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Abstract

A series of bimetallic PdAg catalysts with the support of activated carbon were
prepared and assessed for the direct synthesis of hydrogen peroxide from hydrogen
and oxygen. The ensemble effect and electronic effect between Pd and Ag were
characterized including X-ray diffraction (XRD), X-Ray photoelectron spectroscopy
(XPS), temperature-programmed reduction (TPR), and temperature-programmed
desorption of H,/O, (H,-/O,-TPD), etc. Our results showed that the Ag additive
increased the monomer Pd sites which were the primary active sites for H,O,
formation. In addition, the content of Pd?* was increased via the electronic interaction
between Pd and Ag, which prevented the decomposition and hydrogenation of H,0,
to some extent. Therefore, the selectivity of this reaction was increased via using
bimetallic PdAg catalysts compared with the monometallic Pd catalyst. The optimal
PdAg-40 catalyst achieved a H.O, productivity of 7022mol kgeq™ h™ and a high
selectivity of 70.9%, which were superior to those of the Pd/C catalyst.

Keywords: PdAg alloy, direct synthesis of hydrogen peroxide, ensemble effect,
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electronic effect
1. Introduction

Hydrogen peroxide (H20,) is recognized as an environmental friendly oxidizing
agent widely used in industry, such as in the industry of electron, chemical synthesis,
pharmaceutical, papermaking, waste water treatment and so on.'® By far the main
industrial production of H,O, is an indirect process involving sequential
hydrogenation and oxidation of an anthraquinone precursor, which consumes energy
intensively requiring the periodic replacement of anthraquinone due to excessive
hydrogenation.®® The direct synthesis of H,O, from H, and O, is promising to be a
viable candidate to produce H,0, industrially for its remarkable advantages of atom
economy, less energy consumption, and low operating costs.'

Pd supported catalysts have been widely applied in the direct synthesis
reaction.""™® The major problem associated with the direct synthesis of H,O, is the
low H,0, selectivity, since Pd is also very active for the formation of H,0O, H,0,
decomposition and hydrogenation. Continuous efforts have been made to control the
catalytic performance of Pd by incorporating other metals into the Pd catalysts.?*
Hutchings et al. reported that the addition of Au into Pd catalyst led to a substantial
improvement in both the overall activity and the H,O, selectivity.*! For a 2.5 wt%
Pd-2.5 wt% Au/C catalyst, a H,O, productivity of 110 mol kg™ h™ and a H,0,
selectivity of 80% were obtained, which were much higher than those of the pure 5.0

wt% Pd with a H,O, productivity of 55 mol kg™ h™ and a H,0, selectivity of 34%.

Similar phenomena were also observed for the TiO,-supported and Al,O3-supported
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Pd-Au catalysts.?> The reports demonstrated that the synthesis and hydrogenation of
H.O, operated at the same active sites for mono Pd catalysts, while the Pd-Au

.36 studied the active sites

bimetallic catalysts had different active sites.®* Ouyang et a
of Pd-Au alloy catalysts in the direct synthesis of H,O,, concluding that Au increased
the mono-Pd sites while reduced the contiguous Pd sites. The mono Pd atoms
surrounded by Au atoms were assumed to be more favorable for H,O, formation,
while contiguous Pd ensembles were more favorable for H,O, hydrogenation. Pd-Pt
bimetallic catalyst was another potential candidate for the direct synthesis of
H,0,.3"° Bernardotto et al. *® reported that a low Pt content (0.1 wt%) in Pd catalyst
could improve H,0, selectivity (from 55% to 68%) and productivity (from 915 to
1083 mmol gmeta - h™) with respect to the 1.0 wt% Pd. Han et al.** also reported that
PdisPt; (3.3 wt% Pd, molar ratio Pd/Pt=16) exhibited a H,O, productivity of 1770
mol kgeq* h™ and a selectivity of 60%, while 990 mol kgeq™ h™ and 12% were
observed for pure Pd. They speculated that the Pt additive assisted Pd in stabilizing
dioxygen by modifying the electronic structure of Pd. According to these previous
reports, the improved catalytic performance of Pd-based catalysts incorporated with
other metals for the direct synthesis of H,O, was attributed to ensemble effect and
electronic effect between metals.

Noticeably, the additives Au and Pt described in the literature are very expensive.
One way of reducing their consumption is to replace some costly noble metals by

introducing some non-noble metals. Bimetallic Pd-Ag systems have displayed

outstanding performance for some important reactions such as selective
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#1-50 selective oxidation of glycerol to dihydroxyacetone,™

hydrogenation of acetylene,
%2 hydrogenation of alkynol® and etc. Both ensemble effect and electronic effect were
detected in these Pd-Ag particles. The ensemble effect was caused by that Ag reduced
the number of neighbored Pd-atoms, forming Pd-islands and single Pd-surface
atoms.*”™% > The electronic properties of Pd were modified by Ag and the charge
transfer between Pd and Ag was found by some researchers.*" *>*° However, to our
best knowledge, no report has been found on the performance of bimetallic Pd-Ag
catalysts for the direct synthesis of H,O, from H, and O,.

Previously, Pd-Ag alloy membranes were prepared using electroless plating
techniques and studied for the direct synthesis of H,O, from H;, and O,. For example,
Abate et al.>> *® reported that Pd-Ag alloy could improve the stability of the Pd-Ag
membrane by limiting the formation of B-PdH in the presence of H, diffusing through
the membrane, which usually caused the brittleness of the Pd film. Wang et al. °’
reported that H,O, could be formed from H, and O, with a fair productivity using the
Pd-Ag alloy membrane with the inside layer of Pd-Ag and the outside layer of active
Pd. However, these reports did not study the effect of Ag on the catalytic performance
of Pd catalysts. Recently, Farberow et al.® demonstrated that Ag(111) was more
selective toward H,O, than Pd(111), as Ag(111) was more effective at suppressing
0O-0 bond scission through first principles electronic structure calculations. Hence, we
are inspired to investigate whether or not the bimetallic Pd-Ag catalysts show high

activity toward the direct synthesis of H,O, from hydrogen and oxygen as well as the

side reactions in the system, in order to explore a promising catalyst for the direct
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synthesis of H,0,.

In this article, for the first time we prepared a series of bimetallic PdAg catalysts
and investigated extensively the performance these supported PdAg catalysts for the
direct synthesis of H,O, in a slurry reactor. The modification of the Pd surface upon
alloying with Ag and the electron transfer between the metals were connected with the
catalytic properties of supported Pd-Ag systems after detailed characterization using
X-ray diffraction (XRD), X-Ray photoelectron  spectroscopy (XPS),
temperature-programmed reduction (TPR), and temperature-programmed desorption
of H,/O; (H2-/0,-TPD), etc.

2. Experimental
2.1 Catalyst preparation

PdAg/C catalysts were prepared by the conventional incipient wetness
impregnation method. Pd(NO3), (AR, Tianjin Guangfu Fine Chemical Research
Institute) solution was used as the Pd precursor and AgNO3; (AR, Tianjin Guangfu
Fine Chemical Research Institute) as the Ag precursor. Activated carbon (200-400
mesh) was used as the support. A slurry of activated carbon in a Pd(NO3), and AgNO3
aqueous solution was stirred at 45 °C for 1 h. Then the impregnated samples were
filtered, washed with deionized water, dried at 120 °C overnight and finally calcined
in static air at 300 °C for 4 h. The loading amount of Pd was fixed at 1 wt%. Four
catalysts samples were prepared with Pd/Ag molar ratios of 60:1, 40:1, 20:1 and 10:1,
which were named as PdAg-60, PdAg-40, PdAg-20, and PdAg-10, respectively. For

comparison, mono Pd and mono Ag catalysts with metal content of 1 wt% were
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prepared using the same procedures.
2.2 Catalytic performance test
2.2.1 Direct synthesis of H,0,

Prior to the reaction, the samples were pretreated at 500 °C in 10% H,/Ar for 4 h.
The catalysts were evaluated for the direct synthesis of H,O, in a stainless steel
autoclave coated with Teflon. The autoclave was equipped with a magnetic stirrer and
made provision for measuring temperature and pressure. Typically, 0.2 g catalyst and
20 ml of a 0.03 M H,SO, methanolic solution were put into the reactor. The reactor
was purged three times with N, (3 MPa) and then filled with 5% H2/N, and 25%
O,/N, to give a H,-to-O, ratio of 1:2 at a total pressure of 3 MPa at 2 °C. After
reacting for 15 min, the suspension was separated by centrifugal. H,O, content
n(H,0,) was measured by titration with acidified Ce(SO,),, and water content n(H,0)
was determined by volumetric Karl-Fischer method. The productivity is defined as
the moles of H,O, produced per kilogram of Pd per hour. H, conversion and H,0,

selectivity were calculated according to the following equations.

n(H,0,)+n(H,0)

Conversion = >400% @
n(H,)
Selectivity = —"(H202) 45004 )
n(H,0)+n(H,0,)

2.2.2 Hydrogenation and decomposition of H,0,

The hydrogenation and decomposition of the H,O, reactions were analogous to

those of direct synthesis but introducing a H,SO4 methanolic solution containing 1 wt%

H,0O,. Hydrogenation experiments were carried out in the atmosphere of 5% H,/N,
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while decomposition reactions only using a gas feed of pure N,. The H,O, conversion
rate is defined as the moles of H,O, consumed per kilogram of Pd per hour.
2.3 Catalyst characterization

N, adsorption-desorption isotherms were measured on a Micromeritics ASAP
2020 instrument at -196 °C. Inductively coupled plasma-atomic emission
spectrometry (ICP-AES) was carried out using an Iris advantage Thermo Jarrel Ash
device. XRD patterns were measured from 10 to 90° 20 using a Bruker D8 Advance
diffractometer equipped with a Si (Li) solid-state detector (SOL-X) and a sealed tube
providing Cu Ka radiation. Transmission electron microscopy (TEM) analysis was
carried out using a JEOL JEM2010 microscope under an accelerating voltage of 200
kV. XPS was recorded using a Kratos Axis Ultra DLD spectrometer employing a
monochromated Al-Ko X-ray source (hv=1486.6 ¢V), hybrid (magnetic/electrostatic)
optics, a multi-channel plate and delay-line detector (DLD). All the binding energies
were referenced to the Cis peak at 284.6 eV. TPR experiments were performed with a
AutoChem BET TPR/TPD (Quantachrome Instruments AMI-90) connected to a
thermal conductivity detector (TCD): a sample of 100 mg was heated from room
temperature to 600 <C at a heating rate of 10 < min™ under a flow of 10% H./Ar.
H,-/O,-TPD experiments were also performed with a AutoChem BET TPR/TPD
(Quantachrome Instruments AMI-90) connected to a thermal conductivity detector
(TCD). Prior to the absorption, the catalyst was reduced in 10% Hj/Ar at 500 <C for
60 min, then cooled down in pure He. Absorbents of 10% H,/Ar or 10% O,/Ar were

introduced into the system at 40 <C for 15 min. Afterwards, the system was purged



10

11

12

13

14

15

16

17

18

19

20

21

22

Catalysis Science & Technology

with He for 15 min. The temperature was ramped from 40 <C to 500 <C with a rate of
10 T min™ in He.

The N, adsorption-desorption, ICP, H,-TPR, H,-TPD and O,-TPD investigations
were performed with fresh catalysts and the XRD, TEM and XPS investigations were
performed using the reduced catalysts.

3. Results
3.1 Catalyst characterization
3.1.1 Catalyst textural properties and chemical compositions

The textural properties and compositions of the catalysts are summarized in
Table 1. The activated carbon exhibited microporous structure with Sger=1181 m?® g,
V,=0.57 cm® g, Dp=1.92 nm. After loading with the metallic components, both the
surface area and the total pore volume were reduced, which was attributed to the pore
blockage caused by metallic components during the catalyst preparation.

The Pd and Ag amounts of the final samples were analyzed by ICP. As can be
observed in Table 1, the measured amounts of Pd and Ag were lower than the
theoretical values, which was due to incomplete adsorption of metal ions on the
support. The actual molar ratios in the bimetallic catalysts were 73:1, 46:1, 24:1, and

12:1, which were close to the nominal value 60:1, 40:1, 20:1, and 10:1, respectively.
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Table 1 Chemical compositions and textural properties of the calcined catalysts and bare support.

Sample Pd (Wt%)® Ag (Wt%)? Seer M g™ Vp (cm®g™h)P D, (nm)”
carbon - - 1181 0.57 1.92
Pd 0.96 0 1126 0.54 1.92
PdAg-60 0.88 0.012 1134 0.55 1.93
PdAg-40 0.83 0.018 1126 0.54 1.93
PdAg-20 0.86 0.036 1130 0.55 1.93
PdAg-10 0.86 0.070 1132 0.55 1.93
Ag 0 0.673 1138 0.55 1.93

& As determined by ICP.
® BET surface area, total pore volume (Vp) and average pore diameter (D) were measured from the
N, adsorption-desorption isotherms.
3.1.2TEM

TEM images obtained for the Pd/C, Ag/C and bimetallic PdAg/C catalysts, as
well as the particle size distribution histograms are represented in Fig. 1. The average
particle size of Pd/C and Ag/C was estimated to be 15.8 and 18.8 nm, respectively.
The formation of larger Ag particles could be attributed to a weaker interaction
between the Ag particles and the support.> The average particle size decreased to 14.3
nm (PdAg-60) after a small addition of Ag, achieving the smallest size (12.3 nm) at
the Pd/Ag molar ratio of 20:1. However, the growth in particle size could be observed
with further increasing the Ag content. The average size of PdAg-10 was 14.5 nm.

Thus, the addition of moderate Ag was beneficial to disperse the active components

on the activated carbon support surface.
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Fig. 1 TEM images of the fresh reduced catalysts: (a) Pd, (b) PdAg-60, (c) PdAg-40, (d) PdAg-20,
(e) PdAg-10, (f) Ag.

3.1.3 XRD

The metal crystallites of the catalysts were characterized using XRD and the
results are shown in Fig. 2(a). All of the samples exhibited four clear diffraction peaks,
indexed as the (11 1), (200), (220) and (31 1) planes of a face-centered cubic
structure.®® The peak observed at 23.8° was the characteristic peak of activated
carbon.®™ ® No characteristic diffraction peaks of Ag were observed in all PdAg
catalysts. This phenomenon indicated that Ag has entered into the Pd crystal lattice
and formed a solid solution with Pd or probably because the Ag in PdAg catalysts was
only present in low amount. Compared with mono Pd catalysts, the four diffraction
peaks of Pd in the PdAg catalysts slightly shifted to a lower scanning angle. As shown

in Fig. 2(b), it can be clearly observed from the enlarged regional pattern between 43°

10
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and 48° that (200) plane peaks of Pd shifted ca. 0.02-0.32° toward lower scanning
angle for the Pd-Ag catalysts compared with the Pd/C. These results indicated that Ag
has entered into the Pd crystal lattice forming PdAg alloys.® %

The molar compositions of Pd and Ag in the alloys were obtained by using
Vegard’s law, the (2 0 0) peak was used to analyze the lattice constant. As shown in
Table 3, the atomic fractions of Ag in the PdAg alloys were very close to the ICP
results, implying that almost all Ag atoms have entered into Pd crystal lattice to form
PdAg alloys.®?

Scherrer’s equation was used to estimate the particle size of the metal
nanoparticles and the results are listed in Table 2. The particle size decreased from
12.7 (Pd/C) to 11.4 nm (PdAg-20) with the addition of Ag, inversely with further
increasing the amount of Ag. This result was in accordance with size observed by
TEM. Because the average pore diameter of the bare support was about 1.9 nm, these

particles could not enter into the activated carbon pores and were located on the

external surface.

(a) Ag(111) (b) ag(200), Pd(200)!
©(002) : ‘
\s.f\ \ AgI(ZOOJ
|
™ \\J,_/ Ag(220)  Agtn)
NN A I
© A f ©
= b PP N e S PUARID) PdAg-10
2 e = S PdAg-20( %
g g
= =

WﬁwwwwWWwwf‘ ‘KW PdAg-20
NS

\-—-r“”"* . kmm \ PdAG-40
\\w —____ PdAg-60] : Pd:‘ o
Pd(200) [T oA M e s o PAAG-E0 |

! ! Pd

| 1 . L L 1 H
20 40 60 80 44 46 48
26/(°) 20/(°)

Fig. 2 (a) XRD patterns of Pd, PdAg-60, PdAg-40, PdAg-20, PdAg-10, and Ag catalysts; (b)
enlarged regional pattern between 43° and 48° over all catalysts.
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Table 2 Particle sizes of the catalysts.

Catalysts d (nm) from TEM d (nm) from XRD
Pd 15.8 12.7
PdAg-60 14.3 12.2
PdAg-40 14.2 11.6
PdAg-20 12.3 11.4
PdAg-10 14.5 13.8
Ag 18.8 17.2
3.14TPR

To further understand the interaction between Pd and Ag, the reducibility of the
unreduced samples was investigated by H,-TPR, and the results are shown in Fig. 3.
For the Ag/C catalyst, there weren’t any reduction peaks of Ag were observed, which
was because that Ag,O decomposed to Ag during the calcination process. ® The Pd/C
catalyst presented H, consumption peaks at 47 and 368 °C, which were due to the
reduction of surface PdO and subsurface PdO, respectively.®® ® The reverse peak
observed at 101 °C was caused by H, decomposition of Pd B-hydride.?® ®” For all the
PdAg/C samples, the two reduction peaks of PdO shifted to higher temperature,
indicating that Ag makes PdO less likely to be reduced, a suggestion supported by the
XPS results showing that the fraction of Pd®* increased with the addition of Ag. It
should also be noted that the intensity of the H, desorption peak decreased and the
position shifted towards higher temperature with the increase of Ag amount,
suggesting that Ag inhibited the formation of Pd B-hydride. This phenomenon
indicated the presence of mixed bimetallic system® which was also detected by our
XRD measurement. Considering that the reducibility of the metal catalyst is related to

|168

the electronic structure of the metal,”™ we suggested that Ag has modified the

electronic properties of Pd.

12
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47°C 101°C 368°C;
| ! i Pd

PdAg-60

TCD signal (a.u.)

100 200 300 400 500

Temperature (°C)

Fig. 3 H,-TPR profiles of carbon support and Pd, PdAg-60, PdAg-40, PdAg-20, PdAg-10, Ag
catalysts.

3.1.5 XPS

XPS was performed to analyze the surface compositions, chemical states and the
electronic interactions between Pd and Ag of the different catalysts. The Pd3d and
Ag3d spectra of the catalysts are listed in Fig. 4. A shift of ca. 0.1-0.3 eV towards high
binding energy with respect to the mono Pd was detected in the bimetallic PdAg
catalysts. Whereas the Ag peaks shifted ca. 0.6-1.0 eV toward low binding energy
with respect to the mono Ag. These results implied that the electronic structure of the
surface Pd atoms was modified upon the addition of Ag. That is, the Pd species in the
PdAg samples was electron deficient, which could be attributed to the charge transfer
from Pd to Ag.** % 70

The XPS-derived atomic ratio Pd**/Pd was analyzed using the peak-fitting
method. As listed in Table 3, the percentage of Pd?* elevated with the amount of Ag
increased, implying the Pd species acted as electronic supplier for Ag.

The atomic percentages of Ag on the surface or in the bulk phase of PdAg

13
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catalysts were also calculated. As listed in Table 3, the atomic percentages of Ag on
the surface of PdAg alloys were obviously greater than those in bulk phase
determined by ICP and XRD, suggesting that Ag was rich in the surface. The surface
enrichment of Ag in PdAg bimetallic catalysts was due to the low surface energy of

Ag with respect to Pd." 2

Table 3 Ag atom percent in metal-phase and the surface Pd®* percent of the catalysts.

Catalysts Bulk Ag atom Alloy Ag atom Surface Ag atom Pd** (%) ©
percent (%) ® percent (%) ° percent (%) ©
Pd - - - 34.2
PdAg-60 1.3 14 6.1 34.9
PdAg-40 2.1 2.3 7.8 38.5
PdAg-20 4.0 4.8 19.1 39.4
PdAg-10 7.7 9.6 20.0 40.8
Ag -- -- -- --

2 From ICP. ® From XRD. ¢ From XPS.

14

Page 14 of 26



Page 15 of 26

N =

10

11

12

Catalysis Science & Technology

3
8
=
‘@
c
@
IS
PdAg-20
1 L A-I = L -Et L | L 1 .-_ 1 L 1 L
344 342 340 338 336 334 332 330
Binding energy (ev)
(b)
PdAg-60
. PdAg-40
3
&
oy
‘@
| =
(]
=
L 1 L 1 1 L 1 L 1

382 380 378 376 374 372 370 368 366 364
Binding energy (ev)

Fig. 4 (a) XPS Pd3d spectroscopy and (b) XPS Ag3d spectroscopy over the reduced catalysts.
3.1.6 O,-TPD and H,-TPD

The O,-TPD profiles recorded for all catalysts are listed in Fig. 5. For the Ag/C,
the profile was a straight line without any O, desorption peak, indicating that Ag is
lack of affinity towards O, due to its filled d-band. The O, desorption peak was
detected at 366 °C for Pd/C. For the bimetallic PdAg catalysts, the desorption
temperature gradually decreased to 343 °C with the decrease of Pd/Ag ratio,
indicating the presence of Ag weakened the interaction between O, and Pd.
Meanwhile, a decrease in the desorption amount of O, from 14.6 (Pd) to 6.3 mmol
gea’ (PdAg-10) (Table 4) indicated PdAg alloys had less O, adsorption sites than

mono Pd.
15
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Fig. 5 O,-TPD profiles obtained for different catalysts.

H,-TPD experiments were also performed and the results are given in Fig. 6. The
desorption peak at 171 °C was derived from H, chemisorption on the Pd surface sites,
whereas there had no adsorption between H, and Ag.”*"® As observed in Table 4, the
desorption amount of H, decreased steadily from 78.0 (Pd) to 43.6 mmol gpq™

(PdAg-10) with a continuous increase in the Ag concentration, showing Ag reduced

the H, adsorption ability of Pd.

TCD signal (a.u.)

Fig. 6 H,-TPD profiles obtained for different catalysts.

100 200 300 400

Temperature (°C)
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1  Table 4 The absorption amount of H, and O, over all catalysts.

Catalysts Desorption amount of O, Desorption amount of H;
(umol geg™) (umol gpg™)
Pd 771 3867
PdAg-60 661 3127
PdAg-40 616 2579
PdAg-20 421 2291
PdAg-10 331 2126
Ag 0 0

2 3.2 Catalytic behavior

3 3.2.1 H,0; direct synthesis

4 All the synthesis experiments were carried out for three times to ensure the
5 accuracy of test. The catalytic performances of all the catalysts are summarized in
6  Table 5. Neither H,O, nor H,O was obtained for Ag/C under the given condition,
7 implying Ag was inactive for this reaction. The Pd/C catalyst showed a H, conversion
8 0f 93.6% and a H,O; selectivity of 54.0%. The catalyst performance was significantly
9 changed upon alloying with Ag. The H, conversion decreased steadily with a
10  continuous increase in the Ag concentration. The conversion of the PdAg-10 (28.1%)
11 was much lower than mono-Pd (93.6%). However, the selectivity of the Pd catalysts
12 could be enhanced by the addition of Ag. It could be observed that just very little
13 amount of Ag, such as PdAg-60 (0.012 wt%), could enhanced H,0, selectivity to 63.5%
14  and it continued to increase to 70.9% for PdAg-40 (0.018 wt%), these results were in
15 coincidence with the previous prediction by Farberow et al.*® Further increasing Ag
16  content resulted in a very small increment of H,O; selectivity and finally it remained
17  at about 72%. The H,0O, productivity was affected both by the H, conversion and

18  H,0; selectivity. The PdAg-40 achieved the highest H,O, productivity of 7022 mol

17
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kgea® h™*, which was 9.8% higher than that of the Pd/C catalyst.

Table 5 The performance of all the catalysts in the H,O, synthesis directly from H;, and O..

catalysts Conversion Selectivity Productivity
(%) (%)° (mol kgeg " h™)?

Pd 93.6+2.1 54.0+0.7 6397 =243

PdAg-60 76.11£3.0 63.5t1.0 6674147

PdAg-40 67.6t1.8 70.9+0.4 7022 +162

PdAg-20 48.71£2.5 719112 4956+193

PdAg-10 38.0x29 722+14 3876 +92
Ag 0 0 0

% the values after “=+ represent absolute errors.
3.2.2 H,0, decomposition, hydrogenation and H,O formation from H, and O,

In order to unveil the behaviors of the catalysts in side reactions, H,0,
decomposition and hydrogenation were carried out in H,O,-methanol solutions under
N, and H, atmospheres, respectively. As reported in Fig. 7, the addition of a small
amount of Ag to Pd resulted in lower H,O, decomposition rate and the decomposition
reaction was entirely inhibited when the Pd/Ag ratio was less than 40. The H,0,
hydrogenation rate also decreased with the Ag added as well. The H,O, hydrogenation
rate of PdAg-60 (7808 mol H.0, kgeq* h™) was obvious lower than the mono Pd
(9854 mol H,0, kgeg™® h™), and it further decreased with a continuous increase of Ag
content. Thus we can conclude that the addition of Ag can effectively suppress the
H.O, hydrogenation and decomposition reactions. It also should be noted that the
conversion rate of H,O, hydrogenation reaction was much larger than that of the H,O,

decomposition reaction.
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Fig. 7 Decomposition and hydrogenation of H,O, over all catalysts.

We further analysis the behaviors of the catalysts in the H,O formation from H,
and O,. We reduced the reaction time from 15 to 4 minutes and the amount of catalyst
from 0.2 g to 0.05 g, in order to control the H, conversions within 10%. At very low
conversion of H,, the contribution to the overall rate of H,O, synthesis from the
sequential hydrogenation of H,O, and the sequential decomposition of H,O, both
become negligible.®! So the H,O formation from H, and O, was the main side reaction
responsible for lowering the selectivity to H,O,. In these experiments, the Pd/C
catalyst showed a H, conversion of 9.0% and a H,0O, selectivity of 76.6%, implying
that the mono Pd catalyst was also very active for the H,O formation from H, and O..
Whereas for the PdAg-40, a H, conversion of 5.7% and a H,0, selectivity of 98.0%
were obtained. Hence, the addition of Ag could effectively suppress the formation of
H,O from H;, and O,. Moreover, the major loss of selectivity with the PdAg catalysts
was associated with the sequential hydrogenation of the H,O..

4. Discussion
The addition of Ag to the Pd/C samples caused a decrease in activity but a

reverse trend of selectivity for the direct synthesis of H,O,. It could be explained that
19
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both ensemble effect and electronic effect existed in PdAg catalysts as the
experimental results revealed.

In this study, the formation of alloys in PdAg catalysts was demonstrated by the
XRD patterns, meanwhile the alloy surfaces were enriched with Ag as evidenced by
XPS analysis. As a consequence, the Pd atoms in alloy surfaces were diluted with Ag,
and thus led to more Pd monomer sites and less contiguous Pd ensembles existing on
the surface, which have been confirmed by other researches.*” #4154 7¢ For the direct
synthesis of H,O,, -OOH formed from the interaction of atomic H and molecular O,
was considered to be the primary intermediate species in the generation of H,O..
Therefore the activation of molecularly absorbed O, without dissociation was vital
important for this reaction system. Theoretical calculations and experimental results
have evidenced that monomer Pd sites played a key role in the generation of H,O, by
suppressing O-O bond scission but were unfavorable for H,O formation.®® 7 "® On
the basis of this verdict, we could conclude that the ensemble effect that Ag reduced
the number of contiguous Pd ensembles and increased Pd monomer sites effectively
prevented the H,O formation from H; and O..

For H,O, decomposition and hydrogenation reactions, the addition of Ag to Pd
resulted in lower H,O, conversion rate. The above XPS and TPR results have proved
that Ag elevated the fraction of Pd** as a result of the electronic interaction between
Pd and Ag. While Pd** has been demonstrated to have a lower H,O, decomposition
and hydrogenation activity than corresponding Pd®, because that H,O, were more

inclined to get absorbed on the Pd° sites.” %' Besides that, contiguous Pd
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ensembles® and the adsorption capability to H, over the catalysts also affected the
H.0O, hydrogenation activity.

Moreover, the addition of Ag led to a drastic decrease of the H, conversion. It
could be explained that the coverage of Ag on the Pd surface blocked the adsorption
of reactants on the Pd sites, thus reduced adsorption capacity of H, and O, over these
catalysts, as determined by H,- and O,-TPD.

It should also be noted that the PdAg alloy surfaces were enriched with Ag,
which could explain why a little amount of Ag addition to Pd had such a great
influence on the catalytic performance.

5. Conclusion

The performance of Pd catalysts could be improved upon alloying with Ag. A
volcano-shape curve and an increased trend were observed for H,O, productivity and
selectivity, respectively. Among all the catalysts, PAAg-40 catalyst exhibited the best
performance with a decent H,O, productivity of 7022 mol kgeq™ h™ and a high
selectivity of 70.9%.

Both ensemble effect and electronic effect detected in these PdAg catalysts
resulted in the improvement of selectivity. The ensemble effect could be depicted as
the addition of Ag increased monomer Pd sites and reduced contiguous Pd sites,
which effectively prevented the H,O formation from H, and O,. On the other hand,
the increase of Pd”* caused by the electronic interaction between Pd and Ag led to a
lower H,O, decomposition and hydrogenation activity. That was another factor for the
improved selectivity. Moreover, the decreased activity was attributed to the reduced
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adsorption capacity of H, and O, due to Ag additive. These conclusions not only
provide the basis for the design of novel catalysts used in the direct synthesis of H,O5,
but also are helpful in the development of supported bimetallic PdAg catalysts for

related reactions.
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The addition of Ag to the Pd caused an increase in selectivity due to the

ensemble effect and electronic effect.



