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Stable and efficient B-Cu-SiO, catalysts for the hydrogenation of dimethyl oxalate (DMO) to ethylene
glycol were prepared through urea-assisted gelation followed by postimpregnation with boric acid. Auger
electron spectroscopy and CO adsorption by in situ Fourier transform infrared spectroscopy revealed that
the Cu” species on the catalyst surface increased together with an increase in the amount of boric oxide
dopant. X-ray diffraction and N,O chemisorption indicated that a suitable amount of boric oxide doping
tended to improve copper dispersion and retard the growth of copper particles during DMO hydrogena-
tion. Catalytic stability was greatly enhanced in the B-Cu-SiO, catalyst with an optimized Cu/B atomic
ratio of 6.6, because of the formation and preservation of appropriate distributions of Cu* and Cu® species
on the catalyst surfaces. The effect of boric oxide was attributed to its relatively high affinity for electrons,
which tended to lower the reducibility of the Cu” species.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Coal, an alternative to dwindling petroleum, has drawn signifi-
cant attention in the industrial manufacturing of staple chemicals,
such as ethylene glycol (EG), which is widely used in various appli-
cations, such as antifreeze, polyester fibers, alkyd resin in polyester
manufacture, and solvents [1-3]. In contrast to the production of
petroleum-derived EG, the coal-to-EG process mainly consists of
three steps: gasification of coal to syngas, catalytic coupling
of CO with nitrite esters to dialkyl oxalates such as dimethyl oxa-
late (DMO), and hydrogenation of oxalates to EG [4-7]. Recently,
successful industrialization of the coal-to-EG process in the
Tongliao district of northeastern China has become immensely
promising, with an annual production scale of 20 million tons.
However, there are still numerous technical problems to be solved
or strategies that need improvement. One of the most difficult
problems is insufficient catalytic activity and stability for vapor-
phase hydrogenation of oxalates to EG.

Versatile copper-containing catalysts have long been known to
be the most active materials for vapor-phase hydrogenation of oxa-
lates to EG [8-10]. Cupreous active sites are considered to be active
for the selective hydrogenation of carbon-oxygen bonds and rela-
tively inactive for the hydrogenolysis of carbon-carbon bonds [8].
Up to now, copper—-chromium catalysts have been the preferred
industrial catalysts for the coal-to-EG process because they have
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relatively high catalytic stability and long lifespans [11-15]. None-
theless, the toxic chromium contained in copper-chromium cata-
lysts is dangerous and inconvenient for practical applications
with regard to meeting environmental requirements and ensuring
the security of workers. Thus, the development of safe, stable, and
active catalysts for the hydrogenation of oxalates to EG has become
a challenging endeavor. Among the various reported catalysts ac-
tive for the hydrogenation of oxalate to EG, silica-supported copper
catalysts are outstanding because of the moderate interaction be-
tween copper and the silica support, which has relatively weak
acidity and is propitious for constructing catalytic centers active
for the selective hydrogenation of oxalate to EG [4,16-20].
Various techniques, such as ammonia evaporation, ion
exchange, sol-gel, deposition precipitation, and impregnation,
have been used to fabricate silica-supported copper catalysts
[21,22]. A high initial copper surface area on silica supports was
believed to be a key factor in obtaining excellent catalytic activity
for the hydrogenation of oxalate to EG. However, silica-supported
copper with catalytic activity higher than that of a copper-
chromium catalyst has inherent problems, such as poor stability
and short lifetime, which severely restricts its industrial applica-
tion. Generally, catalyst deactivation has been ascribed to two
main causes. One is copper coagulation and lost of active cupreous
surface, which are usually characterized by a change to a “copper
red” color of the deactivated catalyst [23]. Another cause is the
valence transition of cupreous species under reaction conditions
[22]. The emergence of gray cupric oxalate on deactivated
Cu-SiO, catalyst strongly implies that the valence of cupreous
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species changes as a result of redox reaction between surface cup-
reous species and reactants under the conditions of oxalate hydro-
genation. Finding a practical way to retain the state of highly
dispersed copper has been proposed to be an important strategy
to improve the catalytic stability.

Therefore, improvements in average EG yield and extension of
the catalyst life cycle are still the major areas of interest for the
selective hydrogenation of oxalate to EG [24,25]. A previous report
showed that B,0s3-modified Ni/y-Al,O3 catalysts could possess
high metal dispersion and exhibit excellent catalytic stability for
steam methane reforming because of the strong interaction be-
tween surface nickel and B,03 [26]. However, no study regarding
the performance-structure correlation of boron-doped Cu-SiO,
catalysts in comparison to the boron-free catalyst for the vapor-
phase selective hydrogenation of DMO to EG has been published.
This study aims to develop catalysts with enhanced catalytic activ-
ity and prolonged lifespan for the vapor-phase selective hydroge-
nation of DMO to EG. A kind of boric oxide-doped Cu-SiO,
catalyst (B-Cu-SiO,) prepared by urea-assisted gelation and fol-
lowed by impregnation with boric acid was first reported. Detailed
structural and kinetic studies that address the effects of the boric
oxide were then shown.

2. Experimental
2.1. Catalyst preparation

A Cu-SiO, catalyst with a preset copper loading of 30 wt% was
prepared by urea-assisted gelation [27,28]. Briefly, 10.5 g of 40 wt%
Ludox as 40 colloidal silica was dispersed in 100 ml of aqueous
solution containing 3.0 g of urea, 11.7 g 28 wt% aqueous ammonia,
and 6.8 g of Cu(NOs),-3H,0 in a round-bottomed flask. The suspen-
sion was vigorously stirred at 353 K in an oil bath for 4 h. The light
blue precipitate obtained was separated by hot filtration, washed
thrice with deionized water, and dried overnight under vacuum
at 393 K to yield an azure powder of Cu-SiO, precursors. Boric
oxide-modified Cu-SiO, catalyst precursors were prepared by an
impregnation method. First, an aqueous solution of H3BO3; was
dropped onto the Cu-SiO, precursor in a 100-ml beaker. The slurry
was aged for 2 h at room temperature, dried overnight at 393 K,
and then calcined for 2 h at 623 K in air, yielding boric oxide-mod-
ified Cu-SiO, catalyst precursors. The precursors were denoted as
XxB-Cu-Si0O,, where x stands for the preset mass loading of boron.

2.2. Catalyst characterization

The wide-angle normal and in situ X-ray diffraction (XRD) mea-
surements of the samples were performed on a Panalytical X'pert
Pro Super X-ray diffractometer using Cu Ko radiation
(4=0.15418 nm) with a scanning angle (20) ranging from 10° to
90°. The tube voltage was 40 kV and the current was 30 mA. The
full width at half maximum (FWHM) of Cu (1 1 1) diffraction at a
20 of 43.2° was used to calculate the Cu crystallite size using the
Scherrer equation. For in situ XRD measurement, a catalyst precur-
sor was placed in a stainless steel holder and covered with a beryl-
lium plate having a thickness of 0.1 mm. Then a 5% H,-95% Ar
mixture was introduced at a flow rate of 50 cm® min~'. Tempera-
ture ramping programs were performed from room temperature
to 473, 523, 573, 623, 673, 723, 773, 873, 973, 1073, and 1173 K
at a rate of 5 K min~!. The XRD patterns were collected after sam-
ples reached the preset temperatures for 30 min. The diffraction
pattern was identified by matching them with reference patterns
included in the JCPDS data base.

Nitrogen adsorption-desorption isotherms were measured by
static N, physisorption at 77 K with a Micromeritics TriStar II

3020 surface area and pore analyzer. Before the N, physisorption
measurement, all samples were outgassed at 393 K for 1 h and
then evacuated at 573 K for 3 h to remove physically adsorbed
impurities. The specific surface area (Sger) was calculated by the
Brunauer-Emmett-Teller (BET) method. The total pore volume
(V) was derived from the adsorbed N, volume at a relative pres-
sure of approximately 0.99, and the Barrett-Joyner-Halenda
(BJH) method was used to calculate the pore size distributions
according to the desorption branch of the isotherms.

The reducibility of the calcined sample was determined by H,
temperature-programmed reduction (TPR) on a Micromeritics
Autochem II 2920 instrument connected to a Hiden Qic-20 mass
spectrometer (MS). Prior to the TPR test, the catalyst was pre-
treated in a quartz U-tube reactor at 523 K for 1 h under a gas flow
of 20% 0,-80% Ar at a rate of 50 cm>® min~! to drive off physically
adsorbed impurities. After the catalyst cooled to room temperature
under argon, 5% H,-95% Ar was introduced at a flow rate of
50 cm® min~!, and then the temperature was ramped linearly from
ambient temperature to 1073 K at a rate of 10 K min~'. Hydrogen
consumption was simultaneously monitored by a thermal conduc-
tivity detector (TCD) and MS.

The catalysts were also analyzed by CO, and NH; temperature-
programmed desorption (TPD) on a Micromeritics Autochem II
2920 instrument connected to a Hiden Qic-20 MS. For basicity
evaluation by CO,-TPD, 100 mg of the catalyst sample in a quartz
U tube was first reduced in 5% H,-95% Ar at 623 K for 4 h, and then
the gas was switched to CO,, which passed through the catalyst
bed for 1 h at 373 K. Weakly adsorbed CO, was removed by pure
argon sweeping at room temperature until the baseline of TCD
and MS signals stabilized. Under an atmosphere of pure argon with
a rate of 50 cm® min~!, CO,-TPD was conducted from room tem-
perature to 873 K at a heating rate of 5Kmin~!. The desorbed
CO, was monitored with a MS signal of m/e =44 in multiple ion
detection (MID) mode. For acidity evaluation by NHs-TPD,
100 mg of Cu-SiO, sample was first reduced in 5% H,-95% Ar at
623K for 4h and then cooled to ambient temperature. Then a
10% NH3-90% Ar stream was introduced to sweep through the cat-
alyst bed for 30 min at 373 K. Weakly adsorbed NH3; was removed
by pure argon sweeping at 373 K until the baseline of TCD and MS
signals stabilized. Under an atmosphere of purified Ar with a flow
rate of 50 cm® min~!, NH;-TPD was conducted from room temper-
ature to 1073 K with a ramping rate of 5 Kmin~'. Desorbed NH;
was monitored with an MS signal of m/e = 16 and 17 in MID mode,
and desorbed H,0 was also inspected at an MS signal of m/e = 18.

Transmission electron microscopy (TEM) micrographs were ob-
tained on a Tecnai F30 apparatus operated at 300 kV. The catalyst
samples were ultrasonically dispersed in ethanol at room temper-
ature for 30 min. The as-obtained solution was dropped onto the
copper grid for TEM.

The dispersion and metallic copper surface areas of the catalysts
were determined by N,O chemisorption at 333 K using a procedure
described in the literature [28]. Briefly, 100 mg of Cu-SiO, calcined
at 623 K was reduced in 5% H,-95% Ar at 623 K for 4 h and cooled
to 333 K. Then pure N,O was introduced at a rate of 30 cm’ min~!
for 1 h, ensuring that surface Cu atoms were completely oxidized
according to the reaction 2Cu) + N;O — Cu;0(s) + Ny. The quantity
of irreversibly chemisorbed O, atoms was measured by a hydrogen
pulse chromatographic technique on a Micromeritics Autochem Il
2920 equipped with a TCD. Hydrogen pulse reduction of surface
Cu,0 to metallic copper was conducted at 573 K to ensure that
the chemisorbed oxygen on the copper surface immediately re-
acted with pure hydrogen gas introduced from the pulse loop to
form water, and the formed water was soon removed by a 13x
dehydration tube in the reaction outlet. Hydrogen pulse-dosing
was repeated until the pulse area no longer changed. The con-
sumed amount of hydrogen was the value obtained by subtracting
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the small area of the first few pulses from the area of the other
pulses. Copper loading of all reduced catalysts was analyzed by
inductively coupled plasma optical emission spectrometry (ICP-
OES) on a Thermo Electron IRIS Intrepid II XSP. Copper dispersion
was calculated by dividing the amount of chemisorption sites into
total supported copper atoms.

The infrared (IR) spectra were recorded on a Nicolet 6700 spec-
trometer with a spectral resolution of 4 cm™!. The self-supporting
wafer prepared from the pure catalyst powder was placed in a lab-
made in situ IR cell, together with a high-vacuum turbo pump with
a residual pressure below 10° Pa. All samples were reduced under
an H, flow at 623 K for 4 h in the cell. The cell was then evacuated
for 30 min to remove the chemisorbed hydrogen species. After-
ward, the sample was cooled to room temperature and pure CO
(10° Pa) was admitted into the cell for 30 min. The spectra were
then collected at different evacuation times and temperatures.

X-ray photoelectron spectroscopy (XPS) and Auger electron
spectroscopy (XAES) were carried out on a Quantum 2000 Scan-
ning ESCA Microprob instrument (Physical Electronics) equipped
with an Al Ko X-ray radiation source (hv = 1486.6 eV). To obtain
the surface states of catalysts under the reaction conditions, the
samples were collected by the following procedure. The catalyst
samples were pressed into thin disks, placed in a reactor, and re-
duced in a flow of 5% H,-95% Ar at 623 K for 6 h. Then the DMO
hydrogenation under conditions of 463 K, 3.0 MPa, H,/DMO = 80,
and weight liquid hourly space velocity (WLHSVpnmo) of
0.75 g.pmo &2l D' (for short h™') was carried out over the cata-
lysts for 46 h to reach a steady state. After that, the supply of
DMO substrate and hydrogen was stopped and a purified Ar stream
was introduced into the catalyst bed. When the catalyst was cooled
to room temperature, the reactor containing the catalyst samples
was carefully sealed under Ar. The samples were then placed on
holders in a glove box under Ar, outgassed to less than
2.6 x 10° Pa in a prechamber, and transferred to an analysis cham-
ber. The binding energies were calibrated using the Si2l peak at
103.7 eV as the reference. The experimental errors were within
+0.2 eV.

2.3. Measurement of catalytic activity

The DMO hydrogenation reaction was conducted in continuous
flow mode in a stainless steel tubular reactor equipped with a com-
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puter-controlled autosampling system. Typically, 500 mg of cata-
lyst precursor (4060 meshes) was loaded into the center of the
reactor and both sides of the catalyst bed were packed with quartz
powders (4060 meshes). Before catalytic performance was evalu-
ated, all catalyst precursors were prereduced in 5% H-95% Ar
atmosphere at 623 K for 4 h with a ramping rate of 2 K min~'. Then
the catalyst bed was cooled to 443473 K. Pure H, was fed into the
reactor, and the system pressure was held at 3.0 MPa with the aid
of a back-pressure regulator. A 3 wt% DMO methanol solution was
pumped into the catalyst bed with a Series III digital HPLC pump
(Scientific Systems, Inc.). The products were analyzed with a Shi-
madzu GC-2010 gas chromatograph (GC) fitted with a DB-FFAP
capillary column (30 m x 0.45 mm x 0.85 um) and a flame ioniza-
tion detector with relative standard deviation (RSD) less than 2%.
Under a given condition, the kinetic data were collected by six
samplings at an interval of 30 min after the reaction attained a
steady state. The RSD of analysis data for each sampling was less
than 3%.

Heat treatment at higher temperatures was performed to inves-
tigate the thermal resistance of Cu-SiO, and B-Cu-SiO, catalysts.
Typically, the steady space time EG yield for the freshly reduced
catalyst, labeled as STYg, was first measured at 483 K and a DMO
WLHSV of 3.5 h~'. Then the reaction temperature was raised to
623 K and the DMO hydrogenation was held under this severe con-
dition for 24 h. After that, the space time EG yield of the catalyst
after heat treatment, labeled as STYr, was evaluated at 483 K and
the same WLHSVpwmo of 3.5 h™!. The ratio STY7:STYy was used to
estimate and compare the stability of different catalysts.

3. Results
3.1. Catalytic activity and stability

Vapor-phase DMO hydrogenation is known to comprise several
continuous reactions, including DMO hydrogenation to methyl gly-
colate (MG), MG hydrogenation to EG, and deep hydrogenation of
EG to ethanol. Moreover, byproducts of 1,2-butanediol (1,2-BDO)
and 1,2-propanediol (1,2-PDO) are also produced as a result of
the dehydration reaction between EG and ethanol or methanol
[27,28]. The catalytic performance of Cu-SiO, and B-Cu-SiO,
catalysts for vapor-phase DMO hydrogenation to EG is listed in
Table 1. At a high DMO WLHSV of 6.0 h~!, the Cu-SiO, catalyst

Table 1
Comparison of vapor-phase hydrogenation of DMO to EG over Cu-SiO, and B-Cu-SiO, catalysts.?
Catalysts WLHSV(pmoy (h™1) STY(kc) ()P Conversion (%) Selectivity (%)
EG MG EtOH 1,2-PDO + BDO®
Cu-SiO, 6.0 0.39 46.8 26.2 73.7 0.0 0.7
0.75 035 99.6 88.6 49 29 3.6
0.5B-Cu-Si0, 6.0 0.55 53.1 327 66.6 0.0 0.8
0.75 0.36 99.6 91.5 3.5 3.0 2.1
1B-Cu-SiO; 6.0 0.77 61.9 394 59.8 0.0 0.8
0.75 0.37 99.7 93.0 33 1.8 1.9
3B-Cu-Si0, 6.0 0.38 46.0 26.4 72.8 0.0 0.8
0.75 0.35 99.8 89.2 5.4 4.0 14
5B-Cu-SiO; 6.0 0.34 44.4 243 74.7 0.0 1.0
0.75 0.34 99.8 87.2 52 7.1 0.5
7B-Cu-SiO, 6.0 0.26 375 21.8 77.4 0.0 0.8
0.75 0.34 99.2 86.7 5.8 7.0 0.4
10B-Cu-SiO, 6.0 0.16 26.3 19.7 79.5 0.0 0.8
0.75 0.33 99.3 83.3 6.3 5.0 0.1

2 Reaction conditions: T =463 K, P(H) = 3.0 MPa, H,/DMO = 80.

b STY represents the space time yield of EG for the fresh catalysts, grams of product per gram of catalyst per hour (g gjclml h™

short h™1).
¢ Sum of byproducts 1,2-PDO and 1,2-BDO.

! for
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exhibited a DMO conversion of 46.8% and a relatively low selectiv-
ity of 26.2% to EG. Doping boric oxide in Cu-SiO, catalyst with a
boron loading in the range of 0.510 wt% significantly changed the
catalytic performance, showing volcano-type catalytic behavior
in terms of conversion and EG selectivity. Among the catalysts,
1B-Cu-SiO, with a Cu:B atomic ratio of 6.6 afforded the highest
DMO conversion of 61.9% and EG selectivity of 39.4%. At a low
DMO WLHSV of 0.75 h~!, the conversion was >99% for all catalysts,
while the best EG selectivity of 93.0% was obtained on the 1B-Cu-
SiO, catalyst. The results implied that moderately tuning boric
oxide coverage on the surface of Cu-SiO, and the interaction be-
tween cupreous species and boric oxide could be of importance
for optimizing the catalytic performance. Moreover, in the case of
lower DMO WLHSV, side reactions of deep hydrogenation and
dehydration became relatively intense. The selectivity for ethanol
byproduct increased, whereas that for 1,2-BDO and 1,2-PDO de-
creased with the increase of boron loading. Variations of the
strength and quantity of acidic and basic sites on the B-Cu-SiO,
catalyst, induced by acidic boric oxide modification for different
doping amounts, were presumed to be responsible for the change
in byproduct distribution. Acidic sites are beneficial to deep hydro-
genation of EG to ethanol, whereas basic sites are helpful for the
dehydration between EG and ethanol, or methanol, into 1,2-BDO,
and 1,2-PDO [29,30].

The long-term stability and activity of catalysts are vital for va-
por-phase DMO hydrogenation to EG from both academic and
industrial viewpoints. A comparison of catalytic activity as a func-
tion of reaction time for 1B Cu SiO, and Cu SiO, catalysts is dis-
played in Fig. 1. The 1B-Cu-SiO, catalyst showed excellent
catalytic performance at 463 K, which was stable for 300 h. In con-
trast, obvious deactivation of boron-free Cu-SiO, was observed
within 30 h under identical reaction conditions. An evaluation of
the stability of B-Cu-SiO, and Cu-SiO, catalysts was also con-
ducted following a kind of thermal-resistance test (Table 2), which
is usually adopted for copper catalysts for the transformation of
syngas to methanol. The catalytic performance for B-Cu-SiO,
and Cu-SiO, catalysts after thermal treatment at 623 K for 24 h
was significantly different. For 0.5B-Cu-SiO, and 1B-Cu-SiO, cat-
alysts with relatively low boric oxide doping amounts, the thermal
stability was notably enhanced over that of Cu-SiO,. The STY1:STYg
ratios for the 0.5B-Cu-SiO, and 1B-Cu-SiO, catalysts were 0.75
and 0.76, respectively, but that for Cu-SiO, was only 0.66. Never-
theless, a further increase in boric oxide doping amount lowers
the thermal stability because the STYr/STYg ratios for 3B-Cu-
Si0,, 5B-Cu-SiO,, 7B-Cu-SiO,, and 10B-Cu-SiO, considerably
dwindled with the increase of boric oxide doping.

100

80

=

3

)

3

8 60 —A— Conv. over 1B-Cu-SiO,
5 —4— Selec. over 1B-Cu-SiO,
N —4— Conv. over Cu-SiO,

§ 40 —O— Selec. over Cu-SiO,

S

A 20+

30 60 90 120 150 180 210 240 270 300
Time on stream / h

Fig. 1. Catalytic performance of Cu-SiO, and 1B-Cu-SiO, as a function of reaction
time. The reaction conditions are the same as in Table 1.

Table 2
Catalytic properties of Cu-SiO, and B-Cu-SiO, catalysts before and after heat
treatment.?

Catalysts Cu/B atomic STYr STYt Ratio of
ratio® (h~ 1y (h~1yd STY</STYe
Cu-SiO, 3] 1.6 1.1 0.66
0.5B-Cu-SiO, 113 1.6 1.2 0.75
1B-Cu-SiO, 6.6 1.6 13 0.76
3B-Cu-SiO, 1.5 1.6 1.0 0.63
5B-Cu-SiO, 1.4 1.6 0.8 0.51
7B-Cu-Si0, 0.7 1.6 0.5 0.32
10B-Cu-SiO, 0.6 1.6 04 0.27

@ Reaction conditions: T =483 K, WLHSV(pmo) = 3.5 h~!, P(H) = 3.0 MPa, H,/DMO
=80.

b Calculated with the data determined by ICP-AES.

¢ STYg represents the space time yield of EG for the fresh catalysts, grams of
product per gram of catalyst per hour (g gjclam] h™', for short h™'). Data were col-
lected after time on stream of 4 h.

4 STY; represents the space time yield of EG for the catalysts after heat treatment
at 623 K for 24 h, grams of product per gram of catalyst per hour (g g7}, h!, for
short h™1). Data were collected after time on stream of 4 h.

3.2. Characterization of the catalysts

3.2.1. Physicochemical properties of the catalysts

Table 3 lists the chemical compositions and textural properties
of Cu-SiO, and B-Cu-SiO, with different boron doping amounts.
The actual copper loading was slightly lower than the preset value
of the designed composition for urea-assisted gelation because
cupric ions weakly absorbed on silica gel were eluted during the
centrifugal washing process of the catalyst precursor, while the
boron doping amount for B-Cu-SiO, was close to the preset values
determined by ICP-OES. The N, adsorption-desorption isotherms
of reduced Cu-SiO, and B-Cu-SiO, samples indicated that all sam-
ples exhibited Langmuir type IV isotherms with H1-type hysteresis
loops (Fig. S1 in the Supplementary Material) [31-33]. The Cu-SiO,
sample prepared by urea-assisted gelation was found to possess a
relatively high BET surface area of 379.4 m? g ! and a pore volume
of 1.0cm® g~ ! (Table S1 in the Supplementary Material). It was a
kind of mesoporous material with an average pore diameter of
10.1 nm, analogous to a traditional silica sphere synthesized by
sol-gel. Boric oxide doping with a boron loading no higher than
1 wt% slightly influenced the specific surface area, pore volume,
and average pore diameter, whereas further increasing boron load-
ing in the range of 110 wt% resulted in a gradual decline in both
surface area and pore volume. Boric oxide, which has a low melting
point of 773 K and was introduced by impregnation, was assumed
to tend to cover the Cu-SiO, surface and plug channels or pores,
resulting in a decrease of internal surface areas and accessible pore
volumes.

Metallic surface-to-volume ratios and concentrations of cupre-
ous surface have been viewed as significantly affecting the physi-
cochemical properties and catalytic performance of copper-based
catalysts [34]. The metallic copper dispersions and cupreous sur-
face areas of Cu-SiO, and B-Cu-SiO, catalysts were determined
by a frequently used technique of dissociative N,O chemisorptions
on surface copper atoms (Table 3). Although boron doping in the
range of 0.51 wt% (actual boron loading of 0.40.7 wt%) did not
notably change the specific surface area and pore volume, it
brought about nonnegligible enhancement of copper dispersion.
A similar promoting effect on boron modified Ni catalyst has also
been reported by Chen et al. [35]. Notably, the highest copper dis-
persion (0.24) was obtained on 1B-Cu-SiO,, which afforded the
highest EG yield (Table 1). The promoting effect on copper disper-
sion might be ascribed to the fact that boric oxide acted as a kind of
isolating agent to inhibit thermal transmigration and accumulation
of copper nanoparticles during the processes of hydrogen
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Table 3
Structural properties and chemical compositions of Cu-SiO, and B-Cu-SiO, catalysts.
Catalysts Cu loading (wt%)* B loading (wt%)? Sger (m? g~ 1)° Cu dispersion (%)° SAcy (m? g~ 1)¢
Cu-Si0, 26.2 0 379.4 18.2 31.0
0.5B-Cu-Si0, 26.6 0.4 383.1 21.3 36.8
1B-Cu-Si0, 27.0 0.7 383.4 24.4 42.8
3B-Cu-Si0, 27.7 3.1 345.2 15.8 28.5
5B-Cu-Si0, 28.9 3.6 3363 10.8 204
7B-Cu-SiO, 27.1 6.7 238.8 10.3 18.1
10B-Cu-Si0, 29.4 9.0 218.1 4.0 7.0
¢ Determined by ICP-OES.
b BET specific surface area.
¢ Determined by N,O surface oxidation; SA: Cu metallic surface area.
reduction and DMO hydrogenation. However, boric oxide doping .
with a boron loading above 3 wt% reduced, instead of increased, # G v CwO - Cusize
copper dispersion on B-Cu-SiO,. It was speculated that most cop- Cu-Si0, p 125 1
per crystallites were covered by films of boric oxide on the catalyst 0SBCuSio, « 1 v . .
surface and became inaccessible for N,O molecules when boric L e A A 11.2nm
oxide concentration was increased. On the other hand, the strong | 1BCuSiO: A 73 nm
interaction between acidic boric oxide and cupreous species was AB.CUSIO.
also considered to play an important role in altering the physico- e

chemical properties of Cu-SiO, catalysts.

3.2.2. Evolution of crystalline phase and morphology

The XRD pattern of the Cu-SiO, catalyst calcined at 623 K
exhibited a nearly amorphous state (Fig. S2 in the Supplementary
Material). Extremely weak and broad diffraction peaks at 26 of
31.0°, 34.8°, 57.2°, 63.3°, and 71.2° were assigned to the copper
phyllosilicate phase (JCPDS 00-003-0219) [36]. No diffraction
peaks for cupric oxide or any related cupreous substances could
be observed, indicating that copper was highly dispersed in the
porous silica support. Introduction of boric oxide onto Cu-SiO, cat-
alyst precursors did not significantly change the XRD patterns of
Cu-SiO, catalyst precursors, but diffraction peaks at 20 of 15.0°
and 27.8° for boric oxide (JCPDS 06-0297) gradually emerged when
the doping amount of boron was higher than 6 wt% in the B-Cu-
SiO, catalyst.

Highly dispersed metallic copper exposed to the atmosphere
tended to be oxidized to different extents depending on exposure
time and temperature. Thus, in situ XRD characterization was
adopted to monitor the phase evolution of Cu-SiO, and B-Cu-
SiO; catalysts under 5% H,-95% Ar as a function of reduction tem-
perature (Fig. S3 in the Supplementary Material). A diffraction peak
at 20 of 43.2°, characteristic of Cu (1 1 1) (JCPDS 04-0836), became
observable because some Cu?* species on the Cu-SiO, catalyst pre-
cursor were reduced to Cu® when the reduction temperature was
ramped to 523 K. The Cu(11 1) diffraction peak observed at a
reduction temperature lower than 973 K was broad, and no obvi-
ous diffraction peaks of other crystal faces could be observed,
strongly indicating that nascent crystalline copper was highly dis-
persed on the Cu-SiO, catalyst. Further increasing the reduction
temperature inevitably caused the accumulation and coagulation
of metallic copper, as evidenced by the gradual sharpening of cop-
per diffraction peaks. The copper crystallite size calculated by the
Scherrer equation significantly grew from 3.9 to 14.8 nm when
the reduction temperature increased from 523 to 1173 K. The
phase evolution of the 1B-Cu-SiO, catalyst precursor under 5%
H,-95% Ar as a function of reduction temperature showed no obvi-
ous difference from the Cu-SiO; catalyst (Fig. S3 in the Supplemen-
tary Material).

The XRD patterns of the working catalysts Cu-SiO, and B-Cu-
SiO, after heat treatment at 623 K are shown in Fig. 2. To avoid
and diminish phase transformation that probably occurred during
exposure to an oxidative atmosphere, catalysts were carefully col-
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Fig. 2. XRD patterns of Cu-SiO, and xB-Cu-SiO, catalysts after heat treatment at
623 K for 24 h.

lected under hydrogen at room temperature and sealed in glass
bottles until XRD analysis. After thermal treatment, peaks for
metallic copper grew stronger to different degrees, and the charac-
teristic diffraction peaks of Cu,O (JCPDS 034-1354) at 20 of 36.6°,
42.4°, and 61.5° appeared for Cu-SiO, and B-Cu-SiO, with differ-
ent intensities. For B-Cu-SiO, catalysts with relatively low boron
loadings in the range of 0.40.7 wt%, the copper diffraction intensity
increased less significantly than that of Cu-SiO, without boric
oxide modification. The results clearly demonstrated that a suit-
able amount of boric oxide dopant in the catalyst was helpful for
retarding the growth of metallic copper crystallites. However, the
intensity of the metallic copper diffraction peak and the copper
crystallite size calculated by the Scherrer equation increased with
an increase in boron loading when the loading was higher than
3 wt%. On the other hand, the boric oxide amount also affected
the diffraction intensity of Cu,O after thermal treatment. The
Cu,0(11 1) peaks at a 20 of 36.6° on 0.5B-Cu-SiO,, 1B-Cu-Si0,,
and 3B-Cu-SiO, were slightly more intense than that of Cu-SiO,,
but those on high-boron-loading catalysts, such as 5B-Cu-SiO,,
7B-Cu-Si0,, and 10B-Cu-SiO,, became weaker. Since no Cu,O
phase was observed during hydrogen reduction, as confirmed by
in situ XRD (Fig. S3 in the Supplementary Material), the formation
of Cu,0 might be the product of redox between copper crystallites
and reaction substrates or products, such as DMO, MG, or EG, dur-
ing DMO hydrogenation. The results implied that the variation of
interactions among cupreous species, boric oxide, and the silica
support significantly altered the stability and redox property of
copper crystallites, in accordance with the boric oxide loadings.
TEM images for the as-reduced Cu-SiO, and 1B-Cu-SiO, sam-
ples indicated that most of the copper crystallites had particle sizes
smaller than 5 nm and were well-dispersed in the SiO, matrix,
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although the copper loading was as high as 30 wt% (Fig. S4 in the
Supplementary Material). The particle sizes were in good agree-
ment with those estimated by the Scherrer equation. However, it
was not easy to observe the Cu particles with regular shape in both
samples, even though the magnification of the TEM image was in-
creased to 8 x 10°.

3.2.3. Reducibility and surface acid-base properties

TPR characterizations were performed to investigate the reduc-
ibility of Cu-SiO, and B-Cu-SiO, samples calcined at 623 K (Fig. 3).
The boric oxide-free Cu-SiO, sample displayed a sharp reduction
peak centered at 528 K, while the B-Cu-SiO, with boric oxide
modification showed a higher reduction temperature and the tem-
perature was gradually increased with increased boron amount.
Highly dispersed cupreous species on silica supports have been
well documented to be more readily reduced than bulk cupric
oxide, and the typical reduction temperature is around 530K
[23]. Accordingly, the low reduction temperature of 528 K for
Cu-SiO, strongly suggested that urea-assisted gelation could be
adopted to finely disperse cupreous species on silica support at a
high copper loading (~30 wt%). This is in agreement with the re-
sults deduced from XRD and TEM measurements. The tendency
of boric oxide doping to raise the reduction temperature was prob-
ably due to the chemical interaction between the acidic boric oxide
and the basic cupric oxide. When the boric oxide amount increased
and the Cu/B molar ratio decreased, gaining electrons during
hydrogen reduction became harder for the cupreous species be-
cause the electron affinity of boric oxide was higher than that of
SiO,. A shoulder peak that appears in addition to the main reduc-
tion peak for 3B-Cu-SiO, and 5B-Cu-SiO, may result from new
cupreous species, such as cupric borate formed on Cu-SiO, by boric
acid impregnation and calcination at 623 K.

The NH3-TPD and CO,-TPD measurements were carried out to
evaluate the strength and quantity of acidic and basic sites on
Cu-SiO, and B-Cu-SiO, catalysts and the obtained profiles are
shown in Figs. 4 and 5, respectively. No obvious desorption peak
of NH3 could be observed, whereas CO, desorption occurred in a
relatively high temperature range of 535890 K for the Cu-SiO, cat-
alyst reduced at 623 K, indicating that moderate to strong basic
sites dominated the Cu-SiO, surface. Acidic sites with an NHj3
desorption peak at 442 K gradually grew stronger with an increase
in boron loading, suggesting that boric oxide was responsible for
the acidity and its amount determined the quantities of surface
acidic sites. On the other hand, boric oxide doping affected not only
the quantity but also the strength of basicities on the Cu-SiO; sur-
face. For the 0.5B-Cu-SiO, catalyst, boric oxide doping resulted in
the disappearance of most of the strongest basic sites with a CO,
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Fig. 3. TPR profiles of Cu-SiO, and xB-Cu-SiO, catalyst precursors.
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Fig. 5. CO,-TPD profiles of Cu-SiO, and xB-Cu-SiO, catalysts.

desorption peak at 736 K and the appearance of weak basic sites
with a CO, desorption peak at 368 K. Moderately basic sites with
a CO, desorption peak at 590 K did not exhibit significant changes.
Further increasing the boric oxide doping amount tended to weak-
en and then eliminate basic sites with the desorption peak at
590 K. Notably, variation of the boron doping amount in the range
of 0.510 wt% did not significantly change the shape and intensity of
CO, desorption peak at 368 K. Therefore, the transformation of the
acidities and basicities induced by boric oxide doping could be ex-
plained by the neutralization that occurred between the acidic bo-
ric oxide and the basic sites on the Cu-SiO, surface. However,
further studies are still in progress to gain insight into the structur-
ally related surface acidic and basic sites.

3.2.4. Surface chemical states and the role of boron

The XPS and XAES spectra of working catalysts of Cu-SiO, and
B-Cu-Si0; are illustrated in Figs. 6 and 7, respectively. For compar-
ison, the XPS and XAES spectra of as-reduced samples of Cu-SiO,
and B-Cu-SiO, are displayed in Figs. S5 and S6 in the Supplemen-
tary Material, respectively. Typically, the Cu2p3/2 binding energy
of CuO is found at around 933.5 eV, and the binding energy for
well-dispersed Cu?" species strongly interacting with silica sup-
ports is detected at above 934.9 eV [23,37]. Only the Cu2ps/, and
Cu2py; peaks centered at binding energies of 932.7 and
952.5 eV, conventionally assigned to Cu® or Cu® species, were



60 Z. He et al./Journal of Catalysis 277 (2011) 54-63

Cu 2p s
5

952.

4
Q
o

Q)

I N
R N

PE intensity / a.u.

(b)
(a)

960 955 950 945 940 935 930 925 920
Binding Energy / eV

Fig. 6. Cu2p XPS spectra of Cu-SiO, and B-Cu-SiO, catalysts after DMO hydroge-
nation for 6 h: (a) Cu-SiO,, (b) 0.5B-Cu-Si0,, (¢) 1B-Cu-Si0,, (d) 3B-Cu-Si0,, (e)
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Fig. 7. Cu LMM XAES spectra of Cu-SiO, and B-Cu-SiO, catalysts after DMO
hydrogenation for 6 h: (a) Cu-SiO,, (b) 0.5B-Cu-SiO,, (c) 1B-Cu-SiO,, (d) 3B-Cu-
Si0., () 5B-Cu-SiO,.

observed in as-reduced and working samples (Figs. S6 and S5). The
absence of XPS peaks at 934.9 or 933.5 eV strongly suggested that
most cupreous species in +2 oxidation states had been reduced to a
low valence state of +1 or 0 after reduction at 623 K. Generally, the
binding energy for Cu® and Cu* species is almost the same, and
their difference depends only on the XAES spectra [36]. In the Cu
LMM XAES spectra of working catalysts (Fig. 7), asymmetry and
broad Auger kinetic energy peaks were observed and deconvoluted
into two symmetrical peaks centered at around 916 and 918 eV,
corresponding to Cu® and Cu* species, respectively. The simulta-
neous existence of Cu* and Cu® species on silica-supported copper
has been extensively discussed [23,37]. From the deconvolution re-
sults, boric oxide doping amounts greatly affected the surface Cu*
and Cu® distributions because the molar ratio of surface Cu*/Cu®
was gradually enhanced with an increase of the boric loading
(Fig. 7 and Table 4; Fig. S6 and Table S2 in the Supplementary
Material). The phenomenon is presumed to be induced by a strong
interaction between cupreous species and boric oxide, which has a
relatively high affinity for electrons. As a result, this leads to a low-
er degree of reduction of surface copper and a partial positive
charge on the copper surfaces.

3.2.5. FTIR study of CO adsorbed on catalysts
To probe the Cu surface, discriminate between metallic copper
and cuprous ions, and measure the distribution of different oxida-

Table 4
Surface Cu component of Cu-SiO, and B-Cu-Si0, catalysts after DMO hydrogenation
for 6 h based on Cu LMM deconvolution.

Catalyst K.E. (eV)? AP. (eV)° BE.of Cu  Xcus (%)
cut cu® cu* Cu® 2p32 (eV)
5B-Cu-Si0, 916.1 9184 18488 1851.1 9327 78.3
3B-Cu-Si0, 9164 9186 1849.1 1851.3 9327 71.0
1B-Cu-Si0, 9163 918.6 18490 1851.3 9327 64.1
0.5B-Cu-Si0, 916.6 918.7 1849.3 18514 932.7 50.5
Cu-Si0, 9166 918.7 18493 18514 9327 414

@ Kinetic energy.

> Auger parameter.

¢ Intensity ratio between Cu* and (Cu* + Cu®) by deconvolution of Cu LMM XAES
spectra.

tion states of surface copper atoms, FTIR spectroscopy was em-
ployed. Fig. 8 shows the IR spectra of CO absorption on as-
reduced Cu-SiO, and B-Cu-SiO, catalysts at room temperature.
The as-reduced Cu-SiO, catalyst exhibited an asymmetric CO
absorption peak at 2090 cm™! and a weak shoulder peak at around
2126 cm™ . The IR band at 2090 cm™! progressively disappeared,
whereas the weak band at 2126 cm™! remained during evacuation
at room temperature. In contrast, no CO absorption peak was ob-
served on 1B-Cu-SiO, at 2090 cm™!, but a strong and symmetric
CO absorption peak could be observed at 2126 cm™'. The band at
2126 cm™! did not change significantly under continuous evacua-
tion at room temperature, but it diminished quickly during evacua-
tion at temperatures above 423 K [38,39]. Because no CO absorption
peak could be obtained with SiO, and B-SiO,, the CO absorption
peaks could be assigned to CO absorption bands on copper species.
Assignment of CO absorptions onto Cu® Cu®, and Cu?* surfaces has
been well documented in the literature [34,38,40-45]. First, the
stretching frequency of CO species absorbed onto cupreous surfaces
follows the sequence Cu®*-CO> Cu’-CO > Cu®-CO. Second, CO
adsorption onto Cu?* and Cu® sites is predominantly weak and
reversible at room temperature. Third, CO linearly bonded with a
surface Cu* site has higher thermal stability than Cu?*-CO and
Cu®-CO species. According to these assignments, the CO absorption
peaks at 2126 and 2090 cm ™! observed on the reduced Cu-SiO, and
1B-Cu-Si0, catalysts were assigned to Cu*-~CO and Cu®-CO species,
respectively. The IR band near 2090 cm™! assignable to Cu®-CO sug-
gested that most cupreous species on Cu-SiO, had been trans-
formed into metallic Cu after the reduction at 623 K. However, a
small amount of partially reduced cupreous species with an
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Fig. 8. FTIR spectra of CO absorption on 623-K-reduced Cu-SiO, and B-Cu-SiO,
catalysts after different evacuation times at 298 K: (A) after evacuation for 5 min;
(B) after evacuation for 30 min.
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Fig. 9. Variation of integration area of Cu*-CO IR band and surface area of Cu*
species on as-reduced Cu-SiO, and B-Cu-SiO, catalysts as a function of actual
boron loading. Note. The integration area of the Cu™-CO IR band was calculated for
the IR spectra collected after 30 min of evacuation (Fig. 8), and the surface area of
Cu* species is estimated with the copper surface values and Cu®/Cu* ratios (Tables 2
and 3, respectively).

oxidation state of +1 was also present on the surface and strongly
bound CO molecules with a stable IR peak at 2126 cm™~'. On the bo-
ric oxide-modified catalyst of B-Cu-SiO,, the stretching frequency
of Cu™-CO was blue-shifted with an increase of boron oxide concen-
tration. The coexistence of Cu® and Cu* on the reduced catalyst
surface is in accordance with the results of XAES. Similarly, Cu®
and Cu* sites coexisted on the reduced B-Cu-SiO, surface, and the
molar ratio of Cu®/Cu* varied with the boric oxide doping amount.
For 1B-Cu-SiO,, XAES revealed a surface Cu®/Cu* ratio of 0.56,
which was much lower than that for Cu-SiO, (1.51). The Cu* sites
predominating on the copper surface significantly enhanced the
intensity of the Cu*-CO IR band near 2126 cm™~! (Fig. 8). Although
XAES indicated that the surface Cu® species became more dominant
when the boric oxide doping amount increased in the range of
110 wt% boron, the accessible surface copper atoms on B-Cu-
SiO,, as determined by N,O chemisorption, declined because of high
boric oxide coverage. Hence, further increasing boric oxide doping
amount did not raise, but rather lowered, the intensity of the Cu*-
CO IR band (Fig. 8). Variations of the areas under the Cu*-CO IR band
and surface areas of Cu® species on reduced Cu-SiO, and B-Cu-SiO,
catalysts as a function of actual boron loading are shown in Fig. 9.
Clearly, the surface areas of Cu* species deduced from N,0 chemi-
sorption and XAES reached its highest value with 1B-Cu-SiO, hav-
ing an actual boron loading of 0.7 wt%, and the strongly absorbed CO
species on the corresponding catalyst possessed the strongest IR
peak at 2126 cm ™.

4. Discussion

Although copper-based catalysts for hydrogenation or hydrog-
enolysis were extensively studied and various promoters such as
chromium, zinc, iron, nickel, magnesium and cobalt have been
adopted to modify their catalytic performance [8,23,27,28,40,46],
reports related to the effect of boric oxide doping on silica-sup-
ported copper remain limited. The essence of the promotion effect
for many promoters on copper-based catalysts is still uncertain
and in controversy. As to zinc oxide-promoted copper catalysts,
some researchers suggested that the electron density of copper
tended to increase as a result of oxygen anion vacancies on zinc
oxide [47], but the function of zinc oxide in reducing the size of
copper crystallites and activation, storage, or spillover of hydrogen

were emphasized in other literature [48]. In this study, the Cu-SiO,
catalysts prepared by urea-assisted gelation were postimpregnated
with a suitable quantity of boric oxide, and the as-obtained cata-
lysts exhibited significantly enhanced stability compared with
the boric oxide-free ones. The apparent variations in Cu-SiO, in-
duced by boric oxide doping were found to be dependent on reduc-
ibility, copper dispersion, acidity-alkalinity, and distribution of
cupreous species in different oxidation states, essentially inducing
structurally related changes in catalytic activity and stability.
Among all catalysts tested, 1B-Cu-SiO, containing an actual boron
concentration of 0.7 wt% displayed the best catalytic performance
and stability. Notably, the highest copper dispersion and the great-
est amount of surface Cu* species were also observed in 1B-Cu-
SiO,, as determined by N,O chemisorption, XAES, and CO adsorp-
tion by IR, implying the importance of high copper dispersion,
small copper particles, and surface Cu” sites for the catalytic hydro-
genation of DMO to EG. In relation to the catalytic functions of Cu®
and Cu” sites in ester hydrogenation, reasonable interpretations
suggest that Cu® sites dissociatively absorb hydrogen molecules
and that Cu” sites strongly bind and activate the ester and acyl
groups [49]. Accordingly, the efficiency of DMO hydrogenation to
EG greatly relies on the synergistic cooperation of Cu® and Cu* sites
present on the catalyst surface and certain kinds of structures of
active centers with optimized Cu®/Cu” distributions may exist to
achieve a high activity. Boric oxides doped around the cupreous
species were expected to be capable of increasing the amount of
copper species with partial positive charges because the acidity
and electron affinity of boric oxide are greater than that of SiO-.
However, excessively high boric oxide loading inevitably leads to
effects of coverage and blocking by B,0s. As a result, a decline of
exposed and accessible copper surface adversely affects catalytic
activity.

Long-term catalytic stability is a necessary feature for industrial
catalysts of DMO hydrogenation to EG. The poor lifespan of silica-
supported copper catalysts is well known, and synthesis of highly
stable copper catalysts loaded onto silica supports remains a sig-
nificant challenge. A study of the stabilizing effect of boron on Ni
catalysts for steam methane reforming proposed that boron tended
to selectively block step and subsurface octahedral sites and then
reduced the nucleation of graphene islands from steps, prevented
coke formation on surfaces, and enhanced the stability of Ni
catalysts [26]. However, coking is not the main reason for the irre-
versible deactivation of copper-based catalysts for oxalate hydro-
genation and some changes in the structure and state of catalysts
leading to the loss of active sites are considered as important is-
sues. In general, the deactivation of supported copper catalysts
was attributed to the coagulation of copper particles, decline in
copper dispersion, and change of copper’s chemical state [23]. As
revealed by XRD measurement for the Cu-SiO, catalyst before
and after the heat treatment at 623 K (Figs. S2 and S3), the average
copper particle size on the partially deactivated catalyst had
increased to 12.5 nm, whereas that for the freshly reduced catalyst
was only 4.3 nm. However, the copper particle size for the 1B-
Cu-SiO, catalyst increased only from 4.0 to 7.3 nm. The long-term
catalytic evaluation and heat treatment clearly confirmed that the
stability of 1B-Cu-SiO, was significantly higher than that of boron-
free Cu-SiO, under identified conditions. These experimental re-
sults strongly support the viewpoint that the copper coagulation
is one of the essential reasons for the catalyst deactivation. Con-
ventionally, metal sintering is regarded as more likely to happen
for low-melting-point metals, such as gold and copper, and the
transmigration and aggregation of small metallic particles on the
nanoscale may occur at temperatures significantly lower than the
melting point. However, thermal stability at the reaction tempera-
ture is apparently not the predominant factor that determined the
rate of copper particle transmigration and crystallite growth
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during DMO hydrogenation to EG because copper particle size in-
creased to 12.4nm on Cu-SiO, after heat treatment at 623 K
(Fig. 2), whereas copper particles on Cu-SiO, exposed to hydrogen
at a significantly higher temperature of 1073 K remained at a small
size of 6.3 nm (Fig. S3). Therefore, certain kinds of driving forces
other than the simple thermal mass migration induced by DMO
hydrogenation possibly accelerated copper coagulation.

From comparison of the XRD patterns of Cu-SiO, before and
after heat treatment, the Cu,0 phase that emerged on the catalyst
after heat treatment was unobservable on the hydrogen-reduced
catalyst (Figs. S2 and S3), suggesting that the copper valence tran-
sition may have occurred during DMO hydrogenation.

This is supported by other evidence. First, an induction period
for reaching the best catalytic performance was repeatedly ob-
served and the length of the induction period often varied with
the prereduction program. Usually the catalytic behavior was not
very stable at the beginning of the reaction and it took 23 h (some-
times 56 h) to attain a steady state. The presence of this induction
period probably indicated that there must be some delicate
changes in catalyst structure when the catalyst is exposed to
DMO hydrogenation. Second, gray powders of C,CuO, were ob-
served on top of the deactivated catalyst bed. Accordingly, we pro-
pose that (1) under the hydrogenation reaction conditions, metallic
copper particles, especially nanoparticles, could be oxidized to a
state of +1 (the oxidation state +2 could also be occasionally
reached) by oxidative substrates, including DMO and MG, among
others; (2) hydrogen or active hydrogen species activated by Cu®
sites tend to bind or spill over to Cu* species present on the surface,
and then the species are reduced back to Cu’; (3) this oscillation of
the copper chemical state runs through the course of the DMO cat-
alytic hydrogenation. For highly dispersed Cu-SiO,, the interaction
between copper and the silica support is believed to play an impor-
tant role in stabilizing small copper particles, whereas the frequent
transition of copper valence and crystallite phase probably weak-
ened and destroyed this interaction, and finally induced the accel-
erated aggregation and coagulation of copper particles.

Interestingly, boric oxide doping first inhibited and then accel-
erated the coagulation of copper particles as doping amount in-
creased, and the optimized doping amount for the best stability
was observed for 1B-Cu-SiO, with a moderate boron loading of
1 wt% (actual loading 0.7 wt%). The most intense Cu,O crystallite
XRD peaks were also observed on 1B-Cu-SiO, after heat treatment
at 623 K, probably suggesting that decreasing the reducibility of
surface Cu* and retaining surface cupreous species in Cu,0 are
helpful in promoting catalytic stability. A possible interpretation
could be that doping a suitable amount of acidic boric oxide onto
the copper surface may decrease the frequency of the copper va-
lence transition by restraining the reducibility of surface Cu® spe-
cies and then significantly retarding the growth of copper
particles. This is because the weakening of the interaction between
copper and silica support induced by frequent valence transitions
of surface cupreous species in DMO hydrogenation circumstance
may greatly accelerate the aggregation of copper nanoparticles.
On the basis of the above discussion, excessive boric oxide doping
is also harmful for stabilizing copper species because once the
interaction between cupreous species and SiO, is excessively
inhibited or substituted by the interaction between cupreous spe-
cies and boric oxide, transmigration of metallic copper particles
tends to speed up in boric oxide with a low melting point and they
quickly grow into bulk copper.

5. Conclusions

Suitable boric oxide doping onto Cu-SiO, catalysts was found to
be an efficient method of improving catalytic stability, as well as

EG selectivity, for vapor-phase hydrogenation of DMO to EG. The
optimized Cu/B molar ratio was approximately 6.6. With boric
oxide properly doped onto the catalyst surface, copper dispersion
increased. As demonstrated by N,O chemisorption and XRD mea-
surement, the growth of copper nanoparticle size was inhibited
significantly during DMO hydrogenation. On working catalysts of
Cu-SiO, and B-Cu-SiO,, characterizations by XPS, XAES, and
in situ FTIR of chemisorbed CO revealed that surface Cu* species be-
came increasingly predominant as the boric oxide doping amount
increased, but the highest quantity of Cu* species on the surface
was observed for 1B-Cu-SiO,, because excessively high boric oxide
coverage tended to reduce the amount of accessible surface copper
atoms. An appropriate distribution of surface Cu* and Cu® species
was presumed to be a key prerequisite for obtaining outstanding
hydrogenation performance. Catalyst deactivation was mainly
attributed to the decline of Cu dispersion and to the destruction
of suitable surface Cu* and Cu® distribution induced by copper
aggregation and coagulation. The strong interaction between acidic
boric oxide and surface cupreous species is possibly propitious in
minimizing the reducibility of Cu* species, maintaining a balance
of appropriate Cu® and Cu* distribution and retarding the surface
transmigration of copper nanoparticles, which are essential in
gaining excellent catalytic activity and stability.
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