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Direct Synthesis of HO; by Spatially Separate Hydrogen and Oxygen
Activation Sites on Tailored Pt—Au Catalysts

Ying Zhang*, Richard J. Lewis™, Zhichao Li, Xiaohui He,* Hongbing Ji,*

and Graham J. Hutchings*

subsequently reacts with *O,~ to produce H,O,.

Abstract: The direct synthesis of H,O, is considered an atom-efficient, environmentally friendly, and sustainable alternative
to replace the current industrial route of the anthraquinone oxidation process. To date a viable direct replacement for the
current industrial method of H,O, production has yet to emerge, owing to the strong dissociation abilities of traditional
Pd-based catalysts for both H, and O,, which results in the over hydrogenation of H,O, and limited catalytic activity. To
address these concerns, this work outlines a novel non-Pd-based catalyst (Pt; Au,/TiO,), consisting of spatially separated H,
and O, activation sites, which offers H, O, selectivity (~100%) and productivity (128.6 mol-gny. ~!-h™!), in excess of state-
of-the-art formulations. Crucially, via consecutive reactions, this system achieves net H,O, concentrations approaching
4 wt.%, which is double that generated in the initial stages of the Anthraquinone Oxidation Process. A detailed mechanistic
study indicates that Pt single atoms selectively dissociate H,, while Au nanoparticles stabilize non-dissociative *O,~ species.
The H, O, formation proceeds through CH,O-mediated hydrogen transfer, generating a hydrogen carrier (*CH,OH) that

J

Introduction

Hydrogen peroxide (H,0,), recognized as one of the most
vital global chemicals, holds immense economic significance,
with approximately 50% of global H,O, production dedicated
to bulk chemical synthesis, while also playing critical roles
in sectors as far-ranging as medical disinfection, bleaching,
wastewater treatment, and emerging energy technologies.['*]
As an environmentally benign oxidant, H,O, decomposes
exclusively into water and oxygen, offering a sustainable
alternative to traditional stoichiometric oxidants.>® This
unique combination of high efficiency and environmental
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compatibility has driven a steady rise in global demand.[”]
Currently, industrial production of H,O, relies wholly on
the anthraquinone oxidation (AO) process, which generates
H,0, through cyclic hydrogenation and oxidation of an
anthraquinone carrier, followed by energy-intensive purifi-
cation and extraction steps.®l However, this method suffers
from inherent drawbacks, including the need for high capital
investment, incomplete atom efficiency, environmental and
safety concerns, and the generation of large quantities of
greenhouse gases.[”!°l Moreover, to reduce transport and
storage costs, H,O; is typically shipped at concentrations (30—
70 wt.%) far exceeding the requirements of most applications
(<9 wt.%), necessitating dilution steps at the point of
use and effectively wasting the energy utilized in earlier
extraction steps.['"'?] The inherent instability of H,O,, which
is prone to rapid decomposition, further mandates stringent
temperature control and the use of proprietary stabilizing
agents, which often promote reactor corrosion and generate
complex product streams.

As a promising route toward sustainability, the direct
synthesis of H,O, (DSHP) has garnered significant attention
for over 100 years due to its environmental compatibility,
potential for cost efficiency, and on-demand production.[!314]
However, poor catalytic selectivity, resulting in the formation
of H,O (either through combustion of H, and O, or
the decomposition and hydrogenation of H,O;), has until
recently been a major hurdle to industrial adoption. In recent
years, several catalyst formulations that achieve > 95% selec-
tivity have been reported,['*!>16] and while issues of catalytic
selectivity are still considered a primary challenge to the
upscaling of any direct approach, significant improvements in
catalytic reactivity are also required if the direct approach is
to rival the AO Process.I'”] Particularly, economic viability can
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only be achieved if net H,O, concentrations offered by the
DSHP can rival that generated in the initial stages of the AO
Process (~2 wt.%).['8]

Pd-based catalysts have been widely reported to exhibit
high activity for H,O, synthesis. However, the strong disso-
ciative ability of Pd towards O, promotes H,O formation,
thereby significantly reducing both H,O, selectivity and
productivity. Meanwhile, the presence of active hydrogen
species and freshly synthesized H,O, on Pd surfaces often
triggers the over-hydrogenation of H,0,.[*!°] To address
these limitations, researchers have typically relied on the use
of halide and acid promoters to inhibit side reactions,?0?!]
and have more recently developed a variety of strategies,
including the incorporation of secondary metals,[!-1522-2]
the construction of confined structures,”*?”] and ligand
modification/?3! to tailor the geometric and electronic
structure of Pd sites, to inhibit H,O formation. Although
these approaches have improved catalytic performance, Pd-
based catalyst systems still face unresolved challenges, leading
to H,O, concentrations that remain incomparable to those
achieved by the AO Process.*?]

Notably, research on non-Pd-based catalysts has received
scant attention,**! which likely stems from the poor dual
activation capability for both H, and O, of alternative
metal species, leading to inadequate activity, selectivity,
and stability.?*38] For instance, PtAu nanoalloys have been
reported to offer only moderate H, O, selectivity (36 %-85%),
while activities are extremely low (the productivity is only
~0.07 mol-gny, ~!*h~!, N.M. is short for noble metals), much
lower than those of the Pd-based catalysts.***"] Furthermore,
the incomplete understanding of active sites and H,O,
formation mechanisms in both Pd- and non-Pd-based catalyst
systems remains a persistent challenge for advancing their
practical implementation in DSHP. Considering that in the
case of conventional DSHP catalysts, both the activation
of H, and O, occur on the same metal sites,[**4] there is
perhaps understandable difficulty in separately controlling the
dissociative adsorption of H, and non-dissociative adsorption
of 02.

Herein, we propose an innovative strategy to decouple
these two key activation processes and assign them to distinct
metal sites, thereby substantially enhancing the efficient
synthesis of H;O,. A non-Pd-based catalyst (Pt; Au,/TiO,)
with high H,O, synthesis performance is constructed, which
features spatially separated Pt single atoms (SAs) and
Au nanoparticles (NPs) discretely anchored on TiO,. The
catalyst offers ~100% H,O, selectivity and improves upon
the productivity of non-Pd-based catalysts by 2-3 orders
of magnitude. Notably, H,O, concentrations approaching
4 wt.% are achieved after 10 reaction cycles, which is 3.6 times
that of the best Pd-based catalyst and offers compatibility
with purification and extraction processes downstream of
industrial production. The catalytic mechanism involves H,
activation/dissociation on Pt SAs to form *H™*, and O, non-
dissociative adsorption on Au NPs to form *O,~, with CH,O-
mediated hydrogen transfer facilitating the combination of
*H* species with *O,~ species, ultimately enabling highly
efficient H, O, synthesis.
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Results and Discussion

Catalysts Synthesis and Catalytic Performance

We initially prepared a series of bimetallic catalysts compris-
ing Pt and a range of secondary metals on a TiO, support
using a ball milling method (for details see Experimental
Section), denoted as PtM/TiO, (M = Au, Pd, Ir, Ru, Rh,
Ag, Fe, Co, Ni, and Cu). Metal loadings were confirmed by
the inductively coupled plasma optical emission spectrometry
(ICP-OES, Table S1), which indicated that the Pt content was
~0.2 wt.% and the second metal content was ~0.8 wt.%.
Analysis by transmission electron microscopy (TEM) and
scanning transmission electron microscopy (STEM) revealed
that these catalysts featured a similar geometric structure
(NPs sizes of ~2.0 nm, Figures S1-S10). In a typical DSHP
reaction (Figures la and S11, reaction conditions: 10 mL
CH;0H, 2.9 MPa 5% H,/N,, 1.1 MPa 25% O,/N,, T =0 °C,
5 mg catalyst, 10 min, and stirring: 1200 rpm), only the PtAu,
PtPd, Ptlr, PtRu, and PtRh catalysts demonstrated any H,O,
formation activity. Interestingly, the PtAu catalysts (denoted
as Pt; Au,/TiO,) showed superior catalytic performance (H,
conversion of 11.8%, H,O, selectivity of 99.6%, and a H,0O,
productivity of 45.1 mol-gnn. ~-h™!), significantly outperform-
ing the remainder of the catalyst series (H,O, selectiv-
ity < 18%, the H,O, productivity < 10 mol-gxy. ~'*h™!). We
further prepared a series of Au-containing bimetallic catalysts
(MAuU/TiO, catalysts, M = Pd, Ir, Ru, Rh, Ag, Fe, Co, Ni,
and Cu) by an identical ball milling procedure, achieving
catalysts consisting of similar structures and metal content
(Table S2 and Figures S12-S20). However, apart from the
PtAu/TiO, catalyst, the generation of H,O, was observed
only over the Pd-containing analogue (H, conversion of
9.3% and H,0, selectivity of 32.6%), but notably, H,O,
productivity (12.4 mol-gxy. ~!*h™!) was only one-fourth that
of the Pt; Au,/TiO, catalyst (Figures 1b and S21). Indeed,
compared to previously reported formulations (Figure 1c
and Table S3), the Pt; Au,/TiO; catalyst, without adding any
promoters, offered H,O, productivity in excess of 56 times
that of the most active non-Pd-based catalyst (AgPt/SiO,,
0.8 mol-gxy, ~'*h™1),1] and comparable to the state-of-the-
art Pd-based catalysts (0.1%O-Pd/TiO,, 115 mol-gyy. ~'*h71,
with CO, as an in situ promoter)*! under the identical H,
conversion (~3.5%, the corresponding H,O, productivity on
our Pt; Au,/TiO, was 128.6 mol-gny. ~'-h ™).

The impact of H,/O; ratio on catalytic performance was
further investigated (Figure S22), with these studies demon-
strating that the Pt; Au,/TiO, catalyst exhibited exceptional
performance (>99% H,O, selectivity) across a wide range
of H, concentrations (1.6-3.6 vol.%). The choice of solvent
has been well reported to be a critical factor in determining
catalytic performance in DSHP, demonstrating that the
promotive effects that resulted from the use of alcohol-based
(and other protic) solvents may be attributed to the direct
involvement of the solvent within the mechanism where H,O,
was formed by a proton- (from solvent molecules) electron
(provided by heterolytic hydrogen oxidation) transfer to
surface-bound intermediates.[*!] Aligning with this work, we
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Figure 1. Comparative H; conversion and H,O; selectivity on a) Pt;/TiO; and PtM/TiO; (M = Au, Pd, Ir, Ru, Rh, Ag, Fe, Co, Ni, and Cu) catalysts, b)
Au,/TiOz and MAu/TiO; (M = Pt, Pd, Ir, Ru, Rh, Ag, Fe, Co, Ni, and Cu) catalysts for DSHP. N.D.: no H; conversion were detected. Reaction
condition: 10 mL CH3OH, 2.9 MPa 5% H3/N3, 1.1 MPa 25% O, /N3, T= 0 °C, 5 mg catalyst, 10 min, and stirring: 1200 rpm; c) H,O, productivity and
selectivity for the catalysts described in this work and References from Table S3 in Supporting Information. Note, the productivity was calculated
based on the noble metal contents, N.M.: noble metals. The productivity and selectivity on PtjAu, /TiO; represented by (M) and (x) were obtained at
H; conversion of 3.2% and 11.8%, respectively; d) H,0O, concentration as a function of reaction time on Pt;Aun /TiO5; €) Sequential H,O; synthesis
reactions using PtjAun/TiO2, 30 min for every reaction with the H;, conversion at ~45%.

established the high dependence of catalytic performance on
the choice of solvent (Figure S23), with ~10% H, conversion
and > 99% H,O, selectivity achieved when using pure
CH;OH as the solvent, while a H,O, 70% CH;OH + 30%H,0
co-solvent, or C;HsOH only system offered lower activity,
which may suggest that CH;OH was directly involved in the
reaction mechanism (discussed below). When extending the
reaction time to 80 min (Figures 1d and S24), the H,O, con-
centration increased linearly to 0.85 wt. %, accompanied by an
89.4% H, conversion, a productivity of 25.2 mol-gxy. ~!*h7!,
and a H,O, yield of 52.5%. However, the H,O, selectivity
remained relatively stable at around 60%, which may be
caused by the partial reduction of Pt species (the proportion
of Pt?* decreased from 100% to 81%) upon exposure to
the reaction conditions, as evidenced by X-ray photoelectron
spectroscopy (XPS, Figure S25), while the geometric structure
remained substantially unchanged (Figure S26). Analysis of
the post-reaction solution by the inductively coupled plasma-
mass spectrometry (ICP-MS) revealed the relative stability
of the catalyst after reaction for 30 min, with a negligible
loss of Pt (0.11%) and Au (0.07%) observed. Finally, we
observed that H, conversion reached 45.5% after 30 min
(Figure S24A). In order to avoid the potential for mass
transfer limitations, sequential H, O, synthesis reactions were
conducted every 30 min through the replacement of gaseous
reagents. The results in Figure le indicated a nearly linear
increase in H,O, concentration, which reached 3.84 wt.%
after 10 reaction cycles, far exceeding the state-of-the-art
Pd-based catalysts (1.07 wt.%, 0.1%O-Pd/TiO,, Table S3).[*]
Notably, this concentration was twice as high as that produced

Angew. Chem. Int. Ed. 2025, e21118 (3 of 10)

in the initial stages of the industrial approach to H,O,
production (~2 wt.%),l'8] and as such overcomes a major
hurdle, associated with any prior investigation into the direct
synthesis approach, namely the high energy costs associated
with the concentration of H,O, streams to levels feasible for
some practical applications.

Insights to the activation sites

In order to obtain specific structural information regarding
Pt and Au speciation, we conducted analysis by spherical
aberration-corrected high-angle annular dark field scanning
transmission electron microscope (AC HAADF-STEM) and
X-ray absorption spectroscopy (XAS) on the as-prepared
Pt; Au,/TiO, catalyst. Analysis by AC HAADF-STEM
(Figures 2a and S27) revealed numerous Pt SAs uniformly
dispersed around Au NPs, which was further supported
by energy dispersive spectrometry (EDS, Figure 2b). The
Pt L;-edge X-ray absorption near-edge structure (XANES)
spectrum suggested that Pt species in Pt Au,/TiO, were
cationic (Figure 2c). The Fourier transform (FT) k2-weighted
extended X-ray absorption fine structure (EXAFS, Figure 2d)
in R space showed an apparent peak at 1.6 A assigned to Pt-O
coordination, with no Pt-Pt bonding observed, demonstrating
that the Pt species existed as SAs on the surface of TiO,.[*]
These results were also supported by the k-space spectrums,
wavelet transform (WT), and fitting parameters (Figures
S28-S30 and Table S4). The Pt-O in coordination number
(CN) was 4.8 + 0.7, and the bond length was 2.1 + 0.02 A.
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85US017 SUOLULOD BAIRID) 8|gedl|dde auy Aq peueob a1 Sopke VO 88N JO 3|1 104 Afeiq1 BUIIUO AB|IM UO (SUOIPUOD-PUR-SWLBHLI0D" A3 IM A1 1 [UIUO//:SANY) SUORIPUOD PUe SWLB | 8U3 89S *[G202/TT/y2] uo ARiqiiauliuo /|IMm ‘AseAiun Jiped Aq 8TTTZG20Z 31Ue/Z00T 0T/I0p/wod" Ao Im ARiq putjuo//sdny woiy popeojumoqd ‘0 ‘€LLETZST



'2_nm

Research Article

Angewandte
intematianalEdition’y Chemie

(2]
-~

—— Pt,Au,/TiO,
——Pt,ITiO,

In —— Pt foil
‘ ——Pto,

\_

Intensity (a.u.)

Intensity (a.u.)

11850 11560 11570
Photon energy (eV)

11550 11600 11650
Photon energy (eV)

d) oo €) [—pt,Au,Ti0, f)
gk © 1+ Au-Al
——Mﬂ?ﬁ :unfrr'l|0 ’ e e —— 1 e
= : 3/ BV VTN
x T ) > —_ '
~ { > ~ H
= = = = /\_/—/:\w
® 3 “ :
° PtO, S s o /N
> 1)
T PPt £ g T S
: Ptfoil | — I _ Aufoil
;7 11300 11925 11950 i N
Photon energy (eV)
o 1 2 3 4 5 6 11900 11950 12000 12050 0 1 2 3 4 5 6
R (A) Photon energy (eV) R (A)

Figure 2. a) AC HAADF-STEM image, Pt single atoms are highlighted by the yellow circles. b) EDS mapping of PtjAu,/TiO2; c) Pt L3 edge XANES
profiles in R space; d) Pt EXAFS spectra; e) Au L3 edge XANES profiles in R space; f) Au EXAFS spectra.

Further investigation by in-situ diffuse reflectance infrared
Fourier transform spectroscopy of CO adsorption (CO-
DRIFTS, Figure S31) showed a distinct CO adsorption peak
at 2058 cm~!, which was attributed to the linear adsorption of
CO on cationic Pt SAs,[*] consistent with the XAS results.
The XANES (Figure 2e), k-space spectrums (Figure S32),
and WT (Figure S33) of Au L;-edge in Pt;Au,/TiO, were
similar to that of Au foil, and the EXAFS (Figure 2f) showed
only Au-Au coordination at 2.4 A, indicating that Au species
dispersed as NPs.*!] The fitting results revealed the CN of
93 + 33 and bond length of 2.9 + 0.02 A (Figure S34
and Table S5). For comparison, Pt;/TiO, and Au,/TiO, were
successfully synthesized and verified by AC HAADF-STEM
and EDS mapping (Figures 3a,b, with metal content reported
in Table S6). XAS and CO-DRIFTS results (Figures 2c—f,
S28-S34, Tables S4, and S5) revealed that Pt species in the
Pt;/TiO, catalyst were present as dispersed SAs, with Pt-O
CN of 5.1 + 1.2 and bond length of 2.0 4 0.02 A. In contrast,
the Au species in Au,/TiO, dispersed as NPs, with Au—Au CN
of 10.4 £ 3.0 and bond length of 2.9 £ 0.02 A.

To optimize the Pt/Au ratio, we prepared a series of
PtAu/TiO, catalysts by varying Au content and fixing the
Pt content at ~0.2 wt.% (as shown in Figures S35-S38 and
Table S7). As the Au content increased from 0.21 wt.%
to 1.95 wt.% (i.e., the Pt/Au ratio increased from 1:1 to
1:10), H, conversion gradually increased from 6.7% to 28.0%.
However, the selectivity was maintained at ~100% when
the Pt/Au ratio was between 1:1 and 1:5, and decreased to
65.8% when increased to 1:10 (Figure S39). To investigate
the underlying mechanism, the dispersion and speciation of
Pt and Au active sites were examined using AC HAADF-
STEM and XPS. As shown in Figure S40, increasing the
Au content led to the gradual migrating of Pt into the
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Au NPs (confirmed by the EDS results in Figure S41).
Indeed, at a Pt/Au ratio of 1:10, only a small number of Pt
SAs were observed, corresponding with considerable alloy
formation (Figure S42). Subsequent XPS analysis (Figure
S43) confirmed that, as the Au content increased, the binding
energy of Au 4f remained relatively constant at 83.2 eV,
indicating that Au was in its metallic state.[*”] However, the
valence state of Pt was strongly influenced by the Au content.
At low Pt/Au ratios (1:1 to 1:5), Pt species were positively
charged (the binding energy of 72.9 eV), while a weak peak at
71.4 eV, corresponding to Pt species,[*] appeared at a Pt/Au
ratios of 1:7 and 1:10, consistent with the AC HAADF-STEM
analysis, which revealed the intimate mixing of metal species
at these higher ratios. These observations were also confirmed
by CO-DRIFTS analysis (Figure S31). A series of PtAu/TiO,
catalysts were also prepared by varying Pt content and fixing
the Au content at ~1 wt.% (Figures S44-S46 and Table S7).
AC HAADF-STEM images indicated that PtAu alloys form
as the Pt content reached 0.4 wt. %, aligning well with XPS and
EDS analysis (Figures S47-S49). Increasing the Pt content
from 0.09 to 0.90 wt.% (i.e., the Pt/Au ratio decreased from
1:10 to 1:1) led to higher H, conversion (9.9% to 24.7%). The
selectivity remained ~100% at Pt/Au ratios of 1:10 and 1:5,
but decreased to 40.2% when the ratio was reduced to 1:1,
along with a decline in productivity (Figure S50). These results
demonstrated that the optimal performance was achieved at
a Pt/Au ratio of 1:5 (i.e., Pt; Au,/TiO,, the Pt content was
0.19 wt.% and the Au content was 1.0 wt.%), which could be
attributed to the unique structure consisting of both positively
charged Pt SAs and metallic Au NPs.

Catalysts with varying geometric structures were subse-
quently prepared, as shown in Figure 3c—g (the corresponding
metal content was about 0.1 wt.% for SAs and 0.9 wt.%
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Figure 3. AC HAADF-STEM images and EDS mappings of a) Pt;/TiOz, b) Au,/TiO, ¢) Pt,/TiO2, d) PtAu/TiO; alloy, €) PtjAuq/TiOy, f) PtaAuy/TiO2,
and g) PthAun/TiOy, single atoms are highlighted by the yellow circles; comparative. h) H, conversion, H,O; selectivity, and i) H,O, productivity
(reaction condition: 10 mL CH30H, 2.9 MPa 5% H; /N3, 1.1 MPa 25% O, /N,, T = 0 °C, 5 mg catalyst, 10 min, and stirring: 1200 rpm), hydrogenation
(reaction condition: 0.25 mL 30 wt.% H,0O5, 10 mL CH3OH, 2.9 MPa 5% H;,/N,, T=0 °C, 5 mg catalyst, 10 min, and stirring: 1200 rpm), and
decomposition (reaction condition: 0.25 mL 30 wt.% H;03, 10 mL CH3OH, 4.0 MPa N3, T =0 °C, 5 mg catalyst, 10 min, and stirring: 1200 rpm) on

catalysts with different geometric structures.

for NPs, as reported in Tables S6 and S7). Interestingly, the
Pt,/TiO, catalyst, which consisted of atomic Pt species, was
found to be inactive towards H,O, synthesis, while the cata-
lysts with Pt NPs (Pt,/TiO,, Pt,Au;/TiO,, and Pt,Au,/TiO,)
offered only limited selectivities (< 25%, Figure 3h,i). On the
other hand, the Au,/TiO, catalyst (containing Au NPs) was
inactive, presumably resulting from an inability to dissociate
H,, as indicated by the observation of no H, conversion
over this formulation. Moreover, the PtAu/TiO, alloy cata-
lyst demonstrated a high H, conversion (29.8%), while its
selectivity was only 11.8%, corresponding well with the obser-
vation of high H,O, hydrogenation (82.6 mol-gyym ~'-h™!)
and decomposition (7.1 mol-gyy ~'+h™!) activity. In contrast,
no H,O, degradation was observed for Pt; Au,/TiO, catalyst
even at H,O, concentrations as high as 14 wt.% (Figure
S51). These results further revealed that the unique geometric
structure of Pt SAs and Au NPs with close proximity was key
to achieving efficient synthesis of H,O,.

Unraveling the DSHP mechanism on Pt;Au, /TiO,

In order to reveal the H, and O, activation mechanism
over the reaction process, the H, dissociation capacity
of the Pt;/TiO,, Au,/TiO,, and Pt; Au,/TiO, catalysts was
investigated using H,—D, exchange experiments (Figure 4a),
which demonstrated that the Pt;/TiO, formulations displayed
a considerable HD signal at room temperature, indicating
favorable H, dissociation capacity. Also, the Pt;Au,/TiO,
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catalyst showed a comparable H, dissociation capacity as
Pt,/TiO,, whereas Au,/TiO, showed no dissociation capacity
for H,. Subsequently, O,-temperature programmed desorp-
tion (O,-TPD, Figure S52) was employed and in the case of
the Pt;/TiO, formulation revealed a distinct O, desorption
peak at 463 °C, which was attributed to lattice O. By
comparison, the Au-containing Au,/TiO, and Pt;Au,/TiO,
formulations not only displayed desorption peaks associated
with lattice O, but also exhibited a desorption peak of
chemisorbed O, at ~200 °C.[#] 10,-180, exchange exper-
iments further revealed that the Pt;Au,/TiO, (1.1E-8), as
well as Au,/TiO, (1.1E-8) and Pt;/TiO, (1.1E—8) catalysts,
displayed no dissociation ability for O, (1.1E—8 for blank,
Figure S53). Nevertheless, the Pt,/TiO, exhibited an obvious
160180 signal (1.5E—8), which revealed that the Pt NPs (i.e.,
Pt’) were capable of breaking O-O bonds, in agreement with
experimental results, demonstrating that PtAu/TiO, catalysts
consisting of Pt” showed low H,O, selectivity (the Pt,/TiO,,
Pt,Au,/TiO;, and Pt,Au,/TiO, catalysts offered selectivities
of only 3.6%, 11.8%, and 24.4%, respectively, Figure 3h). The
above results demonstrated that the separate Pt SAs and Au
NPs were responsible for dissociative adsorption of H, and
non-dissociative adsorption of O,, respectively.
Time-dependent in situ H,-O,-DRIFTS was employed
to monitor the H, and O, activation process (Figure 4b-d).
For the Pt;Au,/TiO, catalyst, following the introduction
of O,, weak peaks at 1221 and 814 cm™' were identified
(the enlarged plot was displayed in Figure S54), which
corresponded to the vibrations of superoxo-like (*O,)
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Figure 4. a) H,—D, exchange experiments of PtjAu, /TiO2, Pt /TiO2, and Aun/TiO; at room temperature, 5% H /N3 (30 mL/min) as carrier and D,
(10 mL/min) as pulse gas, 1 mL quantitative ring, catalysts: 20 mg. Time-dependent in situ DRIFTS spectra of b) Pt;Au,/TiO2, c) Pt;/TiO5, and d)
Au, [TiO;. e) Effects of isotopic substitution on rate constants. Peak trends at ~2450, ~1456, and ~1104 cm~! marked from the time-resolved
operando infrared spectra with solvent subtraction on f) PtjAu, /TiO2, g) Pt;/TiO2, and h) Au,/TiO;. i) The formaldehyde content of the
post-reaction solution on PtjAup/TiO2, Pt;/TiO2, and Au,/TiO,. Reaction conditions: 10 mL CH3OH, 2.9 MPa 5% H3/N,, 1.1 MPa 25% O3/N3, 0 °C,

5 mg catalyst, 30 min, and stirring: 1200 rpm.

and peroxo-like (*O,”) adsorption configurations,
respectively.[**#] Then, with the introduction of H,, new
peaks corresponding to *OOH and *HOOH species
were immediately recognized at 985 and 1371 cm™!,
respectively.’>!] Meanwhile, with the extension of H, expo-
sure time, the intensities of the *O, and *O,~ peaks gradually
diminished. This was likely due to the progressive conversion
of adsorbed O, into *OOH, while the further decrease
in *OOH peak intensity can be attributed to subsequent
transformation into *HOOH. However, there were no similar
observations over the Pt;/TiO, and Au,/TiO, catalysts. Only
the vibrational peaks of *OH were observed on Pt;/TiO, with
the introduction of H,, while only the *O, and *O,~ peaks
appeared on Au,/TiO, with the introduction of O,, further
demonstrating that the separated H, and O, activation sites
were located on Pt SAs and Au NPs, respectively.

To gain further insight into the mechanism of H, dissoci-
ation and proton-electron transfer to oxygen, we conducted

Angew. Chem. Int. Ed. 2025, e21118 (6 of 10)

kinetic isotope experiments (Figure 4¢). These experiments
showed significant kinetic isotope effects (KIE) with values
of 1.9 (Hy/D,) and 1.5 (!0,/'80,), demonstrating that
the kinetically significant interactions between intermediates
containing active hydrogen and molecular oxygen were
facilitated in the H,O, formation process. Moreover, elevated
CH;OH-related KIEs (3.2 for CH;OH/CH;OD and 2.8 for
CH;0H/CD;OH) suggested that the H species of O-H and
C-H in CH;0OH may directly participate in the reaction.
Time-resolved operando infrared spectra on Pt;Au,/TiO,
(Figures 4f and S55) showed that the features at 1456
and 1104 cm™! identified as methyl and hydroxyl species,
respectively, increased with time, evidencing the formation
of n>-formaldehyde, which was regarded as a key species in
H,0O, formation. In addition, the enhancement of the O-D
peak at 2452 cm~! indicated a rapid exchange between —OD
and —~OH, with formaldehyde (CH,O) acting as a hydrogen
carrier (*CH,OH) to transport hydrogen. Combining the

© 2025 Wiley-VCH GmbH
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results of Figures 4g,h, and S55, CH,O and O-D were formed
on the Pt SAs. Figures S56-S59 showed that CH3;0H can
be dehydrogenated to CH,O in the presence of Pt; Au,/TiO,
catalyst. Further, the CH,O content of the post-reaction
solution was also examined, and it was shown in Figure 4i
that the CH,O was only formed in the presence of Pt SAs
(i.e., 0.014 and 0.023 mmol/L on Pt; Au,/TiO, and Pt;/TiO,,
respectively), and not observed over the monometallic
Au,/TiO, catalyst, which was consistent with the infrared
results (Figure 4f-h).

Based on these observations, we are able to propose the
reaction pathway for DSHP over the Pt; Au,/TiO, formula-
tion (Figure Sa). First, H, and O, were adsorbed on isolated
Pt SAs and Au NPs (* + H, + O, — *H, + *O,), respectively,
with *H, dissociated into two H* (*H, — 2H" + 2e7). At
the same time, CH;OH was also dehydrogenated on Pt SAs
to form *CH,O. Subsequently, the dissociated H", derived
from H,, combined with the Au-adsorbed *O, to form *OOH

Angew. Chem. Int. Ed. 2025, e21118 (7 of 10)

assisted by *CH,O, which acted as a hydrogen carrier (H"
+ e 4+ *CH,0 + *O, — *OOH + *CH,0), after which
the adsorbed hydroperoxy intermediate combined with the
second H* to form *H,0, (H* + ¢~ + *CH,0 + *OOH
— *HOOH + *CH,O0), and finally *H,0, was desorbed to
generate H,O, (*HOOH — H,0, + *).

Theoretical Results

Density functional theory (DFT) calculations were conducted
to further elucidate the underlying mechanism of H,O,
formation over the Pt;Au,/TiO, surface. According to the
above catalyst characterizations, the Pt;/TiO, catalyst was
modeled with a Pt single atom anchored to the TiO, surface
via oxygen bonds, while the Au,/TiO, and Pt;Au,/TiO,
systems were simulated by, respectively, loading Auy; clusters
and co-anchoring an isolated Pt single atom with Auy; clusters
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on the TiO, surface. Specifically, the relative spatial position
of Pt SAs and Au NPs in Pt; Au,/TiO, was spatially separated
but adjacent. The models of these catalysts, including the
structures of major intermediates, were shown in Figures
S60-S70.

Initially, we calculated the dissociation energy barrier of
H, on P4/TiO,, Au,/TiO,, and Pt; Au,/TiO,, respectively.
As shown in Figure 5b, the H, adsorption occurred readily
on Pt SAs over Pt;/TiO, and Pt;Au,/TiO, with the free
energy of —0.41 and —0.22 eV, respectively, whereas it
was endothermic over Au,/TiO, (0.25 eV). Moreover, the
dissociation energy barriers of H, on Pt;/TiO, (0.58 eV)
and Pt; Au,/TiO, (0.50 eV) were notably lower than that of
Au,/TiO; (1.07 eV). These results indicated that both thermo-
dynamically and kinetically, the activation of H, on Pt;/TiO,
and Pt; Au,/TiO, was favorable, consistent with the results of
H,-D, exchange experiments (Figure 4a). In the following,
the non-dissociative adsorption energy results (Figures 5c,d)
for O, showed that O, was more readily adsorbed on Au
NPs (—0.96 and —1.13 eV over Au,/TiO, and Pt; Au,/TiO,,
respectively) than on Pt SAs (—0.71 and —0.85 eV over
Pt;/TiO, and Pt; Au,/TiO,, respectively). Moreover, within
the Pt;Au,/TiO, catalyst, O, preferred to adsorb on Au
NPs. The dissociation energy barriers of O, (Figure 5e) on
Pt,/TiO,, Au,/TiO,, and Pt; Au,/TiO, catalysts were as high
as 1.72, 1.56, and 1.49 eV, respectively, indicating that O,
was difficult to dissociate on these catalysts, which suppressed
the side reaction of H, and O, to form water. Thus, it can
be concluded from the above results that the Pt;Au,/TiO,
catalyst exhibited both excellent H, dissociation ability and
non-dissociative adsorption capacity for O,.

The experimental results revealed that the dehydrogena-
tion of CH;0H to produce *CH,O was a key step in the
process of H,O, formation over the Pt; Au,/TiO, catalyst. As
shown in Figure 5f, the dehydrogenation process of CH;0H
occurs on Pt SAs verified by time-resolved operando infrared
spectra (Figure 4f-h), and CH;OH was easily adsorbed on
Pt; Au,/TiO, with a free energy of —0.67 eV. However, the
dehydrogenation of C-H in *CH;OH (*CH;OH — *CH,OH
+ *H) required overcoming a significant energy barrier
(1.31 eV), which was kinetically unfavorable, whereas the
energy barriers (0.89 eV) for further dehydrogenation of
*CH,OH (*CH,OH + *H — *CH,0 + 2*H) were much
lower, probably due to the more robust thermodynamic
conditions provided when serving as an hydrogen carrier to
transfer H and forming *OOH (free energy of —0.21 eV,
*0, + 2*CH,OH — *OOH + *CH,O + *CH,OH,
Figure 5g). The formation of *OOH not only consumed
the *CH,OH to drive the equilibrium from *CH;OH to
*CH,OH in the forward direction, but also further lowered
the dehydrogenation energy barrier of *CH,OH on Pt SAs by
generating *H,O,. The *OOH needed to overcome an energy
barrier of 0.65 eV to react with *CH,OH to further form
At the same time, *CH,O was desorbed from the surface
of the catalyst with a free energy of 0.37 eV (Figure 5f),
which in turn generated *CH, OH with the active hydrogen in
the reaction to participate in the next catalytic cycle. Above
dehydrogenation process of CH3;OH further demonstrated
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that *CH,O acted as a hydrogen carrier bridge linking Pt SAs
(H, dissociation sites) with Au NPs (O, adsorption sites).

Conclusion

In summary, we propose a novel strategy to construct
efficient catalysts for DSHP that effectively decouple the two
processes of H, and O, activation and elegantly assign them
on distinct sites: Pt SAs for H, dissociation and Au NPs for
O, non-dissociative adsorption. Under optimal conditions,
the H,O, productivity is comparable with that of the best
Pd-based catalysts and significantly higher than that of
reported non-Pd-based catalysts, with nearly 100% selectivity.
A H,0O, concentration close to 4 wt.% can be achieved after
sequential reactions, which is twice the initial concentration
of the existing industrial approach to production. Extensive
mechanistic studies directly indicate CH;OH (the solvent in
H,O, formation) was dehydrogenated on Pt SAs to produce
*CH,0O as an active hydrogen carrier, which subsequently
combines with *O, ™~ to produce H,O,.
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