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ABSTRACT: Understanding the behavior of water molecules at solid-liquid interfaces is crucial for various applications
such as photocatalytic water splitting, a key technology for sustainable fuel production and chemical transformations. De-
spite extensive studies conducted in the past, the impact of microscopic structure of interfacial water molecules on photo-
catalytic reactivity has not been directly examined. In this study, using real-time mass spectrometry and Fourier-transform
infrared spectroscopy, we demonstrated the crucial role of hydrogen bond (H-bond) networks on the photocatalytic hy-
drogen evolution in thickness-controlled water adsorption layers on various TiO, photocatalysts. Under controlled water
vapor environments with a relative humidity (RH) below 70%, we observed a monotonic increase in the H, formation rate
with increasing RH, indicating that reactive water molecules were present not only in the first adsorbed layer but also in
several overlying layers. In contrast, at RH > 70%, when more than three water layers covered the catalyst surface, the H,
formation rate turned to decrease dramatically because of the structural rearrangement and hardening of the interfacial H-
bond network induced during further water adsorption. This unique many-body effect of interfacial water was consistently
observed for various TiO, particles with different crystalline structures, including brookite, anatase, and a mixture of ana-
tase and rutile. Our results demonstrated that depositing several water layers in a water vapor environment with RH ~70%
is optimal for photocatalytic hydrogen evolution rather than liquid-phase reaction conditions in aqueous solutions. This
study provides molecular-level insights for designing interfacial water conditions to enhance photocatalytic performance.

Introduction

The photocatalytic hydrogen evolution from water is a
key technology for achieving sustainable and environmen-
tally friendly hydrogen production. Since its initial discov-
ery by Honda and Fujishima in 1972, numerous studies*#
have been conducted to achieve a comprehensive under-
standing of this process and expand the scope of its practi-
cal applications. The photocatalytic process involves three
fundamental steps: (1) the generation of photoinduced car-
riers via light absorption, (2) separation and diffusion of
these carriers, and (3) transfer of electrons and holes be-
tween the interfacial molecules and photocatalyst surface,
leading to the subsequent redox reactions. The first two
steps are predominantly governed by the bulk semicon-
ducting properties of the photocatalyst.”> In contrast, the
physicochemical properties of the interfacial water mole-
cules are critical in the final step.69

A key aspect of optimizing the surface reaction environ-
ment is gaining detailed insights into the interfacial hydro-
gen bond (H-bond) networks.?*> The interfacial H-bonds
are characterized by the interactions between the adsorbed
water molecules and photocatalyst surface, as well as by

the intermolecular interactions among the adsorbed water
molecules. On metal oxide surfaces with few adsorbed H,O
molecules, these H.O molecules predominantly forms H-
bonds with the surface oxygen anions.’> As the amount of
H.,O molecules increases, H-bonds are rapidly generated
owing to these intermolecular interactions, leading to the
development of intricate H-bond networks.™4¢ The for-
mation and impact of H-bonds depend on the photocata-
lyst surface structure, including its local surface morphol-
ogy and adsorption sites.”* In this context, the effects of H-
bonding on the transfer of photoinduced holes and H.O
dissociation have been extensively investigated with vari-
ous analytical approaches.’>7-2° Despite these studies,
however, the direct relationship between the microscopic
structure of interfacial water molecules and overall hydro-
gen evolution remains unestablished.

In this study, we successfully demonstrated the impact
of interfacial H-bond networks on the H, formation rate by
combining real-time mass spectrometry with infrared (IR)
absorption spectroscopy. Although IR spectroscopy is a
powerful tool for investigating the H-bond structure,*2
the abundance of bulk water molecules in solution has im-
peded the observation of interfacial water molecules on

https://doi.org/10.26434/chemrxiv-2024-c4wb9 ORCID: https://orcid.org/0000-0002-7602-1073 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-c4wb9
https://orcid.org/0000-0002-7602-1073
https://creativecommons.org/licenses/by-nc-nd/4.0/

photocatalyst surfaces. To overcome this challenge, we car-
ried out our experiments in controlled water vapor envi-
ronments and systematically varied the thickness of the
adsorbed water layer in the angstrom to nanometer range.
For various Pt-loaded TiOz photocatalysts with different
crystalline structures, we showed that the H, formation
rate almost linearly increased with the adsorbed water
amount up to three layers. However, when more than three
water layers covered the catalyst surface, the H, formation
rate turned to decrease dramatically due to the structural
rearrangement and hardening of the interfacial H-bond
networks. These findings indicate that depositing several
water layers in a water vapor environment is optimal for
photocatalytic hydrogen evolution in contrast to the com-
monly used liquid-phase reaction conditions in aqueous
solutions where catalyst surfaces are covered with infi-
nitely thick water layers.

Experimental methods

Photocatalyst preparation

Commercial TiO, photocatalysts with different crystal-
line structures were used in this study. They included
brookite (TIO19PB; Kojundo Chemical Lab.), anatase
(STo1; Ishihara Sangyo), and a mixture of anatase and rutile
(P25; Nippon Aerosil). To enhance their photocatalytic
performance, they were coated with a Pt cocatalyst using a
photodeposition method. To prepare 1 wt.% Pt/TiO,, 0.125
mL of a H,PtCls*6H,O solution (Sigma-Aldrich, 8%) and 4
mL of ethanol (Fuyjifilm Wako Chemical, concentration:
>99.5%) were added to 100 mL of distilled water, and 0.5 g
of TiO, powder was dispersed in the prepared solution. The
resultant slurry was irradiated with ultraviolet (UV) light
for 1 h using a Xe lamp (UXL-500SX; Ushio). After irradia-
tion, the TiO, slurry was centrifuged and dried for 20 h at
90 °C in static air. The prepared Pt/TiO, samples were used
for photocatalytic water splitting and IR absorption spec-
troscopy.

Evaluation of photocatalytic activity for H>O splitting

The photocatalytic performances of the prepared sam-
ples were assessed using a stainless-steel batch reactor. A
photocatalyst sample was loaded into the reaction cham-
ber and evacuated to ultra-high vacuum (UHV) using a tur-
bomolecular pump. Liquid water (H,O and D,O) was pre-
degassed in a UHV gas line by performing freeze-pump-
thaw cycles, after which water vapor was introduced into
the UHV chamber. Next, the sample was irradiated with a
light-emitting diode at a wavelength of 365 nm and inten-
sity of ~15 mW cm™ through a CaF, window. The sample
temperature was measured using a chromel-alumel (type
K) thermocouple directly inserted into the powdered sam-
ples, which allowed accurate determination of the relative
humidity (RH) of the water-adsorbed catalyst particles.
During UV irradiation, the sample temperature increased
from room temperature (24 °C) to 27 °C. Reaction products
were quantified using a quadrupole mass spectrometer
(QME-220; Pfeiffer Vacuum)

Diffuse reflectance infrared Fourier transform spectros-
copy of adsorbed H>O species

To examine the adsorption of water molecules on the
photocatalyst surface, diffuse reflectance infrared Fourier
transform (DRIFT) spectroscopy was performed using a
Fourier-transform infrared spectrometer (IRTracer-100;
Shimadzu Corp.), which was attached to the reactor uti-
lized for the photocatalytic activity evaluation. DRIFT
spectra were obtained using a mercury-cadmium-telluride
detector at a resolution of 4 cm™. DRIFT measurements
were performed without UV irradiation at room tempera-
ture. The background spectrum of silicon powder was em-
ployed to estimate the relative reflectance, and the IR in-
tensity of the adsorbed water species was calculated using
the Kubelka-Munk function. Adsorbed water species were
quantified based on their peak areas in the H,O bending
mode. The dependence of the water vapor pressure on the
peak areas is described by the Brunauer-Emmet-Teller ad-
sorption isotherm equation, as described in Supporting In-
formation.

Results and discussion

Initially, the water splitting activity was investigated un-
der various water vapor conditions. Fig. 1a shows the H,
evolution during the photocatalytic water splitting using
the brookite TiO, photocatalyst. In the low-pressure re-
gions, the H, formation rate increases with the water vapor
pressure (left in Fig. 1a); however, it decreases drastically at
water vapor pressures higher than ~2400 Pa (right in Fig.
1a). Notably, the H, formation yield linearly increases with
the UV irradiation time at all water vapor pressures, indi-
cating that the reverse reactions®24 were negligible under
our experimental conditions. Therefore, the variations in
the H, formation rate in Fig. 1a are not attributed to reverse
reactions.??4 The temperature of the UV-irradiated photo-
catalyst samples was not equal to the room temperature
due to thermal heating induced by the UV light. Therefore,
the H, formation rate is plotted as a function of RH with
the results presented in Fig. 1b (filled green circles). Here,
RH is defined as P/P,, where P represents the water vapor
pressure, and P, is the saturated water vapor pressure at
the photocatalyst temperature during UV irradiation. The
H, formation rate first monotonically increases up to ~70%
RH and then significantly decreases above 70% RH.

A similar RH-dependent behavior was observed in the D,
evolution via D,O splitting (Fig. 1b, filled pink circles), con-
forming that the evolved hydrogen gas species originated
from the adsorbed water molecules in the vapor environ-
ment and not from surface-adsorbed contaminants.>* No-
tably, the rate of H, formation from H,O is three times
higher than that of D, from D,O (Fig. 1b). This kinetic iso-
tope effect is consistent with the results of previous stud-
ies,”® indicating that the cleavage of the O-H (or O-D)
bond is the rate-determining step in the water splitting
process.!82¢
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Figure 1. Photocatalytic performance analysis. (a) H, evolution over the brookite TiO, photocatalyst plotted as a func-
tion of the irradiation time at various H,O pressures. (b) Formation rates of H, (filled green circles) and D, (filled
pink circles) over the brookite TiO, photocatalyst plotted as functions of RH for H,O and D,O vapors, respectively.
(c) H, formation rates over the STo1 (top) and P25 (bottom) photocatalysts plotted as functions of RH.

Remarkably, the STo1 (anatase) and P25 (mixture of an-
atase and rutile) TiO, photocatalysts exhibited similar re-
sponses to RH variation (Fig. 1c), mirroring the behavior of
brookite TiO,. For these photocatalysts, the H, formation
rates initially increase monotonically up to ~70% RH and
then decrease above ~70% RH. Consequently, the observed
positive and negative impacts of RH variation on the H,
formation rate are universal characteristics of TiO, regard-
less of its crystalline structure. During these experiments,
no oxygen evolution was observed, even though H, (D)
evolution from water molecules was observed for H,O
(D,O) vapor environments (Fig. 1b). Previous studies sug-
gest that water species activated by photoinduced holes
tend to partially oxidize, forming peroxide species such as
H.0,,?729 rather than being completely oxidized into oxy-
gen.

It is noteworthy that some researchers reported a mon-
otonically increasing relationship between the H, for-
mation rate and RH under water vapor conditions even at
high RH values (>70%).3°3 However, in these studies, RH
was determined based on the temperature inside the reac-
tion chamber without accounting for the inevitable in-
crease in the photocatalyst temperature caused by pho-
toirradiation. As a result, RH was likely overestimated,
leading to an evaluation of water splitting activities at ac-
tual RH values lower than expected.3°3 We believe that the
RH dependencies reported in these previous studies are
consistent with the results obtained in the low RH region
in the present work (see Supporting Information for more

detail).

To gain molecular-level insights into the impact of RH
variation on photocatalytic performance, DRIFT spectros-
copy was systematically conducted for the adsorbed water
species under various water vapor pressures. Typical
DRIFT spectra of brookite TiO, (Fig. 2a) exhibit two prom-
inent peaks at 1650 and ~3300 cm™, which are attributed to
the H,O bending and O-H stretching bands, respectively.
The area of these bands increases with increasing water va-
por pressure. The bending band area is almost linearly pro-
portional to the amount of adsorbed water molecules,*3* as
the oscillator strength of the bending mode remains nearly
unchanged, regardless of the surrounding H-bonding en-
vironment. Therefore, we plotted the bending area as a
function of RH and estimated the amount of adsorbed wa-
ter by fitting the obtained graph with a Brunauer-Emmett-
Teller (BET) adsorption isotherm™3* (Fig. 2b; see Support-
ing Information for more details). By analyzing the adsorp-
tion isotherm, we derived the relationship between the H,
formation rate and the amount of adsorbed water mole-
cules (). As shown in Fig. 2c, the H, formation rate of
brookite sample initially increases almost linearly with 8
up to 3 ML of adsorbed water, then decreases dramatically
from 3 to 5 ML, and finally approaches saturation at 6 = 5
ML, with the saturation value approximating that at ~1 ML.
For the STo1 and P25 samples, the adsorption isotherms
(Fig. S1) and the variations in H, formation rates with
(Fig. S2) are similar to those of the brookite sample. These
consistent experimental results of various TiO, photocata-
lysts with different crystalline structures clearly indicate
participation in the photocatalytic processes not only from
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Figure 2. (a) DRIFT spectra of brookite TiO, recorded
at various water vapor pressures. (b) Integrated areas of
the bending bands (open black circles) and numbers of
adsorbed H.O layers determined from the adsorption
isotherms (red line) at various RH values. (c) H, for-
mation rate versus the number of adsorbed H.O layers.

the water species interacting with the photocatalyst sur-
faces (first layer), but also from those in a few overlayers.
that not only the water species. Furthermore, all these
samples exhibited their maximum hydrogen formation
rate at ~3 ML of adsorbed water, with the rate decreasing
as 6 increases (Figs. 2c and S2), suggesting that a water va-
por environment with an optimal amount of adsorption
provides a more suitable platform for photocatalytic hy-
drogen evolution than the liquid-phase environment,
which involves an infinite number of water overlayers.

Figs. 3, 4, and S3 illustrate the DRIFT spectra of the O-H
stretching bands, highlighting the influence of RH varia-
tion on the H-bonding network of adsorbed water mole-
cules. The O-H stretching frequency is generally used as
an indicator of the strength of H-bonding networks; the
lower wavenumber of the O-H stretching peak indicates
stronger (more rigid) H-bonds.»3334 Fig. 3 shows the nor-
malized difference spectra at various RH conditions for the
brookite sample, while the spectra for STo1 and P25 sam-
ples are displayed in Fig. S3. According to Fig. 3, the peak
position of the O-H stretching band in the difference
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Figure 3. Normalized difference spectra obtained by
subtracting the DRIFT spectra of the O-H stretching
bands between two different RH levels of brookite TiO..

DRIFT spectra shifts from ~3300 to ~3400 cm™ with in-
creasing RH to ~70%. At RH < 10%, the adsorbed water
molecules within the first layer formed stronger H-bonds
with the TiO, surface as compared with those of liquid bulk
water. The adsorption energy of this directly adsorbed
layer estimated from the adsorption isotherm, was 53
kJ/mol, exceeding the condensation energy (H-bonding
strength) of liquid water (44 kJ/mol, Table S2). At RH val-
ues above ~10%, water molecules began to adsorb on the
second layer and form intermolecular H-bonds with the
first layer. Above ~70% RH, H-bond networks were also
formed with water molecules in the third layer and above.
The difference DRIFT spectrum of the adsorbed water lay-
ers above ~70% (Fig. 3) closely resembles the IR spectrum
of bulk liquid water.>>35 Remarkably, at ~70% RH, where
liquid-like water characteristics emerged, the photocata-
lytic hydrogen formation rates began to decrease (Fig.1). A
similar trend was also observed in STo1 and P25 samples
(Figs. 1and S3).

Based on these results, we categorized the adsorbed wa-
ter into two types: interfacial water and liquid-like water.
We then deconvoluted the DRIFT spectra into these two
components. The typical result of the spectral decomposi-
tion for water adsorbed on the brookite sample is shown in
Fig. 4a. Detailed methodology and comprehensive spectral
decomposition data at various RH values are available in
the Supporting Information (Sec. 5). Fig. 4b shows the in-
tegrated areas of the total O-H stretching band, decom-
posed interfacial water component, and liquid-like water
component at various RH for the brookite sample. The
same analysis was conducted for the STo1 and P25 samples
(Figs. S5 and S6) and results similar to Fig. 4b were ob-
tained (Fig. S7). Assuming that the thickness of one water
layer is approximately 0.3 nm,3®37 it can be concluded that
properties of the adsorbed water molecules located ~1 nm
away from the photocatalyst surface are similar to those of
bulk liquid water, corroborating previous theoretical pre-
dictions.+3®

To examine the effect of the liquid-like water adsorption
in the overlayers on the H-bond network structure of in-
terfacial water and photocatalytic activity, we focused on
the spectral variation of the interfacial water component
with RH. Fig. 4c shows a two-dimensional plot of the peak-
normalized spectra recorded for the O-H stretching band
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Figure 4. Impact of water adsorption on interfacial H-bonds. (a) Typical DRIFT spectrum of the adsorbed water on
brookite TiO, at 73% RH, decomposed into interfacial water (open green circles) and liquid-like water (open black circles).
(b) Integrated area of the O-H stretching bands for all adsorbed water on brookite TiO, (filled black circles), plotted as a
function of the number of adsorbed water layers. It also includes the integrated area of interfacial water (open green circles)
and liquid-like water overlayer (open blue circles). The solid lines are added for visual clarity. (c) Two-dimensional plot of
the peak-normalized O-H stretching bands of the interfacial water component on brookite TiO, at various RH values,
which are derived via spectral decomposition (see Sec.5. in Supporting Information for details). The dashed line serves as
a visual guide to the spectral red shift. (d-f) Changes in the O-H stretching bands of the interfacial water component with
the adsorption of liquid-like water overlayers at high RH values (>70%), obtained by subtracting the spectrum of the in-
terfacial water component recorded at ~70% RH for brookite (d), STo1 (e), and P25 (f) TiO, samples.

of the interfacial water component on brookite TiO, at var-
ious RH values. The spectral shape of the interfacial water
component is invariable at RH values between 50-70% (2
< 0 = 3 ML). However, it begins to change gradually above
70% RH (8 >3 ML), as illustrated by the dashed line in Fig.
4c¢, indicating that the H-bond networks of interfacial wa-
ter with a sub-nanometer thickness were continuously
modulated/rearranged due to the increase in the number
of liquid-like bulky water overlayers. For a more detailed
analysis, we examined the spectral changes occurring at
RH > 70% (Fig. 4d), the point where H, formation rate
reached its maximum and then began to decrease. For the
brookite TiO, sample, distinct positive and negative peaks
appear at ~3150 and ~3350 cm™ respectively, indicating a
red shift in the interfacial water spectra with increasing RH
above ~70%. Fig. 4e and f demonstrate similar bipolar
spectral changes, characterized by a red shift in the inter-
facial water component, for both STo1 and P25 samples
above ~70% RH. Despite the different variations in the

O-H stretching frequency among these TiO, samples, the
red shift caused by the adsorption of the liquid-like water
overlayers was consistently observed. These commonly ob-
served results on various TiO, samples strongly indicate
that the formation of the liquid-like water overlayer
strengthened and hardened the interfacial H-bonds, possi-
bly due to the cooperative many-body effects characteristic
of H-bonding networks of water.3o-+

The spectroscopic results (Figs. 3 and 4) provide a clear
explanation for the positive and negative impacts of RH
variations on photocatalytic activity (Fig. 1). As previously
discussed, the rate-determining step in water splitting is
the O-H bond cleavage of an adsorbed water molecule via
hole oxidation.’®2¢ This cleavage process typically involves
a localized proton transfer between neighboring water
molecules.4>% The H, formation rate increased almost lin-
early with increasing 6 and reached its maximum at ~3 ML
(~70% RH) of adsorbed water as shown in Fig. 2c and S2.
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This indicates that hole transfer was not restricted to the
first water layer, but extended to several adsorbed water
layers (Fig. S8),+ leading to an increase in reactant water
molecules. However, above 3 ML of adsorbed water, the
liquid-like water overlayers formed, resulting in hardening
and strengthening of interfacial H-bonding networks, as
characterized by the red shift in the O-H stretching band
(Fig. 4). Therefore, the decrease in the H, formation rate
(Fig. 1) can be directly related to alterations in the structure
and dynamics of the interfacial H-bond networks of water.

Because O-H cleavage is a proton-coupled hole transfer
process, the reorientation of photoactivated water species
and adjacent water molecules is crucial for promoting the
rate-determining step according to the Marcus theory.4545
In rigid H-bond networks, water molecules bind strongly
to each other and retain an ordered structure.#’” Conse-
quently, their reorganization dynamics may be limited, 449
making proton-coupled hole transfer less favorable. In-
deed, previous studies suggested that a larger coverage of
water molecules can suppress hole transfer by forming
strong H-bond networks between H,O molecules.>* Our
experiments combining mass spectrometry and IR spec-
troscopy on various TiO, samples demonstrated that the
adsorption of liquid-like water overlayers not only rear-
ranged the interfacial H-bond networks (Fig. 4) but also
deteriorated the photocatalytic performance (Fig. 1). Con-
sequently, a higher reaction activity can be achieved under
water vapor conditions rather than in aqueous reaction en-
vironments.

Note that this study highlights the commonly observed
phenomena induced by water adsorption on various TiO,
photocatalysts. However, as discussed previously, the reac-
tion activity, reaction dynamics, and structures of interfa-
cial water are also influenced by the physical characteris-
tics of photocatalysts, such as particle size, crystalline
structure, surface morphology, and facets.?'>5°5> Indeed,
our results showed that there are slight differences in the
reaction activities (Fig. 1) and interfacial H-bond structures
(Fig. 4) among different TiO, samples. Detailed quantita-
tive insights into these sample-dependent characteristics
will be provided in our forthcoming paper.

Conclusion

By precisely controlling the amount of adsorbed water
molecules and combining real-time mass spectrometry
and IR spectroscopy, we systematically investigated the op-
timal conditions for photocatalytic water splitting on vari-
ous Pt-loaded TiO, catalysts with different crystalline
structures. Under the low relative humidity conditions
(RH < 70%), the H, formation rate increased monoton-
ically with increasing RH, demonstrating that the involve-
ment of adsorbed water molecules in the water-splitting
process is not restricted to a single monolayer but extends
to several overlying water layers. In contrast, as the thick-
ness of the adsorbed water layer further increased, the in-
terfacial H-bond networks became more rigid due to the
many-body H-bond cooperative effects, which inhibited
hydrogen evolution. Our findings provide novel molecu-
lar-level insights into many-body interfacial phenomena

between water molecules and present essential concepts
for optimally engineering interfacial water, leading to more
efficient and sustainable hydrogen production beyond the
current mainstream framework of catalysts material engi-
neering'.
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