,O
mixture under stepwise heating. Obtained results point out a
strong effect of temperature on the kinetics of hydrogen
production and a significant enrichment of the formed
hydrogen gas with light isotope. It is noteworthy that the
formation of hydrogen is not observed when the Xe lamp is
off even at 94 °C highlighting the photonic origin of
hydrogen formation in studied system. Fig. 2 demonstrates a
strong increase of photocatalytic hydrogen production with
increasing of bulk temperature whatever the H,O/D,O ratio.
In addition, it can be seen that R(>_H,) gradually decreases
with the increase of D,O content.

In the whole range of studied H,O/D,O ratios, mass
spectrometric measurements indicate the absence of CO, or
other carbon-containing gases during the photothermal
process in agreement with our previous results in H,O
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Fig. 1 Emission profiles of H,, HD, and D, species during photolysis of
50 mol% H,O/50 mol% D,O mixture in the presence of Ti@TiO, NPs
and 1 M glycerol irradiated with Xe-lamp under Ar-flow.
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Fig. 2 Total hydrogen formation rate at different H,O/D,O ratios
obtained at 52 and 94 °C. At other studied temperatures, a similar
trend was observed.

solutions.” On the other hand, photolysis leads to
acidification of the reaction mixture. HPLC analysis reveals
the presence of glyceraldehyde and glyceric acid in photolytes
(ESIT Fig. S5) indicating the oxidation of C-OH group of
glycerol without decarboxylation.

The calculated apparent activation energy E, depends on
D,O concentration such that E, is equal to 23 + 3 k] mol ™ for
[D,0] < 50 mol% and 39 + 5 kJ mol ™" for [D,0] > 50 mol%
(Fig. 3). Nevertheless, both E, values are much lower than the
typical dissociation energy of chemical bonds indicating that
the cleavage of chemical bond is not involved in the rate-
determine stage. The influence of H,0/D,O ratio on R(>_H,)
and E, values could be understood in terms of solvent
isotope effect. In H,0/D,0 mixtures at [D,O] > 50 mol%,
water mainly presents as HDO and D,0 molecules because of
fast equilibrium:*®

H,0 + D,0 = 2HDO, Keq = 3.4 (T = 300 K) (1)
The increase of hydrogen bonds energy of water on ca. 5%

upon deuteration results in the modification of hydrogen-
bonded supramolecular network.'””'® Consequently, the
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Fig. 3 Arrhenius plots for photothermal hydrogen production at
different H,O/D,O ratios.
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diffusion  of intermediate  species formed  after
photoexcitation would require a higher activation barrier in
solutions enriched with D,O compared to H,O. However, the
R(>"H,) and E, values are unable to provide more insightful
information about the mechanism of photothermal effect in
studied system.

On the other hand, the studied photocatalytic process
exhibits a high H/D isotopic selectivity. As demonstrated in
Fig. 4a, the isotope separation factor, oy, varies from 11.3 +
1.7 to 6.2 £ 0.9 depending on temperature and H,0/D,0
ratio. Such significant oy values cannot be attributed to the
relatively small solvent isotope effect or to the KIE during
diffusion of intermediates. In contrast to R(>_H,), the oy
values decrease with temperature and follow a zero-point
energy approximation, expressed as oy = exp(AE/RT) shown
in Fig. 4b, where AE = 5.89 kJ mol™ is the zero-point energy
difference between OH and OD bonds." It should be noted
that the apparent value of AE,,, = 6.25 + 0.64 kJ] mol "
calculated from the experimental data for 75H,0/25D,0
mixture is fairly close to the theoretical AE value. However,
for the mixtures with [D,0] > 50 mol% the calculated AE,p, =
2.13 + 0.25 k] mol ™" is lower than the theoretical one. Strictly
speaking, the AE,,, obtained from the kinetic experiments
does not represent the difference of vibrational energies for
OH and OD species retain at the absolute zero of
temperature, but rather some effective energy value
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Fig. 4 a) Evolution of H/D isotope separation coefficient with
temperature and H,O/D,0 ratio. b) Temperature dependence of H/D
isotope separation coefficient in terms of OH/OD zero-point energy
approximation for different H,O/D,O ratios. Dotted line indicates
theoretical plot calculated for AE = 5.89 kJ mol™.
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depending on the reaction medium also. In terms of Eyring
transition state theory, the isotope separation factor is
expressed as a difference of the free energies of activation,

AG”, for the transition states involving H- and
D-isotopologues as following:*°

oy = exp{(AG}, — AGH)/RT} (2)

AG” = AH” - TAS™ (3)

Therefore, AE,;,, can be approximated as AE,,, = AG), — AGH.
In general, the enthalpy of activation, AH”, is dominated by
the difference in the vibrational energies of the transition
state and the reactant state. On the other hand, the entropy
of activation, AS™, is sensitive to the reorganization of solvent
network during product formation. As mentioned above, D,O
is a more structured solvent than H,O. Hence, the relative
activation entropy modification during the transition state
formation would be somewhat larger in D,O than in H,O
leading to the decrease of AE,, value as it is observed in the
experiments.

Surprisingly, our study reveals an E, — o4 paradox. While
the E, values indicate that the cleavage of chemical bonds is
not involved in the limiting stage, the isotopic selectivity
values point to the contrary. This paradox can be overcome
taking into account that in the systems with TiO,-based
catalysts the cleavage of O-H bond is mediated by a charge
transfer to the photogenerated electron hole, h*, which
sharply reduces the required activated energy.®'**
Consequently, we can infer that the observed H/D KIE is
attributed to the difference in the rate constants of h'-
mediated dissociation of O-H and O-D bonds. It is also
conceivable that the observed photothermal effect deals with
the dynamics of h' production. Recent spectroscopic
investigations of photocatalysis over TiO, NPs by time-
resolved laser flash photolysis revealed a thermally activated
equilibrium of shallowly trapped holes with free holes
exhibiting a high oxidation potential.>* According to this
study, the increase of temperature leads to an increase in the
concentration of the highly reactive free holes at the surface
of catalyst. The E, of h' polaron hopping in anatase
calculated using DFT is equal to ca. 29 k] mol*,** which is
quite close to the E, values found in this work. In addition,
photoelectrochemical study of Park et al® pointed out a
positive relationship between the reaction temperature and
h* mobility in Pt/TiO, photocatalyst. These results strongly
support the contribution of h' mobility into the overall
photothermal effect.

It is important to note that the photothermal H,
production over Ti@TiO, NPs is more efficient in aqueous
glycerol solutions than in pure water indicating that the
splitting of OH groups from glycerol contributes stronger to
hydrogen formation than those of water.'® Rapid isotopic
exchange of hydrogen between hydroxyl-groups of glycerol,
R-OH, and water provides the H/D isotopic ratio in OH
groups of glycerol very close to those in H,O/D,O mixture:

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Schematic representation of the photothermal hydrogen
production in H,O/D,0O mixtures over Ti@TiO, catalyst in the presence
of glycerol.

R-OH + D,0 = R-OD + HDO ([D,0] > [H,0] > [Glyc]) (4)

When we account for harmonic approximation, we can
estimate that the difference of vibrational energies for OH
and OD groups is the same for glycerol and water. In such
case, the H/D isotopic selectivity would be practically the
same for OH/OD bonds cleavage for water and glycerol
molecules:

k-
an :kR OH (5)
R-OD
The principal steps of the process leading to the

photothermal hydrogen production and hydrogen isotope
fractionation are illustrated in the Scheme 1. It is noteworthy
that the Ti® metallic core in Ti@TiO, NPs acts as an electron
sink providing an electron-hole separation in a similar way
as in TiO, loaded with noble metal NPs.'* The quantum
tunneling of e~ and H' species are not included in the
photothermal mechanism since these processes are known to
be weakly dependent on bulk temperature.**

In conclusion, the H/D isotopic fractionation measured in
H,0/D,0 mixtures provides more insightful information about
the mechanism of thermally assisted photocatalytic hydrogen
formation compared to the global hydrogen formation rate or
apparent activation energy. In the system with Ti@TiO,
photocatalyst, large H/D isotope separation coefficient and its
variation with bulk temperature clearly pointed out a strong
involvement of the hole-mediated O-H bond cleavage in the
limiting stage of the process. On the other hand, less
significant influence of solvent on the efficiency of
photothermal hydrogen production also cannot be completely
ignored. It would appear that strong H/D KIE expressed as
isotopic  selectivity is associated with a significant
photothermal effect and vice versa. Indeed, Hisatomi et al
reported a relatively small photothermal effect in the process
of hydrogen production over (Ga;,Zn,)(N; ,O,)/Rh, ,Cr,0;
photocatalyst in the presence of different sacrificial reagents
(E, = 7-8 kJ mol™").*> The authors concluded that mass
diffusion is a limiting stage of hydrogen production with
studied photocatalyst. This conclusion is consistent with the

This journal is © The Royal Society of Chemistry 2022
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results of our work pointed out the importance of chemical
bond cleavage at the active site of photocatalyst to observe
strong photothermal effect.
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