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Abstract: Supported copper has a great potential for replacing the commercial palladium-based
catalysts in the field of selective alkynes/alkadienes hydrogenation due to its excellent alkene
selectivity and relatively high activity. However, fatally, it has a low catalytic stability owing to
the rapid oligomerization of alkenes on the copper surface. In this study, 2.5 wt% Cu catalysts
with various Cu:Zn ratios and supported on hierarchically porous alumina (HA) were designed
and synthesized by deposition–precipitation with urea. Macropores (with diameters of 1 µm) and
mesopores (with diameters of 3.5 nm) were introduced by the hydrolysis of metal alkoxides. After in
situ activation at 350 ◦C, the catalytic stability of Cu was highly enhanced, with a limited effect on
the catalytic activity and alkene selectivity. The time needed for losing 10% butadiene conversion for
Cu1Zn3/HA was ~40 h, which is 20 times higher than that found for Cu/HA (~2 h), and 160 times
higher than that found for Cu/bulky alumina (0.25 h). It was found that this type of enhancement
in catalytic stability was mainly due to the rapid mass transportation in hierarchically porous
structure (i.e., four times higher than that in bulky commercial alumina) and the well-dispersed
copper active site modified by Zn, with identification by STEM–HAADF coupled with EDX. This
study offers a universal way to optimize the catalytic stability of selective hydrogenation reactions.

Keywords: hierarchically porous structure; selective hydrogenation reaction; unsaturated hydrocar-
bons; copper–zinc alloy; synergistic effect; 1,3-butadiene

1. Introduction

Alkenes, especially C2–C4 olefins with a purity higher than 99.999%, are fundamental
chemicals in the synthesis of polymers, surfactants and other products related to organic
chemical industry by catalytic polymerization reactions [1]. In general, alkenes are mainly
obtained from the hydrocracking of crude oil [2], which also results in small amounts
of alkyne and diene impurities, such as 2–8% of propyne and propadiene in propene
cuts [3] and 0.3–0.8% of butyne and butadiene in butenes cuts [4]. These impurities can
poison the catalysts used for alkene polymerization and terminate the polymerization
reaction by transforming catalysts to a stable intermediate [5,6]—i.e., 2-butyne and bu-
tadiene impurities react with Cp*2ScCH3 (Cp* = η5 − C5Me5) catalyst, forming a stable
Cp*2Sc(CH3)=C(CH3)2 product [7]. Thus, the concentration of alkyne and diene impuri-
ties must be reduced to below 0.001%. The selective hydrogenation reaction, which can
selectively convert the impurities into valuable alkene raw materials, is widely used in
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industry. The classical catalyst for such reaction is the Lindlar catalyst [8], which con-
sists of a palladium active site and a calcium carbonate support. However, in order to
obtain a high alkene selectivity, the catalytic activity of the palladium is usually modi-
fied by some poison (e.g., lead, quinoline etc.). Moreover, noble-metal-based bi-metallic
catalysts, e.g., Pd–Ag/Al2O3 synthesized by the Süd-Chemie company [9–11], are the main
commercial catalyst, but their high price (~USD 10,000 kg−1) and low selectivity to alkenes
(<20% at full conversion) [12] largely limit their further utilization. Thus, the exploration
of alternative catalysts with a high catalytic performance and low cost remains a great
challenge in the current alkenes industry [13].

Copper is one of the best candidates for selective hydrogenation reactions due to
its low cost and rather high catalytic activity and selectivity to alkenes. The price of
copper-based catalysts is more than 1000 times lower than that of commercialized Pd-
based catalysts. Compared with palladium-based catalysts, metallic Cu has shown a high
selectivity to alkenes (>90% at full alkyne/diene conversion [14,15]) and moderate full
alkyne/diene conversion temperature (75~150 ◦C [14–17]). In addition, copper has also
shown an advanced catalytic property among non-noble metals [18] (e.g., Ni, Co, Fe) in
terms of its selectivity to alkenes at full alkyne/diene conversion [19–21] and catalytic
activity [22,23]. However, the main barrier to the commercialization of Cu catalysts is
its rapid deactivation during selective hydrogenation reactions [24]. Specifically, mono-
metallic copper supported on TiO2 for the selective hydrogenation of butadiene has shown
a butadiene conversion from 100% to below 20% in less than 3 h on stream [15], which is
far from the requirement in industry. Numerous studies have focused on the exploration of
deactivation mechanisms since the 1990s [25,26]. The loss of activity was mainly attributed
to the coverage of catalytic active sites by the accumulation of foulants [5], which are C8
to C22 oligomers formed by the oligomerization of neighboring intermediate carbenes via
metallocycles [27]. Developing Cu-based catalysts with a high catalytic stability is always a
hot research topic in alkenes industry.

Tuning copper’s active site could be an efficient way to obtain a high catalytic
stability. By increasing the copper atom dispersion from 12.3% (i.e., nanoparticle) to
100% (i.e., atomic dispersion) on an alumina support, Lu et al. [16] observed an increase
in the catalytic stability from 25 to 40 h for mono-metallic copper, with a decrease of the
foulant accumulation from 30 wt% to 3.3 wt% during the acetylene hydrogenation reaction.
A similar result was also verified by Ma et al. [17], who developed atomically dispersed Cu
on nanodiamond–graphene that shows a stable acetylene conversion of 95% over 60 h of
isothermal reaction. However, the synthesis of atomically dispersed Cu0 remains a great
challenge, as the Cu0 atom is unstable and tends to be either aggregated into Cu nanoparti-
cles or positively charged, by transferring electrons to its support (i.e., it shows a strong
metal–support interaction). Alloying copper with other metal assistants [28] (e.g., Au [29],
Pd [30–32], Pt [33] etc.) has been proposed to solve this drawback. Using a density func-
tional theory calculation, Nørskov et al. [13] predicted that Cu–Zn alloy (e.g., Cu1Zn1)
could be a potential replacement for current Pd-based catalysts. Recently, Louis et al. [34]
experimentally verified that alloying Cu with small amounts of Zn (i.e., Cu3Zn1 alloy and
intermediate Cu0.9Zn0.1 alloy) strongly improves the catalytic stability of Cu in the selective
hydrogenation of butadiene, with butadiene conversion decreased from 100% to ~80% after
20 h of reaction for bi-metallic Cu–Zn catalysts. However, the specific surface area of the
support is always a limitation, as it produces either a rather low Cu loading for atomically
dispersed Cu catalysts or large metallic particles for Cu-based bi-metallic catalysts. Both
decrease the apparent catalytic activity of supported Cu-based catalysts, with a high full
alkyne/alkadiene conversion temperature.

Increasing the specific surface area of the support by introducing a porous structure
shows great promise, as it could improve the Cu loading without affecting the Cu dispersion.
For example, Ma et al. [35] synthesized ordered hierarchical porous silica (HPS), with a
specific surface area above 600 m2 g−1 as the support for Cu catalysts. The supported Cu
particles were confined to the porous structure, with a size smaller than 5 nm at 20 wt%
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of Cu loading. The catalysts showed a rather high catalytic activity and stability in the
hydrogenation of dimethyl adipate (i.e., a turnover frequency ~0.72 h−1 and no decrease
in dimethyl adipate conversion after 120 h of reaction). Moreover, they found the pore
size in catalysts had a significant effect on the mass transportation of dimethyl adipate
reactants and could limit the hydrogenation reaction. We have recently synthesized mono-
metallic Cu supported by hierarchically porous carbon (HPC) with a Cu loading as high as
40–50 wt% by the in situ carbonization of HKUST-1 (with a surface area of 1599 m2 g−1)
at a high temperature (>400 ◦C) [36]. The special macro–mesoporous structure of the
carbon support with well-confined Cu nanoparticles in Cu/HPC provided a rather high
catalytic performance—i.e., butadiene conversion stayed at 100% for over 120 h of time on
stream—showing that combining a porous hierarchy with a high surface area is an efficient
way to improve the catalytic stability of mono-metallic Cu catalyst. However, the catalytic
stability was still restricted by the utilization of mono-metallic Cu active sites, which could
be further improved by the synthesis of Cu-based bi-metallic active sites on a hierarchically
porous support.

Therefore, tuning the intrinsic properties of copper atoms by alloying on the surface of
a hierarchically porous support could be a promising way to obtain a Cu-based catalyst with
a highly enhanced catalytic stability. Compared with the previous carbon supports [36],
alumina shows great advantages as a support for metallic catalysts due to its low cost and
high thermal stability. Moreover, Louis et al. [34] mainly focused on Cu-rich bimetal Cu–
Zn/TiO2 catalysts that only produce Cu-rich Cu–Zn alloys, which are not highly consistent
with the predictions (i.e., Cu1Zn1 alloy) of Nørskov et al. [13]. In this study, bi-metallic
Cu–Zn catalysts with 2.5 wt% of Cu and an excess of Zn supported by hierarchically porous
Al2O3 were synthesized for the selective butadiene hydrogenation. Zn is inert for selective
hydrogenation and acts as catalytic assistant. The study on the synergistic effect of a porous
hierarchy and alloying on enhancing catalytic performance was carried out on the copper
catalysts, with various Cu:Zn ratios and different porous structures. This study provides a
powerful and universal way to optimize catalytic performance in both homogeneous and
heterogeneous reactions.

2. Results and Discussion
2.1. Preparation of the Hierarchically Porous Alumina Supported Bimetallic Cu–Zn Catalysts

The hierarchically porous structure in the alumina support was self-constructed by
the rapid hydrolysis and condensation of metal alkoxides in the absence of any templates
(Figure 1). Specifically, once aluminum sec-butoxide (TBOA) was dropped into an aqueous
solvent, it rapidly hydrolyzed to hydroxy-alumina, with the hydrolysis and condensation
reaction as follows [37,38]:

Al(C4H9O)3 + xH2O→Al(C4H9O)3−x(OH) x + xC4H9OH→AlOOH + 3C4H9OH (hydrolysis reaction)

2Al(C4H9O)3−x(OH)x→(HO)x−1 (C4H9O)3-x Al-O-Al(C4H9O)3−x(OH)x−1 + H2O (condensation reaction)

Moreover, during the solidification of the hydroxy-alumina by the hydrolysis and
condensation reaction, a large amount of sec-butyl alcohol (i.e., alcohol/Al molar ratio = 3)
was rapidly formed and blow-off from the interior part of the TBOA toward the surrounding
acetonitrile/water solvent. Meanwhile, the structure of the solid phase was modified by
the fast fluxion of the sec-butyl alcohol, with an accumulation of the layered hydroxy-
alumina (i.e., AlOOH) around the liquid sec-butyl alcohol [38,39]. Finally, after removing
the liquid solvent phase by drying at 60 ◦C, followed by calcination at 550 ◦C in air for
3 h, a hierarchically porous structure was constructed with γ-Al2O3 support, with XRD
patterns presented in Figure S1. The morphology of the macropores was identified by SEM
(Figure 1), which shows macropores with a diameter of 1 µm and a wall of layered γ-Al2O3.
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Figure 1. Illustration of the synthesis of a hierarchically porous alumina supported bi-metallic
Cu–Zn catalyst.

The deposition–precipitation of Cu2+ and Zn2+ on the surface of hierarchically porous
γ-Al2O3 (HA) was realized by using urea as the precipitant. Urea, after dissolving in
water, gradually decomposes at a temperature above 60 ◦C, with the formation of hydroxyl
(i.e., OH−). The increase of the OH− concentration in solution promotes the deposition–
precipitation of metal ions by the formation of hydroxides, and also by the modification
of the surface charge of the support to create an electrostatic adsorption [40]. The metal
loadings of Cu and Zn on HA are summarized in Table 1. A Cu loading of around 2.3 wt%
was obtained for all the samples. As for the Cu1Zn1/HA, Cu1Zn3/HA and Cu1Zn5/HA
samples, the Cu/Zn atomic ratios from our experimental analysis were 1:0.92, 1:2.3 and
1:3.6. The lower Zn loading than the nominal one was due to the higher solubility of zinc
hydroxide (4.17 × 10−17 mol L−1) than that of copper hydroxide (2.0 × 10−17 mol L−1) [34].
Bi-metal Cu–Zn catalysts, with various Cu:Zn ratios, were successfully synthesized.

2.2. The Porous Hierarchy in Cu–Zn Supported on Hierarchically Porous γ-Al2O3

Figure 2a shows the nitrogen adsorption–desorption isotherms of all the prepared
samples. Both HA and Cu–Zn/HA had a VI type of hysteresis loop in the relative pressures
(P/P0) in the range of 0.4~1.0, indicating the presence of abundant mesopores in the
samples. Based on the desorption behavior (dotted line in Figure 2a), the shape of the
mesopores in the sample could be slits [41], formed by the stacking of the alumina nanosheet
(Figure 1). Table 1 includes the textural properties of all the prepared samples. Specifically,
the total surface area of pure HA was 394 m2 g−1. The deposition of Cu–Zn by DPu
brought a decrease in the total surface area to 355, 315, 291 and 259 m2 g−1 for Cu/HA,
Cu1Zn1/HA, Cu1Zn3/HA and Cu1Zn5/HA, respectively. The mesopore distribution in
the pure HA showed a main peak centered at 3.8 nm, with a shoulder at 4.2 nm (Figure 2b).
After the deposition of Cu, the diameter of the mesopores slightly decreased to 3.7 nm.
Moreover, with an increase of the Zn loading from 0 wt% to 5.3 wt%, the mesopore size
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gradually decreased from 3.7 nm to 3.5 nm. In addition, the deposition of Cu brought a
15.7% decrease in the total pore volume of the HA: i.e., 0.57 cm3 g−1 and 0.48 cm3 g−1 for
HA and Cu/HA, respectively. As for Cu–Zn/HA, the total pore volume showed a 33.3% to
42% decrease with the increase of the Zn loading from 2.2 wt% to 5.3 wt%: i.e., 0.38 and
0.33 cm3 g−1 for Cu1Zn1/HA and Cu1Zn3/HA, respectively (Table 1). Specially, as for
Cu1Zn5/HA, the dramatic decrease in the total surface area with an unchanged total pore
volume and diameter indicate that the macroporous structure might have been slightly
destroyed, as some fragments of alumina can be observed in SEM images (Figures S2 and
S3). The decrease of the pore size and pore volume with the Cu–Zn loading indicates that
the deposited Cu and Zn species were mainly located in the mesopores of the HA. The
commercial alumina (CA) and Cu/CA showed no hysteresis loop, indicating their poorly
porous nature. Moreover, the specific surface areas were 3 and 4 m2 g−1 for CA and Cu/CA,
respectively. Thus, based on the characterization above, Cu–Zn/HA samples contained
hierarchically macro–mesoporous structures, with macropore size of 1 µm and mesopore
size of 3.5 nm. Moreover, Cu and Zn were mainly deposited in the mesopores of the HA.

Table 1. Metal loadings and textural properties of as-prepared Cu–Zn/alumina catalysts.

Sample

Theoretical Values Experimental Values
Total BET Surface

Area (m2/g)
Total Pore

Volume (cm3/g)
Meso Pore

Diameter (nm)
Loading (wt%)

Cu:Zn
Loading (wt%)

Cu:Zn
Cu Zn Cu Zn

HA - - - - - - 394 0.57 3.8, 4.2
Cu/HA 2.5 0 1:0 2.3 0 1:0 355 0.48 3.7

Cu1Zn1/HA 2.5 2.5 1:1 2.4 2.2 1:0.9 315 0.38 3.7
Cu1Zn3/HA 2.5 7.5 1:3 2.3 5.3 1:2.3 291 0.33 3.5
Cu1Zn5/HA 2.5 12.5 1:5 2.3 8.2 1:3.6 259 0.33 3.5

Cu/CA 2.5 0 1:0 2.3 0 1:0 4 - -
CA - - - - - - 3 - -
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The mass transportation accelerated by introducing a hierarchically porous structure
into the alumina-supported copper catalyst was evaluated by the intelligent gravimetric
analyzer (IGA) using p-xylene as the probe molecular. In this method, the probe molecular
diffuses into the porous system and adsorbs onto the surface of materials, resulting in a
weight increase. In Figure 2c, it can be found that the weight percentage of adsorbates
on the Cu/bulky commercial alumina (Cu/CA) showed a slow increase to 0.05% in the
first 6 s1/2, finally keeping constant at 0.05%. With a similar Cu loading, the weight
percentage of adsorbates on Cu/HA rapidly increased above 0.12% in the first 6 s1/2,
followed by a stabilization at 0.2%. Moreover, the addition of Zn slightly decreased the
weight percentage of adsorbates; e.g., ~0.18% was observed for Cu1Zn3/HA. As for a
constant material (i.e., alumina), the final weight of adsorbates was decided by the surface
area of the samples. More importantly, the property of mass transportation in the samples
was evaluated by the rate of the weight evolution as a function of the adsorption time.
The adsorption kinetic constant (k) for these samples was calculated by the following
formula [42] (Figure 2d):

m(t) = m0 − ∆m[1 − exp(−kt)] (1)

where m0 is the weight of the sample (mg); m(t) is the weight of the sample at time
t during the test; and ∆m is the weight increase after reaching the adsorption equilib-
rium. Figure 2d shows that the adsorption kinetic constant (k) for Cu/HA and Cu1Zn3/
HA was 10~20 µgP-xylene s−1, which was more than four times higher than that of CA
(0~5 µgP-xylene s−1). It clearly indicates that, compared to bulky commercial alumina, the
introduction of a hierarchically porous structure largely promotes the mass transportation
of organic molecules in the sample.

2.3. The Property of Bimetallic Cu–Zn Supported on Hierarchically Porous γ-Al2O3

The reduction temperature for Cu–Zn/HA samples was chosen based on temperature-
programmed reduction results (Figure 3a). A H2 consumption peak was observed at
260 ◦C for mono-metal Cu/CA, while a slightly higher reduction temperature of around
267 ◦C was observed for mono-metal Cu/HA. The higher reduction temperature indicates
a stronger interaction between Cu and hierarchically porous Al2O3 in Cu/HA than that
with Cu/CA. After the addition of Zn, the reduction temperature shifted to 269 ◦C for
Cu1Zn1/HA. With an increasing Zn loading in bi-metal Cu–Zn/CA samples, the reduction
temperature gradually increased to 292 ◦C and 310 ◦C for Cu1Zn3/HA and Cu1Zn5/HA,
respectively. It is well known that mono-metal Zn has no reduction peak at any temperature
lower than 550 ◦C [20]; the H2 consumption peak is thus mainly due to the reduction of
Cu2+. Furthermore, the high reduction temperature in bi-metal Cu–Zn/CA with an increase
in the Zn loading indicates that a strong interaction existed between Cu and Zn. Finally, a
reduction temperature of 350 ◦C was thus selected for the activation of all the samples.

After reduction at 350 ◦C for 2 h in H2, the state of the Cu and Zn phase was analyzed
by X-ray diffraction patterns (Figure 3b). It shows a broad peak at around 46◦ for all the
samples, which corresponds to the γ-Al2O3 support (JCPDS: 01-1303). In addition, an
additional peak appeared at around 43.3◦ in the reduced mono-metal Cu/HA sample, and
it belongs to the (111) crystallite surface of metallic Cu (JCPDS card: 85-1326). After alloying
Cu with Zn, a peak at ~43.3◦, belonging to the (110) of Cu1Zn1 alloy, appeared in all bi-metal
Cu–Zn/HA samples. Based on Scherrer’s equation, the average particle size was calculated
to be around 4 nm in the Cu/HA and Cu–Zn/HA samples. No peaks corresponding to
Zn’s phase were observed in any of the reduced Cu–Zn/HA samples. It was reported
that the state of reduced Zn is difficult to identify by XRD, especially on a support [34].
The reduced Cu–Zn/HA samples were further analyzed by diffuse reflectance UV–vis
spectroscopy (Figure 3c). The contribution of the support was firstly removed by using
Al2O3 as the baseline. Two absorption bands, λmax ~270 nm and ~640 nm, were observed in
the reduced mono-metal Cu/HA sample. These two bands are the characteristic bands of
copper, and they are attributed to the localized surface plasmon resonance of free electrons
and the inter-band transitions [43,44]. After alloying Cu with Zn, the characteristic bands
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of metallic Cu, especially λmax in the visible region, showed a blue shift to 630 nm, 625 nm
and 600 nm for Cu1Zn1/HA, Cu1Zn3/HA and Cu1Zn5/HA, respectively. This type of
blue shift mainly originated from the electron transfer from Zn atoms to Cu, very probably
due to the formation of Cu–Zn alloy (i.e., Cu1Zn1 alloy), which results in an increase in the
density of free electrons in copper after reduction at 350 ◦C [45].
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To obtain further information about the composition and the particle size of the sup-
ported metallic nanoparticles, STEM–HAADF coupled with EDX was employed on the cal-
cined then reduced mono-metal Cu/Al2O3 and bi-metal Cu–Zn/Al2O3 samples (Figure 4).
The particle size of the Cu on the bulky commercial Al2O3 support was around 15 ± 2 nm,
while it dramatically decreased to around 1.7± 0.5 nm when the support was hierarchically
porous Al2O3 (Figure S4). The much higher surface area of HA (i.e., 394 m2 g−1), being
130 times that of CA (3 m2 g−1), offered a much better Cu dispersion at a similar Cu loading.
In addition, compared to mono-metal Cu/HA, the additional Zn had a limited effect on the
metal particle size, with the average particle sizes being 1.8± 0.3, 1.2± 0.5 and 2.2± 0.5 for
Cu1Zn1/HA, Cu1Zn3/HA and Cu1Zn5/HA, respectively (Figure S4). The composition of
the metallic particles was analyzed by EDX dotting, e.g., for the Cu1Zn3/HA sample in
Figure 4f. Three large particles (with diameters of 4~5 nm) were found by STEM–HAADF.
The atomic ratios between Cu and Zn in these particles were around 1:1. This confirms
that the large metallic particles (4–5 nm) in the bi-metal Cu–Zn/HA were mainly Cu–Zn
alloy; i.e., Cu–Zn with an atomic ratio of 1:1 was formed in the Cu1Zn3/HA sample. The
excess of Zn was also identified by STEM–HAADF in Figure S5. Therefore, the observed
XRD peak at 43◦ for bimetal Cu–Zn/HA was supposed to be the (110) crystallite surface
of Cu1Zn1 alloy (JCPDS card: 65-9061) (Figure 3b). The small particles (<2 nm) in the
Cu–Zn/HA samples were further analyzed by high resolution transmission electron mi-
croscopy with a double spherical aberration correction, e.g., for Cu1Zn3/HA sample in
Figure 4g–i. With increasing magnification, sub-nanoclusters and automatically dispersed
metallic atoms were mainly observed. According to the EDX mapping in Figure 4h, the
metallic particles (~2 nm) contained metallic Cu, with small amounts of Zn. Automatically
dispersed metallic atoms corresponded to Cu0. As a result, the TEM–EDX indicated that
the bimetal Cu–Zn/HA samples mainly had Cu–Zn nanoalloy clusters, with plenty of
atomically dispersed Cu.
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2.4. Catalytic Performance for Selective Butadiene Hydrogenation in an Excess of Propene

After in situ reduction at 350 ◦C for 2 h under H2, the catalytic performance, including
activity, alkene selectivity and stability, of the supported Cu–Zn samples for the selective
hydrogenation of butadiene was evaluated (Figure 5) on 200 mg of each catalyst (sieve
fraction, 125–200 µm), with similar Cu content (~2.5 wt%).

In Figure 5a, it can be seen that mono-metallic Cu supported on the bulky commercial
Al2O3 catalyst (Cu/CA) had a maximum butadiene conversion temperature (Tmax) of
around 200 ◦C, while the introduction of the porous hierarchy into Al2O3 brought a decrease
in the Tmax to ~175 ◦C for the Cu/HA. The enhanced activity in the Cu/HA resulted
from both the smaller size of the supported Cu nanoparticles and the promoted mass
transportation owing to the hierarchically porous structure in the HA support. However, in
comparison with the previous study of Cu/TiO2 (Tmax ~75 ◦C) [34], the high Tmax (i.e., low
activity) of mono-metallic Cu supported on alumina might have been be caused by the effect
of different metal oxide supports owing to the metal–support interaction. Furthermore,
the addition of zinc to the mono-metallic Cu/HA resulted in an increase in Tmax. With
the increase in the Zn loading, the Tmax increased to 200, 220 and 230 ◦C for Cu1Zn1/HA,
Cu1Zn3/HA and Cu1Zn5/HA, respectively. The lower catalytic activity (i.e., higher Tmax)
in the bi-metallic Cu–Zn/HA catalyst was caused by the less exposed Cu active sites in
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CuZn alloy than those in the mono-metallic Cu, as Zn had no activity to the catalytic
reaction. A similar observation on supported bi-metallic catalysts (i.e., Au–Zn [46], Pd–
Zn [47], Cu–Zn [34] etc.) was previously reported. This result is also in good agreement
with the theoretical prediction made by Nørskov [13] that Cu–Zn alloy has a lower activity
than metallic Cu.

The catalytic selectivity of Cu–Zn catalysts is presented in Figure 5b. To simulate the
real situation in industry (e.g., a butadiene impurity in an excess of butenes), 3000 ppm
of butadiene in 30% of propene with helium as the balance gas was used as the raw ma-
terials in this study; thus, the catalytic selectivity could be expressed as both selectivity
to butenes and alkanes (butane and propane) formation. In Figure 5b, it can be seen that
the selectivity to butenes slightly decreased with the increase in the butadiene conversion;
however, all Cu-based catalysts showed a high catalytic selectivity to butenes (i.e., >90%),
with less than 10% alkane (butane and propene) formation. The advantage of the porous
hierarchy can be clearly observed by comparing the alkene selectivity between Cu/CA
and Cu/HA. Specifically, Cu supported on hierarchically porous Al2O3 showed a higher
selectivity to alkenes than did commercial bulky Al2O3. With the butadiene conversion
increased from 20 to 100%, the butene selectivity decreased from 100% to ~97% and from
98.5% to ~90% for Cu/HA and Cu/CA, respectively. The superior alkene selectivity of
Cu/HA was mainly due to the rapid guest molecule diffusion in Cu/HA (Figure 2d)
shortening the residence time of the reactants over the copper’s active site, avoiding the
over-hydrogenation of butenes during the catalytic reaction [48]. In addition, the promo-
tional effect of alloying Cu with Zn was checked by analyzing the alkene selectivity of
Cu–Zn/HA catalysts. The alkene selectivity of bi-metallic Cu–Zn/HA stayed above 97% at
~100% butadiene conversion (e.g., ~99% alkene selectivity for Cu1Zn3/HA) as the modi-
fied electronic structure of the copper site by the formation of Cu–Zn alloy (Figure 3c). Even
though the previous Cu–Zn/TiO2 study [34] showed a decrease in the butene selectivity at
100% butadiene conversion after alloying Zn with Cu, it attributed this type of decrease
in the alkene selectivity to a gradual deactivation of the mono-metallic copper during the
slow heating ramp. In this study, the developed Cu–Zn/HA catalysts were stable enough
(as discussed later); it is able to show a clear advantage of Zn for enhancing the alkene
selectivity of Cu. Moreover, compared with Cu/CA, the Cu–Zn/HA catalysts showed a
much higher selectivity to butenes, especially at a high butadiene conversion. For example,
the Cu1Zn3/HA samples had an alkane (butane and propane) formation of ~2%, which
was four times lower than that of Cu/CA sample, at a butadiene conversion close to 100%.
This type of highly improved selectivity was indeed due to the synergistic effect of the
rapid mass transportation and modified property of active site.

Butadiene conversion as a function of the time on stream was evaluated on Cu–
Zn/Al2O3 samples and presented in Figure 5c, with a similar initial butadiene conversion
of ~60%. The reference catalyst (i.e., Cu/CA) had a very low catalytic stability and its
butadiene conversion rapidly decreased from 60% to below 20% in the first 2 h of isothermal
reaction. However, the butadiene conversion remained relatively stable for the mono-
metallic Cu supported on HA, which showed a slight decrease to ~35% after 70 h of time on
stream. This type of enhancement in the catalytic stability in the Cu/HA catalyst could be
mainly due to the introduced hierarchically porous structure, which highly accelerated the
mass transportation and improved the copper’s dispersion, leading to an increase in the
reactant transfer on the surface of the Cu’s catalytically active site. Previous studies proved
that the formation of oligomers (i.e., C8 to C22) by the oligomerization of neighboring
intermediate carbenes is the main reason for the deactivation of supported metal [27].
Moreover, Louis et al. [49] verified that the decomposition of oligomers mainly happens at
temperatures lower than 450 ◦C by thermo-gravimetry coupled with mass spectra analysis.
Here, the oligomers formation on Cu catalysts after a stability test was evaluated by thermo-
gravimetry analysis in air (Figure S6). The weight loss of the Cu/CA and Cu/HA was
5.4 wt% and 4 wt%, respectively. It indicates that the rapid reactants transportation in the
porous hierarchy brought a low oligomer formation, hence a slower deactivation rate.
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The addition of Zn to Cu highly improved the catalytic stability of Cu in the selective
hydrogenation reaction. In the first 70 h of reaction, the butadiene conversion decreased
from 60% to 45% and 50% for Cu1Zn1/HA and Cu1Zn3/HA, respectively. However, it
decreased from 60% to ~25% for the Cu1Zn5/HA sample. These are much more stable
results than the previous Cu–Zn/TiO2 catalysts (Cu:Zn < 1:1) [34], which had above 20% of
deactivation in 20 h of time on stream. Moreover, this work also proposed a suitable Zn
loading range (Cu:Zn ≈ 1:3) for bi-metallic Cu–Zn catalysts for the selective hydrogenation
reaction. Based on the ICP, XRD and EDX characterization, two types of zinc existed in the
bi-metallic Cu–Zn catalysts. One was that alloyed with Cu and another one was highly
dispersed on the Al2O3 support, and the distribution of Zn was imaged by EDX mapping
in Figure S5. The main function of the Zn that alloyed with Cu was its modification of
the adsorption mode or strength of the reactants and/or products of the reaction as it was
reported in a previous bi-metallic Cu–Zn study [34], resulting in a decrease of green oil
formation (Figure S6), e.g., only a 2.5 wt% weight loss for Cu1Zn3/HA. The positive role of
Zn in Ni–Zn alloy was recently explored in the selective hydrogenation of acetylene, and
it was found that alloying Zn with Ni could decrease the resultant coverage of acetylene,
and weaken the carbon chain growth reaction (oligomerization reaction) [27]. This was
attributed to changes in the electronic properties of Ni on the surface by alloying with
Zn [13]. The same effect might also apply to the case of the Cu–Zn system, as a recent study
based on DFT calculations found the existence of a charge transfer between the Cu and Zn
atoms in Cu0.7Zn0.3 alloy [50]. In addition to the modification of the electronic properties
of Cu, alloying with Zn also brought a geometric effect. Zn had no catalytic activity in
butadiene hydrogenation; alloying Zn with copper was supposed to dilute the Cu catalytic
active site, and increase the average distance between Cu active sites on the surface of
nano metallic particles. As it was presented in Figure S7, the crystal structure of metallic
Cu and Cu1Zn1 shows that, as for mono-metallic Cu, the distance between neighboring
Cu was around 2.5562 Å, which was shorter than the length of the butadiene molecular
size (3.556 Å). After alloying with Zn, the distance between two copper atoms enlarged
to 3.959 Å. Since the oligomerization reaction on a catalytic surface requires a sufficiently
short distance between the co-adsorbed hydrocarbon molecules [51], the isolation of Cu
by alloying with Zn could also avoid undesired side reactions for green oil formation. A
A similar geometric effect has also been observed in the bi-metallic Ni–Cu system; the
isolated Ni–Cu sites showed larger coupling barriers to C–C bond formation than pure
Ni or Cu sites owing to the alloy structure offering a high resistance to the formation of
oligomers during propyne hydrogenation [52]. The fraction of zinc that is un-alloyed with
copper on an Al2O3 surface may modify the surficial acidic property of Al2O3 [34], as
the acidic sites on the support surface could adsorb hydrocarbons and provoke not only
isomerisation but also transformation into coke or C2–C6 hydrocarbons from cracking and
disproportionation reactions [5,53].

Once both the hierarchically porous structure and Cu alloyed with Zn were simulta-
neously introduced into Cu/Al2O3, a great enhancement in the catalytic stability can be
also observed in Figure 5c. More specifically, to make a fair comparison, the time taken to
reach a 10% loss of the butadiene conversion was selected from Figure 5c and summarized
in Figure 6a. Cu/CA showed a 10% butadiene conversion loss within 0.25 h, while that
time was ~2 h, 5 h, 40 h and 10 h for Cu/HA, Cu1Zn1/HA, Cu1Zn3/HA and Cu1Zn5/HA,
respectively. This indicates that Cu1Zn3/HA had a catalytic stability 20 times higher
than that of Cu/HA, and 160 times higher than that of Cu/CA. As a result, the catalytic
synergism between a porous hierarchy and alloying could offer a high-efficiency mass
transportation and highly dispersed catalytically active site that results in a long-term
catalytic reaction (Figure 6b).
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Figure 5. Evolution of the butadiene conversion as a function of reaction temperature (a); the
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3. Experiment
3.1. Sample Preparation
3.1.1. Materials and Chemicals

The chemicals used were acetonitrile (Aladdin, ACS, 99.4%, Shanghai, China), alu-
minum sec-butoxide (Aladdin, 97%, Shanghai, China), distilled water, Cu(NO3)2·3H2O
(Sinopharm, AR, Shanghai, China), Zn(NO3)2·6H2O (Sinopharm, AR, Shanghai, China)
and urea (Sinopharm, AR, Shanghai, China). All were used as purchased during the whole
sample synthesis procedure.

3.1.2. Preparation of Hierarchically Porous Alumina

Hierarchically porous alumina (HA) was synthesized by a one-step method in the
absence of any templates. In a typical preparation process, 3 mL of distilled water was
dropped into 17 mL of acetonitrile under stirring at room temperature for 30 min. A mass of
2 g of aluminum sec-butoxide (TBOA) was dropped into the above solvent without stirring,
and the suspension was statically kept at room temperature for 30 min. The precipitate was
collected by filtration and dried at 60 ◦C for 1 day. Calcination at 550 ◦C under air for 3 h
with a ramp rate of 2 ◦C min−1 was performed, leading to the formation of HA support.

3.1.3. Preparation of Cu–Zn/HA Catalysts

HA-supported mono-metal Cu and bi-metal Cu–Zn catalysts were prepared by
deposition–precipitation with urea (DPu) as previously described [54,55]. Specifically, 2 g
of HA support was dispersed in 200 mL of distilled water in a double-walled reactor
(mHA/Vwater = 1:100) at room temperature. The pre-defined weight of Cu(NO3)2·3H2O
and Zn(NO3)2·6H2O were added into the suspension to achieve a desired nominal copper
loading with various Cu:Zn atomic ratios of 1:0, 1:1, 1:3 and 1:5. Urea was dissolved in the
above suspension to achieve a urea-to-metal molar ratio of ca. 100. The mixture was kept
at 80 ◦C for 20 h under a mild stirring. The solid sample was collected by centrifugation
and subsequently washed with distilled water and centrifuged three times. Finally, the
solids were dried at 60 ◦C overnight and calcined in a muffle furnace at 400 ◦C for 2 h with
a heating rate of 5 ◦C min−1 (as prepared).

For comparison, bulky commercial Al2O3 (CA, Aladdin, CAS: 1344-28-1, size of 200 nm)
was also used as a support. Note that the CA reference must have a large particle size,
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which could lead to porous structure formation during sample post-treatment (e.g., drying,
sieving etc.). CA-supported mono-metallic Cu was synthesized through the same DPu
procedure described above.

In this study, the nominal Cu loading in all samples was kept at 2.5 wt%. Specifi-
cally, Cu/HA and Cu/CA corresponded to mono-metal Cu deposited on HA and CA,
respectively. While, Cu1Zn1/HA, Cu1Zn3/HA and Cu1Zn5/HA corresponded to bi-
metal Cu–Zn deposited on HA support, with nominal Cu:Zn atomic ratios of 1:1, 1:3 and
1:5, respectively.

3.2. Catalysts Characterization

Metal loadings in the as-prepared samples were analyzed for their contents and
relative ratios of Cu to Zn in different catalysts by inductively coupled plasma spectrometry
(ICP; Lehman-Merbu, Prodigy 7). The wavelength range was 165 to 1100 nm.

The reduction behavior of the supported metals was checked by temperature pro-
grammed reduction under 5% H2/Ar atmosphere (H2-TPR; Micromeritics, AutoChem1 II
2920) using 100 mg of as-prepared samples. An Ar purge (25 mL min−1) was performed
for 30 min to remove the air in the reactor at room temperature (RT) before increasing the
temperature from room temperature to 550 ◦C at a linear rate (7.5 ◦C min−1) in a 5% H2/Ar
gas mixture flow (25 mL min−1).

The crystalline structures of samples were determined by powder X-ray diffrac-
tion (XRD; Bruker D8 Advance, Cu Kα radiation; 40 kV and 30 mA) with a scan rate
of 0.5◦ min−1. The 2-theta angle ranged from 5◦ to 90◦.

Surface morphology and metallic particle size were analyzed by scanning electron
microscope (SEM; Hitachi, S-4800, Tokyo, Japan) equipped with energy dispersive X-ray
spectrometer (EDX), and STEM–HAADF was performed on the machine Talos F200S
(Thermo Fisher Scientific, Waltham, MA, USA). Moreover, single atomic Cu dispersion was
analyzed by spherical-aberration-corrected transmission electron microscope (TEM; Tian
G260-300, 200 kV, Thermo Fisher Scientific, Waltham, MA, USA). Statistical analysis of the
nanoparticle size distributions in the reduced samples was obtained by counting more than
200 particles using the software Image J. The average particle diameter was deduced from
the equation dm = ∑ nidi/ ∑ ni, where ni is the number of the particles of diameter di.

Nitrogen adsorption–desorption isotherms were collected at 77 K with an ASAP-
3020(Micromeritics, Norcross, GA, USA) surface area analyzer manufactured by Mi-
cromeritics. The surface area was calculated from the adsorption branch using the Brunauer–
Emmett–Teller (BET) method, and the pore size distribution was obtained based on the
desorption branch with the Barrett–Joyner–Halenda (BJH) approach.

The mass transportation behavior in the hierarchically porous structure was evalu-
ated by intelligent gravimetric analyzer (IGA, HIDEN ISOCHEMA Ltd., IGA100B, Hiden
Isochema, Warrington, UK) using p-xylene as the probe molecular at 50 ◦C under ambient
pressure. The weight of each sample was recorded every 0.12 s during p-xylene diffusion
and adsorption.

The thermo-gravimetry analysis (TGA) was carried out on a thermogravimetric ana-
lyzer (Setaram Labsys Evo TGA-50, Setaram, Caluire-et-Cuire, France) from 150 to 450 ◦C
in air with heating rate of 7.5 ◦C min−1.

3.3. Butadiene Selective Hydrogenation Reaction

The selective hydrogenation reaction was performed in a plug flow microreactor
(inner diameter, 4 mm) either for the temperature programmed reaction (TP-reaction) or
isothermal reaction under atmospheric pressure. To simulate the real situation in industry,
which contains small amount of alkadiene impurities in alkenes, butadiene (0.3%) with
an excess of propene (30%) was employed as the unsaturated hydrocarbons mixture in
this study. The use of propene instead of butene made the butadiene hydrogenation
products (i.e., butenes and butane) easily identifiable by gas chromatography; moreover,
propene and butenes have a similar reactivity on the surface of metallic Cu [54], resulting
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in no side effect on the catalytic reaction from the introduction of propene. Specifically,
200 mg of ex situ calcined catalyst (sieve fraction, 125–200 µm) was activated in situ
under pure H2 (at 50 mL min−1) from RT to 350 ◦C (at 2 ◦C min−1) and kept for 2 h
at final temperature. After the reactor cooled down to room temperature under H2, a
mixture consisting of ~0.3% butadiene, 20% hydrogen and 30% propene in He carrier
was introduced with a total flow rate of 100 mL min−1. In the case of the temperature
programmed reaction, the catalytic reaction was carried out from 30 ◦C to 300 ◦C with
a heating rate of 1 ◦C min−1. The concentration of reactants and target products was
evaluated on-line by gas chromatography (GC2030Smart, FID detector, Tetvoc, Wuhan,
China) every 16 min, and thus every 16 ◦C. In the case of the isothermal reaction, the
reaction was carried out directly after cooling down the oven to the testing temperature.
The catalytic performance was recorded and studied as a function of time on stream for 70 h.

4. Conclusions

In summary, a highly enhanced catalytic stability of supported copper was achieved
by the synthesis of hierarchically porous-Al2O3-supported bi-metallic Cu–Zn catalysts. The
hierarchically porous Al2O3, which was synthesized by a “one drop” self-formation method,
had a macro–mesoporous structure with pore diameters 1 µm and 3.5 nm, respectively.
After calcination then reduction at 350 ◦C for 2 h, Cu–Zn nanoalloys (~4 nm), bi-metallic Cu–
Zn clusters (<2 nm) and atomically dispersed copper were found in bi-metallic Cu–Zn/HA
catalysts. The catalytic performance was evaluated by the selective hydrogenation of
butadiene in an excess of propene, and it was found that the hierarchically porous structure
largely improved the catalytic stability; i.e., the hierarchically porous-Al2O3-supported
Cu catalyst had a much higher stability (with a ~25% decrease in conversion after 70 h
of reaction) than bulk-Al2O3-supported Cu (with a ~50% decrease in conversion after
10 h of reaction), and with a similar catalytic activity and selectivity. Alloying Cu with
Zn slightly decreased the catalytic activity of Cu, but offered a high catalytic selectivity
and stability. Moreover, the synergistic effect between the porous hierarchy and alloying
could be clearly observed in the hierarchically porous-Al2O3-supported bi-metallic Cu–Zn
catalysts. Specifically, i.e., Cu1Zn3/HA (e.g., Cu1Zn1 alloy) had a catalytic stability 20 times
higher than that of Cu/HA and 160 times higher than that of Cu/CA. This study also
reveals that the introduction of both a porous hierarchy structure and catalytic promotor by
alloying could be an efficient way to improve the catalytic performance of other catalysts.
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