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Understanding molecular processes at nanoparticle surfaces is essential for designing active photocatalytic
materials. Here, we utilize nuclear magnetic resonance (NMR) spectroscopy to track photocatalytic
hydrogen evolution using donor molecules and water isotopologues. Pt-TiO, catalysts were prepared
and used for isotopic hydrogen evolution reactions using alcohols as electron donors. *H NMR

monitoring revealed that evolution of the H, and HD species is accompanied by the oxidation of donor
Received 15th March 2022 0 les. The isotopi lectivity in the hvd Wt ti . ise to f l tential
Accepted 22nd April 2022 molecules. The isotopic selectivity in the hydrogen evolution reaction gives rise to formal overpotential.
Based on a comparison of the rates of hydrogen evolution and donor oxidation, we propose the use of

DOI: 10.1039/d2ra01676a ethanol as an efficient electron donor for the hydrogen evolution reaction without re-oxidation of
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The conversion of light energy to chemical energy requires
a combination of electronic excitation and sequential electron
transfer.” Efficient electronic excitation is achieved by
choosing materials with suitable optical properties, while effi-
cient electron transfer can be achieved by rational design of
catalytically active surface sites.* To achieve high catalytic
performance, an understanding of the molecular processes
occurring at the catalyst surface is required.

Photocatalytic hydrogen evolution is accompanied by
oxidation of the electron donor. Most studies on this reaction
have been conducted using in-line mass spectrometry
measurements® or oxygen-quenching methods.® However,
monitoring the whole reaction cycle using one methodology
remains challenging.

Nuclear magnetic (NMR) spectroscopy is
a powerful tool for observing chemical reactions. This method
is mainly used to confirm small-molecule conversions in
organic synthesis. However, NMR spectroscopy can also be used
to gain information of nanoparticle surfaces” or even for the
detection of photocatalytic reactions.*** Furthermore, NMR
spectroscopy can be used to determine the nuclear spin states of
product molecules."* Nevertheless, there are very few reported
studies on the in situ observation of photocatalytic hydrogen
evolution using NMR spectroscopy.

Accordingly, in the present study, we utilized NMR spec-
troscopy to observe the photocatalytic hydrogen evolution
reaction. We employed Pt-TiO,, which is frequently used for the
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photocatalytic hydrogen evolution reaction, as a model catalyst
for this study. NMR spectroscopy enabled sub-micromole-scale
detection of reaction products within one minute. We investi-
gated the dependence of isotopic hydrogen evolution reactions
on the donor molecules. The effects of efficient donors on the
photocatalytic hydrogen evolution reaction are discussed.

Pt-TiO, nanoparticles were prepared by a typical chemical
reduction method (see ESIt). The morphologies of TiO, and Pt—
TiO, nanoparticles were characterized by transmission electron
microscopy, as shown in Fig. S1 and S2.1 The average size of the
Pt nanoparticles is approximately 5 nm. The average size of the
TiO, nanoparticles is within the range 20-30 nm. Typically,
5 mg of catalysts and 0.6 mL of reaction mixture were intro-
duced to an NMR tube under Ar for observation of the photo-
catalytic hydrogen evolution reaction by NMR spectroscopy.

Fig. 1a shows the "H NMR spectra of Pt-TiO,/2-propanol/
D,O0 before and after light irradiation. Before light irradiation,
three peaks are observed (Fig. 1a, black). The single peak
observed at 4.81 ppm is assigned to HDO.*> 'H signals from the
methine and methyl groups of 2-propanol are observed at 4.01
and 1.20 ppm, respectively.

After light irradiation, additional species are observed
(Fig. 1a, red). We confirmed the photocatalytic response of the
Pt-TiO, nanoparticles from ON-OFF experiments (Fig. S37).
The oxidation product is acetone resulting from two-electron
and two-proton oxidation of 2-propanol. The signal at
2.25 ppm is assigned to the methyl group in the acetone
(Fig. 1b)."* Hydrogen evolution is observed as a reduction
reaction. Four peaks are observed between 4.5 and 4.7 ppm
(Fig. 1c). The single peak at 4.63 ppm can be assigned to H,
dissolved in the solvent.”® Other peaks at 4.66, 4.59, and
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Fig. 1 H NMR spectra of Pt—TiO,/2-propanol/D,O. The black lines
are the *H NMR spectra before light irradiation. The red lines are the *H
NMR spectra after light irradiation for 15 min. (a) Full spectrum. (b)
Enlargement of the oxidation product. (c) Enlargement of the area for
the H, and HD species.

4.52 ppm are assigned to the HD."*® The observed coupling
constant for HD is 43 Hz, which is a typical value for HD." ¢
The difference in the chemical shifts of H, and HD is due to
variation of the nuclear magnetic screening constants with
interatomic separation as a consequence of the zero-point
energy in vibration.'”*®

Importantly, NMR spectroscopy can detect H, and HD
species from the photocatalytic hydrogen evolution reaction.
The observed peak splitting of the three peaks is due to the
heteronuclear coupling between hydrogen and deuterium
atoms.***® The observed chemical shift for H, in methanol/D,O
is 4.56 ppm. The observed chemical shifts of HD in methanol/
D,0 are 4.60, 4.53, and 4.46 ppm (Fig. S47). These values are
similar to those for 2-propanol/D,O. The observed chemical
shift of H, in ethanol/D,0 is 4.61 ppm. Those for HD in ethanol/
D,0 are 4.65, 4.57, and 4.50 ppm (Fig. S5t). The slight shift in
the H, and HD signals is due to the difference in the shielding
effect depending on the solvation environment.**' The
coupling constant between hydrogen and deuterium in HD is
43 Hz, and it is 43 Hz in methanol/D,0 and ethanol/D,0O. The
similarity in the coupling constants for the different solvents
indicates that the chemical bonding between hydrogen and
deuterium is consistent.* ¢ Interestingly, the fullwidth at half
maximum (FWHM) values for the H, and HD signals are
dependent on the solvent. The FWHM values for the H, signal
are 1.48, 2.24, and 3.51 Hz in methanol/D,0, ethanol/D,0, and
2-propanol/D,0, respectively. The FWHM values for the HD
signal are 1.59, 2.00, and 3.32 Hz for methanol/D,0, ethanol/
D,0, and 2-propanol/D,0, respectively. H, and HD show similar
FWHM values in the same solvent. However, the FWHM value is
solvent-dependent. In general, a wider peak indicates lower
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mobility."® Therefore, it is expected that 2-propanol induces
lower mobility for the hydrogen, probably because of the rota-
tion or diffusional freedom of hydrogen molecules. The solva-
tion environment of hydrogen influences the molecular
mobility of hydrogen species in the photocatalytic hydrogen
evolution reaction.

Oxidation products of the donor molecules are observed in
the NMR spectra, as shown in Fig. S4 and S5.1 The number of
product molecules is quantified on the basis of the hydrogen
atoms in the alkyl chain groups in 2-propanol, ethanol, and
methanol as reactants. For methanol, the signals for methylene
glycol, 1-methoxymethanol, and methyl formate are observed as
shown in Fig. S4.7 For ethanol, acetaldehyde and acetic acid are
observed as the products, as shown in Fig. S5.7 As described
above, the oxidation product of 2-propanol is limited to acetone.
This is due to the unstable intermediate formed in the oxidation
of 2-propanol.®* Conversely, the reaction products of meth-
anol**?® and ethanol*” are complicated owing to the sequential
oxidation and/or hydration reactions.

We evaluated the isotopic selectivity of the hydrogen evolu-
tion reaction depending on the donor molecules. Fig. 2 shows
the typical isotopic selectivity of the hydrogen evolution reac-
tion. The amounts of H, and HD were quantified from the NMR
spectra. The HD/H, ratios were calculated to be 4.1, 3.4, and 1.9
for 2-propanol, ethanol, and methanol, respectively, where the
mixture ratio of D,O and alcohol is 1: 1. In both cases, atten-
uation of the hydrogen evolution reaction is specifically
observed for methanol. This is probably due to poisoning of the
Pt surface with carbon monoxide molecules evolved from the
oxidation of methanol at the TiO, surface.?®

H, is classified as o-H, or p-H, depending on the nuclear
spin isomer.>>*® o0-H, is observable and p-H, is not by NMR
because of the Zeeman splitting of the nucleus spin
momentum. Because of the spin statistic, the ratio of o-H, and
p-H, is 3 : 1.***° D, is not included in the observation because of
the low sensitivity to D atoms, even in *H NMR spectroscopy
measurements. Similarly, we observed an increase in the
oxidation products of methanol and ethanol. Importantly, the
selectivity for the oxidation and hydrogen evolution reaction
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Fig. 2 Isotopic selectivity for HD (black) and H, (red) from the pho-
tocatalytic hydrogen evolution reaction using a 1: 1 mixture of D,O
and the corresponding alcohol upon light irradiation for 15 min.
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were continuously monitored, as shown in Fig. S6-S11.7 In
addition, the maximum concentration of H, in this photo-
catalytic reaction is approximately 1 mmol L™, which is below
the solubility limits of water and alcohol.>*** These results
suggest that a robust photocatalytic process continues
throughout the catalytic cycle.

Isotopic hydrogen evolution provides information about the
reaction mechanism at the metal surface.**?*° The reaction
follows an electrochemical adsorption and desorption cycle.
The adsorption of atomic hydrogen from the proton donor
(Volmer step)* is followed by either desorption via recombi-
nation of adsorbed hydrogens (Tafel step)** or desorption of
atomic hydrogen with a proton donor (Heyrovsky step).** The
enrichment of hydrogen over deuterium is observed for the
Heyrovsky, Tafel, and Volmer step sequence.’*** Generally, the
Tafel step is rate-limiting in the hydrogen evolution process for
Pt surfaces. Therefore, isotopic selectivity is not dependent on
electrochemical potential.

As shown in Fig. 2, the isotopic selectivity is similar for the
reactions using 2-propanol and ethanol. This suggests that the
formal potential of the hydrogen evolution reaction is similar
for these two conditions. Additionally, we evaluated self-
diffusion of water molecules and each alcohol molecule as
shown in Table S1. We determined diffusion coefficients for
the alcohols and HDO. These results suggest that the diffusion
of the reactant in the hydrogen evolution reaction is not the
rate-determining step in the photocatalytic reaction cycle.*

Interestingly, the efficiency of the multi-electron transfer is
dependent on the donor molecule. Fig. S121 shows the time-
course of the oxidation and reduction reactions obtained by
accounting for the half-reaction. Linearity in the time-course
plot is observed, indicating stable photocatalysis. Therefore,
the reaction rate was calculated from the slope of each reaction.
Fig. 3 and S121 show the rates of oxidation and reduction ob-
tained by accounting for the number of electrons in the half-
reaction, defined as r,x and r.q. For a 3 :1 ratio of D,O and
alcohol, rrq is nominally low. This is probably due to the small
number of donor molecules in the catalytic reaction. Impor-
tantly, r..q shows the highest value of 0.26 pmol min~" for the
combination of 2-propanol/D,O (1 : 1). This value is comparable
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Fig. 3 Rates of the oxidation reaction (black) and hydrogen evolution
reaction (red) using a 1:1 mixture of D,O and the corresponding
alcohol.
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Fig. 4 Schematic representations of photocatalytic hydrogen evolu-
tion reactions over Pt-TiO, using (a) 2-propanol, (b) ethanol, and (c)
methanol.

with that for ethanol/D,O (1 : 1), which is 0.22 umol min™*.
Conversely, the ro values for 2-propanol and ethanol are not
comparable. Indeed, r,, for 2-propanol is seven times higher
than that for ethanol.

Finally, we discuss the effect of donor molecules on the
efficiency of the photocatalytic hydrogen evolution reaction.
The stability of the radical derived from the alcohol plays an
important role in the reaction efficiency. 2-Propanol is oxidized
to the tertiary carbocation radical intermediate, which is
consumed by spontaneous oxidation at the TiO, surface
(Fig. 4a).*** For ethanol (Fig. 4b), the oxidized carbocation
radical species is expected to be unstable compared with that
for 2-propanol. Therefore, the rate of the hydrogen evolution
reaction is comparable with the rate of the oxidation reaction.
For methanol (Fig. 4c), the carbon monoxide evolved is expected
to attenuate the hydrogen evolution reaction.”® Thus, the effi-
ciency of the redox reaction can be evaluated from the NMR
spectroscopy results.

In conclusion, we used NMR spectroscopy to track the pho-
tocatalytic hydrogen evolution reaction using Pt-TiO, as
a model catalyst. We performed rapid detection of dissolved
hydrogen molecules in the solvent and the oxidized product at
the sub-micromole scale by "H NMR. The method is useful for
observation of the dynamic state of molecules in solution and
product-based determination of the reaction mechanism. This
method is also applicable to the screening of photocatalysts
under given conditions. In addition, we found that an efficient
multi-electron-transfer photocatalytic reaction is possible using
ethanol as the donor molecule. This study demonstrates the
utility of NMR for the clarification of the hydrogen evolution
reaction mechanism as a means to evaluate potential catalysts,
from organic molecular catalysts to inorganic nanocrystals.
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