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Water has a profound effect on the surface structure and catalytic performance of numerous
heterogeneous catalysts. Understanding the mechanism of structural evolution in water-containing
reaction atmospheres is essential for the rational design of catalysts with enhanced catalytic efficiency
and stability. In this work, we have observed spontaneous redispersion of physically mixed ZnO particles
onto TiO, surfaces in water-containing environments at room temperature. Water vapor at a pressure
greater than 3.2 kPa is a prerequisite for the efficient ZnO redispersion, in which a water adlayer with
a thickness of about three monolayers forms on the TiO, surface. Raising the sample temperature to 50
°C or rendering the TiO, surface hydrophobic prevents the formation of the water adlayer and thereby

inhibits the ZnO redispersion. Solid-state nuclear magnetic resonance spectroscopy and in situ
Received 1st March 2025 t . | fi that th . t dl iqrati h | for ZnO
Accepted 20th June 2025 spectroscopic analyses confirm that the surface water adlayer serves as a migration channel for Zn

species. Moreover, ZnO achieves more rapid and complete redispersion in a liquid water environment.

DOI: 10.1039/d55c01637a This structural regulation strategy increases the number of exposed active sites in the ZnO-TiO, catalyst,
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Introduction

Solid catalysts frequently undergo structural modifications
during both pretreatment and catalytic reactions.'” Controlled
structural evolution can generate new active structures and
increase the number of active sites, thereby enhancing catalytic
performance.®® For example, Ag particles can redisperse into
single atoms in O, at 400 °C, which exhibit improved activity in
selective catalytic reduction of NO with C;H¢.'>"* In the propane
dehydrogenation reaction at 550 °C, ZnO migrates and anchors
on hydroxyl nests of the silicalite-1 support, forming a highly
stable active structure.’"® However, uncontrollable changes,
such as sintering,"*® over-oxidation,"*® phase transition,'**"
and loss of active components,*** typically degrade catalytic
efficiency. Therefore, it is crucial to understand the effects of
surrounding media on the structural evolution of catalysts in
order to construct active structures and prevent deactivation of
the operating catalysts.

Water, as one of the most ubiquitous substances, plays
a significant role in the structural evolution of many cata-
lysts.**?** For instance, introduction of H,O vapor into O, at 400
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leading to enhanced catalytic activity in propane dehydrogenation.

°C can promote redispersion of Ag and Cu nanoparticles sup-
ported on Al,0;.*** H,O vapor can induce a stable strong
metal-support interaction (SMSI) structure in the Au/TiO,
catalyst at 600 °C, enhancing the catalyst stability in CO
oxidation reaction.>® In addition, H,O vapor can alter the
chemical state of catalysts during high-temperature catalytic
reactions, thereby promoting or inhibiting the -catalytic
processes.'”*”?8 Even at room temperature (RT), water vapor can
induce structural evolution of supported catalysts.*>** For
example, exposing the Ni/h-AIN catalyst to moist air at RT
results in hydrolysis of AIN and further forms an SMSI struc-
ture.®" Pretreatment of the Pd/SiO, catalyst in air containing
10% H,O leads to aggregation of Pd nanoparticles and catalyst
deactivation during the formaldehyde oxidation reaction.*
Liquid water medium may have even stronger structural regu-
lation effect on many catalysts. The strong covalent metal-
support interaction of Pt single-atom catalysts with CoFe,0, can
be modulated by a simple water-soaking treatment, improving
the catalytic activity of methane combustion.*> Additionally, Ag
clusters can aggregate to form large particles through Ostwald
ripening in liquid water.** Although the influence of water on
the structural evolution of catalysts is frequently observed, the
underlying mechanisms remain to be explored in more detail.

In this study, we investigate the water effect on ZnO redis-
persion onto TiO, at RT. The degree of ZnO redispersion
increases with the water content in water-containing gaseous
environments. Solid-state nuclear magnetic resonance

© 2025 The Author(s). Published by the Royal Society of Chemistry
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spectroscopy (NMR) and diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) studies demonstrate that the
formation of a water adlayer with around three monolayer (ML)
thickness on the TiO, surface is necessary for efficient ZnO
redispersion, which requires water vapor pressure higher than
3.2 kPa at RT. Increasing H,O vapor partial pressure enhances
the formation of a thicker water adlayer and accelerates the ZnO
redispersion process, and the maximum redispersion rate is
achieved in liquid water. Low treatment temperature and
support surface hydrophilization facilitate the formation of
a thicker water adlayer under the same conditions. In contrast,
increasing the temperature causes the stronger evaporation of
surface-adsorbed water, and the hydrophobic treatment of the
support prevents the formation of the water adlayer, both of
which inhibit ZnO redispersion. The water-induced redis-
persion significantly reduces the size of ZnO particles, pre-
senting a new regeneration method for sintered supported
catalysts and enhancing catalytic performance in propane
dehydrogenation (PDH).

Experimental
Sample preparation

ZnO powder (Macklin) was physically mixed with anatase TiO,
powder (Macklin) at a 1: 20 mass ratio to prepare a 5 wt% ZnO-
TiO, sample. The sample was then treated in a H,0/O, atmo-
sphere, and the obtained sample was denoted as ZnO-TiO,—
H,0. Additionally, the ZnO-TiO, sample was immersed in
liquid water and subsequently dried to obtain the sample
designated as ZnO-TiO,-Water. The same method was
employed to deposit 5 wt% ZnO onto y-Al,0; and SiO, supports
with comparable specific surface areas, yielding 5 wt% ZnO-
Al,O; and 5 wt% ZnO-SiO, catalysts. The corresponding
samples after H,0/O, treatment were designated as ZnO-Al,O;—
H,0 and ZnO-SiO,-H,0.

Saturated H,O vapor was introduced into O, through
a bubbler, and the resulting gas was denoted as 3.2% H,0/0,,
where 3.2% refers to the proportion of 3.2 kPa H,O vapor in the
atmosphere. The content of H,O vapor in the atmosphere was
adjusted by mixing dry and moist O, in varying proportions.
The resulting gases were denoted as 0.3% H,0/0, and 1.6%
H,0/0, according to the proportion of H,O vapor in the atmo-
sphere. Supersaturated H,O vapor in O, was generated by
heating the bubbler to 40 °C, which was denoted as 7.4% H,0/
0,.

TiO, was immersed and stirred in ammonia solution with
concentrations of 28%, 14% and 3%, respectively, at RT for 12 h
and then dried to produce TiO, with varying degrees of hydro-
philicity.** Commercial hydrophobized TiO, (Macklin) was
modified with stearic acid. ZnO was loaded onto the modified
TiO, by physically mixing, producing samples designated as
ZnO-hydrophilic TiO, and ZnO-hydrophobic TiO,, respectively.

Characterization

Scanning transmission electron microscopy (STEM) images
were acquired using a JEM-F200 high-resolution scanning

© 2025 The Author(s). Published by the Royal Society of Chemistry
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transmission electron microscope operated at 200 kV, which
was equipped with an energy dispersive X-ray spectroscope
(EDS) for elemental analysis. X-ray diffraction (XRD) patterns
were recorded on Empyrean-100 and SmartLab diffractometers
using a Cu Ko, radiation source (A = 1.5406 A) at a scanning rate
of 10-20° min~*. The ZnO diffraction peak at 36.3° was used to
assess the degree of ZnO redispersion by normalizing its
intensity to the TiO, diffraction peak at 25.5° and recording it as
IZnO/ITiOZ-

X-ray photoelectron spectroscopy (XPS) analyses were con-
ducted on a SPECS spectrometer with either an Al Ka source
(1486.6 eV) or a Mg K. source (1253.6 eV) operated at 300 W. In
situ XPS experiments were performed on a laboratory-based
SPECS near-ambient pressure XPS (NAP-XPS) system. ZnO-
TiO, samples were heated to various temperatures in a 0.5 mbar
H,0 atmosphere, and then spectra were collected. The binding
energies were calibrated using the C 1s peak at 284.8 eV. The Zn
2p peak was used as an indicator of the ZnO redispersion
state,***¢ and its intensity was normalized to the Ti 3d peak and
recorded as Aznzp/Ariza-

Solid-state NMR experiments were conducted using Bruker
Avance NEO 400 MHz and Bruker Avance III 600 MHz NMR
spectrometers, which are both equipped with a 4 mm H-X
double resonance magic angle spinning (MAS) NMR probe.
Single-pulse '"H MAS NMR spectra were acquired at a spinning
rate of 8 kHz with a /2 pulse length of 3.3 or 5 ps. The chemical
shifts for "H were referenced to adamantane at 1.74 ppm. The
hydrogen amount in the samples was determined using poly-
dimethylsiloxane (PDMS) as an external standard.

DRIFTS analysis was performed with a VERTEX 80V full-
band high-resolution infrared spectrometer. In situ experi-
ments were conducted by heating the sample to 450 °C in Ar for
1 h to remove surface adsorbates, then cooling it to the target
temperature and exposing it to air containing 1.2% H,O until
saturation was reached.

Catalytic activity tests

The propane dehydrogenation reaction was evaluated using
a microreactor connected to an Agilent 8890 gas chromato-
graph. A 0.20 g catalyst with 5 wt% ZnO loading in a quartz tube
was heated to 550 °C in N, and then exposed to the reaction gas
at the same temperature. The feed gas consisted of 5 vol% C;Hg,
5 vol% Ar, N, balance and the total flow rate was 20 mL min ™.
Weight hourly space velocity (WHSV) was 0.54 h™'. The prod-
ucts were analyzed using an online gas chromatograph equip-
ped with a thermal conductivity detector (TCD) and a hydrogen
flame ionization detector (FID).

The propane conversion and propylene selectivity were
calculated as follows:
C3HTCD _ C3HTCD

T X 100%
3

8in

C;Hg conversion =

C.H'D x f

yout

Z C.H'D x f

yout

C.H, selectivity = x 100%
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C.HI® x f
C balance = % 100%
C3H8in - C3H80ut

Here, TCD and FID refer to the signal sources. C,H, represents
all hydrocarbon species except C;Hg, and the symbol f stands
for the relative correction factor. The inlet concentration is
obtained using an empty tube test.

When investigating the effect of space velocity, feed gases
containing 0.5 vol%, 1 vol%, and 40 vol% C;H;g were introduced
while maintaining a constant flow rate of 20 mL min . The pre-
oxidation treatment involved heating the sample to 550 °C at
a ramp rate of 10 °C min~" under a 40 mL min~" O, flow, fol-
lowed by purging with 100 mL min~' N, for 10 min prior to
switching to the reaction gas. For catalyst regeneration, the used
catalyst was exposed to 40 mL min ' O, at the reaction
temperature of 550 °C for 10 min, after which the system was
switched back to the reaction gas. During all gas switching
procedures, a 100 mL min~' N, purge was consistently applied
for 10 min to prevent gas mixing. The reaction order of propane
dehydrogenation with respect to propane was determined by
analyzing the reaction kinetics under varying concentrations of
propane in the feed gas. Additionally, the activation energies of
the catalytic reaction were calculated for both pristine and
water-treated catalysts by examining the temperature-
dependent reaction profiles. All kinetic experiments were con-
ducted under differential reaction conditions, maintaining
C3;Hg conversion below 10% to ensure Kkinetic control. The
studies employed gas flow rates of 20 or 40 mL min~", with
2 vol%, 5 vol%, and 10 vol% C;Hg in the reactant gas.

Results and discussion

H,0-mediated spontaneous redispersion of ZnO onto the
TiO, surface

The ZnO-TiO, sample with 5 wt% ZnO loading was prepared by
physically mixing ZnO powder with anatase TiO, powder. In the
XRD pattern, the distinct diffraction peaks at 31.8°, 34.5°, and
36.3° corresponding to the (100), (002) and (101) crystal planes
of ZnO (PDF#75-0576) confirm the presence of ZnO particles in
the ZnO-TiO, sample (Fig. 1a). After treatment in a 3.2% H,0/
O, atmosphere at RT for 12 h (denoted as ZnO-TiO,-H,0), the
characteristic ZnO diffraction peaks almost disappear while
TiO, diffraction peaks still remain unchanged (Fig. 1a and
Siaft), suggesting either reduction in the size or decrease in the
number of ZnO particles. Raman spectra exhibit the absence of
ZnO vibrational modes, while the characteristic bands of TiO,
also remain unaffected by the vapor treatment (Fig. S1bt). XPS
results demonstrate a significant increase in the intensity of the
Zn 2p3,, peak at 1021.8 eV (Fig. Sict) and a 4.7-fold increase in
the Zn 2p/Ti 3d peak area ratio for the ZnO-TiO,-H,0O sample
(Fig. 1b), indicating enhanced dispersion degree of ZnO after
H,0 vapor treatment.*” STEM and EDS mapping images further
reveal that most ZnO particles with sizes of hundreds of nano-
meters in the ZnO-TiO, sample (Fig. 1c) are no longer observ-
able after the H,O vapor treatment (Fig. 1d). The homogeneous
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Fig. 1 Spontaneous redispersion of ZnO onto the TiO, surface. (a)
XRD patterns of ZnO-TiO, and ZnO-TiO,—H,O samples. (b) Zn 2p/Ti
3d XPS peak area ratio of ZnO-TiO, and ZnO-TiO,-H,O samples.
STEM and EDS mapping images of (c) ZnO-TiO, and (d) ZnO-TiO,—
H,0O samples.

distribution of Zn species across the TiO, support, as evidenced
by EDS mapping images, suggests that the original large ZnO
particles have redispersed into nanoclusters or nanolayers on
the TiO, surface (Fig. 1d and S27). These findings demonstrate
that H,O vapor treatment at ambient temperature can effec-
tively induce spontaneous redispersion of ZnO onto TiO,.

We further investigated ZnO redispersion onto different
supports under water vapor treatment. For 5 wt% ZnO-Al,03,
the ZnO diffraction peaks weaken significantly yet remain
detectable after the treatment (Fig. S3at), while 5 wt% ZnO-SiO,
shows negligible changes (Fig. S3b¥). The observed variation in
ZnO dispersity on different supports with comparable surface
areas likely originates from the distinct ZnO-support interac-
tion strength.'*?*

Mechanism of H,O-mediated ZnO redispersion

To investigate the effect of H,O content on ZnO redispersion,
ZnO-TiO, samples were treated in O, containing H,O vapor
with various partial pressures for 12 h and subsequently char-
acterized using XRD and XPS. As shown in Fig. 2a, the intensity
of ZnO diffraction peaks at 31.8°, 34.5°, and 36.3° remains
unchanged for the samples treated in 0.3% and 1.6% H,0/0,,
indicating that these H,O partial pressures are insufficient to
induce the spontaneous redispersion of ZnO. However,
increasing the H,O content to 2.3%, 3.2% or 7.4% leads to
noticeable weakening of ZnO diffraction peaks under identical
treatment conditions. Correspondingly, the Zn 2p/Ti 3d XPS
peak area ratio of the sample treated in 1.6% H,0/O, remains
close to the initial value of 0.24. In contrast, the ratio increases
by 1.9-fold in 2.3% H,0/0,, 3.0-fold in 3.2% H,0/0, and by 3.7-
fold in 7.4% H,0/O, (Fig. 2b), indicating that the higher H,O
vapor partial pressures promote the stronger ZnO redispersion.
Moreover, when the ZnO-TiO, sample is directly immersed in

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc01637a

Open Access Article. Published on 20 June 2025. Downloaded on 2/8/2026 10:22:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

View Article Online

Chemical Science

5mL Water  ZnQO

|\T4% 00!
N\32%H,0:

Intensity (a.u.) &

0.3% H,0

6% H,0

\‘Q’O

Water ¥

20 25 30 35 40 Inj1-60; 230, 320, 7do. W, Iiial 1 2 3 6 12 24
(17 ° ° o o ag,
o al HZO HZO 1{20 ”?O er Treatment time (h)
(@ 20 © 0
——DryTiO, \5‘7’5-1 ppm ZnO-TiO, N 7
~| —16%n0 || -~ —— 0 min T )
5 | —23%mo A = —— 10 min NGNS
S| —s2%mo &‘ \ 8 ——20 min & , Water vapor &
i [ & ——35min / ) .
& —74%mo [ || 2 N 45 min .
= =
g *2 \J\ o\ ‘ E D\
= = N ;k‘ 111
5.7 ppm 950 9 00 0

8 7 6 5 4 3 8 7 6 5
"H Chemical shift (ppm)

4

32 1 0 TiO,

'H Chemical shift (ppm)

Fig. 2 Effect of H,O content on ZnO redispersion. (a) XRD patterns of ZnO-TiO, treated in O, containing H,O with various partial pressures for
12 h. (b) Zn 2p/Ti 3d XPS peak area ratios of ZNO-TiO, treated in O, containing H,O with various partial pressures for 12 h. (c) ZnO diffraction
peak intensity of ZnO-TiO, treated in O, containing H,O with various partial pressures over time. (d) *H NMR spectra of TiO, treated in O,
containing H,O with various partial pressures for 3 h. (e) In situ *H NMR spectra of ZnO-TiO, after introducing 10 pL water without direct contact.
(f) Schematic diagram of the formation of a water adlayer to promote ZnO redispersion onto TiO,.

liquid water for 12 h, the ZnO diffraction peaks nearly disap-
pear, accompanied by a 4.2-fold increase in the Zn 2p/Ti 3d ratio
(Fig. 2a and b), suggesting that ZnO redisperses more
completely in liquid water. The minimal leaching of Zn species
(6.08 mg L™ in filtrate) coupled with nearly constant Zn loading
(3.76 wt%) in the ZnO-TiO, sample after water immersion
demonstrates the absence of significant ZnO loss through
dissolution. Complementary characterization by XRD and
Raman further confirms that the structural integrity of TiO,
remains unaltered in liquid water (Fig. S47).

The relationship between the decrease rate of the ZnO
diffraction peak intensity and the H,O content in the gaseous
atmosphere was assessed based on the XRD data. As shown in
Fig. 2c, for the samples treated in 0.3% and 1.6% H,0/0,, the
intensity of the ZnO diffraction peak at 36.3° remains
unchanged over time. In contrast, the samples treated in 2.3%,
3.2% and 7.4% H,0/0, show a rapid and continuous decrease
in ZnO peak intensity. Furthermore, for the sample immersed
in liquid water, the ZnO peak intensity experiences an abrupt
reduction within the first hour, followed by a gradual decrease
over time. These time-dependent profiles indicate that H,O
content modulates both the extent and rate of ZnO
redispersion.

To explore the mechanism of water-promoting ZnO redis-
persion, 'H NMR experiments were conducted on TiO,
samples.® Fig. 2d shows a weak peak at 5.7 ppm in the "H NMR
spectra of dry TiO,, corresponding to hydrogen atoms in surface
adsorbed water on TiO,.***" Upon treatment in O, with
increasing H,O contents for 3 h, the peak becomes more
pronounced and shifts to the high-frequency region (5.1 ppm),
indicating that the content of adsorbed water on TiO, increases
with the H,O partial pressure in the gaseous environment.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Quantitative analysis using internal standards reveals that
adsorbed water coverage increases from 0.2 ML on dry TiO, to
1.2 ML after 1.6% H,0/O, treatment (Table S1f) while ZnO
redispersion has not been observed under these conditions. The
average water coverage on TiO, treated in 2.3%, 3.2% and 7.4%
H,0/0, reaches 1.7, 2.8 and 3.2 ML, respectively, in which cases
ZnO redispersion starts to occur. This correlation suggests that
a sufficient water adlayer thickness is required to facilitate the
efficient migration and redispersion of ZnO. Previous molecular
dynamics simulations demonstrate that the outermost water
layer in the three layers of adsorbed water on the TiO, surface
exhibits the highest mobility compared to inner layers,**
potentially enabling ZnO transport through this hydrated
interface.****

In situ solid-state NMR experiments were performed to
observe the temporal evolution of water adlayer formation on
TiO,. Different volumes of liquid water were introduced into the
closed rotor without contacting the TiO, sample, but allowing
H,0 molecules to adsorb onto the TiO, surface through vapor
phase transport. The initial spectrum shows a single peak at 5.6
ppm, corresponding to protons in the primary interfacial water
(Fig. S57), which is directly in contact with and strongly bound
to TiO,.*° As the water volume increases, a new peak emerges at
4.9 ppm and becomes increasingly pronounced, which is
attributed to mobile outer-layer water molecules interacting
with the primary interfacial H,O0 and OH groups through
weaker hydrogen bonds.**** The area ratio of these two peaks
(A4.0 ppm/As.6 ppm) increases from 0 to 2.0 as the water amount
increases, demonstrating preferential accumulation of the
outer-layer water. It is noteworthy that the '"H NMR peak of
outer-layer water (4.9 ppm) gradually weakens over time, while
the peaks corresponding to interfacial water (5.6 ppm) and

Chem. Sci., 2025, 16, 13486-13495 | 13489
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hydroxyl groups (1.1 ppm) show an increase in intensity
(Fig. S6t). This spectral evolution suggests continuous struc-
tural reorganization of the water adlayer, where outer-layer
water transforms into interfacial water and hydroxyl groups.*
The presence of merged signals in Fig. 2d reflects equilibrium
between these dynamic processes, ultimately forming an
interconnected hydrogen-bond network.*®

In situ solid-state NMR experiments were performed on the
ZnO-TiO, sample to observe the interaction between H,O and
ZnO. After introducing 10 uL water into the closed rotor without
the direct contact between the water and the catalyst, the 'H
NMR spectrum shows the presence of a strong H,O peak (5.4
ppm), a hydroxyl signal (1.1 ppm) and a peak at 3.9 ppm (Fig. 2¢)
identified as Zn-H species.*”* Over time, the water signal
progressively decreases while both the hydroxyl and Zn-H
signals increase (Fig. 2e), providing the direct evidence of ZnO-
promoted water dissociation and the strong interaction
between ZnO and H,O. This ZnO redispersion process
controlled by the water adlayer is illustrated in Fig. 2f.

Tuning ZnO redispersion by temperature or surface
modification

As shown above, treatment in 3.2% H,0/O, at RT for 12 h leads
to the redispersion of ZnO onto TiO,, as evidenced by the
disappearance of ZnO diffraction peaks. However, when the
treatment temperature increases from 20 to 50 °C under the
identical 3.2% H,0/O, conditions, the ZnO diffraction peaks
exhibit progressively enhanced intensities (Fig. S7at). At 50 °C
and above, ZnO diffraction peaks remain almost unchanged
(Fig. 3a). XPS results reveal that the Zn 2p/Ti 3d peak area ratio
of the ZnO-TiO, sample increases 4.8-fold after treatment in
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3.2% H,0/0, at RT, but shows no significant change when
treated at 50 °C (Fig. S7bt). These results demonstrate that
elevated temperatures have an inhibitory effect on the sponta-
neous redispersion of ZnO in water-containing gaseous
environments.

To probe this temperature-dependent phenomenon, the
surface hydration states of TiO, were examined using solid-state
NMR, DRIFTS and in situ XPS. The '"H NMR spectrum of ZnO-
TiO, treated in 3.2% H,0/O, at 25 °C displays substantially
stronger adsorbed water signals compared to the sample treated
at 50 °C (Fig. 3b). Quantitative calculations indicate that the
adsorbed water amount on TiO, in 3.2% H,0/O, at 50 °C is
limited to 0.2 ML. DRIFTS spectra further confirm this trend,
where the H,O peak at 3400 cm™ ' (H-O stretching vibration
peak of H,O molecule®®) shows negligible intensity variation
between TiO, treated in H,0/O, at 50 °C and TiO, without water
treatment (Fig. 3c). In contrast, the TiO, treated in H,0/O, at 25
°C exhibits markedly stronger absorption. In situ DRIFTS
spectra shown in Fig. S7ct indicate that as the temperature
decreases, the H,O peak in the DRIFTS spectrum becomes
stronger when the TiO, surface is saturated with adsorption in
air containing 1.2% H,O. In situ O 1s XPS spectra of the ZnO-
TiO, sample show that exposure to 0.5 mbar H,O atmosphere at
RT increases both hydroxyl group content and adsorbed water
signals (533.2 eV),***® but the adsorbed water peak disappears
upon heating to 50 °C (Fig. 3d). Collectively, the fact that high
temperatures hinder ZnO redispersion is attributed to the
suppressed formation of a water adlayer on the TiO, surface.

When ZnO-TiO, is immersed in liquid water at 90 °C for 3 h,
XRD analysis shows complete disappearance of ZnO diffraction
peaks (Fig. S7dt), demonstrating that elevated temperatures do

(
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Fig. 3 Effect of temperature on ZnO redispersion. (a) XRD patterns of ZnO-TiO, before and after treatment in 3.2% H,O/O, at different
temperatures. (b) *H NMR and (c) DRIFTS spectra of ZnO-TiO, after treatment in 3.2% H,O/O, at RT and 50 °C. (d) /n situ O 1s XPS spectra of the
ZnO-TiO, sample in a 0.5 mbar H,O atmosphere at different temperatures. (e) Heat map of the diffraction peak intensity of ZnO at 36.3° in
Fig. S5.7 (f) Schematic diagram of the temperature-influenced ZnO redispersion process.
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not inhibit ZnO redispersion in aqueous environments, in
contrast to the gas-phase behavior. To investigate this contrast
with gas-phase behavior, a 0.1 g ZnO-TiO, sample was placed in
a 10 mL sealed bottle, and varying volumes of liquid water were
introduced without direct contact with the sample. Then, these
bottles were treated at different temperatures for 12 h and XRD
analyses were conducted on the samples (Fig. S81). The inten-
sity variations of ZnO diffraction peaks at 36.3° are visualized as
a heat map (Fig. 3e), which clearly demonstrates that elevated
temperatures (50-90 °C) inhibit ZnO redispersion at low water
volumes (5 L), whereas this inhibitory effect diminishes when
water quantity exceeds 25 pL. This temperature-dependent
behavior primarily originates from different water evaporation
rates at various temperatures (Table S2). By correlating the
average adsorbed water coverage with water evaporation
behavior at different temperatures, we establish the
temperature-dependent water requirements for ZnO redis-
persion in this system (Fig. S91). These findings establish that
temperature primarily modulates ZnO redispersion through its
influence on adsorbed water availability under the evaporation—
condensation equilibrium, rather than directly affecting reac-
tion kinetics. The process of temperature-influenced ZnO
redispersion is schematically illustrated in Fig. 3f.

Based on these findings, the possibility of surface chemical
modification strategies to regulate ZnO redispersion was
explored.>® TiO, was pretreated with 28 wt% ammonia solu-
tion to enhance its hydrophilicity,* achieving a water contact

~
-]
~

Hydrophilizing

.10 AN

/-\ 16.8° A
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angle of 10.1° versus 16.8° for untreated TiO, (Fig. 4a). When
hydrophilic TiO, is employed for ZnO redispersion in 3.2%
H,0/0,, ZnO diffraction peaks also significantly weaken, and
XPS analysis demonstrates an increased Zn 2p/Ti 3d peak area
ratio of 0.93 (Fig. 4b and c), exceeding the ratio of 0.71 observed
with untreated TiO,. Furthermore, a decrease in the concen-
tration of used ammonia solution (14 wt% and 3 wt%) leads to
reduction in the Zn 2p/Ti 3d ratio (0.82 and 0.77, respectively)
after H,0/O, treatment (Fig. 4c). In contrast, TiO, modified with
stearic acid exhibits hydrophobic characteristics, having a water
contact angle of 113.8° (Fig. 4a). XRD patterns reveal that ZnO
diffraction peaks of the ZnO-hydrophobic TiO, sample remain
unchanged after H,0/O, treatment (Fig. 4d), indicating that
ZnO cannot spontaneously redisperse onto hydrophobic TiO,.
The wetting property of the hydrophobic TiO, has been
controlled by calcining at different temperatures, which is fol-
lowed by ZnO loading and H,0/O, treatment. The calcination at
100 or 200 °C has little effect on the XRD pattern and Zn 2p/Ti
3d ratio (Fig. 4d and e). After calcination at 300 °C, the ZnO
diffraction peak intensity decreases but remains clearly detect-
able after H,O0/O, treatment, and the Zn 2p/Ti 3d ratio increases
from 0.09 to 0.50 (Fig. 4d and e), indicating limited redispersion
of ZnO. The results establish a direct correlation between TiO,
hydrophilicity and ZnO redispersion efficiency.

Solid-state "H NMR was used to quantify the adsorbed water
on the surface-modified TiO,. After the treatment in 3.2% H,O/
0,, hydrophilic TiO, retains 3.2 ML of adsorbed water, slightly

Hydrophobizing
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Fig. 4 Effect of support hydrophilicity and hydrophobicity on ZnO redispersion. (a) Contact angle measurement of water on fresh TiO,,

hydrophilic TiO, and hydrophobic TiO, samples. (b) XRD patterns of ZnO-

hydrophilic TiO, before and after treatment in 3.2% H,O/O,. (c) Zn 2p/

Ti 3d XPS peak area ratio of ZnO mixed with TiO, hydrophilized in ammonia solution with different concentrations and after H,O/O, treatment.
(d) XRD patterns and (e) Zn 2p/Ti 3d XPS peak area ratios of ZnO mixed with hydrophobic TiO, calcined at different temperatures and after
treatment in 3.2% H,O/O,. (f) *H NMR spectra of TiO,, hydrophilic TiO,. and hydrophobic TiO, samples after treatment in 3.2% H,O/O,. (g) *H
NMR spectra of hydrophobic TiO, calcined at different temperatures and after treatment in 3.2% H,O/O,.
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exceeding 2.8 ML on untreated TiO,. In contrast, hydrophobic
TiO, exhibits a drastically reduced water adsorption capacity of
0.4 ML under identical conditions (Fig. 4f). "H NMR spectra
further demonstrate that increasing the calcination tempera-
ture of hydrophobic TiO, progressively reduces the peak
intensity of surface hydrophobic groups while enhancing the
water adlayer peak after H,O/O, treatment (Fig. 4g). Quantita-
tive analysis reveals that hydrophobic TiO, calcined at 300 °C
achieves only 0.9 ML of surface water coverage after H,0/O,
treatment. DRIFTS analysis corroborates these trends, where
the O-H stretching vibration at 3400 cm " for hydrophobic TiO,
remains less intense than that of untreated TiO, even after H,O/
O, treatment (Fig. S10%1). These findings suggest that hydro-
philic modification facilitates thicker water adlayer formation
under the same conditions, thereby enhancing ZnO redis-
persion. Conversely, hydrophobic modification inhibits water
adsorption, restricting water adlayer thickness below the critical
threshold required for ZnO migration and redispersion. This
systematic comparison conclusively demonstrates the indis-
pensable role of outer-layer water in mediating ZnO
redispersion.

Catalytic activity test

Propane dehydrogenation serves as a vital industrial process for
propylene production. Zinc-based catalysts offer significant
advantages in this process due to their low cost and environ-
mental friendliness. To evaluate the impact of ZnO redispersion
on catalytic activity, PDH activities of ZnO-TiO, samples were
compared before and after H,O treatment. As illustrated in
Fig. 5a, the initial C3Hg conversion over ZnO-TiO,-H,O is
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Fig.5 Catalytic performance. (a) CsHg conversion in the PDH reaction
at different temperatures for ZnO-TiO, before and after H,O treat-
ment. Reaction conditions: 5 vol% CsHg, 5 vol% Ar, N, balance; WHSV
= 0.54 h™L (b) Arrhenius plots for the calculation of the apparent
activation energy of the propane dehydrogenation reaction over
ZnO-TiO; catalysts. (c) Comparison of PDH performance of Zn-based
catalysts in this work and other studies.??1359-%¢ (d) Stability test of the
ZnO-TiO,—-H,0 catalyst in the PDH reaction after pre-oxidation and
regeneration (orange dashed line: pre-oxidation process, heating to
550 °C in 40 mL min~* O,; gray dashed line: regeneration process,
treatment in 40 mL min~* O, at 550 °C for 10 min).
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significantly higher than that of ZnO-TiO,, while C;H, selec-
tivity remains similar in a wide temperature range (Fig. S117).
Through kinetic analysis of PDH activity at varying tempera-
tures and propane partial pressures, it is confirmed that the
propane dehydrogenation reaction follows pseudo-first-order
kinetics with respect to propane (Fig. S12) and the activation
energy of the PDH reaction remains essentially unchanged
before and after water treatment of the catalyst (Fig. 5b).
Therefore, the increase in C3;Hg conversion of the ZnO-TiO,
sample at 550 °C from 5.8% to 48.2% (8.3-fold enhancement)
after water treatment mainly correlates with increased exposure
of Zn-O active sites through the water-induced redispersion.
ZnO-TiO,-H,0 demonstrates notable catalytic performance for
propane dehydrogenation among many Zn-based catalysts
(Fig. 5c and Table S3t).'>'*%%-%¢ However, the catalyst rapidly
deactivates due to ZnO consumption and carbon deposition
under reductive conditions (Fig. S13at). To improve stability,
pre-oxidation (heating in 40 mL min~" O,) or regeneration (550
°C, 40 mL min~' O,, 10 min) is applied. Although initial
conversion decreases from 48.2% to 26.8%, the ZnO-TiO,-H,O
catalyst retains catalytic activity above 25% over 1 h operation
with multiple regeneration cycles (Fig. 5d). Compared with the
samples prepared by the impregnation method, the ZnO-TiO,-
H,0 catalyst consistently shows higher conversion and
propylene space-time yield (STY) than 5% ZnO/TiO,
(Fig. S13b¥). In particular, after pre-oxidation or regeneration
treatment and reaction for 40 min, the ZnO-TiO,-H,O catalyst
retains a C3Hg conversion of ~28% with a propylene STY of 0.13
gc.u, h " geae ', outperforming the 5% ZnO/TiO, catalyst (~20%
conversion, 0.09 gcu, h™" gear 1)

Conclusions

This work establishes a water-mediated strategy for structural
regulation of ZnO/TiO, catalysts. Through multiple character-
ization techniques, we demonstrate that ZnO spontaneously
redisperses into nanoclusters or nanolayers on TiO, in the
presence of water. The redispersion of ZnO is attributed to its
strong interaction with TiO, and is influenced by the content of
water present in the environment. Solid-state NMR analysis
quantitatively correlates this phenomenon with water adlayer
thickness, revealing that nearly 3 monolayers of adsorbed water
generate sufficient outer-layer regions to enable efficient ZnO
redispersion. Based on this understanding, increasing the
temperature above 50 °C can limit the water adlayer to below 0.2
ML, and hydrophobically modifying TiO, also produces the
adlayer with a coverage of 0.4 ML, both of which can completely
inhibit the spontaneous redispersion of ZnO. The controlled
regulation of ZnO size ultimately enhances the performance of
the ZnO-TiO, catalyst in the propane dehydrogenation reaction,
increasing C;Hg conversion by more than 8-fold and retaining
propylene selectivity above 95%.

Data availability

The data that support the findings of this study are available
within the article and the ESL¥
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