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a b s t r a c t

Colloidal bimetallic PdRh nanoparticles (NPs) of controlled size and structure were synthesized and tested
as catalysts models in aqueous phase hydrodechlorination (HDC) (303 K, 1 atm) using 4-chlorophenol (4-
CP) as target compound. The colloidal bimetallic PdRh NPs were synthesized by chemical reduction, using
methanol as reducing agent and poly(N-vinyl-2-pyrrolidone) (PVP) as capping agent. Two methods of
synthesis (co-reduction, successive reduction) and three different Pd/Rh nominal molar ratios (0.2, 1, and
5) were used. The NPs were characterized by means of TEM, HAADF-STEM/EDS and XPS.

High 4-CP conversion values (85–100%) were achieved at very low metal concentration
(1.23 × 10−3 g L−1). Phenol, cyclohexanone, cyclohexanol, and cyclohexene were the reaction by-products
detected. Core–shell and cluster-in-cluster NPs structures were obtained by varying the method of syn-
thesis and the Pd/Rh molar ratio. The activity was found to increase with the Pd/Rh ratio. Activity values
up to 67.0 mmol g−1 min−1, which are significantly higher than those obtained in previous works with
monometallic Pd (39.1 mmol g−1 min−1) and Rh (29.4 mmol g−1 min−1) under equivalent conditions, were
achieved. Significant differences in activity and selectivity were found between the NPs with Pd/Rh ratios
of 0.2–1 synthesized by co-reduction and successive reduction. The results indicate that the study of the
performance of Pd/Rh bimetallic catalysts in HDC requires some consideration about the structure of the
NPs, since the metal arrangement can determine an enhancement in the activity of the catalysts.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Chlorophenols constitute a group of hazardous compounds
which can be found as pollutants in different industrial wastew-
aters since they are involved in the preparation of several chemical
products such as pesticides, germicides or wood preservatives,
among others [1]. In particular, monochlorophenols have been used
as antiseptics since 19th century [2] and have been widely used in
the extraction of nitrogen and sulphur compounds from coal, dye,
and pesticide industry. The most used among monochlorophenols
has been 4-CP [3].

Among the potential techniques that could be used to
treat wastewater containing chlorophenols, liquid phase catalytic
hydrodechlorination (HDC) has been found as a suitable alternative
to remove this sort of hazardous compounds. The operation at mild
conditions, the ability to treat a wide range of concentrations and
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the high selectivity towards less toxic by-products, which could
allow the waste valorization, have been remarked in the literature
as the main advantages [4–8]. Besides, HDC could be appropriate
as a detoxifying step previous to a biological treatment. Likewise,
4-CP is among the most used model compound in studies deal-
ing with aqueous phase HDC. A number of authors have concluded
that HDC is a structure sensitive reaction [9–15] although there
is no general agreement on this issue [16]. In our previous works,
dealing with monometallic Pd and Rh nanoparticles, we reported
structure sensitiveness with evident dependence of activity and
TOF on nanoparticle size [17–19].

Noble metal-based catalysts have been widely used in aqueous
phase HDC due to their high activity [10,20,21]. Among those cat-
alysts, the bimetallic ones have attracted much attention in the
last few years due to the unique properties and catalytic behavior
derived from the presence of the second metal [22]. In this sense, it
has been reported that the selectivity and activity can be improved
significantly by using bimetallic instead of monometallic catalysts
due to the synergy between both metals [23]. Likewise, the struc-
tural stability, defined as the ability of the nanoparticles to keep
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their crystallographic structure in the presence of adsorbates in a
given catalytic reaction, can also be enhanced by using bimetallic
catalysts [24]. Thus, in addition to the size, shape, oxidation state or
the type of support, the composition of the metal NPs is considered
a crucial factor for the catalyst performance [25].

Like monometallic NPs, bimetallic ones can be synthesized by
physical (e.g. laser ablation, evaporation) and chemical methods
(e.g. ‘conventional chemical’, sonochemical, photochemical or elec-
trochemical). Chemical methods have been widely used due to their
simplicity for controlling the primary structures of the NPs such
as size, shape or composition. In general, chemical methods used
to synthesize bimetallic NPs can be divided into two categories:
co-reduction and successive reduction, which can lead to different
types of structures such as core–shell, nanoalloy or cluster-in-
cluster with potential different effects on activity and selectivity
[26].

In our previous works [17,18], non-supported monometallic Pd
and Rh NPs were used as catalysts models in the aqueous phase HDC
of 4-chlorophenol (4-CP), in order to gain insight into the effect of
size and oxidation state of the metal NPs on activity/selectivity in
the absence of support. Differences between both metals have been
addressed, such as the specific hydrogenation ability (negligible in
the case of PVP-based Pd NPs) or the effect of the electrodeficient
to zerovalent species ratio on the activity within the ranges tested.

One step further, in the present work, PdRh bimetallic NPs of
different Pd/Rh nominal molar ratios (0.2, 1, and 5) have been
synthesized using co-reduction and successive reduction meth-
ods. Then, they have been used unsupported as catalyst models
in the aqueous phase HDC of 4-CP to learn more on the effect of the
synthesis method on the activity and selectivity. The results can
contribute to a better understanding of the relationship between
properties and structure for HDC reaction, useful for rational cata-
lyst design.

2. Experimental

2.1. Materials

Sigma–Aldrich Co. Pd(II) and Rh(III) chloride (99% and 98%,
respectively) were used as precursor salts to synthesize bimetal-
lic PdRh NPs. 4-CP (>99%, Sigma–Aldrich Co.) was used as model
compound. HCl (37%, Panreac Quimica, S.A.U.) was used to dis-
solve metal precursors. Methanol (99.5%, Panreac Quimica, S.A.U.)
was used as reducing agent and poly(N-vinyl-2-pyrrolidone) (PVP,
average molecular weight: 40.000, Sigma–Aldrich Co.) was used
as capping agent. Hydrogen (>99%, Praxair Spain, S.L.) was used
to carry out HDC. All the reagents were used as received without
additional purification.

2.2. Synthesis and characterization of bimetallic PdRh NPs

A 2 × 10−3 M Rh(III) aqueous solution (pale pink colour) was
obtained by mixing RhCl3 (0.5 mmol), HCl 0.2 N (1 mmol) and
deionized water up to a final volume of 250 mL. Pd(II) chloride
(0.5 mmol), HCl 0.2 N (1 mmol) and deionized water (250 mL) were
mixed to obtain a 2 × 10−3 M Pd(II) aqueous solution (pale yellow
colour). Co-reduction synthesis was performed by mixing 30 mL
of a mixture of known volumes from the Pd and Rh aqueous
solutions with 70 mL of 25% methanol/water solution and PVP
(PVPmonomer/metal ratio = 20 mol/mol) to obtain the colloidal syn-
thesis of bimetallic PdRh NPs. The mixture was refluxed in a flask
connected to a Liebig condenser for 5 h at 363 K under atmo-
spheric pressure. Successive reduction synthesis was carried out
using monometallic NPs of the selected metal as seeds, prepared
as described above, and then a known volume of the other metal

solution and additional reducing agent (methanol/metal ratio of
7200 mol/mol) was added under agitation. Three Pd/Rh molar
ratios were used: 0.2, 1, and 5. The colloidal suspension of bimetallic
NPs was concentrated up to a final volume of approximately 10 mL
in a rotary evaporator (Büchi). Table 1 summarizes the working
conditions used for the synthesis of bimetallic NPs and the corre-
sponding nomenclature for them.

The size of PdRh NPs was measured by transmission elec-
tron microscopy (TEM), high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) coupled with
energy-dispersive X-ray spectroscopy (EDS) was used to determine
the structure/composition of the bimetallic NPs and X-ray photo-
electron spectroscopy (XPS) was used to determine the Pdn+/Pd0

and Rhn+/Rh0 ratio. TEM micrographs were obtained in a JEM-
3000F + XEDS microscope at 300 kV (JEOL). ImageJ 1.44i software
was used for data treatment of digital TEM images (more than
200 particles were measured per sample). Surface-area-weighted
mean diameters and size distribution, characterized by the stan-
dard deviation, were calculated as described in a previous work
[17]. HAADF-STEM images were obtained in a Titan 200 kV ChemiS-
TEM microscope (FEI Company), equipped with probe Cs corrector.
Previously to characterization in Titan 200 kV ChemiSTEM, samples
were exposed to 5 s cycles of oxygen/argon plasma in a Fischione
Instrument 1020 plasma cleaner, in order to remove the PVP. This
procedure and equipment is commonly used to remove organic
contamination from samples before their characterization by TEM,
without changing elemental composition or structural character-
istics due to the low energy used (<12 eV).

XPS profiles were obtained in an ESCA 5701 spectrometer
equipped with a Mg-K� X-ray excitation source (1253.6 eV) (Physi-
cal Electronics). A probing depth of at least several nanometres can
be assumed. Thus, the Mn+/M0 ratios obtained were ascribed to the
whole particles and not only to their surface. The reproducibility
of the Mn+/M0 ratios was found to be equal or higher than 99%.
Spectra deconvolution was performed using Multipak v8.2b soft-
ware in order to determine both electrodeficient and zero-valent
species of the PdRh bimetallic NPs synthesized. Shirley background
subtraction, smoothing and mixed Gaussian–Lorentzian by a least-
square method curve fitting were applied. C 1s peak (284.8 eV) was
used as internal standard for binding energies corrections due to
sample charging. Doublet separation for Pd 3d was 5.26 and for
Rh 3d was 4.74 eV as described elsewhere [27]. Binding energies
for Pd3d5/2 of deconvoluted peaks were in the range of 334.65 eV
and 335.76 eV and which can be ascribed to metallic or zero-valent
(Pd0) and electrodeficient (Pdn+) Pd species, respectively. Binding
energies for Rh 3d5/2 of deconvoluted peaks were in the range of
306.00 eV and 307.32 eV which can be ascribed to metallic or zero-
valent (Rh0) and electrodeficient (Rhn+) Rh species, respectively.
These values are in good agreement with those reported in NIST
X-ray Photoelectron Spectroscopy Database [27]. The presence of
PdCl2 and RhCl3 was discarded since the energy binding for the
3d5/2 was 338.0–338.4 eV and 310.1–310.2 eV, respectively [27],
does not correspond to any signal peaks of the spectra obtained.

2.3. HDC experiments

A three-necked jacketed glass reactor equipped with a H2 sup-
ply was used to carry out the HDC runs. A 4-CP aqueous solution
(150 mL, 100 mg L−1) was introduced into the reactor and H2 was
continuously passed at 50 N mL min−1. The reaction took place
during 4 h under vigorous stirring (800 rpm) and the temperature
(303 K) was controlled by a thermostatic bath (Julabo). A cold trap at
the vent was used to check any possible stripping, but no significant
stripping was detected. The catalyst concentration in the reaction
medium was 1.23 × 10−3 g L−1 of metal. The pH was not controlled
in the reaction medium, decreasing from around 5 to 4 in all the
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Table 1
Method of synthesis, Pd/Rh ratio, mean diameter (ds), size distribution (�s), Pdn+/Pd0 ratio, Rhn+/Rh0 ratio, activity per unit mass (am). All ratios are molar.

Samples Method of synthesis Pd/Rh ds

(nm)
�s

(nm)
Pdn+/Pd0 ratiod Rhn+/Rh0 ratiod a (mmol/gcat min)

CR0.2 Co-reduction 0.2 2.7 0.8 2.06 0.99 11.2
CR1 Co-reduction 1 3.5 1.0 3.05 0.95 12.1
CR5 Co-reduction 5 4.4 2.2 0.59 0.62 46.2
SRPd0.2 Successive reductiona 0.2 3.1 0.5 1.83 0.68 13.4
SRPd1 Successive reductiona 1 3.8 1.2 1.10 1.05 63.4
SRPd5 Successive reductiona 5 4.2 1.6 0.51 1.44 67.0
SRRh0.2 Successive reductionb 0.2 4.0 0.7 1.18 0.54 17.2
SRRh1 Successive reductionb 1 2.4 0.8 2.28 1.26 21.6
SRRh5 Successive reductionb 5 5.0 2.0 0.99 1.18 35.8
B1 Blankc 1 8.5(Pd) 2.8(Rh) 4.6(Pd) 0.6(Rh) 1.03(Pd) 0.56(Rh) 67.2
B0.2 Blankc 0.2 50.7
B5 Blankc 5 24.2

a 1st Pd, 2nd Rh.
b 1st Rh, 2nd Pd.
c Mixture of monometallic nanoparticles.
d Error of electrodeficient to zerovalent species ratio were less than 5% of the values.

cases. HDC experiments were carried out by duplicate, being the
standard deviation less than 5% in all the cases along the reaction
time. The analytical reproducibility of the samples measured was
found to be better than 99%. Reaction samples (1 mL) were filtered
(PTFE filter, pore size 0.45 �m) and 4-CP and phenol were analyzed
by HPLC (Varian Prostar equipped with a UV–vis detector) using a
C18 column as stationary phase and a mixture of acetonitrile and
water (1:1, v/v) as mobile phase. No reaction progress was observed
once the samples were filtered and collected. Due to the small size
of the nanoparticles and the high dilution of them in the reaction
medium, the possible leaching of metal from nanoparticles could
not be addressed. Based on the behaviour of supported Pd and Rh
catalysts in HDC [28–30], leaching is not expected.

Cyclohexanone and cyclohexanol were analyzed by Gas Chro-
matography with FID detector (GC 3900 Varian) using a 30 m length
and 0.25 mm internal diameter capillary column (CP-Wax 52CB,
Varian) and nitrogen as carrier gas. Cyclohexene was analyzed by
Gas Chromatography with MS detector and an electron impact ion-
ization source (Saturn 2100T). This chromatograph was equipped
with a column Factor Four, Varian (30 m length, 0.25 mm inter-
nal diameter). In order to check the structural assignment of the
identified compounds, the NIST 05 library and analytical standards
were used. No chlorinated compounds were detected in addition
to 4-CP. The quantification of chloride ion was performed by Ion
Chromatography (Metrohm 790 Personal IC). The carbon and chlo-
rine mass balances matched always above 90 (90.8–98.3%) and 95%
(95.9–99.4%), respectively.

Control runs of 4-CP HDC using different PVP concentrations
were performed in order to check its possible interaction with H2
between 4-CP, H2 and PVP. Additionally, control experiments were
also carried out in the absence of catalysts. No effect of PVP was
observed and no reaction products were detected in the absence of
metal NPs. Different loads of catalyst and stirring velocities were
also checked in previous experiments in order to confirm that the
process takes place under chemical control. The rate of 4-CP disap-
pearance was calculated from a simple pseudo-first order equation:

(−r4−cp) = −dC4−cp

dt
= k1 × C4−cp t = 0; C4−cp = C0 (1)

Since hydrogen is in great excess, its concentration can be
included in the pseudo-first-order rate constant (k1), whose values
are given in Table 2, together with those of the correlation coeffi-
cient. Good fitting results were obtained, as can be observed from
the regression coefficients in Table 2, which also makes possible to
assume that there is no catalysts deactivation after 4 h of reaction.
The activity (a) of PdRh bimetallic NPs was calculated from the k1
values, the 4-CP initial concentration and the Pd-Rh dose used in

the experiments, according to Eq. (2). The values are included in
Table 1.

a = k1 × C04−CP

CPd−Rh
(2)

3. Results and discussion

3.1. Bimetallic PdRh NPs characterization

3.1.1. TEM/STEM characterization
Table 1 shows the mean diameter of the bimetallic PdRh NPs

samples synthesized at fixed 25% (v/v) methanol/water concentra-
tion and a PVP/metal molar ratio of 20, using different synthesis
procedures (co-reduction and successive reduction) and Pd/Rh
molar ratios. TEM images of selected samples are shown in Fig. 1
as representative examples. It can be observed that the bimetallic
PdRh NPs samples showed different shapes, mostly irregular globu-
lar or polyhedral-shaped. The mean diameter was estimated using
the diameter of the smallest circle in which the nanoparticle fits.
The sizes of the bimetallic PdRh samples were in a narrow range
from 2.4 to 5.0 nm. As general trend, larger sizes were observed for
the NPs with higher content of Pd, regardless the method used in
the synthesis. This fact is in agreement with previous results where
different range of sizes were found for Pd and Rh monometallic
NPs, 2.7–22.1 nm and 1.9–4.9 nm, respectively [17,18]. Moreover,
the preparation of bimetallic NPs always led to obtain lower sizes
when compared to the monometallic Pd NPs synthesized under
the same conditions (methanol/water 25%, v/v; PVP/metal molar
ratio of 20). The apparent dependence of size on Pd content could
be related to the higher redox potential of Pd which allows for
this metal an earlier reduction and growth of the NPs. Samples
CR1, SRPd1 and SRPd5 were also analyzed by HAADF-STEM/EDS in
order to address their NP structure. Figs. 2–4 show the elemental
composition of representative NPs of these three samples. The NPs

Table 2
Values of the pseudo-first order rate constant (min−1) of 4-CP HDC.

Samples k1 (×10−3) r2

CR0.2 11.05 0.98
CR1 14.55 0.99
CR5 76.40 0.95
SRPd0.2 25.64 0.99
SRPd1 108.48 0.99
SRPd5 125.13 0.98
SRRh0.2 23.35 0.99
SRRh1 56.12 0.98
SRRh5 72.04 0.95
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Fig. 1. TEM images and size distributions of three samples (CR1, SRPd0.2 and SRRh5) of PdRh bimetallic NPs.

structures obtained in sample CR1 are mainly core–shell-like (Pd
core, Rh shell), although it is possible to find some NPs with a non-
completely developed shell as shown in Fig. 2. In the case of sample
SRPd1 (Fig. 3), core–shell is also the predominant NP structure (Pd
core, Rh shell) but the contribution of Pd in the shell is clearly
higher than in sample CR1. In Fig. 4, it can be observed that sample
SRPd5 exhibits NPs where cluster-in-cluster structures were the
most abundant. No relationship between NP structure and method
of synthesis was found, since samples CR1 and SRPd1 were synthe-
sized by co-reduction and successive reduction, respectively, and
both led to a core–shell-like structure. This could be related to the
difference in redox potential between Pd2+/Pd0 and the Rh3+/Rh0,
with values close to 0.95 eV and 0.76 eV, respectively, which favors
the reduction of Pd before Rh. Moreover, different NP structures
can be obtained using the same method of synthesis, by changing
the molar ratio between metals Pd/Rh as can be observed in sam-
ples SRPd1 and SRPd5. Migration of Pd or Rh has been previously
reported for Pd/Rh core–shell NPs [31], which could explain the
occurrence of cluster-in-cluster structures when successive reduc-
tion was used in synthesis at a Pd/Rh molar ratio of 5.

In Fig. S1, some representative HAADF-STEM/EDS images are
given for SRRh1. As it can be seen, it is a very heterogeneous sam-
ple including Rh seeds, Pd monometallic NPs and some bimetallic

NPs with mostly cluster-in-cluster structure. The heterogeneity can
be related to the higher reduction potential of Pd, leading to both
growing of Pd NPs and growing on pre-existing Rh seeds. In the case
of the synthesis based on successive reduction using Rh seeds, but
with a higher Pd/Rh ratio (SRRh5) a similar situation was found (Fig.
S2). However, higher prevalence of Pd NPs was observed due to the
higher Pd/Rh ratio and the bimetallic NPs formed can be considered
more Rh-decorated Pd NPs than cluster-in-cluster structures.

3.2. XPS characterization

XPS spectra were obtained in order to determine the oxida-
tion state of PdRh bimetallic NPs. Table 1 summarizes the values
of Pdn+/Pd0 and Rhn+/Rh0 ratios obtained from the deconvolution
of the 3d region spectra of Pd and Rh XPS. Both electrodeficient and
zerovalent species of Pd and Rh were identified in all samples. The
Rhn+/Rh0 ratio values were in the range from 0.54 to 1.44, whereas
those of Pdn+/Pd0 covered a wider range of 0.51–3.05. As represen-
tative examples, Fig. 5 shows the Pd and Rh 3d deconvolved spectra
for a selected sample of NPs (SRPd1). In general, from the results
of Table 1, it can be seen that co-reduction led to NPs with lower
Rhn+/Rh0 ratios, except for the samples with the highest Rh con-
tents (SRPd0.2 and SRRh0.2). Though the reduction method does
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Fig. 2. HAADF-STEM/EDS elemental maps of 4 representative nanoparticles (a–d) of sample CR1.

not show a clear effect on the Pdn+/Pd0 ratio, it can be pointed
out that the NPs prepared with the highest Pd/Rh molar ratio (5)
showed lower proportion of electrodeficient Pd.

Fig. 6 depicts the Pdn+/Pd0 and Rhn+/Rh0 ratios versus the mean
size of NPs. Lower Pdn+/Pd0 ratios (0.51–0.99), were obtained for
the larger size NPs (>4 nm). This behavior differs from data pre-
viously reported for monometallic Pd NPs [17], where the lower
Pdn+/Pd0 ratios ranging (0.35–0.67) corresponded to the smaller
particles (2.7–4.2 nm). The reduction of Pd seems to be favored by
the presence of Rh, which can be explained by the difference in
standard electrode potential of Pd2+/Pd0 and Rh3+/Rh0, with val-
ues close to 0.95 eV and 0.76 eV, respectively. No defined trend
was observed for the Rhn+/Rh0 ratios, being all the values within
a narrower range. Comparing the Pdn+/Pd0 and Rhn+/Rh0 ratios
with those of the corresponding monometallic NPs synthesized at
the same conditions, different behavior was observed for the two
metals. Thus, the proportion of Rhn+ species in the bimetallic NPs
remained unaltered or increased in comparison with monometal-
lic NPs, whereas the proportion of Pdn+ species increased for Pd/Rh
ratios of 0.2–1 and decreased for a ratio of 5. Therefore, redox inter-
actions between both metals are significant, as it has been reported
for other bimetallic systems [32]. Moreover, largest bimetallic NPs
(>4 nm) were related to higher Pd/Rh ratios.

3.3. HDC experiments

3.3.1. Activity of PdRh NPs
4-CP conversion versus reaction time with all the NPs series is

showed in Fig. 7a and b. All the catalysts tested achieved 4-CP con-

version values within the range from 85% to 100% after 4 h reaction
time. That figure also includes the runs carried out mixing the Rh
and Pd monometallic NPs (B0.2, B1 and B5), which were synthe-
sized at the same conditions than the bimetallic ones.

Table 1 shows a wide range of values of activity from
11.2 to 67.0 mmol g−1 min−1 for the bimetallic NPs prepared.
Also, the physical mixtures of monometallic Pd and Rh NPs
(B0.2, B1, and B5) showed high values of activity (24.2–67.2
mmol g−1 min−1). In the case of B0.2 and B1 the activity was even
higher (50.7–67.2 mmol g−1 min−1) than those for the monometal-
lic Pd and Rh NPs tested separately (39.1 and 29.4 mmol g−1 min−1,
respectively) [17,18]. This behavior has also been reported by other
authors using noble metal NPs as catalysts [33,34]. No conclusive
explanation of this phenomenon has been given so far. However,
some authors [35–37] have proposed that physical mixtures of
monometallic NPs can evolve to bimetallic ones under reducing
conditions, as it is the case of the current study.

The highest activity values obtained for the bimetallic
nanoparticles (63.4–67.0 mmol g−1 min−1) were also significantly
above those obtained in previous works using monometallic Pd
(39.1 mmol g−1 min−1) or Rh (29.4 mmol g−1 min−1) NPs as cata-
lysts [17,18]; thus, showing the synergy between these metals
when bimetallic NPs are synthesized under adequate conditions.
This synergy can be defined as the enhancement in activity with
respect to the individual metallic nanoparticles, but the mechanism
through which is achieved is out of the scope of this work.

Although HDC of 4-CP has been widely studied, few stud-
ies using reaction conditions equivalent to the current one have
been identified in literature for activity data comparison. Previous
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Fig. 3. HAADF-STEM/EDS elemental maps of 4 representative nanoparticles (a–d) of sample SRPd1.

works on 4-CP HDC carried out with Pd supported on Al-pillared
clays [38], and �-alumina [39] reported activity values of 0.3
and 0.7 mmol g−1 min−1, respectively, at the same temperature.
Thus, unsupported monometallic and particularly some of the
unsupported bimetallic systems tested clearly show an activity
enhancement.

Important differences in activity can be observed depending
on the method followed for the preparation of the bimetallic
NPs. The lowest activity values (11.2 and 12.1 mmol g−1 min−1)
were obtained with the NPs synthesized by co-reduction, with
the exception of the sample CR5 (46.2 mmol g−1 min−1) prepared
with the highest Pd/Rh molar ratio (5). The NPs synthesized by
successive reduction using Pd NPs as seeds showed the highest
activity values (67.0 and 63.4 mmol g−1 min−1), except for sample
SRPd0.2 (13.4 mmol g−1 min−1) which contains the lowest Pd/Rh
molar ratio (0.2). On the other hand, successive reduction synthesis
using Rh NPs as seed showed intermediate to high activity values
(17.2–35.8 mmol g−1 min−1). As indicated above, the synthesis
from Rh seeds, resulted in heterogeneous NPs samples, including
monometallic ones, which can be related to the lower activity
observed when compared to the activity of the NPs growth from Pd
seeds. Significant differences in activity between the NPs synthe-
sized with the highest load of Pd (35.8–67.0 mmol g−1 min−1)
and those synthesized with the lowest one (11.2–17.2
mmol g−1 min−1) were found. The NPs with equimolar ratio
of Pd and Rh yielded a wide range of activity values, from 12.1 to
63.4 mmol g−1 min−1, showing a higher influence of the synthesis
procedure.

The NPs from CR1 sample exhibited a clear core–shell struc-
ture with a higher proportion of Rh at the shell (Fig. 2) that leads

to lower activities (12.1 mmol g−1 min−1) in the range studied.
This can be related with a higher competition for active centers
between 4-CP and phenol and cyclohexanone, which has been
observed in the case of Rh NPs [18]. The sample SRPd1 also showed
core–shell arrangements (Fig. 3), but with higher contribution of
NPs where the core–shell structure is not so clear and with a
higher amount of Pd at the shell; thus, yielding a higher activity
(63.4 mmol g−1 min−1). In the case of the samples with the highest
Pd/Rh ratio (5) both synthesis procedures lead to intermediate-
high activities (35.8–67.0 mmol g−1 min−1) in the range studied,
being the SRPd5 sample the most active (67.0 mmol g−1 min−1).
This sample is characterized by a cluster-in-cluster structure with
presence of both Pd and Rh domains on the surface of the NPs
(Fig. 4). The activity is represented versus the mean size of the
bimetallic PdRh NPs in Fig. 8. As shown, bimetallic NPs smaller than
3.5 nm showed lower activity values (11.2–21.6 mmol g−1 min−1)
than those with higher size (35.8–67.2 mmol g−1 min−1), with the
exception of sample SRRh0.2 (ds = 4.0 nm; 17.2 mmol g−1 min−1).
The main difference between this sample and those with sizes
beyond 3.5 nm is its lower Pd content, this effect prevailing over
that of particle size. Thus, it can be concluded that a high activity is
also associated with a high relative content of Pd.

Fig. 9 depicts the activity against the initial Pdn+/Pd0 and
Rhn+/Rh0 ratios. As can be seen, the highest activity values were
achieved with the NPs with initial Pdn+/Pd0 ratio around or below
1. No relationship between the activity and the Rhn+/Rh0 ratio was
found, although this may be due to the narrower range covered of
that ratio compared to the Pdn+/Pd0 one. As indicated before, the
sample SRRh0.2, characterized by a low Rhn+/Rh0 ratio, yielded a
low activity. This is an interesting result, since in a previous work
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Fig. 4. HAADF-STEM/EDS elemental maps of 4 representative nanoparticles (a–d) and a scanline of nanoparticle a) (Pd red, Rh green) of sample SRPd5. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Pd 3d and Rh 3d deconvolved XPS spectra of SRPd1 sample.
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Fig. 6. Pdn+/Pd0, Rhn+/Rh0 and (Pdn+ + Rhn+)/(Pd0 + Rh0) ratio versus NP mean size.

the important role of the Rh0 species in the activity of Rh NPs was
shown [18].

3.3.2. Selectivity of PdRh bimetallic NPs
Phenol, cyclohexanone and cyclohexanol were identified as

by-products of 4-CP HDC in all the cases, but some differences
in selectivity were found between the bimetallic samples tested.
Cyclohexene was in very low concentrations (less than 2 mg L−1)
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Fig. 7. (a) 4-CP conversion versus reaction time with the NPs series prepared by
successive reduction. (b) 4-CP conversion versus reaction time with the NPs series
prepared by co-reduction and blanks.
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Fig. 8. Activity versus mean size of the bimetallic RhPd nanoparticles.

when detected and was not considered for the selectivity study.
The occurrence of cyclohexene has been attributed to the dehy-
dration of cyclohexanol and the products distribution is consistent
with the mechanism described in previous works [40]. Thus, phenol
has been proposed as the only HDC product from 4-CP, undergo-
ing subsequent hydrogenation to cyclohexanone and this last to
cyclohexanol. In our previous works [17], phenol was the only by-
product obtained from 4-CP dechlorination using PVP-based Pd
nanoparticles, which can be related to the absence of support or
some blocking effect of PVP. On the contrary, for PVP-based Rh
nanoparticles phenol is obtained by the dechlorination of 4-CP and
cyclohexanone and cyclohexanol are also obtained as hydrogena-
tion products. In this case, no differences in selectivity are observed
in comparison with the results obtained for supported monometal-
lic Rh NPs used as model catalysts [18].

Fig. 10 shows 4-CP, phenol, cyclohexanone and cyclohexanol
concentration versus reaction time curves for samples B1, SRPd1
and SRRh1. The profiles are consistent with the activity values
given in Table 1, although some differences in activity can be
observed. SRPd1 and B1 showed similar activity (63.4 versus
67.2 mmol g−1 min−1, respectively), but at 95% 4-CP conversion
SRPd1 showed selectivity of 15% and 3% towards cyclohexanone
and cyclohexanol, respectively, whereas those values reached only
7% and 0% with B1. Thus, enhancement of activity achieved by the
bimetallic NPs is accompanied by an enhancement in the selectiv-
ity to end chain products. At 100% 4-CP conversion (4 h reaction
time) the selectivity towards cyclohexanol is significantly higher
for SRPd1 (16%) than for SRRh1 (8%), which also can be related with
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Fig. 9. Pdn+/Pd0 and Rhn+/Rh0 ratio versus activity.
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Fig. 10. 4-CP (rhombuses), phenol (squares), cyclohexanone (circles) and cyclohex-
anol (triangles) concentration versus time with NPS of the SRPd1 (solid), SRRh1
(open) and B1 (blue) series. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

the lower formation of bimetallic NPs during the synthesis of SRRh1
sample.

Fig. 11 shows the evolution of the selectivity to phenol, cyclo-
hexanone and cyclohexanol with 4-CP conversion for the NPs
prepared with a Pd to Rh equimolar ratio (samples CR1, SRPd1,
SRRh1 and B1). Important differences can be observed depending
on the different methods of synthesis. For CR1 sample, phenol is
easily hydrogenated to cyclohexanone (>10% of selectivity) even at
low 4-CP conversion values (<30%). On the contrary, with the NPs
prepared by successive reduction (SRPd1, SRRh1) values of selec-
tivity to cyclohexanone higher than 10% were not achieved until
4-CP conversion values close to 90% were reached. This behavior is
even more pronounced in the case of the mixture of monometallic
NPs (B1). Cyclohexanol was the minor reaction product in all cases
and the selectivity to it was only relevant at high 4-CP and phenol
conversion values. In the case of CR1, values of selectivity to cyclo-
hexanol around 5% were achieved at 4-CP conversion around 55%.
On the contrary, SRPd1 and SRRh1 reached equivalent values of
selectivity to cyclohexanol at around 95% 4-CP conversion values,

30 40 50 60 70 80 90 100
0

10

20

30

40

50

60

70

80

90

100

S
el

ec
tiv

ity
 (%

)

4-CP conversion (%)

Fig. 11. Selectivity towards phenol (squares), cyclohexanone (circles) and cyclo-
hexanol (triangles) versus 4-CP conversion for samples CR1 (solid), SRPd1 (open),
SRRh1 (crossed-open) and B1 (solid blue). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. Selectivity towards phenol (squares), cyclohexanone (circles), cyclohexanol
(triangles) versus 4-CP conversion with NPs of the CR5 (solid), SRPd5 (open) and
SRRh5 (crossed-open) and B5 (blue) series. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

the final selectivity (100% 4-CP conversion) being slightly higher in
the case of SRPd1. As shown in Figs. 2 and 3, core–shell nanoparti-
cle structures are characteristic of CR1 and SRPd1 samples, where
the proportion of Rh is higher in the shell. CR1 and SRPd1 samples
showed similar size (3.5 and 3.8 nm, respectively) and Rhn+/Rh0

ratio (0.95 and 1.05, respectively), but different Pdn+/Pd0 ratio (3.05
and 1.10, respectively). The HAADF-STEM/EDS characterization of
CR1 sample showed a higher concentration of Rh at the outer sur-
face of the NPs, which may be behind the higher selectivity to
phenol hydrogenation products.

The results in Fig. 11 indicate that for the equimolar mixture of
monometallic NPs (B1) the occurrence of cyclohexanone and cyclo-
hexanol only becomes important when the conversion of 4-CP and
phenol is high (>80%), this suggest an important competition for
active sites on the metal surface between 4-CP and hydrogenation
products, prevailing the interaction between 4-CP and the surface.
This competition for active sites can be also observed for CR1, SRPd1
and SRRh1 samples, although in different extent.
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Fig. 13. 4-CP (rhombuses), phenol (squares), cyclohexanone (circles) and cyclohex-
anol (triangles) concentration versus time with the NPs of SRPd5 (solid), SRRh5
(open) and B5 (blue) series. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 12 depicts the evolution of the selectivities to the differ-
ent reaction products upon 4-CP conversion with the NPs prepared
with a Pd/Rh molar ratio of 5, the highest tested. The NPs samples
prepared by co-reduction and successive reduction (CR5, SRPd5
and SRRh5) yielded significantly higher selectivities to cyclohex-
anone (>27%) compared to the physical mixture of monometallic
nanoparticles (B5, <4%). In this case a much higher competition
between 4-CP and the intermediate products was observed, thus
the selectivity to cyclohexanone and particularly to cyclohexanol
remained in low values until 4-CP conversion were achieved. When
comparing the selectivities of the samples synthesized by succes-
sive reduction (Fig. 13) lower hydrogenation ability can be observed
with the NPs prepared using Rh seeds (SRRh5).

For the NPs with the lowest Pd/Rh molar ratio (0.2), the higher
presence of hydrogenation by-products at lower 4-CP conversion
values in comparison with those NPs synthesized with Pd/Rh ratios
of 1 and 5, shows the higher ability of Rh to hydrogenate phenol
and cyclohexanone (Fig. S3).

4. Conclusion

Bimetallic PdRh NPs were synthesized and tested in 4-CP HDC
under mild conditions (303 K, 1 atm). The method of synthesis (co-
reduction and successive reduction) and the Pd/Rh molar ratio
had a clear influence on the NPs structure. All the catalysts tested
achieved high 4-CP conversion values after 4 h of reaction time
in the range from 85% to 100% at very low metal concentration
(1.23 × 10−3 g L−1). The results indicated that the study of the per-
formance of Pd/Rh bimetallic catalysts in HDC cannot be evaluated
without some consideration about the structure of the NPs, since
the metal arrangement can lead to an enhancement of activity.

The activity in 4-CP HDC was enhanced by a high content of Pd
in the metal NPs, although a clear improvement in comparison to
the activity of mixtures of monometallic NPs was only observed for
Pd/Rh ratios of 5. The selectivity towards hydrogenation products
was also influenced on the bimetallic NPs structure, being necessary
a higher proportion of Rh in the shell to achieve a higher selectivity
towards those products.
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