
Highly Dispersed Pd on Co−B Amorphous Alloy: Facile Synthesis via
Galvanic Replacement Reaction and Synergetic Effect between Pd
and Co
Jinqiang Ma,† Liang Xu,† Lei Xu,† Hao Wang,† Sen Xu,† Hexing Li,† Songhai Xie,‡ and Hui Li*,†

†The Education Ministry Key Lab of Resource Chemistry and Shanghai Key Laboratory of Rare Earth Functional Materials, Shanghai
Normal University, Shanghai 200234, P. R. China
‡Department of Chemistry, Fudan University, Shanghai 200433, P. R. China

ABSTRACT: In this paper, uniform Co−B amorphous alloy
nanospheres with an average particle size of 50 nm were
synthesized by chemical reduction of cobalt ion with
borohydride in aqueous solution containing Bu4PBr and
KCl. Then, Pd was introduced into this system by galvanic
replacement reaction (GRR) between Co and Na2PdCl4. Pd/
Co−B catalysts with different Pd content could be obtained via
adjusting the amount of Na2PdCl4 in reaction mixture. The
crystal structure, morphology, and surface electronic state of
as-prepared catalysts were characterized by XRD, TEM, XPS,
and H2-TPD. During the liquid-phase hydrogenation of 2-
ethyl-2-hexenaldehyde, the as-prepared Pd/Co−B catalysts
exhibited extremely active and more selectivity to 2-ethyl-1-hexanol than the monometallic Pd and Co−B amorphous alloy,
showing potential application in industry. The enhanced performances could be attributed to the highly dispersed Pd on the
surface of Co−B prepared by GRR and the synergetic effect between Pd and Co.
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■ INTRODUCTION
2-Ethyl-1-hexanol (EHO) is a valuable synthetic alcohol used as
a synthon for the manufacture of ester plasticizers, coating
materials, adhesives, printing inks, and impregnating agents or
as an additive in foods and beverages as a volatile flavor.1

Nowadays, practically all of the EHO is produced via the
hydrogenation of 2-ethyl-2-hexenaldehyde (EHEA) with a base
metal catalyst (Scheme 1).2,3 Catalytic hydrogenation of EHEA
can be performed in both the gas- and the liquid-phase. The
former includes harsh reaction conditions (373−523 K and
hydrogen pressures up to 3.5 MPa);1 meanwhile, one critical
issue associated with such process is the partial hydrogenation
which results in a mixture of EHO and 2-ethyl-hexanal (EHA)
as well as 2-ethyl-2-hexenol (EHEO).4 The unsaturated alcohol,

EHEO, is particularly undesirable because it is difficult to
separate EHO by distillation. To produce pure EHO,
industrially, processes for the two-step hydrogenation of
EHEA were frequently performed. Generally, in the first step
reaction, copper chromite catalysts are mainly employed to
catalyze the hydrogenation of EHEA in the vapor phase. In the
second step reaction, the condensed mixtures are then reacted
further with hydrogen in the presence of another catalytic
system, such as modified copper, nickel-, or palladium-based
catalysts.5−7 Obviously, the present industrial processes for the
production of EHO display some drawbacks in their
complicated operations (two-step process), high energy
consumption (harsh reaction conditions), and environmentally
unfriendliness (usage of Cr). Therefore, the development of
efficient and environmentally benign catalyst that permits the
synthesis of pure EHO via one-step hydrogenation of EHEA in
liquid-phase seems a promising option to tackle these
problems.
Amorphous alloys represent a new class of environmentally

friendly catalysts with higher activity, better selectivity and
stronger sulfur resistance than their crystalline counterparts
owing to their unique short-range ordered but long-range
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Scheme 1. Possible Reaction Pathways for EHEA
Hydrogenation
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disordered structure.8 As heterogeneous catalysts, amorphous
alloys have been widely studied because of their excellent
catalytic performances.8−13 Our previous studies have proved
Co−B amorphous alloys to be excellent catalysts for the
hydrogenation of aldehyde.14−18 However, the preliminary
study revealed that the EHO obtained by the liquid-phase
hydrogenation of EHEA over Co−B amorphous alloy still
contained detectable amount of EHEO. Therefore, a key issue
for this study is to introduce other active sites, which can not
only enhance the catalytic activity of the catalytic system for
EHEA hydrogenation, but also allow for the elimination of the
unsaturated alcohol intermediate. Apparently, palladium is the
most promising candidate because it is known as one of the
best catalysts for the hydrogenation of CC bonds.19 Co-
reduction of mixed metal salts is the most common method for
synthesis of bimetallic compounds; however, it is difficult to
simultaneously control the reduction and nucleation process of
two kinds of metals because of the difference in their redox
potential and chemical behaviors.20 The higher standard
reduction potential of the PdCl4

2‑/Pd pair (0.59 V vs standard
hydrogen electrode, SHE) than that of the Co2+/Co pair
(−0.28 V vs SHE) will be anticipated to lead to Pd-rich core/
Co-rich shell particles.20 Considering that hydrogenation
reactions occur on the surface of catalysts, a large fraction of
Pd in the core of the nanoparticle is wasted and undesirable.21

Moreover, co-reduction of the mixture of Pd2+ and Co2+ with
borohydride in the present of a large amount of surfactant
would result in partial oxidation of Co species.22 In this case,
design and synthesis of nanoparticles with high surface
exposure of Pd represents a promising way to economize
expensive Pd metal in the preparation of bimetallic Pd−Co
catalyst.
The approach based on galvanic replacement reaction

(GRR) provides a very facile and effective method for
generating bimetallic nanoparticle with noble metal-rich
surface.23 By using GRR, Wang et al. prepared several Pd-
based bimetallic Pd/M (M = Co, Ni, or Cu) catalysts, which
delivered enhanced catalytic activity in cyclohexen self-hydro-
genation due to the monolayer-dispersion of Pd on the non-
noble metal surface.24 Soon afterward, Wu et al. reported the
synthesis of Pd/Ni−B bimetallic nanoparticle catalyst by GRR,
which showed better catalytic activity and stability in the
hydrodechlorination of chlorobenzene compared to those over
the reference catalysts.25 Despite effectiveness, the non-noble
metals in the above-mentioned Pd/M systems were only used
as inert “support” which were inactive for the performed
catalytic reactions.24,25 Consequently, the possible synergetic
properties between two transition metals was still not clearly
illustrated. In the present work, highly dispersed Pd on Co−B
amorphous alloy was prepared by GRR. During the liquid-
phase hydrogenation of EHEA, the as-prepared Pd/Co−B
catalysts exhibited extremely higher activity and selectivity than
the monometallic Co−B and Pd catalysts. More importantly,
results from catalytic evaluation revealed “bi-site effect” in
which both metals in Pd/Co−B play specific role with respect
to the reactants. The correlation of the catalytic performances
to the structural properties has been tentatively established.

■ EXPERIMENTAL PROCEDURES
Catalyst Preparation. All of the chemicals used in this

experiment were analytical grade and used without further
purification. Co−B amorphous alloy was prepared by a
modified chemical reduction method, as we reported recently.18

First, an aqueous solution of CoCl2 (34 mL, 0.10 M) is added
into an aqueous solution of Bu4PBr (340 mL, 0.050 M). Then,
140 g of KCl is added to the above solution to form a saturated
solution. In our recent work,18 we had demonstrated that both
Bu4PBr and KCl play a key role in fabricating monodisperse
and uniformly spherical Co−B nanoparticles. Thereafter, an
aqueous solution of KBH4 (27 mL, 0.50 M) is added dropwise
under vigorous stirring at 273 K. After reaction is complete, the
black precipitate is washed free from Cl−, Br− or K+ ions with
deionized water until a pH ∼ 7 is achieved. Pd deposited on
Co−B amorphous alloy is prepared according to the following
galvanic replacement method. The purified Co−B nano-
particles are redispersed in deionized water and sonicated for
30 min. Then, a desired amount of Na2PdCl4 (1.0 mM)
aqueous solution is added into the above suspension through a
syringe pump at a rate of 0.4 mL/min under vigorous stirring.
After 30 min, the resulting solid is washed with deionized water
three times followed by three washing with ethanol (EtOH),
and finally soaked in EtOH until use. The as-prepared Pd−Co
samples are denoted as x wt %-Pd/Co−B-GR, with x wt %
referring to the Pd content and the suffix “-GR” means galvanic
replacement method. For comparison, the reference Pd−Co−B
and Pd catalysts are also synthesized. The reference Pd−Co−B
catalyst is prepared by co-reduction of an aqueous solution
containing CoCl2 and Na2PdCl4. The as-prepared catalyst is
denoted as y wt %−Pd−Co−B-CR, where y wt % refers to the
Pd content and the suffix “-CR” means co-reduction method.
Pd catalyst is prepared through chemical reduction of Na2PdCl4
aqueous solution with KBH4 aqueous solution.

Catalyst Characterization. The bulk composition and Pd
loading were analyzed by means of inductively coupled plasma
(ICP; Varian VISTA-MPX). The remaining contents of ions
were detected by energy-dispersive X-ray spectroscopy (EDS,
Bruker QUANTAX 400) on a field emission scanning electron
micrograph (FESEM; HITACHI S4800). The amorphous
structure was determined by both X-ray diffraction (XRD;
Rigaku D/Max-RB with Cu Kα radiation) and selective area
electronic diffraction (SAED; JEOL JEM-2100). Transmission
electron microscopy (TEM) and high-resolution TEM
(HRTEM) images were obtained on a JEOL JEM-2100
electron microscope, operated at an acceleration voltage of
200 kV. X-ray photoelectron spectroscopy (XPS) measure-
ments were performed on a ULVAC-PHI PHI5000 VersaProbe
system using Al Kα radiation, during which all samples were
dried and pretreated in situ in pure Ar atmosphere to avoid
oxidation. All the binding energy (BE) values were calibrated by
using C 1s = 284.6 eV) as a reference. Hydrogen temperature-
programmed desorption (H2-TPD) curves were obtained on a
Micromeritics AutoChem II 2920 instrument which can be
described as follows. The catalyst surface was purged under an
argon flow (purity of 99.997%, treated with an Alltech Oxy-
Trap column) at 523 K for 2 h. The pretreated sample was
cooled down to room temperature under argon atmosphere,
and hydrogen was preadsorbed by the sample at room
temperature for 24 h to ensure maximum uptake. The
hydrogen steam was then replaced with a carrier gas of
argon, which was kept for 2 h in order to purge the gaseous and
physisorbed hydrogen away from the catalyst cell. Then,
hydrogen desorption was carried out by raising the temperature
at a ramping rate of 10 K/min in which the released H2 was
determined by TCD.

Activity Test. Liquid-phase hydrogenation of EHEA was
carried out in a 250 mL stainless autoclave containing a certain
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amount of catalyst, 3 mL of EHEA, 40 mL of EtOH, and 1.0

MPa of H2 at 373 K. The reaction system was stirred vigorously

(800 rpm) to eliminate the diffusion effect. The reaction

mixture was sampled at intervals for products analysis on gas

chromatography equipped with a flame ionization detector and

an EC-WAX column. All results have been reproduced and the

error was limited within 5%. According to the conversion at 30

min, the specific activity (RH
m/mmol h−1 g−1) was calculated by

the stoichiometric equation of chemical reaction.

■ RESULTS AND DISCUSSION

Structural and Electronic Characteristics. ICP analysis
revealed that the bulk compositions in all the Pd/Co−B
samples were very similar to those in the precursor solution
(see Table 1). EDS data for 0.21 wt %-Pd/Co−B-GR
confirmed the absence of Cl−, Br−, K+, or Na+ species.
However, the remaining Cl− was detected as 0.18 wt % on 0.22
wt %−Pd−Co−B-CR. These results suggest that the modified
chemical reduction method and the subsequent galvanic
replacement allow the removal of residual ions completely.
But, the co-reduction of CoCl2 and Na2PdCl4 with borohydride

Table 1. Composition and Catalytic Performances of the As-Prepared Catalystsa

yield (%)

catalyst χPd
b (× 10−3) compositionc (atom%) RH

m (mmol/h g) timee (h) EHO EHA EHEO

Co−B / Co59B41 39 5.0 86 0 14
Pde / Pd / / 6 79 0
0.11 wt %-Pd/Co−B-GR 0.68 Pd0.039Co57.97B41.99 78 3.0 92 0 8
0.21 wt %-Pd/Co−B-GR 1.36 Pd0.078Co57.90B42.02 82 3.0 100 0 0
0.44 wt %-Pd/Co−B-GR 2.72 Pd0.16Co57.85B41.99 83 3.0 100 0 0
0.22 wt %−Pd−Co−B-CR 1.35 Pd0.095Co74.94B24.97 60 4.5 96 0 4
crystallized 0.21 wt %-Pd/Co−B-GRf / Pd0.078Co57.90B42.02 68 4.0 66 32 2

aReaction conditions: a catalyst containing 0.2 g Co, 3 mL of EHEA, 40 mL of EtOH, T = 373 K, PH2
= 1.0 MPa, stirring rate = 800 rpm. bNominal

composition in the precursor solution, expressed in the Pd/Co molar ratio. cMeasured by ICP analysis. eReaction time needed to reach the
maximum EHO yield. e2 mg Pd, reaction time = 4 h, 85% conversion of EHEA. fObtained by treating 0.21 wt %-Pd/Co−B-GR at 673 K for 2 h in
N2.

Figure 1. TEM images (lef t) and the corresponding size distribution histograms (right) of (a) Co−B and (b) 0.21 wt %-Pd/Co−B-GR. The insets
are the SAED patterns.
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causes the encapsulation of a large amount of Cl− in the final
sample due to the quick chemical reduction reaction.
The TEM image (Figure 1a) reveals that Co−B sample was

present in the form of uniformly spherical nanoparticles with an
average particle size around 55 nm. Crack structure with
channels radiating from the center could be clearly observed
from TEM image. The formation of crack channels is relative to
the hydrogen released during the reduction of [CoX4]

2− with
BH4

−. Because of the slow reduction rate, the growth of Co−B
was around the hydrogen flow and eventually evolved into
nanospheres with crack channels.18 The attached SAED image
displays successive diffraction halos indicative of a typical
amorphous structure.26 The almost unchanged TEM and
SAED images of 0.21 wt %-Pd/Co−B-GR (Figure 1b) show
that the Pd deposition occurred with no apparent influence on
the morphology, size, or amorphous structure of Co−B. It
should be noted that Pd particles were invisible during a wide-
scope survey of TEM observation and a typical morphology
was shown in Figure 1b. The main reasons could be attributed
to the low content of Pd species in the catalyst and a highly
dispersed of Pd. The latter one will lead to extremely small
particle sizes and poor crystalline structures, which will reduce
the contrast of Pd in TEM seriously. The elemental mapping
data supported our deduction as presented in Figure 2, which

was collected from a single sphere in 0.21 wt %-Pd/Co−B-GR.
The signals of Pd scattered enenly on the profile of sphere
while cobalt dominated the whole area. Several HRTEM
images of 0.21 wt %-Pd/Co−B-GR (Figure 3) exhibited only
several Pd nanoparticles (∼1.5 nm) with crystalline lattices. All
the d-spacings were ca. 0.224 nm, which matched with {111} of
Pd (fcc, PDF 88-2335) well.27 These images provided another
evidence for our deduction. These observations also clearly
illustrated that the actual incorporation of Pd secondary
nucleation on the surface of Co−B rather than an atomic
overlayer can be achieved by GRR between Co and [PdCl4]

2−.
The XPS spectra (Figure 4a) reveal that for all Co species in

either Co−B or 0.22 wt %-Pd/Co−B−CR, the core level of Co
2p3/2 was at 778.1 eV, indicating that all Co atoms were present
in metallic state.28 However, a small amount of oxidized Co
species were observed in 0.21 wt %-Pd/Co−B-GR, correspond-
ing to the peak at 781.1 eV, possibly due to the oxidation of
metallic Co by [PdCl4]

2−. The B species in Co−B, 0.21 wt
%-Pd/Co−B-GR, and 0.22 wt %−Pd−Co−B-CR were present

in both the elemental B and the oxidized B, with B 1s BE values
of around 188.1 and 191.8 eV (Figure 2b). The B 1s BE of the
elemental B exceeded that of pure B (187.1 eV) by 1.1 eV,29

further indicating that the elemental B is alloyed with the
metallic Co. In alloys, partial electrons may be transferred from
B to Co, as well-demonstrated previously.18 The presence of Pd
could be further confirmed by XPS analysis. Figure 4c reveal
that the Pd species in both 0.21 wt %-Pd/Co−B-GR and 0.22
wt %−Pd−Co−B-CR were present in metallic state, corre-
sponding to the BE of 335.6 and 335.1 eV in the Pd 3d5/2 core
level. In comparison with the BE value of the bulk Pd (335.1
eV),30 the BE of the Pd 3d5/2 level in 0.21 wt %-Pd/Co−B-GR
shifted positively. It is well-known that the local density of
states at the Fermi level decreases when the size of metal
particles decreases,31 which induce the formation of electron-
deficient metallic species. Thus, the positive shift of BE in Pd
3d5/2 level is probably attributed to the effect of the reduced Pd
cluster size, as demonstrated by Turner32 and Wertheim.33 As
known, it is a very useful tool for XPS to characterize the
surface electronic states, which benefits from the sensitive
surface signal detection by XPS techniques. Generally speaking,
up to 10 nm depth could be detected according to the Beer−
Lambert Law d = λ ln(Is/I0). Taking Pd 3d and Co 2p for
example, the penetration depth is about 10 nm for Pd while 5
nm for Co with Al Kα anode. Therefore, it is enough to
distinguish the Pd and Co signal from noise from the XPS
spectrum. According to the calculation based on XPS peak
areas, the surface molar ratio of Pd to Co in 0.21 wt %-Pd/Co−
B-GR was 1/15, 50 times higher than that determined by ICP
(1/744, Table 1), implying that the produced metallic Pd was
mainly present on the surface of Co−B. In contrast, the surface
molar ratio of Pd to Co in 0.22 wt %−Pd−Co−B-CR (1/8255)
was much lower than that determined by ICP (1/789, Table 1).
This could be attributed to the coverage of the surface of Pd by
Co−B, due to the consecutive reduction of [PdCl4]2− and Co2+.

Figure 2. TEM image of a single sphere in 0.21 wt %-Pd/Co−B-GR
and elemental mapping data for the sphere.

Figure 3. HRTEM image of 0.21 wt %-Pd/Co−B-GR.
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The XRD patterns presented in Figure 5 further confirmed
that deposition of Pd on the surface of Co−B had no influence

on the amorphous structure of Co−B, because only one broad
peak centered at 2θ = 44° was observed for both the Co−B and
the as-prepared 0.21 wt %-Pd/Co−B-GR.34 Heat treatment of
the fresh 0.21 wt %-Pd/Co−B-GR sample (at 673 K in N2 for 2
h) resulted in the appearance of several diffraction peaks
corresponding to metallic Co and crystalline Co−B alloy
(Figure 5c), suggesting a transformation from an amorphous
structure to the crystalline structure, together with partial
decomposition of Co−B amorphous alloy to metallic Co.18 In
addition, no diffraction peaks characteristic of Pd species were
detected from the XRD patterns of the fresh and thermal-
treated 0.21 wt %-Pd/Co−B-GR, which was most likely related
to the low Pd content and the high dispersion of the Pd.
Thus, considering the results from TEM, SAED, XPS, and

XRD, one can conclude that highly dispersed Pd nanoparticles
on the surface of Co−B amorphous alloy can be controllably
prepared by the present approach (Scheme 2).
Catalytic Performances. Figure 6 showed the changes of

solution composition with reaction time during EHEA
hydrogenation over Co−B, Pd, and 0.21 wt %-Pd/Co−B-GR
catalysts. For Co−B amorphous alloy, except for the
production of EHO, EHA and EHEO were identified as two

byproducts (Figure 6a). Therefore, the reaction to the saturated
alcohol over Co−B can proceed through the saturated aldehyde
or the unsaturated alcohol according to Scheme 1. Although
EHO can be obtained with high yield (>80%) over Co−B,
unsaturated alcohol (EHEO) could not be hydrogenated
completely to the final product under the present conditions.
This is might due to the competitive adsorption of EHO
against EHEO on the catalyst surface, causing difficulty in the
hydrogenation of CC bonds at high EHO concentration. It is
important to note that the main product of EHEA hydro-
genation over Pd catalyst is EHA (Figure 6b). Additionally, no
significant EHEO was detected throughout the hydrogenation
process (Figure 6b), indicating Pd so preferred the hydro-
genation of CC bonds rather than that of CO bonds in
EHEA molecules that the present EHEA hydrogenation over
Pd was a consecutive reaction. This should be attributed to the
smaller d-bandwidth of Pd relative to Co, which weakens the
four-electron repulsive interactions with the CC bonds and
thus, raising the probability of the adsorption of CC bonds
on Pd.35 When mechanical mixtures of 0.5 mg Pd with the as-
prepared Co−B was used as catalysts, the reaction profile
(Figure 7a) was very similar to that for Co−B catalyst (Figure
6a), except for a slight acceleration for the hydrogenation of
CC bonds in EHEA according to the content changes of
EHEA and EHA within 2 h. This further confirmed that Pd was
relative inactive for the hydrogenation of CO under the
present conditions. However, incorporation of same amounts
of Pd to the surface of Co−B through GRR enhanced the
catalytic efficiency greatly (Table 1 and Figure 6c), apparently
arising from the bi-site effect. For all of the x wt %-Pd/Co−B-

Figure 4. (a) Co 2p, (b) B 1s, and (c) Pd 3d XPS of sample surface: (1) Co−B, (2) 0.21 wt %-Pd/Co−B-GR, and (3) 0.22 wt %−Pd−Co−B-CR.

Figure 5. XRD patterns of (a) the fresh Co−B, (b) the 0.21 wt %-Pd/
Co−B-GR, and (c) the 0.21 wt %-Pd/Co−B-GR sample after being
treated at 673 K for 2 h in N2 flow.

Scheme 2. The Formation Process of Pd/Co−B-GR
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GR catalysts, a comparison of activity revealed that the amount
of Pd had a considerable influence on the catalytic efficiency.
Considering of the catalytic activity and the cost of Pd, 0.21 wt
%-Pd/Co−B-GR was selected for the following studies. Abrupt
decrease in activity and yield of EHO was observed for the 0.21
wt %-Pd/Co−B-GR sample treated at 673 K for 2 h in N2 flow
relative to the fresh catalyst, which was mainly due to the
crystallization and decomposition of the Co−B amorphous
alloy (Figure 5c).
From Figure 6c, it can be clearly seen that 0.21 wt %-Pd/

Co−B-GR displayed a much different reaction pathway of
EHEA hydrogenation with that over Co−B (Figure 6a). Nearly
90% of EHEA were converted within 1 h, and more than 67%
of them were hydrogenated to EHA. Additionally, the content
of the intermediate compound EHEO resulting from the sole
hydrogenation of CO bonds in EHEA was very low over
0.21 wt %-Pd/Co−B-GR during the whole process of the test.
These observations imply that the highly dispersed Pd on the
surface of Co−B is largely responsible for the hydrogenation of
CC bonds in EHEA. This should be mainly attributed to the
large number of Pd active sites in 0.21 wt %-Pd/Co−B-GR due

to the high exposure of Pd, which allows more hydrogen and
EHEA molecules to be adsorbed. Besides, increased hydro-
genation ability for CO bonds associated with the
incorporation of Pd can be found by comparing Figure 6a
and Figure 6c. Figure 6a shows that 3 h was needed to
hydrogenate about 20% EHA to EHO over Co−B. In contrast,
0.21 wt %-Pd/Co−B-GR could convert 60% of EHA to EHO
within 2 h (Figure 6c). To rule out the influence resulted from
other compounds, we tested the catalytic activity of Co−B and
0.21 wt %-Pd/Co−B-GR for the hydrogenation of EHA in a
control experiment (Figure 8). Apparently, 0.21 wt %-Pd/Co−
B-GR exhibits much greater activity for EHA hydrogenation
than Co−B catalyst. Because Pd is relative inactive for the
hydrogenation of CO bonds under the present conditions,
the catalytic activity enhancement of Co−B for the hydro-
genation of CO bonds by incorporation of Pd indicated that
there is a synergetic effect between Pd and Co, which can be
demonstrated by H2-TPD results. Figure 9 shows the H2-TPD
curves of Pd, Co−B and 0.21 wt %-Pd/Co−B-GR catalysts. In
the trace of Pd catalyst (Figure 9a), only one desorption peak at
low temperature (353 K) was observed, which can be ascribed

Figure 6. Reaction profiles of EHEA hydrogenation over (a) Co−B, (b) Pd, and (c) 0.21 wt %-Pd/Co−B-GR. (■) EHEA, (□) EHO, (△) EHA,
and (▽) EHEO. Reaction conditions are given in Table 1.

Figure 7. Reaction profiles of EHEA hydrogenation over (a) Pd (0.5 mg) + Co−B, and (b) 0.22 wt %−Pd−Co−B-CR. (■) EHEA, (□) EHO, (△)
EHA, and (▽) EHEO. Reaction conditions are given in Table 1.
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to the hydrogen species from the surface of metallic Pd.36 For
Co−B catalyst (Figure 9b), the H2-TPD profile reveals a
principal desorption peak located at 683 and a small peak at
524 K, suggesting that Co−B contained uniform Co active sites.
Besides the above-mentioned three desorption peaks, two
obvious peaks at 474 and 637 K appeared in 0.21 wt %-Pd/
Co−B-GR (Figure 9c). More interestingly, the great amount of
hydrogen desorbed at 637 K resulted in nonstoichiometric H/
M ratio. The hydrogen species desorbed at these additional
temperatures could be due to the spillover hydrogen. That is,
the active hydrogen formed on the surface of Pd would
spillover to and store on the surface of Co.37 Xia et al.38 studied
Pd−Cu and Wu et al.25 studied Pd−Ni, and came to similar
conclusions, i.e., that hydrogen was adsorbing on Pd and
spilling over onto Cu or Ni. In terms of heterogeneous
catalysis, spillover is a well-documented phenomenon,37 which
can enhance H2 activation ability and thus improve the
hydrogenation activity. Our H2-TPD experiments confirmed
that the dispersion of Pd on the surface of Co−B could provide
a much-higher concentration of active hydrogen via hydrogen
spillover from Pd to Co, which gives rise to the fast
hydrogenation of CO. Despite similar Pd content, 0.21 wt
%-Pd/Co−B-GR was distinctly superior to the reference 0.22
wt %−Pd−Co−B-CR, since complete conversion of EHEA to
EHO can be achieved within 3 h over the former (Figure 6c)
while 4.5 h was needed to convert EHEA to EHO with 96%

yield over the latter (Figure 7b). The superior catalytic
properties of 0.21 wt %-Pd/Co−B-GR should be mainly
attributed to their larger number of exposed Pd relative to that
in 0.22 wt %−Pd−Co−B-CR, as demonstrated by the
aforementioned XPS analysis, which would allow more
favorable hydrogenation of CC bonds by metallic Pd.
We compared the catalytic efficiencies of 0.21 wt %-Pd/Co−

B-GR with the classical systems generally used in industry,
including Cu/Zn/Al, Cu−Cr and Cu−Ni. As shown in Figure
10, the as-prepared 0.21 wt %-Pd/Co−B-GR exhibited much

greater EHO yield compared with the Cu-based catalysts. The
superior catalytic properties of the as-prepared catalyst can be
attributed to the bi-site effect of Pd/Co−B in which both
metals play specific role with respect to the reactants.
The recycling test (Figure 11) shows that 0.21 wt %-Pd/Co−

B-GR catalyst can be use repetitively 5 times with a slight loss
of activity (10%). ICP analysis reveals that no leaching of Pd or
Co species could be detected in the reaction mixtures during
repetitive runs, implying that this catalyst was stable against the
chelating effect of the reactant and product. Meanwhile, no
significant agglomeration of Pd nanoparticles could be observed

Figure 8. Time−conversion curves of EHA hydrogenation to EHO
over (a) Co−B and (b) 0.21 wt %-Pd/Co−B-GR. Reaction
conditions: a catalyst containing 0.2 g of Co, 3 mL of EHA, 40 mL
of EtOH, T = 373 K, PH2

= 1.0 MPa, stirring rate = 800 rpm.

Figure 9. H2-TPD profiles of catalysts: (a) Pd, (b) Co−B, and (c) 0.21
wt %-Pd/Co−B-GR. The signals of (b) and (c) are normalized based
on unit mass Co.

Figure 10. EHEA conversion and selectivity to EHO obtained on 0.21
wt %-Pd/Co−B-GR, Cu/Zn/Al, Cu−Cr and Cu−Ni during EHEA
hydrogenation. Reaction conditions: a catalyst containing 0.2 g of Co
or Cu, 3 mL of EHEA, 40 mL of EtOH, T = 373 K, PH2

= 1.0 MPa,

stirring rate = 800 rpm, t = 3 h.

Figure 11. Recycling test of 0.21 wt %-Pd/Co−B-GR catalyst for
EHEA hydrogenation. Reaction conditions: a catalyst containing 0.2 g
of Co, 3 mL of EHEA, 40 mL of EtOH, T = 373 K, PH2

= 1.0 MPa,

stirring rate = 800 rpm, t = 3 h.
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over the reused catalyst after 5 consecutive runs (Figure 12a).
At the end of the fifth cycle, the weight decrease of catalyst was

4.5% while no significant change in the composition of catalyst
was determined by ICP analysis, suggesting that the loss of
catalyst during the washing procedure is one factor responsible
for the decrease of the EHEA hydrogenation during the
recycling test. Additionally, partial crystallization occurred for
the spent 0.21 wt %-Pd/Co−B-GR catalyst (Figure 12b), which
was also responsible for its deactivation.

■ CONCLUSIONS
In summary, highly dispersed Pd on the surface of Co−B
amorphous alloy could be achieved through a two-step
approach by using galvanic replacement reaction. During the
liquid-phase hydrogenation of 2-ethyl-2-hexenaldehyde to 2-
ethyl-1-hexanol, such novel Pd/Co−B catalysts delivered
excellent activity than that associated with the reference
monometallic catalysts, due to the significant bi-site effect.
Our findings demonstrate the advantages of the present
method, making it possible to prepare other efficient bimetallic
catalysts and giving new levels of control over the structures
and catalytic properties.
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Figure 12. (a) HRTEM image and (b) XRD pattern of 0.21 wt %Pd/
Co−B-GR after five consecutive runs for EHEA hydrogenation. The
reaction conditions are listed in Figure 10.
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