
Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2018.21751

101 (2018) 242–253
January

* Corresponding author.

1944-3994/1944-3986 © 2018 Desalination Publications. All rights reserved.

Hydrodechlorination of 4-chlorophenol on Pd–Cu/activated carbon bimetallic 
catalysts

Xu Fanga, Jinbo Zhaoa, Deren Fanga,b,*
aInstitute of Applied Catalysis, Yantai University, Yantai 264005, China, emails: fdr@ytu.edu.cn (D. Fang), 
164196917@qq.com (X. Fang), shenyenicai@163.com (J. Zhao) 
bLight Hydrocarbon Comprehensive Utilization Engineering Center, Yantai University, Yantai 264005, China

Received 24 June 2017; Accepted 29 November 2017

a b s t r a c t 
In this study, a series of activated carbon (AC)-supported Pd–Cu bimetallic catalysts were prepared 
using the sequential incipient wetness impregnation method, and another series of nonsupported 
Pd–Cu bimetallic catalysts was prepared using the reversed-phase microemulsion method. The per-
formance of these catalysts in the hydrodechlorination (HDC) of 4-chlorophenol (4-CP) was investi-
gated. The catalysts were characterised using temperature-programmed reduction, X-ray diffraction, 
X-ray photoelectron spectroscopy, high-resolution transmission electron microscopy (HRTEM), and 
scanning electron microscopy–energy-dispersive X-ray spectroscopy (SEM–EDS). The results demon-
strated that the Pd–Cu/AC catalysts achieved fast conversion of 4-CP and exhibited high selectivity for 
phenol and that Pd was the active centre for the HDC reaction of 4-CP. For low Cu content, the main 
function of Cu was to separate the Pd particles to prevent them from growing; when the Cu content 
exceeded a certain threshold, the catalytic activity decreased. Specifically, the catalytic activity of the 
catalysts decreased when the Pd particles were doped with Cu. HRTEM and SEM–EDS demonstrated 
that a Cu–Pd alloy formed in the nonsupported Pd–Cu catalysts and that these catalysts exhibited 
lower catalytic activity in the HDC of 4-CP than the supported Pd–Cu/AC bimetallic catalysts. The 
formation of a Cu–Pd alloy was not conducive to the HDC reaction. The results indicated that the 
active centre for the formation of cyclohexanone may be point or line defects on the edge of Pd particle 
junctions with the carrier. The HDC reaction of 4-CP is a structure-sensitive reaction.
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1. Introduction

Chlorophenols (CPs) generally exhibit high toxicity and 
poor biodegradability and can have adverse effects on the 
environment and humans, despite their widespread use as 
end products or intermediates in pesticides, disinfectants, 
wood preservatives, and personal care formulations [1,2]. 
Therefore, the investigation of environmentally safe meth-
ods of CP disposal is a critical field of research. Conventional 
destructive techniques—such as biological [3], thermal [4], 
and chemical techniques [5]—of treating CP waste streams 
have limited applicability [6]. Hydrodechlorination (HDC) 

may be a potential solution because it is a clean, relatively 
inexpensive, and efficient technique that can be used under 
mild conditions; moreover, it substantially reduces the toxic-
ity of CP waste streams and is effective for a wide range of CP 
concentrations [7,8]. 

Studies on the catalytic HDC of CPs in aqueous solu-
tions have mainly focused on single noble metal sup-
ported catalysts such as Pd [6,9–12,14–17], Pt [6,18,19], and 
Rh [6,16,20,21]. Among these metals, Pd is the most active 
and selective catalyst. Recently, Pd–M bimetallic catalysts 
such Pd–Cu/Al2O3 [22], Pd–In/Al2O3 [23], Pd–Bi/Al2O3 [24], 
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Pd–Bi/SiO2 [24], and Pd–Fe/Al2O3 [25] have drawn greater 
attention and shown higher activity in liquid-phase HDC 
than other catalysts [26]. Numerous researchers have con-
cluded that HDC is a structure-sensitive reaction and that the 
catalyst carrier plays a crucial role in the reaction [16,27–29]. 
Through conducting an experiment, De Pedro et al. [30] con-
cluded that a Pd/activated carbon (AC) catalyst maintains 
constant activity at a considerably higher rate compared with 
the residual activity of a Pd/Al2O3 catalyst. Dong et al. [13] 
discovered that a novel fibrous nanosilica-based nanocata-
lyst used in the catalytic reduction HDC of 4-chlorophenol 
(4-CP) had a dandelion-like shape, high surface area, and 
easily accessible active sites. Furthermore, he found that Ni 
metal–organic framework–derived N-doped magnetic meso-
porous carbon-supported Pd nanoparticle catalysts exhibited 
high catalytic stability and recyclability in the catalytic reduc-
tion HDC of 4-CP [31]. Other studies have demonstrated that 
the catalytic performance of supported noble metal catalysts 
is affected by the size and structure of the metal particles 
[16,25,27,32,33]. Karanjit et al. [34] found that the stabilisa-
tion effect of Au on Pd changed the reactivity of the Pd in Au/
Pd bimetallic nanoclusters, altering the reaction mechanism 
from homogeneous to heterogeneous in the HDC of aryl 
chlorides. Zhou et al. [35] also discovered that bimetallic cat-
alysts had smaller metal particles and more exposed active 
sites than monometallic catalysts. 

We previously investigated the catalytic activity of 
Pd–Cu/Al2O3 and Pd–In/Al2O3 bimetallic catalysts in the 
HDC of 4-CP in an aqueous phase and found that the addi-
tion of a small quantity of Cu or In improved the catalytic 
activity of Pd/Al2O3 [22,23]. The AC-supported palladium–
copper bimetallic catalyst was confirmed to have the high-
est catalytic activity using a denitrification experiment [36]. 
The performance of AC-supported Pd–Cu/AC bimetallic 
catalysts in the HDC of 4-CP in the aqueous phase has not 
yet been reported, nor the effect mechanism of Cu towards 
Pd has been studied. In the present paper, we describe the 
performance of bimetallic catalysts Pd–Cu/AC in the HDC 
of 4-CP in the aqueous phase. The reaction rates of some Pd–
Cu/AC catalysts were found to be higher than those of Pd–
Cu/Al2O3 catalysts, and these Pd–Cu/AC catalysts also have 
higher phenol selectivity. This is because the AC support 
promotes the catalytic activity and restrains tandem reaction. 
A preliminary study was also performed to investigate the 
effect mechanism of Cu towards Pd in the catalysts. To the 
best of our knowledge, these results have not been reported 
by other studies and clarify this situation.

2. Experimental

2.1. Catalyst preparation

The method for preparing Pd–Cu/AC bimetallic catalysts 
was adopted from a previous study [23]. The Pd content 
was fixed at 1 wt%, and the Cu content was varied to obtain 
Cu/Pd molar ratios of 0.1/1, 0.3/1, 0.5/1, 1/1, and 3/1. The cor-
responding catalysts were designated as CuPd-0.1/1, CuPd-
0.3/1, CuPd-0.5/1, CuPd-1/1, and CuPd-3/1, respectively. 

The nonsupported Pd–Cu bimetallic catalysts were pre-
pared using the reversed-phase microemulsion method. 
Reverse microemulsion was prepared through mixing 50 mL 
of cyclohexane, 30 mL of isopropanol, and 3 g of dodecyl 

sodium sulphate in a flask. The same mixture was prepared 
in two separate flasks. The reverse microemulsion (water-
in-oil) was vigorously magnetic stirred at 30°C for 2 h [37]. 
Subsequently, the designated amount of aqueous PdCl2 and 
aqueous Cu(NO)3 was added to one flask and magnetically 
stirred for 0.5 h. Under identical conditions, the designated 
amount of aqueous NaBH4 was added to another flask. The 
two flasks were then mixed together rapidly. After 2 h of stir-
ring, the compound was filtered and washed several times 
with deionised water to remove residual surfactants and 
organic solvents. Similarly to the supported catalysts, the Pd 
content was fixed at 1 wt% and the Cu content was varied to 
obtain Cu/Pd molar ratios of 0.1/1, 0.3/1, 0.5/1, 1/1, and 3/1; the 
corresponding catalysts were designated as CuPd(me)-0.1/1, 
CuPd(me)-0.3/1, CuPd(me)-0.5/1, CuPd(me)-1/1, and 
CuPd(me)-3/1, respectively.

2.2. Catalytic HDC

HDC of 4-CP was performed at atmospheric pressure in 
a mixing glass tank reactor with electromagnetic stirring to 
ensure full contact between the catalyst and reactant. After 
reduction, 0.2 g of the catalyst was added to a 400 mL aque-
ous mixture of 4-CP (1,000 ppm) and NaOH (NaOH/4-CP 
molar ratio was 1.1/1). Subsequently, H2 was introduced 
into the reactor at a rate of 50 mL min–1, thus initiating the 
HDC. After the reaction, 1 mL of the solution was extracted 
at defined intervals and analysed using gas chromatography 
with a flame ionisation detector and a polyethylene glycol 
capillary column.

2.3. Catalyst characterisation

X-ray diffraction (XRD) patterns of the solid products 
were obtained using a Shimadzu XRD-6100 X-ray diffrac-
tometer (Cu Kα radiation) equipped with a computer system 
for automatic operation and data processing [22].

X-ray photoelectron spectroscopy (XPS) was performed 
using a PHI 5000 VersaProbe spectrometer equipped with 
a high-performance Al monochromatic source. XPS spectra 
were referenced to the C1s peak at 284.6 eV.

High-resolution transmission electron microscopy 
(HRTEM) images were obtained using a JEM-200CX electron 
microscope equipped with a computer system for automatic 
operation and data processing. The particle morphologies 
of Pd and Cu were also determined using HRTEM. HRTEM 
images were analysed using the software Digital Micrograph 
Demo [38].

Temperature-programmed reduction (TPR) was per-
formed using a TP5000 multifunction absorber [22].

H2–O2 pulse chemisorption measurements of the cata-
lysts were also performed using the TP5000 multifunction 
absorber and a thermal conductivity detector [23]. The Pd 
surface areas and dispersions of the catalysts are listed in 
Table 1.

Scanning electron microscopy (SEM) images were 
obtained using a Hitachi S-4800 field-emission scanning 
electron microscope equipped with a computer system for 
automatic operation and data processing. A dried sample 
was carefully transferred to a carbon tape on the SEM tem-
plate, coated using a gold coater, and analysed at 10 kV. 
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Energy-dispersive X-ray (EDX) experiments were performed 
using an EX-350 EDX microanalyser equipped with a com-
puter system for automatic operation and data processing. 
EDX mapping was performed to visualise the elemental and 
spatial information. The particle morphology of Pd and Cu 
was determined through transmission electron microscopy 
(TEM) using a JEOL JEM2000EXII microscope.

3. Results and discussion

Fig. 1 shows the H2-TPR profiles of the catalysts, in which 
1% Pd and 1% Cu show only one reduction peak and have 
reduction temperatures of 355 and 476 K, respectively. The 
negative peak for 1% Pd at 400 K corresponds to the decom-
position of Pd β-hydride.

The TPR profiles of the Pd–Cu bimetallic catalysts dif-
fer from those of the monometallic catalysts. The reduction 
peaks centred at 355 and 453 K were attributed to PdO and 
CuO, respectively. The reduction peak between PdO and 
CuO may be attributable to the successive reduction of PdO 
and CuO; PdO was first reduced to metal Pd, after which the 
hydrogen molecules that had adsorbed onto its surface dis-
sociated into hydrogen atoms, which overflowed to the sur-
face of CuO in contact with the Pd particles, forming a Pd–Cu 
particle, in which some type of reaction between Pd and Cu 
occurred. Increasing the Cu content increased the complexity 
of the TPR profiles. The TPR profiles of the CuPd-3/1 catalyst 

have a middle peak at approximately 412 K. The number of 
peaks increased with an increase in Cu content, indicating the 
presence of Pd–Cu particles with some Pd–Cu interaction in 
the catalyst. The TPR results show that as the Cu content was 
increased, the interaction between PdO and CuO increased 
and the reduction products became more diverse. The TPR 
profiles of the catalysts may indicate the existence of sepa-
rate CuO particles and PdO particles and the overlap of some 
CuO particles and PdO particles in the catalyst’s precursor. 
During the process of reduction, the former were changed to 
discrete Cu and Pd particles, whereas the latter were altered 
to a variety of intimate-contact Pd–Cu particles with different 
compositions. Another noteworthy phenomenon was that 
the peak corresponding to Pd β-hydride decomposition was 
absent in the profiles of all Pd–Cu bimetallic catalyst sam-
ples, which may indicate that the presence of Cu altered the 
crystal structure of Pd particles, making the generation of Pd 
β-hydride unfavourable. This is also explained from the con-
clusion that interaction between Pd and Cu did occur.

Fig. 2 presents the XRD patterns of the catalysts. 
Diffraction peaks corresponding to Pd at 2θ values of 40.1°, 
46.6°, and 68.1° were expected for the Pd–Cu/AC catalysts. 
The figure shows that the intensity of the Pd peaks gradu-
ally decreases with an increase in Cu content, indicating that 
increasing the Cu content caused the Pd surface to become 
covered by Cu, forming Pd–Cu particles with some struc-
tural differences from pure metal Pd [22]. Additionally, with 
an increase in Cu content, the peak intensity at a 2θ value of 
44.5° gradually increased. We speculate that this peak corre-
sponds to Cu–Pd particles; thus, the microstructure of these 
particles requires further investigation.

Table 1 lists the Pd surface area and dispersion of the 
catalysts that had AC as a carrier. The bimetallic catalysts 
with Cu/Pd molar ratios of 0.1/1, 0.3/1, and 0.5/1 (CuPd-0.1/1, 
CuPd-0.3/1, and CuPd-0.5/1, respectively) had higher Pd 
dispersion and surface areas than the 1% Pd monometallic 
catalyst. This was due to the presence of a small amount of 
copper, which isolated the Pd. However, the Pd–Cu/AC bime-
tallic catalysts with Cu/Pd molar ratios of 1/1 and 3/1 (CuPd-
1/1 and CuPd-3/1) exhibited lower Pd dispersion and surface 
areas than the 1% Pd monometallic catalyst, indicating that 

Table 1
Dispersion of Pd and surface area of the catalysts with AC as the 
carrier 

Catalysts Molar ratios 
of Cu/Pd

Pd 
dispersion (%)

Pd surface 
area (m2 g–1)

1%Pd – 28.1 62.5
CuPd-0.1/1 0.1/1 35.9 80.1
CuPd-0.3/1 0.3/1 41.6 92.7
CuPd-0.5/1 0.5/1 32.4 72.2
CuPd-1/1 1.0/1 21.8 48.7
CuPd-3/1 3.0/1 14.3 31.8

Fig. 1. TPR profiles of the catalysts.
Fig. 2. XRD patterns of the reduced catalysts with various Cu–Pd 
molar ratios.
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adding Cu altered the Pd dispersion and surface area of the 
bimetallic catalysts. This may be because of a large amount 
of copper and palladium cross-distribution in which some of 
the Pd surface was overlapped by Cu, resulting in Pd surface 
area and dispersion decreases.

The 3d Pd XPS spectra of the CuPd-0.3/1 and CuPd-3/1 
catalysts (Fig. 3(a)) have two main peaks at 335.1 and 340.3 eV, 
which correspond to the Pd 3d5/2 and Pd 3d3/2 binding ener-
gies of Pd0, respectively [39]. This demonstrates that adding 
Cu to the Pd monometallic catalyst does not change the state 
of metal Pd. The 2p Cu XPS spectra of the CuPd-0.3/1 and 
CuPd-1/1 catalysts (Fig. 3(b)) have two main peaks at 932.6 
and 952.5 eV, which correspond to the Cu 2p3/2 and Cu 2p1/2 
binding energies of Cu0, respectively [40]. These results reveal 
the presence of metal-state Pd and Cu in the catalysts. 

The HRTEM results presented in Fig. 4 indicate that the 
Pd particle sizes of the catalysts were in the range of 1–6 nm 
and Fig. S1 indicates that the mean particle sizes of the CuPd-
0.3/1, CuPd-0.5/1, CuPd-1/1, and CuPd-3/1 catalysts were 2.5, 
3.1, 3.4, and 4.3 nm, respectively. These results demonstrate 
that the catalyst particle size increased with the Cu content, 
indicating that the Pd particles became covered by Cu par-
ticles at higher Cu contents, which increased the grain size 
(observed in the micrographs) and decreased the particles’ 
catalytic activity.

TEM/EDX images (Fig. 5) demonstrate that Pd and Cu 
coexisted in the same microzone of CuPd-0.5/1. We can 
clearly distinguish Cu and Pd particles in Figs. 5(b) and (c). 
Moreover, the Cu and Pd were evenly distributed on the cat-
alyst surface. 

After combining the TPR, XRD, XPS, H2 pulse chemisorp-
tion, and TEM results, we concluded that during the reduc-
tion process, CuO and PdO were reduced to metal-state Cu 
and Pd, and Pd and Cu particles were separately dispersed 
on the surface of the catalysts when the Cu/Pd molar ratio 

was low. The characterisation results also reveal that some 
Pd–Cu particles formed a special structure after the reduction 
when the Cu/Pd molar ratio was high, which according to the 
TEM micrographs explains why the Pd particles in the CP-5 
catalyst were larger than those in the CuPd-0.3/1 catalyst 
(Fig. 6). This means that the particles observed in the TEM 
micrographs were not pure Pd particles but Pd–Cu particles 
with some range of compositions and structures. Because the 
Pd and Cu content were low in the catalysts, the composition 
and structure of the Pd–Cu particles were not easily detected. 
Nonetheless, we can be certain that the Pd–Cu particles were 
not a compound that had a fixed composition.

Fig. 6 illustrates the performance of the catalysts in the 
HDC reaction. The catalytic activity of the various catalysts dif-
fered considerably and was in the order of CuPd-0.3/1 > CuPd-
0.1/1 > CuPd-0.5/1 > 1% Pd > CuPd-0.1/1 > CuPd-3/1 > 1% Cu. 
The 4-CP was completely hydrodechlorinated within 30 min. 
By contrast, at the Cu/Pd molar ratios of 1/1 and 3/1, the 4-CP 
was not completely hydrodechlorinated even after 2 h. 

The graph shows that the 1% Pd/AC catalyst converted 
the 4-CP completely within 60 min, whereas the 1% Cu/AC 
catalyst converted only a small amount of the 4-CP, even after 
2 h. This implies that the active centre for the HDC of 4-CP 
was Pd. At low Cu/Pd molar ratios, the catalytic activity of 
the catalysts increased with the Cu/Pd molar ratio because 
the presence of Cu increased the dispersion of Pd particles 
(Table 1). With a further increase in the Cu content, however, 
the HDC reaction rate gradually decreased. In particular, at 
the Cu/Pd molar ratio of 3/1, the reaction speed was extremely 
low. De Pedro et al. [30] prepared a Pd/AC catalyst that had 
a conversion rate of only 70%; Karanjit et al. [34] prepared a 
Pd/Au catalyst that had a conversion rate of only 51%.

According to gas chromatography–mass spectrometry 
analysis, in addition to phenol, cyclohexanone was pro-
duced in the HDC of 4-CP in the aqueous phase, indicating 
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Fig. 3. XPS spectra of the CuPd-0.3/1 and CuPd-3/1 catalysts: (a) Pd 3d and (b) Cu 2p.
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that the HDC of 4-CP with a Cu–Pd/AC catalyst was also a 
tandem reaction in which the 4-CP was first hydrogenated 
to form phenol, which was further hydrogenated to form 

cyclohexanone; the reaction pathway is displayed in Fig. 7 
[22,23]. Fig. 8 illustrates the variation in the selectivity of the 
catalysts, from which we concluded that the catalyst selectiv-
ity for PhOH was in the order of CuPd-3/1 ≈ 1% Cu > CuPd-
1/1 > 1% Pd > CuPd-0.5/1 > CuPd-0.1/1 > CuPd-0.3/1, whereas 
the selectivity for cyclohexanone was in the reverse order. The 
selectivity of all the catalysts for phenol gradually decreased 

(a) (b)

(c) (d)

Fig. 4. HRTEM micrographs of the reduced catalysts (a) CuPd-0.3/1; (b) CuPd-0.5/1; (c), CuPd-1/1; and (d) CuPd-3/1.

(a) (b)

(c)

Fig. 5. TEM/EDX images of catalyst CuPd-0.5/1 (a) Cu/Pd = 0.5/1, 
(b) Cu Kα1 in CuPd-0.5/1, and (c) Pd Lα1 in CuPd-0.5/1.

Fig. 6 Influence of catalysts composition on the conversion of 
4-CP.
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with the reaction time, except for CuPd-3/1 and 1% Cu, which 
exhibited no activity for the production of cyclohexanone. 
By contrast, the selectivity of all the catalysts for cyclohexa-
none gradually increased with the reaction time. Fig. 6 shows 
that the catalytic activity of the catalysts was in the order 
of CuPd-0.3/1 > CuPd-0.1/1 > CuPd-0.5/1 > 1% Pd > CuPd-
0.1/1 > CuPd-3/1 > 1% Cu in an aqueous solution. Competitive 
hydrogenation of phenol occurred during the HDC of 4-CP 

over 1% Pd and using all Cu–Pd/AC bimetallic catalysts. For 
example, when CuPd-0.3/1 was used in the HDC of 4-CP, the 
4-CP was completely hydrogenated after 30 min. The catalyst 
selectivity for phenol and cyclohexanone was approximately 
99.3% and 0.7%, respectively, indicating that the HDC of 4-CP 
and the hydrogenation of phenol proceeded simultaneously 
over a Cu–Pd/AC bimetallic catalyst. For comparison, the 
Pd–In/Al2O3 catalyst selectivity for phenol and cyclohexa-
none was approximately 97.3% and 2.7%, respectively [23].

Comparing these results with those for the Cu–Pd/Al2O3 
bimetallic catalysts [22], it was found that the Cu–Pd/AC 
bimetallic catalysts not only have higher catalytic activity 
but also higher phenol selectivity. In the case of Cu–Pd/Al2O3 
bimetallic catalyst, the complete hydrogenation of 4-CP took 
at least 60 min and the selectivity of phenol was in the range 
of 70%–90%. The results demonstrated that in addition to 
catalytic activity, the carrier affected the selectivity of the 
reaction, indicating that the carrier might participate in the 
hydrogenation of phenol into cyclohexanone. 

By combining the results of the catalyst characterisation and 
the HDC reaction, we concluded that for lower Cu/Pd molar 
ratios, Cu and Pd particles mostly existed in separate states, 
forming small Pd particles and the catalytic activity increasing 
as the ratio was increased; in the case of higher Cu/Pd molar 
ratios, however, Cu and Pd particles overlapped and Cu cov-
ered the surface of Pd, forming Pd–Cu particles with a special 
sketch map (Fig. 9). This reduced the surface area of the Pd and 
thus reduced the catalytic activity of the catalyst. 

OH

Cl

Pd, H2
NaOH

OH

Pd, H2

O

Fig. 7. The equation of the HDC of 4-CP.

Fig. 8. Influence of the catalysts on the hydrogenation products. Fig. 9. Structure of the atomic arrangement.
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To further study the coexisting state of Cu and Pd in the 
catalysts, as well as the modulation mechanism of Cu on the 
Pd catalyst, we prepared a series of nonsupported Pd–Cu 
bimetallic catalysts using the reversed-phase microemulsion 
method and tested their catalytic activity for the HDC of the 
4-CP (Fig. 7). The morphological and microarea compositions 
were simultaneously characterised using HRTEM (Fig. 11) 
and SEM–EDS (Fig. 12) to further confirm the Cu–Pd inter-
action in the catalysts. 

Fig. 10 illustrates the performance of the nonsupported 
catalysts in the HDC reaction of 4-CP. The catalytic activity 

was in the order of nano-Pd > CuPd(me)-0.1/1 > CuPd(me)-0.
3/1 > CuPd(me)-0.5/1 > CuPd(me)-1/1 > CuPd(me)-3/1. Thus, 
the catalytic activity of the nonsupported Pd–Cu bimetallic 
catalysts decreased monotonously with increasing Cu con-
tent. Furthermore, the catalytic activity of the nonsupported 
Pd–Cu bimetallic catalysts was lower than that of the supported 
Cu–Pd/AC bimetallic catalysts with the same composition. 
Another crucial phenomenon observed for the nonsupported 
Pd–Cu bimetallic catalysts was that the only hydrogenated 
product was phenol; no cyclohexanone was detected. These 
results differ from the HDC reaction of 4-CP with Cu–Pd/AC 
catalysts; the hydrogenation of phenol into cyclohexanone 
may thus have occurred at point or line defects on the edge of 
Pd particle junctions with the carrier. Because AC is compar-
atively inert, its interaction with metals is weak. To examine 
the influence of the carrier on the HDC reaction, pure AC was 
used as the catalyst for the reaction, with the remainder of the 
procedure kept the same. After 8 h of stirring, no phenol or 
cyclohexanone was detected, indicating that the AC carrier did 
not catalyse the HDC reaction of 4-CP. Therefore, we speculate 
that the further hydrogenated reaction of phenol occurs at the 
border of Pd particle edges with the carrier. 

The HRTEM results in Fig. 11 indicate that the particle 
sizes of the catalysts were in the range of 2–5 nm and Fig. S2 
indicates that the mean particle sizes of the CuPd(me)-0.5/1, 
CuPd(me)-1/1, and CuPd(me)-3/1 catalysts were 2.8, 3.0, and 
3.3 nm, respectively. These results demonstrate that the cat-
alyst particle size increased with the Cu content. Comparing 
Figs. 4 and 11, the metal particles in the nonsupported Pd–Cu 

Fig. 10. Influence of catalysts composition on the conversion of 
4-CP. 

(a) (b)

(c)

Fig. 11. HRTEM micrographs of the reduced catalysts (a) CuPd(me)-0.5/1; (b) CuPd(me)-1/1; and (c) CuPd(me)-3/1.
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bimetallic catalyst were smaller than those in the supported 
Cu–Pd/AC catalysts. However, the catalytic activity of a sup-
ported Cu–Pd/AC catalyst was more favourable than that of 
the nonsupported Pd–Cu bimetallic catalyst with the same 
composition. This further demonstrates that microarea com-
position and phase structure were critical to the reaction.

The SEM–EDS results in Fig. 12 indicate that the Cu and 
Pd in the nonsupported Cu–Pd bimetallic catalysts were 
evenly distributed according to the molar ratio. The lattice 
plane spacing of different samples is listed in Table 2. For 
CuPd(me)-0.5/1 and CuPd(me)-1/1, the lattice plane spacing 
was defined as the distance between the (022) crystal face of 
Cu and (022) crystal face of Pd; for CuPd(me)-3/1, the lattice 
plane spacing was defined as the distance between the (002) 
crystal face of Cu and (002) crystal face of Pd. The results 

presented in Table 2 prove that a Cu–Pd alloy was formed 
in the nonsupported Cu–Pd bimetallic catalyst. Fig. 13 illus-
trates the structure of the Cu–Pd alloy; by combining this 
with the catalytic activity results, we conclude that the forma-
tion of the Cu–Pd alloy is unfavourable to the HDC reaction 
of 4-CP. When the molar ratio of Cu and Pd is relatively low, 
less Cu–Pd alloy forms and more Pd is exposed, resulting in 
higher catalytic activity. When the Cu content is increased, 
more Cu–Pd alloy is formed in the catalyst, which causes a 
decrease in the number of active Pd sites and thus inhibits 
the catalytic activity. Based on this conclusion, explaining the 
effect of Cu on Pd in the case of the supported Cu–Pd bime-
tallic catalyst is not difficult: when the Cu content is low, the 
main function of Cu is to separate the Pd particles and pro-
duce large amounts of fine Pd particles, which have a larger 

   

(a) (b)

(c) (d)

(e) (f )

Fig. 12. SEM–EDS results for the reduced catalyst CuPd(me)-0.5/1, CuPd(me)-1/1, and CuPd(me)-3/1: (a) and (b) CuPd(me)-0.5/1; 
(c) and (d) CuPd(me)-1/1; and (e) and (f ) CuPd(me)-3/1.
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metal surface area and thus higher catalytic activity; when 
the Cu content is high, some of the Cu may cover the surface 
of the Pd particles or form a Cu–Pd alloy, which decreases 
the Pd active surface area and ultimately reduces the catalytic 
activity. In other words, the catalytic activity of the catalysts 
was decreased whether or not a Pd–Cu alloy was formed in 
the catalysts when Cu doped Pd particles. This means that 
some Pd atoms participated in the formation of transition 
ligands during the catalytic process (i.e., the reaction mech-
anism involves multipoint coordination). Therefore, it is a 
structure-sensitive reaction [27–29].

4. Conclusion

In this study, a series of Pd–Cu/AC bimetallic catalysts 
were prepared, and their catalytic performance in the HDC 
of 4-CP in the aqueous phase was investigated. The results 
demonstrated that Pd was the active centre for the HDC reac-
tion of 4-CP. In the case of low Cu content, the main function 
of Cu is to separate the Pd particles to prevent them from 
growing; when the Cu content exceeds a certain thresh-
old, the surface of the Pd particles may be covered by Cu, 
a Cu–Pd alloy may be formed, or some substance with an 
interstitial mixture and without a fixed composition may be 
formed, which reduces the catalytic activity. Cu has much 
lower catalytic activity for the HDC reaction of 4-CP and has 
no catalytic activity for the generation of cyclohexanone. 

A series of nonsupported Pd–Cu bimetallic catalysts were 
also prepared, and their catalytic performance in the HDC 

of 4-CP in the aqueous phase was studied. Compared with 
the supported Pd–Cu/AC bimetallic catalysts, the nonsup-
ported Pd–Cu bimetallic catalysts exhibited lower catalytic 
activity; furthermore, no deep hydrogenation reaction that 
formed cyclohexanone occurred in this system. HRTEM and 
SEM–EDS confirmed that the Cu–Pd bimetallic catalysts 
formed Cu–Pd alloys. In this reaction, the Cu–Pd alloy was 
not conducive to HDC reaction.

The results also demonstrated that the carrier influences 
the selectivity towards products and catalytic activity, indi-
cating that the active centre for the formation of cyclohexa-
none may be point or line defects on the edge of Pd particle 
junctions with the carrier. 
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Fig. S1. (a) CuPd-0.3/1 particle size distribution; (b) CuPd-0.5/1 particle size distribution; (c) CuPd-1/1 particle size distribution; and 
(d) CuPd-3/1 particle size distribution.
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Fig. S2. (a) CuPd(me)-0.5/1 particle size distribution; (b) CuPd(me)-1/1 particle size distribution; and (c) CuPd(me)-3/1 particle size 
distribution.


