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We studied the hydrogenation of 2-ethylanthraquinone (eAQ) over Pd/SiOz/COR (COR = cordierite)
monometallic and Pd-M/SiOz2/COR (M = Ni, Fe, Mn, and Cu) bimetallic monolithic catalysts, which
were prepared by the co-impregnation method. Detailed investigations showed that the particle
sizes and structures of the Pd-M (M = Nj, Fe, Mn, and Cu) bimetallic monolithic catalysts were great-
ly affected by the second metal M and the mass ratio of Pd to the second metal M. By virtue of the
small particle size and the strong interaction between Pd and Ni of Pd-Ni alloy, Pd-Ni bimetallic
monolithic catalysts with the mass ratio of Pd/Ni = 2 achieved the highest H202 yield (7.5 g/L) and
selectivity (95.3%). Moreover, density functional theory calculations were performed for eAQ ad-
sorption to gain a better mechanistic understanding of the molecule-surface interactions between
eAQ and the Pd(1 1 1) or PdAM(1 1 1) (M = Ni, Fe, Mn, and Cu) surfaces. It was found that the high
activity of the bimetallic Pd-Ni catalyst was a result of strong chemisorption between PdsNi; (1 1 1)
and the carbonyl group of eAQ.
© 2018, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

none process [9], are produced.
Currently, the most widely used catalysts in the anthroqui-

Hydrogen peroxide (H202) is an important green chemical
raw material and an environment-friendly oxidant used for
many industrial processes [1-8]. At present, more than 98% of
H20: is produced by the anthraquinone process, in which
2-ethyl-9,10-anthraquinone (eAQ) is first hydrogenated to
2-ethyl-9,10-anthrahydroquinone (eAQH2) and subsequent
oxidation of eAQH: produces eAQ and H202. The catalytic hy-
drogenation of eAQ is the key step, in which the desired prod-
ucts (eAQH:z and HseAQH2) are produced (Scheme 1). Mean-
while, various other side reactions occur in this process and
several degradation products (e.g., 2-ethylanthrone (eAN),
2-ethyloxoanthrone  (0X0), 2-ethyl tetrahydroanthrone
(H4eAN), and octahydroanthrahydroquinone (HseAQHz)),
which cannot be oxidized to produce H:02 in the anthraqui-

none process are Pd-based pellet catalysts. These show better
activities when compared with other metal-based or metal-free
pellet catalysts in the hydrogenation of eAQ. Interestingly, it has
been shown that mass transfer is a key controlling factor in the
catalytic hydrogenation of eAQ [10-15]. In contrast to the tra-
ditional Pd-based pellet catalysts, monolithic catalysts can de-
crease the internal and external diffusion resistances, and thus
improve the overall reaction rate. Furthermore, supported Pd
monolithic catalysts have been investigated by several re-
searchers for the catalytic hydrogenation of eAQ. For example,
the Pd/Al203/COR (cordierite) monolithic catalyst and
Pd/Alz03 pellet catalyst were used for the catalytic hydrogena-
tion of eAQ. It was found that the monolithic catalyst gave a
higher space time yield (STY) of H202 compared to the pellet
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Scheme 1. Anthraquinone hydrogenation/oxidation process for manu-
facturing H202 [10].

catalyst, which was mainly attributed to the shorter diffusion
distance in the case of the former leading to an improved diffu-
sion process [16]. The Pd/SiO2/COR (PSC) and Pd/Al.03/COR
(PAC) monolithic catalysts were also subjected to the 1000 h
long stability tests in the catalytic hydrogenation of eAQ. The
results showed that the durability of PSC was superior to that
of PAC, which was attributed to the regular structure and weak
acidity of the former monolithic catalyst [17].

Furthermore, it was evident that Pd-based bimetallic sup-
ported pellet catalysts exhibit superior performance in various
hydrogenation reactions. For example, Pd-Ni/SiOz showed
excellent activity in the catalytic hydrogenation of 5-hy-
droxymethyl-2-furaldehyde (HMF) and gave a higher yield of
2,5-bis(hydroxymethyl)tetrahydrofuran as compared to the
commercial Pd/C catalyst and Raney Ni under the same oper-
ating conditions [18]. Similarly, Pd-Fe/SiO2 and Pd/SiO2 cata-
lysts were tested in the liquid-phase hydrogenation of phe-
nylacetylene and it was found that the former bimetallic cata-
lyst exhibited better catalytic activity and selectivity than the
latter monometallic catalyst [19]. In the selective hydrogena-
tion of mixed C4 compounds with a high content of vinyl acety-
lene, Pd-Mn/Al203 catalyst with the mass ratio of Pd:Mn = 1:2,
showed increased activity, selectivity, and yield of
1,3-butadiene as compared to the Pd-Ni/Al203 and Pd-Ag/Al203
catalysts [20]. A series of Pd, Cu, and Pd-Cu bimetallic catalysts
with different metal loadings and supports were investigated
for the aqueous phase hydrogenation of furfural to furfuryl
alcohol. It was found that 5% Pd-5% Cu/MgO(Mg(OH)2) as a
catalyst led to complete conversion of furfural with high selec-
tivity (>98%) toward furfuryl alcohol after 80 min [21]. Cata-
lytic hydrogenation of eAQ was performed with (Co, Ag,
Cu)-doped Pd/Al203 pellet catalysts and it was found that the

Pd-Co bimetallic catalyst with the mass ratio of Pd/Co = 4
demonstrated the highest activity and selectivity [22]. Howev-
er, Pd-based bimetallic supported monolithic catalysts have not
been studied as yet for the catalytic hydrogenation of eAQ.

Therefore, in the present work, we attempted to improve
the catalytic performance in the hydrogenation of eAQ by add-
ing Ni, Fe, Mn, or Cu into the Pd/SiO2/COR monolithic catalyst.
A series of Pd, Ni, Fe, Mn, and Cu monometallic, and Pd-M (M =
Ni, Fe, Mn, Cu) bimetallic catalysts were prepared via the
co-impregnation method for the catalytic hydrogenation of
eAQ. The monometallic and bimetallic monolithic catalysts
were characterized by scanning electron microscopy (SEM)
with energy dispersive spectroscopy (EDS), transmission elec-
tron microscopy (TEM), Hz-temperature programmed reduc-
tion (H2-TPR), X-ray photoelectron spectroscopy (XPS), and
Hz-0:2 titrations. Finally, DFT calculations were performed to
gain a deep mechanistic understanding of the hydrogenation of
eAQ over different monometallic and bimetallic monolithic
catalysts.

2. Experimental
2.1. Materials

Cordierite was purchased from Nanning Yilaite Environ-
mental Protection Technology Co. FeCl3-6H20 was procured
from Tianjin Damao Reagent Factory. PdClz, NiCl2:6H20, and
Mn(CH3C00)2-4H20 were sourced from Tianjin Guangfu Fine
Chemical Research Institute. C4HeCuSO4-H20 was obtained
from Shanghai Aladdin Chemistry Co. and SiO2 sol was pur-
chased from Sigma Aldrich (Shanghai) Trading Co., Ltd.

2.2. Catalyst preparation

The monolithic catalysts were prepared according to the
following three procedures.

(i) Pretreatment of monolithic honeycomb cordierite: Cy-
lindrical cordierites (¢ 101.6 x 127 mm, and 400 channels per
square inch (cpsi)) were cut into pieces of monolithic supports
(¢ 20 x 10 mm) and then treated with 15 wt% nitric acid at 80
°C for 4 h. Subsequently, the pretreated cordierite monolithic
samples were washed using deionized water until they were
neutral, dried at 100 °C for 4 h, and calcined in a muffle furnace
at 550 °C for 4 h.

(ii) Preparation of SiOz/cordierite. The pretreated mono-
lithic supports were immersed into the SiO2 sol solution for 5
min and the coated support was then dried at 100 °C. This pro-
cedure was repeated several times until the desired loading
was obtained. The coated supports were subsequently calcined
in a muffle furnace at 550 °C for 4 h.

(iii) Formation of Pd-M/SiOz/COR precursors and PdO
(Mx0y)/Si02/COR (M = Ni, Fe, Mn, and Cu). For the preparation
of bimetallic monolithic catalysts, PdCl> powder was dissolved
in HCI solution. The second metal precursors were then added
to the PdClz aqueous solution. This mixed solution was stirred
using an agitator for 1 h. Subsequently, the coated supports
were placed into the above solution and heated at 100 °C for 18
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h. After impregnation, the supports were dried at 100 °C for 4
h, followed by calcination in a muffle furnace at 550 °C for 4 h.
For the preparation of monometallic monolithic catalysts, PdClz
powder was first dissolved in the HCl solution. The coated
supports were then placed into the above solution and heated
at 100 °C for 18 h. After impregnation, the supports were dried
at 100 °C for 4 h and later calcined in a muffle furnace at 550 °C
for 4 h.

Herein, the SiO2 loading amount was calculated based on the
total catalyst mass consisting of COR and SiO2. The metal (Pd or
the second metal) loading, which was analyzed by inductively
coupled plasma-atomic emission spectrometry (ICP-AES), was
calculated based on the mass of SiO2.

2.3. Catalyst characterization

The SEM micrographs and the EDS spectra of the monolithic
catalysts were examined on a JEOL JSM-6701F microscope
operating at an accelerating voltage of 5.0 kV. Before observa-
tion, the samples were sputter-coated with a thin gold film by
an ion sputtering instrument to make the samples conductive.

The catalysts were also characterized by TEM (JEM-2000
EX, JEOL, Japan). The electron microscope was operated at an
accelerating voltage of 120 kV. Before analysis, the catalyst
samples were ground into powder and dispersed in ethanol by
ultrasonication. Drops of these suspensions were applied onto
a copper grid-supported transparent carbon foil and dried in
air.

The reducibilities of the monolithic catalysts were measured
by Hz2-TPR experiments with a Thermo Electron TPD/R/0 1100
series instrument equipped with a thermal conductivity detec-
tor (TCD).

The XPS files were obtained with an ESCALAB 250 photoe-
lectron spectrometer (ThermoFisher Scientific, USA) using
monochromated Al Ky excitation at pass energies of 200 eV for
survey and 30 eV for high-resolution scans. The binding energy
calibration of all spectra was referenced to the adventitious
carbon (C 1s) signal at 284.6 eV to reduce the charging effect of
the samples.

The actual Pd contents of the monolithic catalysts were
measured by ICP-AES with a Shimadzu Corporation ICP-7500
spectrometer. The degree of Pd dispersion and the Pd surface
area of Pd/SiO2/COR and Pd-M/SiOz/COR (M = Ni, Fe, Mn, and
Cu) monolithic catalysts were measured by H2-0 titration on a
Thermo Electron TPD/R/0 1100 series instrument equipped
with a TCD. The catalyst (100 mg) was placed in a quartz tube
reactor, pretreated with 50 mL/min of high-purity He at 450 °C
for 0.5 h, and then cooled to 50 °C. Next, the catalyst was re-
duced with 50 mL/min of 5% Hz/Ar at 120 °C for 2 h, followed
by treatment with 50 mL/min of high-purity He for 2 h. Subse-
quently, pulses of oxygen were introduced until the catalyst
was fully saturated. The chemisorbed oxygen was titrated with
hydrogen, and this titration was repeated twice to ensure the
accuracy of the volume of Hz. The Pd dispersion (Dpd) and Pd
metal surface area (Spa) were calculated using the following
equations [23]:

2%V, xMx107
D, (%)=""1T 4100 1
w OO = W (1)
2xV, xNxox107°
S, (M’ /g)="" """ %100 2
w ()= WP )

where Vu is the volume of Hz used for the titration with O2
(mL), M is the relative molecular mass of Pd (g/mol), W is the
catalyst mass (g), P is the mass fraction of Pd, N (6.023 x 1023)
is Avogadro’s constant, and o is the cross-sectional area of a Pd
atom (8.97 x 10-20 m2).

2.4. Catalytic activity test

The catalytic hydrogenation of eAQ was performed in a
stainless steel fixed-bed reactor (20 mm in inner diameter and
450 mm in height) with a central thermocouple to measure the
temperature of the reaction zone at atmospheric pressure. Be-
fore the reaction, the monolithic catalysts were reduced under
H:2 gas at a certain temperature for 3 h in the fixed-bed reactor.
After reduction, the reactor was cooled to 80 °C and 45 mL of
the working solution, consisting of a mixture of industrial grade
C9 aromatics and trioctyl phosphate in the volume ratio of 3:1,
along with 2.7 g eAQ (60 g/L) were pumped into the fixed-bed
reactor at a flow rate of 0.7 mL/min. Meanwhile, H2 gas was fed
into the fixed-bed reactor by a mass flowmeter (MFC/MFM
007-7, Sevenstar, China) at a rate of 10 mL/min. The operating
parameters were chosen according to the results of the catalyt-
ic activity test of the Pd/SiO2/COR monolithic catalyst as de-
scribed in our previous work [24].

After hydrogenation, the hydrogenated working solution
was oxidized with air produced by an oil-free air generator
(GC-ready SPB-5000 Automatic Air Source, China) at 25 °C and
101 kPa for 30 min. The H202 produced in the oxidized working
solution was extracted with deionized water several times to
obtain its aqueous solution. Finally, 10 mL of 25.2 wt% sulfuric
acid solution was added to the H202 solution, and the amount of
H202 was determined by titration with the standard potassium
permanganate solution.

The catalyst selectivity (S), H202 yield (B), and turnover
frequency (TOF) were calculated as follows.

+
(%) = 2epe T Mea g g (3)
ny(eAQ )
5C xV xM

B o, XY oy, M, 4)

2V
ToF =R (5)

ncatt
Necat :%DM (6)

Pd
where S is the selectivity toward active quinones (eAQ and
HseAQ), no and n are the molar concentrations of the compo-
nents in the initial working solution and oxidized solution
(mol/L), respectively, Ckmnos is the concentration of the KMnO4
solution (mol/L), and Vkmnos4 and V represent the volumes of
the KMnOs solution and H202 solution (mL), respectively. In
Equation (5), C refers to the conversion of eAQ at reaction time
t and neat is the mole number of the exposed Pd atoms, given by
Equation (6), where Mpd is the molar mass of Pd, W is the cata-
lyst mass (g), P is the mass fraction of Pd, and Dpq is the degree
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of Pd dispersion.
2.5. Computational method

The first-principles calculations based on density functional
theory (DFT) with a plane wave basis set were carried out to
investigate the mechanism of the hydrogenation of eAQ over
different monometallic and bimetallic monolithic catalysts
[25,26]. In this work, all DFT calculations were carried out with
the Vienna ab initio simulation package (VASP) to obtain the
optimized Pd/Pd-M surfaces and the corresponding adsorption
energies of eAQ. The exchange-correlation functional was de-
scribed by the GGA-PBE functional [27] and all-electron
plane-wave basis set was used with an energy cutoff of 400 eV.
In addition, a projector augmented wave (PAW) method was
adopted to improve the computational efficiency [28]. A Bril-
louin-zone of p(3 x 2) lateral supercell was sampled by 1x1x1
k-points with the Monkhorst Pack scheme. Forces blow 0.05
eV-A-1 and the energy differences less than 4 x 10-6 eV were
used as the criterion for convergence.

Pd and the second metal (Ni, Fe, Mn, or Cu) were reduced to
their metallic state (zero valence) at 700 °C. In the calculation,
PdsM1 and pure Pd were used to model the Pd-M alloys and Pd
metal. The lattice constants of the optimized structures were a
=bh=c=394AforPd,a=b=c=3.87Afor PdsNis,a=b=c=
3.85 A for PdsFe1, a = b =c=3.86 A for PdsMns,anda=b=c =
3.88 A for PdsCus, which are close to the values reported in the
literature [29-32]. The Pd(1 1 1) and PdsM1(1 1 1) (M = Nij, Fe,
Mn, Cu) surfaces were modeled by a supercell (3% 2) consisting
of a three-layer Pd slab. For structural optimizations, the atoms
in the bottom two layers were fixed and the atoms in the up-
permost layer along with the adsorbed eAQ molecule were
relaxed. The two successive slabs were separated by a 10 A
vacuum region to ensure that the adsorbate (eAQ) and the
subsequent slab would not interact. The adsorption energy of
eAQ was defined as follows:

E

ads :_(EPd(lll]/Pd3M1(111)—eAQ -

EPd(lll)/szMl(lll) _EeAQ) (7)

1073

where Epd(111)/pd3M(111)-eAQ, EPd(111)/PdgM4(111), and Eeaq are the
total energy for eAQ adsorbed on either the Pd(1 1 1) or
PdsMi(1 1 1) surface, the energy of either free Pd(1 1 1) or
PdsMi(1 1 1), and the energy of free eAQ, respectively.

3. Results and discussion
3.1. SEM, TEM, HRTEM, and EDS results

SEM was used to observe the microscopic changes of the
surface of the monolithic catalyst. TEM, HRTEM, and EDS were
used to investigate the alloying effect of the second metal (Ni,
Fe, Mn, Cu) on Pd. The results are shown in Figs. 1 and 2. The
SEM images show that the walls of the Pd-Ni/Si02/COR mono-
lithic catalyst were covered with a thin layer of active washcoat
[33,34]. The black spherical particles observed in the TEM im-
ages were identified as the Pd and Pd-M species, indicating that
the PdO and Pd-M oxide species disappeared to some extent
after Hz reduction.

The HRTEM images of the Pd-M/SiO2/COR monolithic cata-
lyst show that the metal particles were dispersed uniformly
without aggregation after Hz reduction. In Fig. 2(a), the lattice
fringes of Pd with a distance of 0.227 nm corresponded to the
Pd(1 1 1) plane. Meanwhile, the lattice fringes in Fig. 2(b)-(e)
with distances of 0.224, 0.214, 0.216, and 0.225 nm, indicated
the formation of PdNi, PdFe, PdMn, and PdCu nanoalloys, re-
spectively. The particle size distribution measurements show
that the mean particle sizes of Pd/SiO2/COR, Pd-Ni/SiO2/COR,
Pd-Fe/SiO2/COR, Pd-Mn/Si02/COR, and Pd-Cu/SiO2/COR were
7.5, 4.0, 4.6, 5.1, and 6.0 nm, respectively, as calculated from 50
metal particles selected from different regions [35,36]. It was
evident that the mean particle sizes of Pd-M/SiO2/COR (M = Nj,
Fe, Mn, and Cu) were smaller than that of Pd/Si02/COR. The
addition of the second metal reduced the aggregation of Pd
particles, which led to the better dispersion and smaller parti-
cle sizes of Pd. The interaction of Pd and the second metal M in
the Pd-M alloys also inhibited metal sintering because of the

s

Fig. 1. SEM images of Pd-Ni/SiOz/COR catalyst (a) and (b); TEM images of Pd/SiO2/COR (c), Pd-Ni/SiOz/COR (d), Pd-Fe/SiOz/COR (e),
Pd-Mn/SiO2/COR (f), and Pd-Cu/Si02/COR (g).
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Fig. 2. HRTEM images of Pd/SiO2/COR (a), Pd-Ni/SiO2/COR (b), Pd-Fe/SiOz/COR (c), Pd-Mn/SiO2/COR (d), and Pd-Cu/SiOz/COR (e); and Pd particle
size distributions of Pd/Si02/COR (f), Pd-Ni/$i02/COR (g), Pd-Fe/SiO2/COR (h), Pd-Mn/Si02/COR (i), and Pd-Cu/SiO2/COR (j).
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Fig. 3. Ho-TPR spectra of different monolithic catalysts. (a) Pd-Ni/SiO2/COR. (1) 0.4% Ni/Si0Oz/COR; (2) 0.8%Pd-2% Ni/SiO2/COR; (3) 0.8% Pd-0.4%
Ni/Si0/COR; (4) 0.8% Pd/SiOz/COR. (b) Pd-Fe/Si0z/COR. (1) 0.4% Fe/Si0Oz/COR; (2) 0.8% Pd-2% Fe/Si02/COR; (3) 0.8% Pd-0.4% Fe/Si0z/COR; (4)
0.8% Pd/Si0;/COR. (c) Pd-Mn/SiO2/COR. (1) 0.4% Mn/SiO2/COR; (2) 0.8% Pd-2% Mn/SiO;/COR; (3) 0.8% Pd-0.4% Mn/SiOz/COR; (4) 0.8%
Pd/Si02/COR. (d) Pd-Cu/Si02/COR. (1) 0.8% Pd-2% Cu/Si0;/COR; (2) 0.8% Pd-0.4% Cu/SiO;/COR; (3) 0.8% Pd/Si02/COR.

stabilizing effect of the two metals [30]. Fig. S1 in Supporting Information).
The EDS results of the monolithic catalysts confirmed the
presence of different metals (Pd, Ni, Fe, Mn, and Cu). Neither Pd 3.2. Hz-TPR results
nor the second metals existed in regions far away from the
investigated metal particles, indicating that the second metal is Hz2-TPR measurements were used to analyze the reducibili-
located nearby the Pd particles, forming Pd-M alloys [30] (see ties of the different monometallic and bimetallic monolithic
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catalysts, and the results are shown in Fig. 3. In the case of
Pd/SiO2/COR, no reduction peak was found because the PdO
species on the surface of the monolithic catalyst was reduced
readily and even at a low temperature with relative ease
[37,38]. For the Ni/SiO2/COR monolithic catalyst, there was
one reduction peak at 412 °C, which was assigned to the NiO
species on the catalyst surface. In contrast, there were three
reduction peaks at 566-633, 457, and 416 °C for Fe/SiO2/COR.
The first peak was assigned to the reduction of FeO to Fe, the
second corresponded to the reduction of Fe304 to FeO, and the
third peak was attributed to the reduction of Fe203 to Fe30a. In
the case of the Mn/SiOz/COR monolithic catalyst, there were
four reduction peaks at 554, 423, 356, and 300 °C, which were
assigned to the reduction of MnO to Mn, Mn304 to MnO, Mn203
to Mn304, and MnO2 to Mn20s3, respectively.

For 0.8% Pd-2% M/Si02/COR (M = Ni, Fe, Mn, Cu) bimetallic
monolithic catalysts, the number of reduction peaks were the
same as that of the M/Si02/COR monometallic monolithic cat-
alysts, although the reduction temperatures were lower [39].
However, one peak in the H2-TPR plots of the Pd-M/SiO2/COR
bimetallic monolithic catalysts decreased remarkably, indicat-
ing the formation of Pd-M alloys [40]. Compared to the reduc-
tion peaks of the 0.8% Pd-2% M/SiO2/COR monolithic catalyst,
those of the 0.8% Pd-0.4% M/SiO2/COR catalysts were shifted
to lower temperatures because of the lower content of the sec-
ond metal in the latter catalysts. It is worth noting that the re-
duction temperatures decreased with the addition of the sec-
ond metal and the increasing Pd/M mass ratio, implying that Pd
seemingly promoted the reduction of the second metal oxides
in a hydrogenation spillover from Pd to the second metal M
[41].

It is noted that a negative peak was observed at 100 °C for
several monolithic catalysts, which corresponded to the de-
composition of the PdH species that was formed during the
initial hydrogenation stage of Pd [42,43]. It has been reported
that the formation of alloys upon the addition of the second
metal (Bi, Cu, Ag) in bimetallic catalysts suppresses the for-
mation of PdH [41,44-46]. For all the bimetallic monolithic
catalysts investigated in this work, the PdH peaks either de-
creased in intensity or even completely disappeared when the
second metal (M = Ni, Fe, Mn, Cu) was added, which further
confirmed the formation of alloy catalysts

3.3. XPS results

To investigate the surface properties and chemical states of
Pd in Pd-M bimetallic monolithic catalysts, XPS analysis was
performed. The binding energies of Pd 3ds;2 and Pd 3ds/ in
pure Pd (Fig. 4) were 335.5 and 340.7 eV, respectively, which is
consistent with previous reports [47,48]. In the case of Pd-M
alloys, i.e., after doping Pd with the second metal, new peaks
appeared for the binding energies of Pd 3ds/2 and Pd 3ds,2 at
336.3+0.1 and 341.4 +0.1 eV, respectively. The increase in the
binding energy for Pd did not exceed 1.0 eV as compared to
pure Pd, which is consistent with the previous work [22]. The
shift in the binding energies originates from the decrease in the
density of states at the Fermi level because of the d-band hy-

3d5,/2 3d3/2
. _336.4
B 3404 &413
4
3 Oé 3415

7 336.3 340.7
3414
g - &ﬁf}%ﬁw W~
5 - 3406
E 336.2 s A4

332 334 336 338 340 342 344

Binding energy (eV)
Fig. 4. XPS spectrum of different monolithic catalysts. (1) 0.8%
Pd/SiO2/COR; (2) 0.8% Pd-0.4% Ni/SiOz/COR; (3) 0.8% Pd-0.4%
Fe/Si02/COR; (4) 0.8% Pd-0.4% Mn/SiO2/COR; (5) 0.8% Pd-0.4%
Cu/Si02/COR.

bridization between Pd and the second metal upon alloying
[49,50]. It can be seen that the overall intensity of the Pd peaks
decreased upon addition of the second metal, which suggested
a lower degree of exposure of the Pd atoms in the Pd-M bime-
tallic monolithic catalysts.

3.4. Hz-0:titration

H2-02 titrations were performed to determine the degrees of
Pd dispersion and specific surface areas of the monometallic
and bimetallic monolithic catalysts, which were affected re-
markably by the addition of the second metal [23]. The detailed
data are listed in Table 1. It can be seen that the Pd dispersion
and specific surface area in the Pd-Ni/SiO2/COR were higher
than those of other bimetallic monolithic catalysts, even though
the Pd loadings were identical. These results confirmed that
there were strong interactions between Pd and Nj, as the addi-
tion of the second metal, i.e., nickel, improved the Pd dispersion
and prevented the migration and aggregation of Pd particles.
Thus, the results of H2-0; titrations were consistent with the
HRTEM, H2-TPR, and XPS characterizations.

3.5.  Catalytic hydrogenation of eAQ

The hydrogenation of eAQ over monometallic and bimetallic
monolithic catalysts was performed in a stainless steel
fixed-bed reactor. In this experiment, Pd loading was fixed at
0.8 wt%. The effect of loading of the second metal on the selec-
tivity and H20:2 yield in the hydrogenation of eAQ was investi-
gated, as shown in Fig. 5 and Table 1. It can be seen that the
H202 yield achieved by using Ni/SiO2/COR was lower than that
obtained with Pd/SiO2/COR. Furthermore, the Pd-Ni/SiO2/COR
bimetallic monolithic catalyst demonstrated higher selectivity
and gave better H202 yields than the Pd/SiOz/COR and
Ni/SiO2/COR monometallic monolithic and other bimetallic
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Table 1
Catalytic performance and textural parameters of different monolithic catalysts for the hydrogenation of eAQ to eAQHo.
Washcoat Pdloading  Second metal Selectivity Yield of H202 Pd efficiency Dpa2  Spa TOF
Sample Washcoat . . -
loading (wt%) (wt%)  loading (wt%) (%) (/L) (g/(gh)) (%) (m*g) (s
Pd/Si02/COR SiO: 30 0.8 — 42.2 3.82 793 16 81 0.69
Ni/SiO2/COR Si0: 30 0.8 — 35.0 2.84 — — — 0.49
Pd-Ni/SiO2/COR Si0: 30 0.8 0.4 95.3 7.5 1349 45 228 1.21
Pd-Fe/Si02/COR SiO2 30 0.8 0.4 80.6 5.5 1141 36 183 0.99
Pd-Mn/SiOz/COR SiO: 30 0.8 0.4 63.7 435 902 32 162 0.78
Pd-Cu/Si02/COR SiO: 30 0.8 0.4 404 3.1 643 26 132 0.56
aDpq was determined by H»-O: titration analysis.
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Fig. 5. Effect of the second metal loading on selectivity (a) and Hz02 yield (b). Reaction conditions: pressure = 101 kPa, temperature = 80 °C, concen-
tration of eAQ solution = 60 g/L, flow rate of eAQ solution = 0.7 mL/min, and flow rate of H. gas = 10 mL/min. (A) Pd/SiO2/COR; (B) 0.8% Pd-0.2%
M/Si02/COR; (C) 0.8% Pd-0.4% M/SiO2/COR; (D) 0.8% Pd-0.8% M/SiOz/COR; (E) 0.8% Pd-1% M/Si02/COR; (F) 0.8% Pd-2% M/SiO2/COR.

monolithic catalysts. One reason for these results is that the
formation of Pd-Ni alloys led to the better catalytic perfor-
mance, as proven by XPS, TEM, and TPR results. The other rea-
son is the strong interaction between the carbonyl bond of eAQ
and the Pd-Ni alloys, as confirmed by DFT calculations.

Since H20:2 yield is strongly influenced by the metal loading,
a series of catalysts with different Pd/M (M = Ni, Fe, Mn, Cu)
ratios and at a fixed Pd loading of 0.8 wt% were prepared and
their catalytic activities in the hydrogenation of eAQ were in-
vestigated (Fig. 5). It was found that the bimetallic
Pd-Ni/Si0z2/COR, Pd-Fe/Si02/COR, Pd-Mn/SiO2/COR, and
Pd-Cu/Si0z/COR monolithic catalysts reduced at 700 °C
achieved the highest selectivity and H20: yield at the mass ratio
of Pd/M = 2. The selectivity and H202 yield increased with the
increasing loading amounts of the second metal (i.e., Ni, Fe, Mn,
and Cu) below a final amount of 0.4 wt%. However, the trend
was reversed at loading amounts above 0.4 wt%.

In addition, the TOFs of 0.8% Pd-0.4% M/SiO2/COR (M = Nj,
Fe, Mn) bimetallic monolithic catalysts were higher than that of
the 0.8% Pd/SiO2/COR monometallic monolithic catalyst (Ta-
ble 1), which was attributed to the improved Pd dispersion
after the addition of the second metal. However, while the Pd
dispersion and specific surface area in the case of the 0.8%
Pd-0.4% Cu/SiO2/COR catalyst were higher than those of the
0.8% Pd/Si02/COR monometallic monolithic catalyst, the TOF
of the former was lower than that of the latter monometallic
monolithic catalyst. The lower TOF of the bimetallic catalyst

was attributed to the inhibition adsorption of eAQ on the Pd-Cu
nanoalloy surface [22].

3.6. DFT calculations on Pd(1 1 1) and Pd3M1(11 1) (M = Ni, Fe,
Mn, and Cu) surfaces

It is generally believed that the hydrogenation of eAQ on
monometallic Pd and bimetallic Pd-M pellet catalysts follows
the Langmuir-Hinshelwood (L-H) mechanism, in which Hz is
preferentially adsorbed on the top of a Pd atom and then disso-
ciated with a low overall activation barrier (3.9 kcal/mol)
[22,51]. This implies that the adsorption of eAQ on the surfaces
of Pd or Pd-M (M = Ni, Fe, Mn, and Cu) monolithic catalysts was
crucial for the hydrogenation of eAQ.

In this work, DFT calculations were conducted to compare
the adsorption energetics for eAQ on both Pd and Pd-M (M = Nj,
Fe, Mn, and Cu) surfaces to explain the differences in the cata-
lytic activity of monometallic Pd and bimetallic Pd-M monolith-
ic catalysts. Thus, the four crystal structures of Pds-Nii, Pds-Fe,
Pd3-Mnji, and Pds-Cus, along with that of pure Pd, were used to
model the Pd-M alloy (Fig. 6).

The calculations for the adsorption of eAQ on the Pd(1 1 1)
and PdsMi(1 1 1) surfaces were somewhat complicated be-
cause of the numerous possible configurations. In terms of pre-
vious work [51],the most relevant structures of eAQ on these
surfaces were chosen for calculations. The possible structures
are shown in Fig. S2 (see Supporting Information), and the
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Fig. 6. Bulk monometallic Pd and bimetallic Pd-M (M = Nj, Fe, Mn, and
Cu) alloy structures.

most stable structures are shown in Fig. 7. The adsorption en-
ergies (Eads) and bond lengths are listed in Table 2 (for more
details, see Table S1 in the Supporting Information).

The adsorption of eAQ on the optimized Pd(1 1 1) surface
was such that the two benzene rings and carbonyl oxygen at-
oms of eAQ were located at the bridge sites, while the carbonyl
bond was elongated (0.048 A), which was likely due to the in-
teraction of the carbonyl m bond with the Pd(1 1 1) surface (i.e,

E,4s=59.8 kcal/mol
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electron back-donation), as reported in literature [38,51]. The
adsorption energy of eAQ on Pd(1 1 1) was calculated as 61.4
kcal/mol. The aromatic ring of eAQ played an important role in
promoting a flat adsorption on the Pd(1 1 1) surface. This was
similar to the adsorption of furan on Pd(1 1 1) described by
Bradley et al. [52] on the basis of DFT calculations. This result
showed that the preferred adsorption structure was one with
the aromatic ring essentially parallel to the metal surface.

The addition of the second metal (i.e,, Ni, Fe, Mn, and Cu)
weakened the adsorption of the benzene rings, which was ex-
plained by the strong affinity of the aromatic rings toward Pd
and not for the second metals [40]. As a result, the adsorption
energies of eAQ on Pd3Nii(1 1 1), PdsFe1(1 1 1), PdsMn1(1 1 1),
and Pds3Cui(1 1 1) decreased to 59.8, 50.7, 44.5, and 35.5
kcal/mol, respectively. However, the adsorption energies of
eAQ on PdsMi1 (M = Nj, Fe, and Mn) did not change as much as
that on Pd(1 1 1), because of the strong bonding of the carbonyl
group with the second metal atoms, as shown in Fig. 7. At the
same time, the strong binding of the carbonyl group on the
Pd-M (M = Nj, Fe and Mn) alloy surface facilitated the hydro-
genation of eAQ to eAQH2z [30]. This was in good agreement
with the experimental results of enhanced catalytic activity of
the Pd-M (M = Nj, Fe, and Mn) alloys. However, the adsorption
energy of eAQ on PdsCui(1 1 1) changed a little more as op-
posed to that on Pd(1 1 1), which was attributed to the inhibi-
tion of adsorption of eAQ on PdsCu1(1 1 1) [22]. This proved to
be unfavorable for the hydrogenation of C=0 groups and led to
lower catalytic activity.

The benzene rings greatly enhanced this interaction on pure
Pd. However, when the second metals were added, the stability
of eAQ on PdsMi(1 1 1) decreased dramatically. Compared to

E,4 = 35.5 kcal/mol

o000 00000

H Pd

Fe Mn Cu

Fig. 7. DFT optimized structures of eAQ (a) and eAQ adsorbed on Pd(1 1 1) (b), PdsNii(1 1 1) (c), PdsFe:(1 1 1) (d), PdsMni(1 1 1) (e), and PdsCui(1 1

1 .
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Table 2

Adsorption energies and optimized bond lengths of eAQ on Pd(1 1 1) and on PdsM1(1 1 1) (M = Ni, Fe, Mn, and Cu) slabs.

Model Eads (kcal/mol) c-0 (4) Pd-Ca (A) Pd-0" (A) M-C< (A) M-0¢(4)
eAQ — 1.237 — — — —
eAQ/Pd(111) 61.4 1.285/1.286 2.276/2.268 2.382/2.372 — —
eAQ/PdsNii(111) 59.8 1.313/1.286 2.235/2.270 2.579 — 2.035
eAQ/PdsFei(111) 53.3 1.291/1.331 2.271/2.243 2.459 — 2.007
eAQ/PdsMni(111) 44.5 1.275/1.341 2.362/2.267 2.536 — 1.948
eAQ/PdsCui(111) 355 1.284/1.288 2.325 2.516/2.492 2.379 —

2Pd-C: the distance between C and the nearest Pd atom, as shown in Fig. 7.
bPd-0: the distance between O and the nearest Pd atom, as shown in Fig. 7.

¢M-C: the distance between C and the nearest second metal atom, as shown in Fig. 7.
dM-0: the distance between O and the nearest second metal atom, as shown in Fig. 7.

eAQ on Pd (1 1 1), the bonds (C=0, Pd-C/M-C, and Pd-0) (M =
Ni, Fe, and Mn) were elongated, which indicated a strongly
binding carbonyl group and weakly binding benzene rings (Ta-
ble 2 and Table S1). At the same time, the M-O (M = Nij, Fe, and
Mn) bond lengths were shortened as compared to Pd-O.
Therefore, the stronger adsorption between the Pd-M (M = Nj,
Fe, and Mn) alloy surface and the carbonyl group led to higher
catalytic activity in comparison with the monometallic Pd
monolithic catalysts.

4. Conclusions

In this work, a series of Pd-M/SiO2/COR (M = Ni, Fe, Mn, and
Cu) bimetallic and Pd/SiOz/COR monolithic catalysts were
prepared, characterized, and evaluated for the hydrogenation
of eAQ. The bimetallic 0.8% Pd-0.4% Ni/SiO2/COR monolithic
catalyst gave the highest H20: yield (7.5 g/L) and selectivity
(95.3%) among all the monolithic catalysts investigated. The
higher activity of this catalyst was attributed to the formation
of PdNi alloys. The results of the different catalyst characteriza-
tion methods (e.g., SEM, EDS, TEM, H»-TPR, XPS, and H2-02 ti-
tration) were consistent with the activity test. To the best of
our knowledge, this is the first work to study the catalytic per-
formance on Pd-M/SiOz/COR (M = Ni, Fe, Mn, and Cu) bimetal-
lic monolithic catalysts for the hydrogenation of eAQ.

DFT calculations revealed that the strong adsorption be-
tween the Pd-M (M = Nj, Fe, and Mn) alloy surface and the car-
bonyl group of eAQ was responsible for the higher catalytic

activity. For example, Pd-Cu inhibited the adsorption of eAQ on
the PdCu surface and this proved to be unfavorable for the hy-
drogenation of the C=0 moiety. For the different Pd-M (M = Nj,
Fe, and Mn) alloys, a stronger adsorption between the Pd-M
alloy surface and the carbonyl group implied higher adsorption
energy for the eAQ chemisorption on Pd-M, which explained
the higher catalytic activity. Furthermore, theoretical insights
were also gained into the reaction performance of the mono-
metallic Pd and Pd-M bimetallic monolithic catalysts for the
hydrogenation of eAQ.

Supporting Information

Supporting Information associated with this article can be
found in the online version.
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JiR () Pd-Ni/SiO,/COR #E 4R AL A TE PA/M = 2 BIEUAS T Fe iRk 1% (95.3%) ATH,0, & (7.5 g/L). AR5, BE T &E M
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