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Developing mechanistic insights into the promotional effect of alkaline earth metal oxides in the
hydrogenolysis of lignin-derived dibenzofuran (DBF) is key to rational design of high-performance cata-
lysts for bio-oils upgrading. The promotional effect of MgO on Pt/SiO2 catalyst for the hydrogenolysis of
DBF has been investigated. Small amounts of MgO enriches the electron density of Pt surface and the
Lewis acidity of support, leading to significant improvement of the reactivity with an excellent turnover
frequency (TOF) of 1182 h�1 on Pt/3MgO/SiO2 compared with 789 h�1 on Pt/SiO2. The high selectivity for
biphenyl depends on the combination of the acid-base properties. With the same moles of alkaline earth
dopants, the activity of dopants decreased in the order: Mg > Ca > Sr > Ba, resulting from the decrease in
Pt dispersion, and, decreasing linearly with decreasing electronegativity. Additionally, in 240 h stability
test, Pt/3MgO/SiO2 catalyst showed considerably stable activity and selectivity.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Fossil-derived resources depletion and the associated environ-
mental deterioration constantly draw the attention for their
replacement by renewable resources. Dibenzofuran (DBF), an inex-
pensive and versatile oxygen-containing compound, widely exists
in the nonconventional fuel liquids, such as coal tar, shale oil and
bio-oil [1–4]. It may be used as the starting material for the pro-
duction of liquid fuels [5–8] and some useful compounds [9,10]
such as biphenyl (BP), o-phenylphenol (OPP) and other derivatives.
BP has been considered as a key target molecule for its various
applications as an organic intermediate, a precursor to cycloalkane
based transportation fuels, and pesticide. Hydrogenolysis of DBF to
BP represents a highly environmentally benign, sustainable and
efficient route and the process can guide the removal of oxygen
to increase volatility and thermal stability of bio-oil [11].

Recently, magnesia is widely used as the promoter for enhanc-
ing the activity of catalysts in many catalytic reactions, such as glu-
cose isomerization [12], the hydrogenation of acetylene [13],
hydrodesulfurization reaction [14,15], ethanol-to-butadiene pro-
cess [16–18], and aldol condensation [19]. Numerous findings have
proposed several reasons for the role as promoter of MgO for
improving the activity of catalysts in term of fine dispersion of
active metals, the acid-base properties of the supports or electronic
effect. A large number of positive results showed that the addition
of alkaline metal oxides could change the physical structure of the
support, which altered the amount of the active components
[20,21]. However, it was also proposed [14] that the effect on the
support was to change the acid properties of the already formed
surface, but practically the structure of the supports remained
unaffected. Others proposed that the promotional effects of the
alkaline dopants on the catalytic activity of mesoporous Co3O4

for 4-nitrophenol reduction were due to the electronic changes
rather than structural changes in the catalysts [22]. The literature
[15] argued that the addition of a small amount of MgO could
change the morphology of active sites such as the stacking of
MoS2, decrease the weak Brønsted acidity of the supports, and
increase the electron density, thus improving the intrinsic hydro-
genation activity. Nevertheless, the introduction of MgO could also
improve the concentration of weak Lewis acidic sites [20] due to
the presence of additional Lewis sites - ions of Mg2+ [14]. On the
other hand, the enhanced activity was also attributed to the pro-
moted hydrogen-spillover effect by the moderate acidic sites due
to the generation of new species with addition of MgO [13]. How-
ever, few studies have reported on the promotional effect of MgO
on the catalysts in hydrodeoxygenation (HDO) reaction and less
of a clear mechanistic insight has been revealed into the promo-
tional effect of alkaline earth metal oxides in HDO reaction.
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In our previous work [10], the target product in the hydrogenol-
ysis of dibenzofuran was o-phenylphenol by the reasonable design
of catalyst. It is found the basic sites promoted the formation of o-
phenylphenol. Herein, our goal is to extend this knowledge by
modifying different Mg loadings on Pt/SiO2 in an attempt to
improve the production of biphenyl. MgO, as the catalyst promoter,
was found to increase activity and BP selectivity of Pt/SiO2 catalyst
for the hydrogenolysis of DBF. Characterization techniques such as
XRD, IR, CO-IR, low temperature N2 sorption, NH3-TPD, CO2-TPD,
Py-IR, TEM, SEM, were used to study the structural property, elec-
tronic effect and the surface acid-base property of catalysts. More-
over, the role of other alkaline earth metal (Ca, Sr, Ba) oxides on the
activity of Pt/SiO2 catalyst was also investigated. Finally, the reac-
tion mechanistic understanding for the hydrogenolysis of DBF to
biphenyl over Pt/xMgO/SiO2 catalysts has been proposed. This
work demonstrates for the first time the importance of employing
a suitable addition of MgO in the rational development of Pt-based
catalysts for the hydrogenolysis of DBF. The experimental results
presented can provide a rational and useful guidance for designing
Pt-based hydrogenolysis catalysts.
2. Experimental

2.1. Materials

Silica (348 m2 g�1) was purchased from Aladdin Chemical
Reagent Co and used as support after the calcination at 400 �C
for 2 h under Air. Magnesium acetate (Mg(CH3COO)2�4H2O,
�99.0%), calcium nitrate (Ca(NO3)2�4H2O, �99.0%), strontium
nitrate (Sr(NO3)2, �99.5%), barium nitrate (Ba(NO3)2, �99.5%),
and chloroplatinic acid (H2PtCl6�6H2O, Pt basis 99.9%) were pur-
chased from Sinopharm Chemical Reagent Co. Methanol (CH3OH,
99.8%) and n-decane (C10H22, 98%) were obtained from Tianjin Ker-
mel Chemical Reagent Co. Dibenzofuran (C12H8O, �98.0%), 2-
methylpiperidine (C6H13N, 99.0%) and n-dodecane (C12H26, 99.0%)
were obtained from Aladdin Chemical Reagent Co. All of the mate-
rials were analytical reagent grade and utilized without further
purification.
2.2. Catalyst preparation

2.2.1. Preparation of Pt/xMgO/SiO2 catalysts
Commercial SiO2 was impregnated by the wetness impregna-

tion method with an aqueous Mg(CH3COO)2 solution in order to
prepare supports with different Mg loadings (1, 3, 6, 9 wt%). The
obtained supports, denoted as xMgO/SiO2, where x is the weight
percentage of Mg (x = 0, 1, 3, 6, 9), were dried overnight at
100 �C, and finally calcined at 500 �C for 4 h under Ar/O2

(40/20 mL min�1) flow.
The as-synthesized supports were used to prepare Pt catalysts

by successive wetness impregnation method using H2PtCl6�6H2O
as Pt precursor, methanol as the solvent, with a targeted Pt content
of 0.5 wt%. The Pt samples were dried at 80 �C overnight and then
reduced at 400 �C for 2 h under a H2 flow of 40 mL min�1 before
catalytic performance test and the characterization of catalysts.
The obtained catalysts are designated as Pt/xMgO/SiO2.
2.2.2. Preparation of Pt/MO/SiO2 (M = Ca, Sr, Ba) catalysts
Other catalysts modified by alkaline earth metal oxides (Pt/MO/

SiO2, M = Ca, Sr, Ba) were obtained by a sequential impregnation
method as above. The Pt and alkaline earth metal loadings of these
catalysts were consistent with the moles of Pt/3MgO/SiO2, respec-
tively. All actual atomic ratio of M/Pt are approximately 50:1 as
shown in Table 1.
2.2.3. Preparation of reference catalysts
For comparison, the reference Pt-3MgO/SiO2-co catalyst was

prepared by co-impregnation of the appropriate amount of aque-
ous Mg(CH3COO)2 and Pt precursor solution, remaining 3 wt%
Mg. The following treatment of obtained sample was the same as
above. In the binary catalyst, the two functional components of
Pt/SiO2 catalyst and MgO were combined just by physical mixing
(Pt/SiO2 + MgO).

2.3. Support characterization

2.3.1. Nitrogen adsorption
The textural properties of the supports were determined using

the nitrogen adsorption–desorption isotherms at �196 �C using a
Quantachrome Autosorb IQ automated sorption system. The speci-
fic surface area was calculated using the Brunauer–Emmett–Teller
method at a relative partial pressure of 0.05–0.3. The total pore
volume and pore size distribution were measured by the adsorp-
tion curve using the Barre–Joyner–Halenda model at a relative par-
tial pressure of 0.95. Prior to the measurement, the samples were
degassed under vacuum at 200 �C for 8 h.

2.3.2. X-ray diffraction
X-ray diffraction (XRD) analysis of the supports was performed

on a Rigaku D/MAX-RB instrument using a Cu Ka monochroma-
tized radiation source in the 2h range of 5–90� with a scan speed
of 10�min�1, operated at 40 kV and 100 mA.

2.3.3. Temperature-programmed desorption
The acidity and basicity of the supports were measured by

Temperature-programmed desorption (TPD) of NH3 and CO2,
respectively, using the CHEMBET-3000 instrument with a thermal
conductivity detector (TCD). Typically, 100 mg sample was
pressed, crushed, and placed in U-shaped glass tube, heated to
500 �C (10 �C min�1) in He, and this temperature was kept for
60 min. Then the sample was cooled down to 120 �C. The ammonia
adsorption was conducted for 40 min under a 20 mL min�1 flow of
10 vol% NH3 in He gas mixture. The physically adsorbed ammonia
was removed under helium flow at 120 �C for 60 min, and the TPD
was measured by linearly increasing the cell temperature from
120 �C to 500 �C at a heating rate of 10 �C min�1 under a
20 mL min�1 flow of He. The amount of desorbed ammonia was
monitored and quantified by measuring the areas of the desorption
profiles. Similarly, the basicity of the sample was determined by
CO2-TPD, a method analogous to that described above.

2.3.4. FT-IR spectroscopy of pyridine adsorption
Fourier transform infrared spectra (FT-IR) experiments using

pyridine as the probe molecule, on a Bruker Equinox 55 spectrom-
eter equipped with a DTGS detector, were conducted in the IR cell
at 150 �C, 300 �C and 450 �C, using 10 mg sample pellets. The sup-
ports were evacuated at 450 �C for 30 min and then cooled to room
temperature, followed by the record of a background at a resolu-
tion of 4 cm�1. After that, the samples were saturated with pyri-
dine flow for another 20 min. Then the IR spectra were taken at
room temperature after evacuation for 30 min at 150 �C to remove
physically adsorbed and residual pyridine. The adsorption of pyri-
dine at 300 �C and 450 �C were similar to that at 150 �C.

2.3.5. Infrared attenuated total reflection spectrum
Fourier transform infrared attenuated total reflection spectra

(ATR-FTIR), using a Thermo Fisher iN10 spectrometer equipped
with a liquid-nitrogen-cooled MCT detector, were recorded within
the spectral range of 650–4000 cm�1 with a resolution of 4 cm�1

and 16 scans for signal accumulation.



Table 1
Properties of alkaline earth metal oxide promoted supports and catalysts.

Samples Sa (m2/g) Vp
b (cm3/g) dp

c (nm) Pt loadingd

(wt.%)
M loadingd

(wt.%)
(M/Pt) atomic
ratio (1 0 2)

Reaction ratee

(lmol∙g�1
cat∙s�1)

CO uptake
(lmol/g)

TOFf (h�1) Pt dispersion (%)

Pt/SiO2 348 1.04 12.0 0.49 – 2.89 6.87 789 27
Pt/1MgO/SiO2 305 0.91 11.8 0.50 1.03 0.16 3.45 6.70 961 26
Pt/3MgO/SiO2 288 0.84 11.6 0.56 3.53 0.51 6.00 7.17 1182 28
Pt/6MgO/SiO2 258 0.75 11.6 0.43 6.66 1.24 3.22 5.68 1148 26
Pt/9MgO/SiO2 219 0.62 11.4 0.47 9.74 1.66 2.76 5.83 1017 22
Pt/CaO/SiO2 264 0.78 11.8 0.37 3.46 0.45 2.23 3.80 1159 15
Pt/SrO/SiO2 181 0.55 12.0 0.42 9.62 0.51 1.07 1.68 726 6
Pt/BaO/SiO2 120 0.36 12.6 0.32 10.57 0.47 0.33 0.88 681 5
Pt-3MgO/SiO2-co – – – 0.48 3.35 0.56 1.86 – – –
Pt/SiO2 + MgO – – – 0.52 3.21 0.50 2.87 – – –

a,b,c Support properties determined by BET.
d Measured by ICP-AES (M = Mg, Ca, Sr or Ba).
e The reaction rate ¼ converted moles of dibenzofuran

the weight of catalyst�contact time, at low conversion.
f Obtained from CO chemisorption at 30 �C. Supposed CO/Pt = 1.
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2.4. Catalyst characterization

2.4.1. High resolution transmission electron microscopy
The interface of the metal-support in Pt/3MgO/SiO2 catalyst was

characterized by a high resolution transmission electron micro-
scopy (HRTEM) with a Tecnai G2 F20 (FEI) instrument operating
at 200 kV. Before the measurements, the sample was ultrasonically
dispersed in ethanol and the suspension formed was deposited
onto a copper grid.

2.4.2. Scanning electron microscopy
A field–emission scanning electron microscopy (FEI Nova Nano

SEM 450) was used to characterize the homogeneity of dispersion
of Pt and MgO on SiO2. SEM-EDX analyses were operated at 200 kV
and performed with a Tecnai F20 apparatus, equipped with an
energy-dispersive X-ray (EDX) detector.

2.4.3. FT-IR spectroscopy of CO adsorption
Fourier transform infrared spectra (FT-IR) of CO adsorption, col-

lected on a Bruker Equinox 55 spectrometer equipped with a DTGS
detector, were used as a standard method to investigate the elec-
tronic states of the Pt surface. A varying dilution of the samples
in KBr (1:20–1:2) was used to account for the different Mg load-
ings. Prior to adsorption, the already reduced samples at 400 �C
were placed into the reaction chamber and reduced in flowing H2

(10% in Ar) at 300 �C for 60 min again to avoid the oxidation of
Air. After cooling to 25 �C, the samples were purged in flowing
He for 30 min followed by adsorption of CO (10% in He) at a flow
rate of 20 mL min�1. An adsorption time of 40 min was found to
be sufficient to observe the saturation coverage. Then removal of
the gas phase CO with molecular pump was complete until the
spectra were unchanged, and the spectra were collected by coaddi-
tion of 500 scans at a scanner velocity of 10 kHz and a resolution of
4 cm�1.

2.4.4. Elemental analysis (ICP-AES)
The metal contents of the catalysts were measured by induc-

tively coupled plasma atomic emission spectroscopy (ICP-AES) on
a Perkin-Elmer Optima 2000 DV device.

2.4.5. CO chemisorption
A chemisorb analyzer using CO pulse adsorption on CHEMBET-

3000 was used to measure the accessibility of metal surface sites at
30 �C. Prior to measurement, the ex situ reduced catalysts were
activated in situ in H2 at 400 �C for 1 h and purged in flowing He
followed by adsorption of CO (10% in He) when the furnace was
cooled to 30 �C. CO adsorption was considered to be completed
after three successive peaks showing the same peak areas. A stoi-
chiometry of CO/metal = 1 was taken to calculate the number of
metal active sites. Hence, the turnover frequency (TOF) and disper-
sion of the Pt active sites of the catalyst can be evaluated.
2.5. Activity measurements

Typically, the hydrogenolysis of DBF was performed at 400 �C
and 1.0 MPa total pressure in a continuous-flow fixed-bed reactor
over 80 mg catalyst diluted with 5.0 mL 60–80 mesh quartz sands.
Prior to catalytic tests, the as-prepared catalysts were pretreated
in situ under 40 mL min�1 flow of H2 at 1.0 MPa and 400 �C for
1 h. Catalytic tests were conducted until the steady state was
reached. The liquid reactants consisted of 2.0 wt% DBF, 1.0 wt% n-
dodecane (as internal standard) and 97.0 wt% n-decane (as sol-
vent). The reaction products after being condensed in a cold trap
were collected and analyzed off-line by an Agilent gas chro-
matograph 7890A equipped with flame ionization detector and a
0.5 lm � 0.32 mm � 30 m FFAP capillary column. Product identifi-
cations were conducted on an Agilent 7890B with 5977A MSD and
a 0.25 lm � 0.25 mm � 30 m HP-5 capillary column.

The Pt/3MgO/SiO2 catalyst was selected for a long-run test. The
long-run test was carried out in fixed-bed reactor and performed in
the hydrogenolysis of DBF until steady state was reached. The
products were obtained after six hours each time. And to investi-
gate the effect of acidic sites of catalysts, the effect of 0.5 wt% 2-
methylpiperidine (2-MPP) added to the reactant during the
hydrogenolysis of DBF was studied and the reaction process is
the same as the above procedure.

The conversion (X) of DBF was calculated by the equation

X ¼ ðn0 � nDBFÞ=n0 � 100% ð1Þ

where n0 and nDBF are the moles of DBF in the feed and product,
respectively.

The selectivity (Si) for each product (i) was calculated by the
equation

Si ¼ ni=
X

ni � 100% ð2Þ

where ni is the moles of i product molecule and
P

ni are the total
moles of products. The carbon balance of products was 100% ± 5%.

Contact time (s) was calculated from the formula

s ¼ W=F ð3Þ

whereW denotes the catalyst weight and F denotes the total weight
flow rate of the reactant.
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3. Results and discussion

3.1. Physical texture of samples

xMgO/SiO2 supports were synthesized by an impregnation with
commercial amorphous SiO2 and then calcined at 500 �C. In the
XRD patterns of all catalysts (Fig. S1), no crystalline minor phases
was observed, even with higher loading of Mg. It indicates that
Pt and the added Mg are randomly deposited on the surface. How-
ever, it is not determined whether the active Pt is dispersed on the
SiO2 surface or the interface of MgO and SiO2 for the addition of Pt
to MgO/SiO2 supports.

The N2 adsorption-desorption isotherms of all samples are very
similar, as shown in Fig. S2. And the detailed results are revealed in
Table 1. All isotherms are type IV isotherms and display the H1
hysteresis loops, which are typical characteristics for mesoporous
materials. BET analysis of the promoter-modified supports shows
that incorporation of alkaline earth metal oxides on the SiO2 leads
to a significant reduction on both the specific surface area and pore
volume as increasing amount of Mg or ionic radius (Ca, Sr, Ba),
compared to the pure SiO2 (as listed in Table 1), revealing that
alkaline earth metal oxides could block the mesopores. Neverthe-
less, pore diameter has no appreciable variation in all promoter-
modified catalysts, which rules out the fact that pore size is not
one of the possible promotional effect.

Table 1 summarizes the Pt dispersions measured by CO
chemisorption and TOFs for different catalysts. The addition of
large excesses of MgO did not have obvious impact on the Pt dis-
persion, which was approximately 26%, until 6 wt% Mg loading
was reached. However, compared with the catalysts modified by
various alkaline earth metal oxides with equal mole, it was
observed that the Pt dispersion follows the order:
Mg > Ca > Sr > Ba, which could be explained by the decrease in
specific surface area due to the increased ionic radius. Considering
the slight difference of Pt dispersions over MgO/SiO2 mixing oxides
supported Pt catalysts, it is not considered as one reason for the
enhanced performance of Pt/xMgO/SiO2 catalysts.

3.2. Acid–base properties of the xMgO/SiO2 supports

To investigate the acid-base properties of the xMgO/SiO2 sup-
ports, the interaction of NH3 and CO2 with the xMgO/SiO2 supports
were studied by temperature-programmed desorption experi-
ments, in combination with ATR-FTIR spectroscopy and IR spec-
troscopy of adsorbed pyridine.

The ATR-FTIR spectra of xMgO/SiO2 supports are plotted in
Fig. S3. Three absorption bands at 1057 cm�1, 973 cm�1 and
796 cm�1 can be assigned to the SiAOASi stretching mode [23].
The band at 680 cm�1 can be attributed to the MgAO stretching
vibration [17]. MgO addition broadens the band at 1057 cm�1

and weakens the strength of the bands at 973 cm�1 and
796 cm�1 compared to the pure SiO2, accompanied with the
blue-shift of SiAOASi bands at 1057 cm�1 and 796 cm�1 to a lower
Table 2
The acid-base properties of the xMgO/SiO2 supports.

Samples Amount of acidic sites (lmol/g)

Lewis sites Brønsted sites

SiO2 31.5 0.5
1MgO/SiO2 111.1 0.8
3MgO/SiO2 240.4 9.8
6MgO/SiO2 210.7 14.6
9MgO/SiO2 191.4 25.4
MgOa 11.2 0.1

Note: a is bulk phase prepared by the thermal decomposition of Mg(CH3COO)2 as a refe
wavenumber (1033 cm�1 and 790 cm�1), indicative of the
strengthened interaction between MgO and SiO2, preferentially
generating a SiAOAMg bond [24] and maybe suggesting the exis-
tence of additional magnesium silicate phase [16]. The small blue
shift suggests the existence of SiAOAMg linkages, since Si has
higher electronegativity than Mg, and similarly that was also found
in the TiO2/SiO2 catalysts [25]. The band at 1636 cm�1 can be
assigned to the bending vibration of the water molecules. The
broad band at 3400 cm�1 belongs to the stretching vibrations of
the hydroxyl groups of water physically adsorbed on the surface
[26,27]. Indeed, the surface silanol groups can be in the presence
of the band at 3745 cm�1 [27], which could be due to the weak
interaction with adsorbed water on the silica surface. However,
they were not found due to the coverage of water physically
adsorbed on the surface.

Acidity and basicity of xMgO/SiO2 were characterized from
temperature-programmed desorption of adsorbed NH3 and CO2,
and the calculated results are listed in Table 2. The MgO addition
leads to an increase and then stabilization in the basicity of the
supports, and that was in agreement with the fact that the pres-
ence of alkaline/alkaline earth ions could result in a marked
increase of the basic properties of the catalysts [28,29]. However,
the amount and strength of acidic sites also significantly increased
when adding MgO to SiO2. The amounts of NH3 and CO2 desorbed
from 3MgO/SiO2 approximately increase to 250.2 and 18.2 lmol/g,
respectively, compared with that of pure SiO2 (32.0 and 2.5 lmol/
g). It is suggested that the modification by MgO significantly
increases the number of acidic and basic sites of the supports, nev-
ertheless, the number of acidic sites far exceed that of basic sites.

The IR spectra of pyridine adsorbed on a series of xMgO/SiO2

supports at 150 �C, plotted in Fig. S4, contained both bands of pyr-
idine coordinated to Lewis acidic sites (1446 cm�1) and bands of
pyridinium cations formed by reaction of pyridine with Brønsted
acidic sites (1547 cm�1). The values of Lewis acidic sites listed in
Table 2 show that, with the addition of MgO, the Lewis acidic sites
dramatically increased initially and then slowly decreased for fur-
ther MgO addition due to the appearance of Mg2+ [14,19] and
mainly the existence of additional magnesium silicate phases
[16] as confirmed by ATR-FTIR. The density of Lewis acidic sites
was much higher than that of Brønsted acidic sites (Table 2),
whereas the disparity between them diminished with the addition
of MgO. Furthermore, the latter was null after desorption at 450 �C
(Fig. 1b), indicating that the strength of Brønsted acidic sites is
weaker than that of the Lewis acidic sites.
3.3. FT-IR spectra of CO adsorption

The acid-base properties of the support could strongly influence
the catalytic performance of the supported metal nanoparticles.
One reason is attributed to the interaction between the acidic or
basic supports and the active metals, inducing electronic effects
required for the catalytic reactions [13,15].
Amount of basic sites (lmol/g)

Total sites Total sites

32.0 2.5
111.9 9.5
250.2 18.2
225.4 42.2
216.8 39.3
11.3 45.7

rence.



Fig. 1. (a) NH3-TPD profiles of the xMgO/SiO2 (x = 0, 1, 3, 6, 9), and (b) IR spectra of pyridine adsorbed on 3MgO/SiO2 support at 150, 300 and 450 �C.
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The IR bands after in-situ reduction of Pt/xMgO/SiO2 catalysts
and CO adsorption at 25 �C have been used to characterize the sur-
face electronic properties of supported Pt nanoparticles. The CO-
FTIR spectra were integrated and results are summarized in
Fig. 2. Two main bands were observed in the spectra: a broad,
strong band appeared in 2000–2120 cm�1 that are assigned to a
linear CO, and another broad and less intensive signal at about
1850 cm�1 that corresponds to bridged CO [30–33]. CO adsorption
on Mg2+ cation is expected to yield one or more additional band at
2157–2200 cm�1 approximately, in which as the number of O2�

anions (n) coordinated to Mg2+ decreases, the signal of CO shifts
to higher wavenumbers (tn=4 = 2157 cm�1, tn=3 = 2200 cm�1)
[19]. However, no such band can be clearly identified in our case
due to the weaker intensities of the bands.

The shift in the CO band position is often interpreted as the evi-
dence of the changes in the electronic properties of supported met-
als [31,34]. The exact position of the absorption bands depends on
the electronic changes [35], particle size [36], and surface coverage
[37]. Since the Pt dispersion of the Pt/xMgO/SiO2 catalysts does not
vary with the Mg content (Table 1), the shifts in the band position
probably reflect the changes in the surface electronic properties of
catalysts. Besides, the intensity ratio of bridged to linear (B/L)
bonded CO is also a critical parameter and a direct measurement
of the energy difference between the interacting d-orbitals of
Fig. 2. IR spectra of CO adsorbed on Pt/xMgO/SiO2 after in-situ reduction at 300 �C
in flowing H2 (a-e: 0, 1, 3, 6, 9 wt% Mg, and f Pt-3MgO/SiO2-co).
active surface metal sites and the 2p⁄ orbital of CO [34], which
reveals the surface electron density of the supported Pt particles.

Variation of the band position and the areas of linear and
bridged CO measured are listed in Table 3, demonstrating that
electron transfer occurs. The wavenumber shifted from 2078 to
2064 cm�1 in the Pt/xMgO/SiO2 samples with increasing the Mg
content to 3 wt%, but the band position slightly shifted to higher
wavenumbers with higher Mg content, indicating that the electron
density of Pt in Pt/3MgO/SiO2 strikingly increases. Similar trends
have also been observed for the PtFe/SiO2 system and such a shift
is associated with an increase in the electron density on Pt [30],
which in turn increases the extent of the back donation to the
CO 2p* orbitals [35]. The intensity of the signals corresponding to
linear adsorption decreased, while that of the bridged CO band
increased with increasing the Mg content in the supports. The
increasing B/L ratio with increasing the Mg content in the support
also indicates an increase of the electron density. It is in agreement
with previous studies on Pt supported on K-modified Al2O3 [34]
and Pt supported on Cs2O-modified Al2O3 [31], which is typical
for Pt on a base doped support. However, the inverse trend was
observed when the Mg content was 3 wt% with the maximum B/
L value. This indicates that there are more isolated Pt sites sepa-
rated by MgO on the surface of Pt/xMgO/SiO2 catalysts (x > 3)
[13]. The change of electronic structure could be due to the change
in the surface acidic/basic sites of supports, and the basic sites of
support increase the electron density of Pt [13]. The IR bands of
adsorbed CO shifted to lower wavenumbers and the B/L ratio
increased by the modification of basic promoter, resulting in an
increase in electron charge of oxygen atoms of the support and
hence an increase in electron density on the supported Pt particles
[38,39]. Besides, the shift of the CO band position to lower
wavenumbers indicates a lower oxidation state of Pt [40], and it
is also confirmed that the reduction of oxidation state of active
metal could be influenced by the alkaline promoter [41]. The FTIR
results of chemisorbed CO are a strong indication that the elec-
tronic structure of the catalytically active surface metal sites is
influenced by the modification of MgO.

3.4. Transmission electron microscopy

Fig. 3 shows TEM images of the Pt/3MgO/SiO2 catalyst after
hydrogen reduction at 400 �C, clearly revealing that the metallic
nanoparticles were uniformly dispersed on the silica support.
HRTEM observations on Pt/3MgO/SiO2 revealed the presence of
separate MgO and Pt NPs over SiO2, and the active Pt surrounded
by MgO (Fig. 3a), thereby indicating that individual MgO and Pt



Table 3
The results of CO-IR over various catalysts.

Sample Location of Linear band (cm�1) Integrated area of the band (%) Bridged and linear area ratio (B/L)

Linear CO Bridged CO

Pt/SiO2 2078 90.61 9.39 0.10
Pt/1MgO/SiO2 2068 87.72 12.28 0.13
Pt/3MgO/SiO2 2064 87.49 12.51 0.14
Pt/6MgO/SiO2 2065 88.10 11.90 0.13
Pt/9MgO/SiO2 2068 88.92 11.08 0.12
Pt-3MgO/SiO2-co 2072 93.72 6.28 0.07
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NPs are present on the SiO2 surface and Pt locates at the boundary
between MgO and SiO2 support. Positively, the magnified region
(Fig. 3b) confirmed that Pt nanoparticles are in direct contact with
the magnesia substrate and may preferentially migrate onto the
interface between SiO2 and MgO by the reduction. The d-spacing
values of 0.197 and 0.227 nm correspond to the (2 0 0) and
(1 1 1) plane of Pt. On the other hand, the MgO exposes more
(2 0 0) plane with interlayer spacing of 0.210 nm. The HRTEM
results indicated that the MgO in close contact with the Pt species
stabilizes the dispersion of Pt on silica. STEM results (Fig. 3c and d)
showed that metallic NPs were small and uniformly dispersed on
the support. To figure out the intrinsic structures of the
Fig. 3. HRTEM image (a, b) and STEM (c, d) of the representati
Pt/3MgO/SiO2 catalyst in a large region, STEM-mapping measure-
ment was performed (Fig. 4) and the results clearly showed that
the MgO and Pt were only partly overlapping in the tested region,
indicating the active Pt is surrounded by MgO. It is the evidence for
the existence of Pt-magnesia-silica interfaces. The TEM results may
provide useful information in the catalytic performance (discussed
in below).

In order to calculate the particle sizes of Pt, the TEM and corre-
sponding particle size distributions of all catalysts were shown in
Fig. S5. The obtained average particle sizes of Pt/xMgO/SiO2 cata-
lysts were similar (�1.60 nm), indicating the similar Pt dispersion
according to previous reports [42,43], which was in agreement
ve Pt/3MgO/SiO2 catalyst after reduction at 400 �C for 2 h.



Fig. 5. Relative concentration and conversion of the hydrogenolysis of DBF over Pt/
3MgO/SiO2 as a function of contact time.

352 J. Zhang et al. / Journal of Catalysis 371 (2019) 346–356
with the results of CO chemisorption (Table 1). Besides, the average
Pt particle sizes were increased in order of Pt/MgO/SiO2 (1.56 nm)
< Pt/CaO/SiO2 (2.32 nm) < Pt/SrO/SiO2 (2.67 nm) < Pt/BaO/SiO2

(2.96 nm), with the decreased Pt dispersion (Table S3). Corre-
spondingly, the Pt dispersion calculated from CO adsorption fol-
lowed the same tendency (Table 1).

3.5. Scanning electron microscopy

In order to determine the elemental distribution, SEM-EDX
analysis was performed and the images are shown in Fig. S6. The
mapping images show that there is a good correspondence of Mg
elemental map formed with the intensity of Si element, indicating
the MgO uniformly distributed on the surface of SiO2. AndMg load-
ing is 3.43 wt%, which is of no obvious disparity with the result
tested by ICP (3.53 wt%). However, Pt particles with low loading
(0.5 wt%) were not detected.

3.6. Catalytic results of the hydrogenolysis of DBF

The hydrogenolysis of DBF was used to evaluate the catalytic
behavior of Pt/xMgO/SiO2 catalysts and the Pt/SiO2 catalysts mod-
ified with various alkaline earth metal oxides. The hydrogenolysis
products, such as o-phenylphenol (OPP), biphenyl (BP), cyclohexyl-
benzene (CHB), cyclopentylmethylbenzene (CPMB), cyclohexane
(CH) and benzene (B) were determined by the GC–MS, as shown
in Fig. 5. With increasing contact time, almost all were deoxy-
genated product. The major hydrogenolysis product was BP with
the highest yield of 68% at contact time of 0.55 min with a conver-
sion of 100%. As shown in Table 4, at contact time of 0.16 min, the
BP selectivity enhanced dramatically from 42.7% (Pt/SiO2) to 55.0%
(Pt/1MgO/SiO2) and then to the maximum of 63.2% (Pt/3MgO/
SiO2), followed by a decrease to 46.1% in pace with the gradual
addition of MgO. Moreover, with the addition of MgO, CaO, SrO
or BaO, respectively, the conversion sharply decreased and the
selectivity toward OPP increased (see Table 5).

3.6.1. Catalytic performance: Volcano-type dependence on Mg loading
The activities of Pt/xMgO/SiO2 catalysts in the hydrogenolysis

are plotted in Fig. 6a. It is interesting to find out that activities vary
with the Mg loadings in a volcano-shape manner, and the optimum
catalyst is Pt/3MgO/SiO2 sample. The conversion of the
hydrogenolysis of DBF increased with the addition of Mg (3 wt%)
and then dramatically decreased with further Mg addition. Mean-
Fig. 4. (a) STEM of Pt/3MgO/SiO2 revealing the EDS mapping region and
while, the BP yield showed a similar trend with the highest yield
obtained of 64%. This volcano-type dependency of reaction activi-
ties on Mg loadings was the same as the trend of the intrinsic activ-
ities (TOF) and reaction rate (Table 1). The promotional catalyst
had the maximum activity at 3 wt% loading, and that is almost
twice higher than that over Pt/SiO2. It can be inferred that a frac-
tion of MgO is beneficial for the hydrogenolysis of DBF. The possi-
ble reasons are shown in Fig. 6b and were discussed below.

The FTIR data for CO adsorption (Table 2) reveals a higher frac-
tion of electron-rich and reduced Pt sites over the promoted cata-
lysts. The acid-base properties of the supports have an important
effect on the electron state of active sites [44,45]. As illustrated
in the reports [31,46], basic sites participated in the catalytic pro-
cess via increasing the electron density of Pt. The report [13] dis-
cussed the role of acidic and basic sites of PdAg/Mg-Ti catalysts
in the hydrogenation of acetylene and found the increased Pd elec-
tronic density caused by the electron transfer from the basic sites.
However, it is well known that the acidic sites could also directly
promote the activation and then the cleavage of CAO bond
[5,47,48]. Indeed, MgO addition results in the changes of
physical-chemical structure of the supports and subsequently
leads to specific acid-base properties of catalysts. It is speculated
that the electronic perturbation of Pt could be attributed to the
interaction between Pt and surface acidic/basic sites of MgO/SiO2
(b–e) the EDS mapping of all kinds of elements (O, Si, Mg and Pt).



Table 4
Effect of catalyst on the DBF conversion and product selectivity.

Catalyst Conversion (%) Selectivity (%)

CH B CPMB CHB BP OPP

Pt/SiO2 26.6 0 6.5 3.5 5.1 42.7 42.2
Pt/1MgO/SiO2 31.5 1.9 8.9 8.7 7.2 55.0 18.3
Pt/3MgO/SiO2 51.4 3.2 11.3 12.1 7.5 63.2 2.7
Pt/6MgO/SiO2 27.7 2.1 12.7 16.3 9.2 51.8 7.9
Pt/9MgO/SiO2 22.0 1.6 18.7 13.1 8.1 46.1 12.4
Pt/CaO/SiO2

a 18.3 0.4 6.4 1.9 3.8 18.9 68.6
Pt/SrO/SiO2

a 12.4 0 8.7 1.7 5.0 13.0 71.6
Pt/BaO/SiO2

a 2.6 0 0 0 3.9 12.0 84.1
Pt-3MgO/SiO2-co 13.9 2.0 22.6 13.6 10.9 42.7 8.2
Pt/SiO2 + MgO 26.5 0 0 3.1 5.9 42.2 48.8

Note: Reaction conditions: T = 400 �C, P = 1.0 MPa, s = 0.16 min.
a Pt/MO/SiO2 (M = Ca, Sr, Ba) refer to the equal mole of alkaline earth metal oxides with that of Pt/3MgO/SiO2.

Table 5
DBF conversion over the Pt/SiO2 catalysts with alkaline earth metal oxides at equal moles and properties of dopants.

Dopants Conversiona (%) Metal-Oxygen bond strengthb (eV) Metal ionic radiusc (nm) Charge/surfaced

MgO 96 4.3 0.065 1.31
CaO 37 3.6 0.099 1.00
SrO 25 3.3 0.113 0.95
BaO 10 3.0 0.135 0.89

a The conversion over Pt/SiO2 catalyst modified by dopants at s = 0.36 min.
b The data refer as [29].

c,d The data refers as lange’s handbook of chemistry.

Fig. 6. (a) Influence of the Mg content on the reaction activity and BP yield during the hydrogenolysis of DBF over the Pt/xMgO/SiO2 catalysts (Data refer to 0.36 min of
contact time). (b) Effect of the Mg content on the catalysts or supports.
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supports. Based on the results of acid-base properties of supports
and electronic density of the corresponding catalysts, the different
electron density of active component and support acid-base prop-
erties originating from the dissimilarity of additive amount of Mg,
change the way reactants adsorbed and desorbed on the surface of
the catalysts, and thus contribute to the disparity of selectivity
[31,49]. The new acidic sites could be created by addition of
MgO, which serve as active sites to adsorb the oxygen atom of
DBF. However, the desorption of the formed BP without oxygen
atom, due to p electrons of aromatic ring acting as a Lewis base,
could be promoted by the increased electronic density.

In the hydrogenolysis of DBF, under the same reaction condi-
tions, the negligible difference in the Pt dispersions between the
promoted catalysts with various Mg loadings indicates that the
structural effect of the MgO on the SiO2 does not significantly affect
the energetic state of the active sites. Nevertheless, the significant
differences in activity point out to a significant promoter effect,
which must then be contributed to electronic effect. The
electron-rich character of Pt sites regularly changed in volcano-
type with the MgO addition, is consistent with the volcano-type
activities. It indicates that a relationship is established between
the changes of electronic properties and the catalytic activity on
Pt/xMgO/SiO2 catalysts. The electron transfers from support to Pt
nanoparticles accelerate high activity of DBF conversion, and that
is in agreement with the previous reports [15,30,38,50]. In partic-
ular, Regalbuto et al. [50] studied the effects of alkaline metal pro-
moters on Ru/Al2O3 catalysts for hydrogenation of levulinic acid
and found that a similar volcano trend, where catalysts promoted
with 3 wt% K and 3 wt% Cs exhibited the highest activity in their
respective series, is due to the balance between the enhanced elec-
tronic density from alkaline metal to Ru and ruthenium site
blockage.

Enhanced activity may also involve the promoted hydrogen-
spillover effect by Lewis acidic sites of the support, and then facil-
itated hydrogen activation/dissociation of Pt [13], which corre-
sponds well with the amount of acidic sites in xMgO/SiO2

supports. Previously, it was pointed out that hydrogen spillover
onto these non-reducible oxides such as SiO2, Al2O3 and zeolite
would be energetically improbable if there are no defect sites that
can stabilize atomic hydrogen [51]. However, the modification
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with MgO could expose more defects in the SiO2 support [52], as it
can be confirmed by the changes of acid-base properties. Further-
more, the reduction level of active metals is relative to the extent
of hydrogen-spillover, the higher hydrogen spillover effect favors
the reduction of oxide metals [53]. It was also reported that spil-
lover has been proposed as an explanation for the promotional
effect of basic metal oxides on the methanol activity of Pd/SiO2

[54]. However, H atoms do not reduce the basic metal oxides,
and it would be a disadvantage for H atoms to leave the metal sur-
face [51]. One expected that the acidic sites formed by SiAOAMg
bond could promote hydrogen spillover and the excess MgO could
block accessibility for hydrogen spillover to the support. Accord-
ingly, the hydrogen adsorption and activation on MgO may hap-
pen, but would not be very strong or fast [15], compared with
dissociation of molecular hydrogen on active Pt.

Another important factor affecting the activity may be the
metal-support interfaces. The interface between the metal particle
and the metal-oxide particle may be the area where most of the H
atoms react with DBF, formed by the formation of OPP on the inter-
face, to BP. H atoms do not travel much further than the immediate
interface between the metal particle and the metal-oxide particle
[51]. Moreover, Pt-magnesia-silica interfaces provide a chance for
SiAOAMg bond to improve the hydrogen spillover. On the other
hand, the SiAOAMg chemical bond formed by MgO addition could
be necessary for the balanced acid-base sites on the surface in rela-
tion to the interaction between MgO and SiO2 and the consequent
high catalytic performance [17]. However, with too much addition
of MgO, the access of reactants to Pt surface and interfaces are
blocked seriously [55].
3.6.2. Synergistic effect of catalyst on the hydrogenolysis of DBF
The preparation of catalysts has been regarded to be of pivotal

importance for catalytic performance. The experimental results
(Fig. 7) showed that a physical mixture of Pt/SiO2 and MgO per-
formed worse than the Pt/3MgO/SiO2 catalyst, even worse than
the Pt/SiO2 catalyst with no MgO, highlighting the synergistic
effect that was achieved, and probably the existence of Pt-
magnesia-silica interfaces as also confirmed by HRTEM. A last con-
sideration related to the nature of synergistic effect observed for
the Pt/xMgO/SiO2 catalysts in the hydrogenolysis of DBF has to
do with the method of adding MgO. The activity of the catalyst pre-
pared by sequential impregnation is significantly higher than that
of the catalyst prepared by co-impregnation with a similar Mg
loading of 3 wt%. That result may be related to the difference of
Fig. 7. The conversion of DBF and the yield of BP over Pt/3MgO/SiO2 (sequential impreg
Pt/SiO2 catalysts at contact time of 0.36 min.
electron density of Pt nanoparticles (Table 3). According to the
results of experiment, the method of sequential impregnation
could enhance the acid-base properties of SiO2 and thus increase
the electron density of active sites for the hydrogenolysis reactions.

3.6.3. Comparison of alkaline earth metal oxides at equal moles
Based on these findings, we selected the optimal Mg moles of

Pt/3MgO/SiO2 catalyst (atomic ratio of Mg/Pt is approximately
50:1) together in use with other alkaline earth metals (Ca, Sr and
Ba) in the hydrogenolysis of DBF and the results are plotted in
Fig. 8a. Apparently, activity decreased in the order:
Mg > Ca > Sr > Ba, which may be due to the difference in Pt disper-
sions (Table 1), suggesting various dopants reduced the concentra-
tion of surface Pt sites responsible for the catalytic reaction by site
blocking or masking [56] due to lower surface area. Other explana-
tion could be that it correlates with the decrease in dopant elec-
tronegativity (strong basic character) and metal-oxygen bond
strength, and the increase of the ionic radius. Most importantly,
the conversion of DBF hydrogenolysis increased with increasing
the electronegativity (decreasing basic character) of the corre-
sponding alkaline earth metal oxide (Fig. 8b). Differences in the
electronegativity values are reflected in the acid-base properties
[21] and electronic states, and then contribute to the diverse activ-
ities, which proves that stronger basic sites are detrimental to the
activity for catalysts. That also was testified by the fact that adding
MgO to Pt/SiO2 (physical mixture) could decrease the activity of Pt/
SiO2. Prins et al. [54] found a volcano curve of reaction rate and the
metal ion electronegativity in exploring the promotional effect of
basic metal oxides on the silica-supported Pd catalysts in the con-
version of synthesis gas to methanol and suggested that the metal
oxides with a moderate basic nature were better for CO and CO2

hydrogenation. Compared with previous results [21,50,54] on the
investigation of the relationship between the activities and elec-
tronegativity of basic dopants, the reverse trend in this study indi-
cates that acidic sites strongly increase DBF hydrogenolysis,
associated with the reaction results over Pt/xMgO/SiO2 catalysts
with various acid concentration, and also implies that moderate
basic nature may be essential for the high activity and selectivity
of catalysts.

3.6.4. Effect of adding 2-methylpiperidine on the hydrogenolysis of DBF
over Pt/3MgO/SiO2

In order to probe the effect of acidic sites on the hydrogenolysis
of DBF, 2-methylpiperidine was added to the reactant. 2-
nation), Pt-3MgO/SiO2-co (co-impregnation), Pt/SiO2 + MgO (physical mixture), and



Fig. 8. (a) The effect of the different alkaline earth dopants with equal mole on the conversion of DBF. (b) The conversion of different contact time (min) vs. electronegativity
of alkaline earth cation in Pt/MO/SiO2 (M = Mg, Ca, Sr, Ba) catalysts.
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methylpiperidine is considered as a stronger base than pyridine
[44], and therefore it might be involved in the preferential adsorp-
tion on acidic sites with DBF molecules. The results (Fig. S7)
showed that the activity of Pt/3MgO/SiO2 catalyst for the
hydrogenolysis of DBF obviously decreased to 43% from 100% at
contact time of 0.55 min and the conversion of 2-
methylpiperidine was 100% with the change of contact time. 2-
methylpiperidine was found to have strong inhibitory effect, which
can be understood on the basis of the competitive adsorption
expected due to the strong interaction of this basic molecule with
Fig. 10. Supposed schematics of the C-O hydrogenolys

Fig. 9. The time-on-stream results of the long-run test performed over a selected
Pt/3MgO/SiO2 catalyst.
the acidic sites. It is considered that acidic sites as one type of
active centers could enhance the hydrogenolysis of DBF.

3.7. Stability

To investigate the stability of catalyst at high conversion, time-
on-stream analysis on the Pt/3MgO/SiO2 catalyst was conducted.
The DBF conversion and selectivity are displayed in Fig. 9, in which
t0 represents the time when the reactions were stabilized. During
the 240 h, the activity and selectivity for Pt/3MgO/SiO2 catalyst
are considerably stable, which could be inferred by the fact that
the addition of MgO surrounding Pt may stabilize Pt nanoparticles.

3.8. Reaction mechanism

On the basis of the above results, we formulated a reaction
mechanism for the hydrogenolysis of DBF to BP over Pt/xMgO/
SiO2 catalysts, as shown in Fig. 10. For the hydrogenolysis of
oxygen-containing hydrocarbons on metal supported catalysts, it
is postulated that the reaction occurs at the metal-support inter-
face. The DBF molecule adsorbed on the support is hydrogenated
by spilt-over H-species originating from the hydrogen molecule
dissociated on the Pt particles [51]. The moderate amount of
MgO existed in the metal-support interface accelerates the
hydrogenolysis of DBF, mainly, due to the increased Lewis acidic
sites and the enhanced electron density of Pt. In the presence of
hydrogen, more hydrogen molecules are adsorbed resulting in
more active H-species on the catalyst surface due to more active
Pt, explaining the increase of DBF conversion in the presence of H2.

Popov et al. [57] explored the interaction between phenolic
compounds and silanol groups present on silica by means of infra-
is mechanism of DBF over Pt/xMgO/SiO2 catalysts.
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red spectroscopy and found that the silanol protons interact either
with the aromatic ring lying coplanarly on the surface or with the
oxygenated groups through the oxygen atoms. For DBF molecule,
the n-electrons of the oxygen atoms are more basic than the p-
electrons of aromatic system. It is considered that the prior adsorp-
tion occurs on the Lewis acidic sites of the support by interaction
with the oxygen atom rather than with the aromatic ring [58].
Then the cleavage of C-O bond during the hydrogenation of DBF
accelerates the formation of OPP and then rapidly produces BP.
Besides, the reaction conditions under high temperature and low
H2 pressure maybe also play important roles [5].

4. Conclusions

The relationship between promotional effect of MgO on Pt/SiO2

and the hydrogenolysis of DBF has been established. Addition of
MgO strongly increases the catalytic activity of Pt/SiO2 catalyst in
DBF reaction, which could be associated with an electron enrich-
ment of the Pt surface atoms due to charge transfer as proven by
CO-IR and an increase in Lewis acidity as determined by Py-IR
and NH3-TPD. Moreover, comparing the preparation method of cat-
alysts, the activity of the catalyst prepared by sequential impregna-
tion is significantly higher than that of the catalyst prepared by co-
impregnation and physical mixture catalyst, indicating electronic
effect and metal-support interaction existed and SiAOAMg bond
was formed as also confirmed by IR which could contribute to
the changes of acid-base properties. The observed effects of MgO
on the selectivity of BP may be interpreted as a combined result
of the Lewis acid promoting the adsorption of DBF and the basic
property facilitating the desorption of BP. The experimental results
of the addition of 2-methylpiperidine to DBF reactant show that
the acidic sites could directly accelerate the activity of catalyst
by the interaction with oxygen atom in DBF. With the same moles
of dopants, the activity of dopants follows the order:
Mg > Ca > Sr > Ba, which is attributed to the decrease in Pt disper-
sion resulting from the structural change and the decrease in elec-
tronegativity of alkaline earth metals. Additionally, the addition of
MgO effectively stabilizes Pt nanoparticles and the Pt/3MgO/SiO2

catalyst is stable during the 240 h run.
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