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Efficient production of hydrogen peroxide (H,O,) from oxygen (O,) is an important research topic in
chemistry. Au nanoparticles loaded on n-type semiconducting metal oxides by the deposition precipitation
(DP) method (Au/n-MOs) are known to possess catalytic activity for two electron-oxygen reduction
reaction. In this study, zirconia-supported Au nanoparticles (NPs) were prepared by the usual DP method
(Au/ZrO,-DP) and a modified DP method with a pre-step of long-term stirring of ZrO, NPs in HAuCly
solution (Au/ZrO,-MDP). Regardless of the insulating character of ZrO,, Au/ZrO,-MDP stably yields H,O,
from O, and HCOOH at 25 °C with a turnover frequency (TOF) of 1.0 x 10% h™* and selectivity of 97%. The
TOF is much larger than the values of Au/ZrO,-DP and various Au/n-MOs. Spectroscopic measurements
indicated that the unexpectedly high catalytic activity of Au/ZrO,-MDP can be induced by effective
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Introduction

Metal oxide-supported Au nanoparticles (NPs) smaller than 10
nm are known to exhibit high catalytic activity for various
important reactions including CO oxidation, alcohol
oxidation, hydrogen evolution, hydrogenation, and C-C
coupling, while bulk Au is chemically inactive.'™ The catalytic
activity strongly depends on the kind of the metal oxide
supports as well as the Au particle size. Among them, n-type
semiconducting metal oxides such as TiO, and CeO, are most
widely used as the support for Au NPs (Au/n-MOs).** A
positive correlation was previously recognized between the
catalytic activity of Au/n-MOs for alcohol oxidation and the
conduction band (CB) minimum of n-MOs.” Also, Au/n-MTiO;
(M = Ca, Sr, Ba) with high CB minimum has recently been
reported to show high catalytic activity for H,O, production
from O, with formic acid (HCOOH) as a proton and electron
donor at ambient temperature and pressure (eqn (1)).°
HCOOH with hydrogen storage capacity of 4.3 wt% and
normal boiling point of 374 K can be a highly promising
hydrogen storage and carrier material.”® HCOOH is one of
major products from non-edible biomass,” while it has
recently been synthesized from H, and CO, using an iridium
catalyst under mild conditions.'® Thus, the process (eqn (1))
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introduction of O-vacancies to the ZrO, surface.

can be regarded as a green and sustainable process for H,0,
production.

0, + HCOOH — H,0, + CO, 1)

On the other hand, insulating ZrO,-supported Au NPs (Au/
7ZrO,) were reported to show catalytic activity for CO
oxidation," although the activity is much lower than Au/
TiO,."* The significant catalytic activity of Au/ZrO, can
originate from the oxygen vacancy at the Au-ZrO, interface.™
In usual, catalytically active Au/MOs are conveniently
prepared by the deposition precipitation (DP) process
consisting of neutralization of HAuCl, solution (step 1),
adsorption of the resulting [Au(OH);Cl] complex on MO
(step 2), and Au NP formation by heating in the air (step 3)."*
While repeating the preparation of Au/ZrO, catalysts by
the DP method, we have found that a highly active Au/ZrO,
catalyst can be obtained by stirring the ZrO, particle-
dispersed HAuCl, solution for a long period of time. Here we
present the simple modified DP method for the preparation
of Au/ZrO, (Au/ZrO,-MDP). As a test reaction, Au/MO-
catalyzed production of H,0, from O, and HCOOH (eqn (1))
was carried out. Au/ZrO,-MDP prepared at heating
temperature = 400 °C has been shown to exhibit an
extraordinarily high catalytic activity for H,O, production.

Results and discussion
Catalyst preparation and characterization

Commercial non-faceted monoclinic ZrO, particles (mean
particle size = 20 nm, specific surface area = 100 m> g~* UEP-
100, Daiichi Kigenso Kagaku Kogyo Co.) were used as the

This journal is © The Royal Society of Chemistry 2023
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support of Au NPs. In the normal DP method, just after
adding ZrO, particles into HAuCl, aqueous solution, the
suspension was neutralized to pH 7.0, and the suspension
was stirred at 80 °C for 2 h. The resulting particles were
washed and dried, and calcined 1 h. In the present modified
DP method, ZrO, particles were added to the HAuCly
solution, and then, the suspension was stirred at 25 °C for 24
h. Subsequent application of the same procedures as the
normal DP method yielded Au/ZrO,. The samples prepared
by the normal and modified DP methods at heating
temperature ¢. (°C) are designated as Au/ZrO,-DP, and Au/
ZrO,-MDP,, respectively. The Au loading amounts of Au/ZrO,-
DP and Au/ZrO,-MDP are quantified to be 0.69 mass% and
0.67 mass%, respectively, by inductively coupled plasma
spectroscopy. In the XRD patterns of ZrO,, Au/ZrO,-DP,o,
and Au/ZrO,-MDP,,, (Fig. S1f), the diffraction peaks are
observed at 26 = 28.2°, 31.5°, and 50.1° due to the diffraction
from the (-111), (111), and (-220) planes for the monoclinic
ZrO, (ICDD No 00-036-0420), respectively. No diffraction of
Au is observed for Au/ZrO,-DP and Au/ZrO,-MDP because of
the small loading amount. Fig. 1a shows the high resolution-
transmission electron microscopic (HR-TEM) image of Au/
ZrO,-MDP,,. The d-spacings of the deposit and support are
in agreement with the values of Au(111) and monoclinic
Zr0O,(011) planes, respectively. Fig. 1b shows Kubelka-Munk
transformed UV-vis-NIR absorption spectra for ZrO,, Au/ZrO,-
DP,4go, and Au/ZrO,-MDP,,,. Unmodified ZrO, only has the
interband-transition absorption at wavelength (1) < 240 nm.
In the absorption spectra of Au/ZrO,-DP,y, and Au/ZrO,-
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Fig. 1 (a) HR-TEM image of Au/ZrO,-MDP4q. (b) Kubelka-Munk-
transformed UV-vis-NIR absorption spectra of ZrO,, Au/ZrO,-DP4p0,
and Au/ZrO,-MDPygo. (c) TEM image of Au/ZrO,-MDP4go. The inset
shows the Au particle size distribution. (d) HAADF-STEM image of Au/
ZrOZ'MDP400.
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MDP,,, new absorption appears around 550 nm due to the
localized surface plasmon resonance (LSPR) of Au NPs.
Fig. 1c and the inset show the TEM image and Au particle
size distribution of Au/ZrO,-MDP,,, respectively, and the
data on Au/ZrO,-DP,, are provided in ESI} (Fig. S2). Au NPs
with a mean particle size (da,) = 3.6 + 0.5 nm for Au/ZrO,-
MDP,,, and dp,= 4.6 = 0.7 nm for Au/ZrO,-DP,,, are
deposited on the ZrO, surface. Fig. 1d shows high-angle
annular dark field scanning TEM (HAADF-STEM) image of
Au/ZrO,-MDP,q. It can be seen more clearly that the Au NPs
shown by the bright spots are highly dispersed on the ZnO
surface. Previously, the formation of noble metal (core)-metal
oxides (shell) NPs (M@MOs) such as Ru@SnO, was
previously reported during a reduction-oxidation process
through the strong metal support interaction,'” but no such
particle is observed in the present Au/ZrO, systems (Fig. S31).
The similar absorption spectra of Au/ZrO,-DP,,, and Au/
Zr0O,-MDP,,, also indicate that the loading amount, size, and
shape of Au NPs are comparable each other.

Catalytic H,0, production and stability test

The catalytic activities of Au/ZrO, and various Au/n-MOs for
H,0, production from aerated 1.06 M aqueous solution of
HCOOH (eqn (1)) were evaluated at 25 °C. The concentration
of H,0, was quantified by the iodometric titration.'® Fig. 2a
shows time courses for H,O, generation in the ZrO,, Au/
ZrO,-DP,4g0, Au/ZrO,-MDP,, systems, and the Au/TiO, system
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Fig. 2 (a) Time courses for the H,O, generation in the systems of
ZrOz, AU/ZI"Oz'DP400, AU/ZI’Oz'MDP400, and AU/TIOZ in aerated
HCOOH aqueous solution at 25 °C. (b) Rate of H,O, generation (v) in
the Au/ZrO, systems under the same conditions, and controlled
conditions without O, or HCOOH. (c) Comparison of the catalytic
activities (v and TOF) of Au/ZrO,-DP4oo and Au/ZrO,-MDP4oo with
those of various Au/n-MOs. (d) Repeated reactions in aerated HCOOH
aqueous solution at 25 °C using the same Au/ZrO,-MDP o0 catalyst.
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as a typical Au/n-MO for comparison. While unmodified ZrO,
is inactive, every Au/MO system shows catalytic activity for
the generation of H,0, whose amount increases almost in
proportion to reaction time. Fig. 2b shows the rate of H,0,
generation (v) in each system. Au/ZrO,-DP4y, provides a v
value of 0.19 mM h™' comparable with that of Au/TiO, (0.18
mM h‘l). The rate of reaction in the Au/ZrO,-MDP,,, system
(0.80 mM h™") is 4.2-fold greater than that of the Au/ZrO,-
DP4o system. Fig. 2c¢ compares the v values and turnover
frequencies (TOFs) of Au/ZrO,-DP,, and Au/ZrO,-MDP,,
with those of various Au/n-MOs. The TOF was calculated by
assuming that the surface Au atoms are catalytically active
sites to compare the values previously reported for various
Au/MOs (Table S1t). The surface Au atoms were calculated by
the d,, and the dispersion.17 Surprisingly, Au/ZrO,-MDP 4
exhibits the highest catalytic activity among the Au/MOs, and
the TOF reaches 1.0 x 10> h™'. The analysis by gas
chromatography confirmed the evolution of CO,, and
HCOOH utilization efficiency (5) defined by eqn (2) reaches
97% (Fig. S47).

1 (%) = (mole number of H,0,/mole number CO,) x 100 (2)

To check the stability of Au/ZrO,-MDP, the reaction was
repeated 5 times using the same Au/ZrO,-MDP,4,. As shown
in Fig. 2d, no decay in the catalytic activity is observed.
Further, the characterization by means of XRD, TEM, and XP
spectra also confirm that the structure and electronic state of
Au/ZrO,-MDP are maintained after the repeated reactions
(Fig. S5t). Clearly, the introduction of the long-time stirring
of ZrO, particles in the HAuCl, solution to the DP process as
a pre-step remarkably enhances the catalytic activity of Au/
ZrO, for two electron-oxygen reduction reaction (2e -ORR).

Activation mechanism

The catalytic activity of Au NPs is well known to strongly
depend on the size and shape.>* On the other hand, the
LSPR-peak wavelength of Au NPs is sensitive to the size and
shape of Au NP. The similar absorption spectra of Au/ZrO,-
DP and Au/ZrO,-MDP suggest that the size and shape of Au
NPs are not the main factors causing the large difference in
their catalytic activities.

To gain the insight into the origin for the outstanding
catalytic activity of Au/ZrO,-MDP,q,, firstly, the change in the
state of the samples during step 2 to step 3 in the DP and
MDP processes were traced by thermal analysis for the Au
complex-adsorbed on ZrO, (Au*‘/Zr0,). Fig. 3a shows
thermogravimetry (TG)-differential thermal analysis (DTA)
curves for Au*'/ZrO,-DP and Au’'/ZrO,-MDP in the air. In
each DTA curve, an endothermic peak due to the desorption
of physically adsorbed H,O is observed around 100 °C with
several exothermic peaks in the range from 200 °C to 300 °C.
The latter peaks are ascribable to the decomposition of the
adsorbed Au**-complex yielding Au NP since the absorption
due to the LSPR characteristic of Au NPs appears at ¢. 2 350
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Fig. 3 (a) TG (broken lines)-DTA (solid lines) curves for Au®*/ZrO,-
MDP (red) and Au®*/ZrO,-DP (blue). (b) PL spectra of Au/ZrO,-
MDP400,450,500 and Au/ZrO,-DP40o measured at lox = 280 nm at 77 K.
(c) O 1s-XP spectra of Au/ZrO,-MDP4q0, Au/ZrO,-DP4g0, and ZrO,. (d)
Au 4f-XPS spectra for Au/ZrO,-MDP4q0, Au/ZrO,-DP4go, and ZrO,.

°C (Fig. S6T). Noticeably, an additional exothermic peak is
present at 450 °C only in the DTA curve for Au*'/ZrO,-MDP.
Then, Au/ZrO,-MDP samples were prepared at 450 °C and
500 °C, and the catalytic activity for H,O, generation from
aerated HCOOH solution was examined. As shown in Fig. 2b,
the catalytic activity is greatly reduced at t. > 450 °C to be
comparable with that of Au/ZrO,-DP .

Secondly, photoluminescence (PL) spectra of Au/ZrO,-
MDP 400 450,500 and Au/ZrO,-DP,, were measured at excitation
wavelength (lex) = 280 nm at 77 K. Every sample has a broad
emission band around 480 nm due to the O-vacancies in
Zr0,."®" The emission of Au/ZrO,-MDP,, is significantly
stronger than that of Au/ZrO,-DP,,. The emission intensity
of Au/ZrO,-MDP steeply decreases at t. = 450 °C. These
results indicate that Au/ZrO,-DP,,, has more O-vacancies
than the other samples. Thirdly, X-ray photoelectron (XP)
spectra of Au/ZrO,-MDP,q9, Au/ZrO,-DP4g, and ZrO, were
measured. No discernable difference is observed between the
Zr3d-XP spectra (Fig. S71). In Fig. 3c, each O1s-XP spectrum
can be deconvoluted into two signals with the binding
energies (Ep) of 530. 2 eV (S1) and 532.0 eV (S2) assignable to
the lattice O and the lattice oxygen associated with in the
oxygen deficient region (or surface OH groups), respectively.’
The S2-signal percentage calculated from {area(S2)/area(S1) +
area(S2)} x 100 increases in the order of ZrO, (17%) < Au/
ZrO,-DP (19%) < Au/ZrO,-MDP (23%), which is also
consistent with the conclusion drawn from the PL data. On
the other hand, bulk Au possesses two signals at Eg = 84.0 eV
and 87.7 eV due to the emission from the Au4f,,, and Au4f;,
orbitals, respectively.>' In Fig. 3d, the signals of Au/ZrO,-
DP,yo and Au/ZrO,-MDP,,, shift towards the lower energy

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 DRIFT spectra for Au**/ZrO, (MDP and DP) before calcined,
Au/ZrO, (MDP and DP) with the calcination at t. = 400 °C, 450 °C, and
500 °C, and ZrO, for comparison.

side, and the Eg shift in the Au/ZrO,-MDP,,, system (AEg,
Au4f,, = -0.9 eV) is more pronounced than the Au/ZrO,-
DP,y, system (AEg, Audf,, = -0.7 eV). Evidently, O-vacancies
are effectively introduced into the ZrO, surface by the MDP
process simultaneously with the excessive electrons
transferred to Au NPs.

Further, the mechanism on the introduction of O-vacancy
into the ZrO, support of Au/ZrO,-MDP,,, was studied by
means of diffuse reflectance Fourier-transformed infrared
(DRIFT) spectroscopy. Most Au complexes probably exist as
[HAu(OH);CI]” at pH ~7.>> [HAu(OH);Cl]” complex is
adsorbed on ZrO, via the ligand exchange between ClI” and
surface hydroxy groups (Zr,OH).>* Fig. 4 shows the DRIFT
spectra for Au*'/ZrO,-MDP before and after calcination at t, =
400 °C, 450 °C, and 500 °C, and for comparison, ZrO, and
Au/ZrO,-DP,o. While these spectra are similar, a closer

Modified-DP
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inspection indicates the presence of the absorption at 1232
em™ and 1160 cm™* only in the spectra of Au®'/ZrO,-MDP
and Au/ZrO,-MDP,n. The former and latter signals can be
assigned to the adsorbed monodentate carbonate and
bidentate carbonate, respectively,”*>® disappearing at t. >
450 °C. Thus, the exothermic peak around 450 °C in the
Au**/ZrO,-MDP (Fig. 3a) results from the decomposition of
the adsorbed carbonates. Recent temperature programed
desorption  measurements have shown that the
decomposition of carbonate on Au/ZrO, occurs at 450 °C with
the dehydration of surface hydroxy groups.>”®

In the MDP process (Scheme 1), the long-time stirring of
the suspension of ZrO, particles in acidic HAuCl, solution
causes the hydrolysis of the ZrO, surface to form Zr,—OH
groups and O-vacancies, where the subscript s denotes the
surface atom. During the neutralization, CO, is dissolved into
the ZrO, suspension to be adsorbed on the surface as
carbonates with the chemisorption of [Au(OH);Cl]"
complexes. Upon heating at t. = 400 °C, the adsorbed Au**
complexes are transformed to Au NPs, while the surface
carbonates and oxygen vacancies remain. At ¢, > 450 °C, the
carbonates are decomposed into CO, with the partial
disappearance of surface O-vacancies.

These results above strongly suggest that the effective
introduction of O-vacancies to the ZrO, surface by the MDP
process is deeply associated with the high catalytic activity of
Au/ZrO,-MDP for 2e -ORR by HCOOH. Recently, Au/ZrO,
prepared by a colloidal deposition method has been reported
to exhibit catalytic activity for CO oxidation although it is
significantly lower than that of Au/TiO,."> The authors have
revealed by the temporal analysis of products technique that
the CO oxidation on Au/TiO, at 80 °C and higher proceeds
via the Au-assisted Mars-van Krevelen mechanism where CO
is oxidized by the lattice O on the TiO, surface to be
reproduced by 0,.%° Also, recent first principle calculations

OH OH OH

?H ?H ?H H* H,0 HO [ HO [/ HO

Long time stir
HAuCI,
AN

co,
Oox

> 450°C "?1 &3 400°C

OH
AU/ZrO,-DP,p,
AU/ZrO,-MDP 455 500

<F——— ‘\rriuiz'-o_z; <
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- o]
0\\?/,0 3
o d % cop
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Scheme 1 Proposed activation mechanism on the DP method for the preparation of Au/ZrO,.
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have indicated that the Au/ZrO,-catalyzed CO oxidation can
also proceed via the same mechanism."**° Importantly, these
studies have pointed out the significance of O-vacancies on
the surface of the MO support for the activation of O,.
However, the Au-assisted Mars-van Krevelen mechanism
would be excluded from the possible mechanisms in this 2e"-
ORR because the O-O bond of O, is maintained and the
reaction temperature is 25 °C.>' Meantime, the electron-
richness of the MO-supported Au NPs can be one of the
controlling factors of the catalytic activity for 2e-ORR.*>*?
Consequently, the outstanding catalytic activity of Au/ZrO,-
MDP,,, for 2e -ORR may stem from fine tuning of the
electronic state of Au NPs on ZrO, with the effective
introduction of O-vacancies to the support surface (Fig. 3d).
However, there is the possibility that oxygen defect sites
around the perimeter interface of Au nanoparticles with ZrO,
work catalytically active sites, and in this case, the TOF values
will be even larger (Table S1f). Further work is needed to
clarify the catalytically active sites at the atomic level to
elucidate the detailed action mechanism.

Conclusions

We have presented a modified DP method with a pre-step of
long-time stirring of ZrO, particles in HAuCl, solution for the
preparation of Au/ZrO, (Au/ZrO,-MDP). The sample prepared
at heating temperature of 400 °C (Au/ZrO,-MDP,,) has been
found to exhibit an extraordinarily high catalytic activity for
2e"-ORR by HCOOH much exceeding those of various Au/n-
MOs. Spectroscopic experiments indicated that the catalytic
activity of Au/ZrO,-MDP,,, can be induced by -effective
introduction of O-vacancies to the ZrO, surface. Historically,
the discovery of the catalytic activity of Au NPs and the
subsequent remarkable progress in the application to various
chemical reactions owe much to the development of the DP
methods. Thus, we anticipate that the present modified DP
method can contribute to further advance in this field.
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