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of surface hydrogens, including hydrogens strongly chemisorbed on metal surfaces and
weakly physisorbed on metal and support surfaces, along with possible spillover
hydrogen on support surface, usually led to overlapped and broad 'H peaks or static
2H (deuterium [D]) powder patterns such that potential signals resulting from spillover
hydrogen were hardly distinguishable.?’"** Consequently, the "H/?H NMR peaks pro-
vided little information about the chemical nature of the spillover hydrogen, and few
further studies on hydrogen spillover were performed by 'H and 2H NMR.

Anatase titanium dioxide (TiO,-A), as one of the most well-known functional mate-
rials, is widely utilized in various fields of environment and energy, especially in catal-
ysis and photocatalysis.”’ 7 As a typical reducible metal oxide, hydrogen spillover
on TiO,-A is significant.” Extensive literature reports the great contribution of
hydrogen spillover in catalysis on TiO,-A containing catalysts."** However, the
physical and chemical nature, including the binding sites and migration of spillover
hydrogen on TiO,-A, have been limited to theoretical modeling without experi-
mental evidence. In principle, "TH NMR spectroscopy is an ideal tool to characterize
spillover H species on TiO,-A, but the strong dipolar interactions cause low-resolu-
tion spectra. In this work, 2H magic-angle-spinning (MAS) NMR spectroscopy is, for
the first time, demonstrated to produce high-resolution 2H spectra that clearly reveal
the multiple species of spillover deuterium on TiO,-A powder samples.

To reduce the interference of weakly physisorbed hydrogen on metal and support
surfaces, outgassing is required. However, outgassing at high temperature inevi-
tably results in the desorption of spillover hydrogens owing to the reverse of spill-
over. Importantly, the formation of different spillover hydrogen species on the sur-
face is observed herein to be temperature dependent. As a crucial sample
preparation protocol in this work, fast cooling to room temperature and outgassing
at room temperature following higher-temperature D, pre-treatment are used to
effectively quench the spillover deuterium species on TiO,-A surface. Aided by den-
sity functional theory (DFT) studies and other experiments, the ?H MAS NMR signals
are identified and assigned to different spillover hydrogen species, which give direct
experimental evidence for the speciation and chemical nature of spillover hydrogen
on anatase titania, including the bonding environment and electronic structure.

RESULTS AND DISCUSSION

2H MAS NMR study of the model catalyst

Our prior work reported the Ag/TiO,-A system facilitates abundant hydrogen spill-
over, even at very low Ag loading.“’ To manifest the spillover hydrogens on TiO,-A,
Ag loadings from 0.05 wt % to 1.0 wt % were studied. The titania particle size is
40 nm for both TiO»-A and TiO,-R. The surface areas are 78 m?/g and 32 m?/g for
TiO2-A and TiO,-R, respectively. The X-ray diffractograms of the Ag/TiO,-A and
Ag/TiO2-R showed the main peaks corresponding to (101) and (110) facets in
anatase and rutile supports, while no Ag peak was observed.*’

For ?H MAS NMR characterization, the Ag/TiO, catalysts were pre-reduced in 10%
D,/Ar at a specified Tg for 2 h, followed by fast cooling to room temperature under
10% Dy/Ar gas. The samples were then purged with Ar to remove physically ad-
sorbed D, (Scheme 1).

Ag supported on anatase TiO; (0.05 wt % Ag/TiO,-A) and rutile TiO, (1 wt % Ag/

TiO,-R) were studied first. The 2H MAS NMR spectra of the 0.05 wt % Ag/TiO,-A
reduced by D, at different temperatures (Figure 1) clearly reveal the 2H quadrupolar
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Figure 2. Spillover hydrogen adsorbed on different surfaces of TiO,-A

(A-C) Side view and top view of the anatase (101) surface (A), anatase (100) surface (B), and anatase
(001) surface (C).

(D-F) Side view and top view of spillover D adsorbed on O, of the anatase (101) surface (D), anatase
(100) surface (E), and anatase (001) surface (F).

(G-I) Side view and top view of spillover D adsorbed on Vo, of the anatase (101) surface (G),
anatase (100) surface (H), and anatase (001) surface (l). For the sake of clarity, only the first layer is
shown for the top view. Color coding in the ball-and stick models: red, O; cyan, D; silver, Ti.
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