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A B S T R A C T

Bimetallic Pd-Co catalysts supported on the mixed oxides CoTiO3-CoO-TiO2 (CTO) were synthesized via the
thermal reduction of Pd-doped cobalt titanates PdxCo1-xTiO3 and evaluated for the chemoselective hydrogena-
tion of halonitroarenes to haloarene-amines. The nominal Pd mass percentage of the Pd-Co/CTO systems was
varied from 0.0 to 0.50. After the thermal reduction of PdxCo1-xTiO3 at 500 °C for 3 h, Pd was completely reduced
and Co was partially reduced, producing a mixture of ionic Co, metallic Co, and TiO2-rutile species to give the
supported bimetallic catalysts. The metallic cobalt content increased with the Pd content of the precursor. The
catalytic activity toward 4-chloronitrobenzene increased with the Pd content; however, > 0.1 mass% Pd de-
creased the chemoselectivity toward 4-chloroaniline due to the formation of the hydrodehalogenation pro-
duct—aniline. The 0.1Pd-Co/CTO system was used as a model catalyst to produce haloarene-amine building
blocks for linezolid, loxapine, lapatinib, and sorafenib with> 98% conversion, 96% chemoselectivity, and no
hydrohalogenation products. Finally, recycling tests of the 0.1Pd-Co/CTO catalyst showed loss of activity and
selectivity during the third cycle due to catalyst deactivation. Regeneration treatments, every two catalytic
cycles, allowed six operation cycles without loss of chemoselectivity and only a slight decrease in catalytic
activity during the last cycle.

1. Introduction

The synthesis of compounds of interest in fine chemistry from re-
actions involving heterogeneous catalysts has been actively explored in
recent years [1–4]. In particular, the production of haloaryl amines via
processes involving the catalytic hydrogenation of halonitroarenes has
proven to be an excellent synthetic strategy, and has allowed a series of
building-block compounds for the preparation of molecules of phar-
maceutical interest to be obtained [4–7]. To this end, a wide range of
heterogeneous catalysts have been studied, with systems based on noble
metals (NMs), such as Pt [8–12], Pd [13–17], Rh [18–20], Ir [21–23]
and Au [24–27]. Among the systems based on NM active phases, sup-
ported Au catalysts have shown the best catalytic results, producing
haloaryl amines in yields and selectivities of greater than 98%. Un-
fortunately, the use of NMs, and Au in particular, limits the large-scale
potential of the resulting catalyst due to the high cost and limited
natural abundance of NMs [4].

The non-NMs as Co have emerged as alternative active phases for
the catalytic hydrogenation of halonitroarenes, and have shown pro-
mising selectivity for the production of haloaryl-amines [28–35].
However, these systems have the serious disadvantage of exhibiting low
catalytic activity under mild reaction conditions (temperatures below
100 °C and hydrogen pressures below 20 bar), which necessitates the
use of harsher operating conditions than those used for NM-based
systems. A critical factor to improve the catalytic performance in the
liquid-phase hydrogenation of halonitroarenes using metallic Co as
active phase is the ability to control the surface chemistry of these
materials to increase the activity, selectivity and operational stability.
To remedy this drawback, the use of NM-Co bimetallic metal catalysts
containing a very small amount of the NM (<1% by mass with respect
to the non-NM) has been reported [7,12,36]. Among NM, Pd is pri-
marily used in most of the chemical industries because its low cost in
compares with other NM as Rh, Pt and Au. The addition of Pd as a
second metal on the non-NM based catalysts can significantly tailor the
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Fig. 1. X-ray diffraction patterns of the prepared PdxCo1-xTiO3 materials. ◊ - cobalt titanate (CoTiO3) (ICDD 15-0866).

Fig. 2. X-ray diffraction patterns of the prepared (y)Pd-Co/CTO
catalysts. Symbol key: ◊ - cobalt titanate (CoTiO3) (ICDD 15-
0866); • - metallic Co (ICDD 15-0806); * - hexagonal CoO (ICDD
78-0431); ○ - rutile TiO2 (ICDD 03-065-1118). The inset shows an
expansion of the area around 2θ=44°, which corresponds to the
diffraction peak of metallic Co(1 1 1).

Table 1
Physiochemical characterization of the (y)Pd-Co/CTO catalysts prepared via the reduction of the PdxCo1-xTiO3 precursors.

Catalyst AAS (%)a dhkl (nm) H2–TPRreducibilityb SBET (m2 g−1)

% Pd % Co Co CoO CoTiO3

0.0Pd-Co/CTO 0.00 38.4 (38.0) 19.6 20 11.1 46 8
0.05Pd-Co/CTO 0.07 (0.04) 38.2 (37.8) 21.4 14.5 9.5 54 6
0.10Pd-Co/CTO 0.14 (0.12) 37.9 (37.8) 21.6 11.4 7.1 67 7
0.30Pd-Co/CTO 0.35 (0.29) 37.9 (37.6) 23.4 11.4 — 70 6
0.50Pd-Co/CTO 0.54 (0.48) 37.7 (37.4) 25.5 8.0 — 75 7

a The contents of the metals in the PdxCo1-xTiO3 precursor are given in parenthesis.
b Calculated from Eq. 1, which is provided in the Supplementary material.
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electronic and geometric structures to enhance the catalytic perfor-
mance including activity, selectivity, and the operational stability of
catalyst system for the hydrogenation of the -NO2 group [37–40].

This study reports the use of bimetallic Co-Pd catalysts containing a
small amount of Pd as a dopant to promote their catalytic activity and
chemoselectivity. The preparation of catalysts via the controlled re-
duction of a cobalt titanate precursor (PdxCo1-xTiO3) that includes a
small amount of Pd as a promoter metal is reported for the first time.
The resulting Pd-Co bimetallic catalysts are supported on the mixed
oxides CoTiO3-CoO-TiO2 (CTO). The catalysts were designed to obtain
systems of the type (y)Pd-Co/CTO (y=0, 0.05, 0.1, 0.3, and 0.5% in
Pd) to study the effects of the Pd content on their physicochemical
properties and catalytic activity in the hydrogenation of liquid-phase
halonitroarenes; 4-chloronitrobenzene (CNB) was used as a substrate
for the production of 4-chloroaniline (CAN). The best catalytic system
was evaluated in the hydrogenation of several halonitroarenes of
pharmaceutical interest, namely, the 4-(2-fluoro-4-nitrophenyl) mor-
pholine precursor of the antibacterial drug linezolid [41], the 1-(4-
chlorophenoxy)-2-nitrobenzene precursor of the antipsychotic drug
loxapine [42], the 2-chloro-1-((3-fluorobenzyl)oxy)-4-nitrobenzene
precursor of the antineoplastic drug lapatinib, which is used in the
treatment of breast cancer [43], methyl 2-chloro-5-nitrobenzoate, an
intermediate in the synthesis of 3,4-dihydroquinolin-2(1 H)-ones used
in the treatment of type 2 diabetes [44], and the 1-chloro-4-nitro-2-
(trifluoromethyl) benzene precursor of the antineoplastic drug sor-
afenib, which is used in the treatment of kidney cancer [45]. Finally,
the best catalytic system was subjected to operational stability tests to
evaluate its durability in continuous operation cycles.

2. Experimental

2.1. Materials

Cobalt(II) acetate (Co(CH3CO2)2), titanium butoxide (Ti
(CH3CH2CH2CH2O)4), 4-chloronitrobenzene, 4-chloroaniline, 2-chloro-
5-nitrobenzotrifluoride, methyl 2-chloro-5-nitrobenzoate, and 4-chloro-
3-(trifluoromethyl)aniline were obtained from Sigma-Aldrich.
Palladium(II) acetate (Pd(CH3CO2)2), isopropanol, absolute ethanol,
and ethylene glycol were purchased from Merck. All the purchased
reagents were used without further purification. The gases H2

(99.99%), He (99.99%), synthetic air, and nitrogen were provided by
Linde Chile. The drug precursors 4-(2-fluoro-4-nitrophenyl) morpho-
line, 1-(4-chlorophenoxy)-2-nitrobenzene and 2-chloro-1-((3-fluor-
obenzyl)oxy)-4-nitrobenzene could not be sourced from commercial
suppliers, so they were synthesized and characterized as detailed in the
Supplementary material.

2.2. Synthesis of the PdxCo1-xTiO3 precursors

The synthesis of the precursors with the formula PdxCo1-xTiO3 was
carried out using the methodology reported by Qu et al. with some
modifications [46]. In general, the amounts of Co(CH3COO)2, Pd
(CH3COO)2, and Ti(CH3CH2CH2CH2O)4 required to achieve a molar
ratio of (Co+Pd)/Ti= 1 were dissolved in an ethylene glycol/iso-
propanol (50/50) mixture. The nominal contents of Pd used corre-
sponded to x=0, 0.0008, 0.0015, 0.0045, and 0.0075. The above
mixture was stirred for 24 h until a pinkish milky dispersion was ob-
tained. Finally, the dispersion was stirred for 10min and washed with
absolute ethanol (×3) to remove excess ethylene glycol. The recovered
solid was dried in an oven at 100 °C for 12 h and calcined in a static air
atmosphere from room temperature to 700 °C at a heating ramp rate of
5° min−1.

2.3. Synthesis of the (y)Pd-Co/CTO catalysts

The (y)Pd-Co/CTO catalysts with nominal Pd mass percentages (y)

of 0, 0.05, 0.1, 0.3, and 0.5% were synthesized using the methodology
reported by Morales et al. [47]. The calcined material was subjected to
an ex situ reduction treatment at 500 °C using H2 as the reducing agent
for 3 h. Subsequently, the catalyst was transferred to the reactor and
quickly immersed in ethanol that had been previously degassed with N2

to prevent its oxidation. The reduction temperature was chosen based
on the H2-TPR results.

2.4. Characterization

Chemical analysis was conducted via atomic absorption spectro-
metry (AAS) using a Perkin Elmer 3100 instrument. The samples were
first evaluated in triplicate by digesting 0.05 g of the calcined PdxCo1-
xTiO3 precursor or reduced (y)Pd-Co/CTO catalyst in 10mL of a con-
centrated nitric/hydrochloric (1:3) acid solution via microwave-as-
sisted digestion. After the reduction process, the Co and Pd metal
loadings were measured using AAS.

Temperature programmed reduction (TPR) was performed using a
TPR/TPD 2900 Micromeritics system with a thermal conductivity de-
tector (TCD). Two reduction measurement profiles were recorded. In
the first (H2-TPR1), TPR data was recorded for 0.050 g samples of the
calcined PdxCo1-xTiO3 precursors using a 5% H2/Ar flow of 40mL
min−1 and a heating rate of 10 °Cmin−1 from room temperature to
800 °C. In the second (H2-TPR2), 0.050 g samples of the calcined
PdxCo1-xTiO3 precursors were first thermally reduced in the TPR-
equipment using the same experimental conditions as in the prepara-
tion of the (y)Pd-Co/CTO materials (pure H2 flux of 30ml/min, heating
from room temperature to 500 °C at 10 °C/min). After the reducing
treatment, the samples were cleaned at 100 °C under an Ar flow for 2 h,
and TPR data from a second run using the H2-TPR1 conditions was
recorded. Thus, the H2-TPR1 data represented the complete reduction
of the Co species in the precursor materials, and the H2-TPR2 data re-
presented Co reduction in the prepared (y)-Pd-Co/CTO catalysts. The
reducibility was calculated from the H2-TPR data as follows:

=

−

−

∙reducibility
Total normalizated area of H TPR
Total normalizated area of H TPR

(%)
2
1

1002

2 (1)

In this expression, the peak areas were normalized by the total ex-
perimental Co content determined using AAS characterization.

The specific areas were calculated using the BET method from N2

adsorption-desorption isotherms obtained at −196 °C using a
Micromeritics TriStar II 3020. X-ray powder diffraction (XRD) patterns
of the as-synthesized powder samples were obtained with nickel-fil-
tered CuKα1 radiation (λ =1.5418 Å) using a Rigaku diffractometer,
and were collected over the 2θ range 20-90°. The reduced (y)Pd-Co/
CTO catalyst samples were subjected to a passivation treatment prior to
XRD to avoid continued oxidation during the XRD measurement. The
details of the passivation treatment have been described in our previous
reports [47].

Transmission electron microscopy (TEM) micrographs were ob-
tained using a JEOL model JEM-1200 EX II microscope; the materials
were dispersed on a carbon grid. The reduced (y)Pd-Co/CTO catalysts
were subjected to the passivation treatment prior to TEM character-
ization.

X-ray photoelectron spectroscopy (XPS) was performed using a VG
Escalab 200R electron spectrometer equipped with a hemispherical
electron analyzer and a Mg Kα (1253.6 eV) X-ray source. The calcined
PdxCo1-xTiO3 precursor samples were measured without prior reducing
treatment. The reduced (y)Pd-Co/CTO catalysts were reduced in situ in
the XPS pre-chamber prior to analysis. Finally, magnetic characteriza-
tion of the nanomaterials was carried out using a Quantum Design
Dynacool Physical Properties Measurement System (PPMS) equipped
with a vibrating sample magnetometer (VSM). Magnetization curves
were only obtained for the (y)Pd-Co/CTO reduced catalysts, which
were passivated prior to analysis, at 27 °C. Data is reported in emu per
gram of Co. MS was evaluated by extrapolating the experimental results
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obtained in the high field range, in which the magnetization increases
linearly with 1/H, to infinite field.

2.5. Catalytic activity

The catalytic activity of the (y)Pd-Co/CTO systems in the hydro-
genation of halonitroarenes was evaluated using 0.030 g of catalyst and
the necessary amount of substrate to obtain a molsubstrate :
molmetal(Pd+Co) ratio of 100, based on the quantities of metals de-
termined from AAS, TPR, and XPS characterization. All activity mea-
surements were performed in triplicate using a Parr Model 5513 reactor
with mechanical agitation to which 40mL of ethanol was added at a H2

pressure of 10 bar at 80 °C. The reaction products were identified via
gas chromatography using a GC Hewlett Packard HP 4890 D instrument
equipped with an HP-5 capillary column and a flame ionization de-
tector (FID). The conversion and selectivity were calculated using ca-
libration curves and the following equations:
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−

∙X substrate substrate
substrate
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For the hydrogenation reaction of the pharmaceutical intermediate
substrates, the same operational conditions were used as in the CNB
reaction. The products of all the reactions were followed using a gas
chromatograph coupled to a mass detector (Perkin Elmer GCMS-SQ8T).

3. Results and discussion

3.1. Characterization of the materials and catalysts

XRD was used to confirm the formation of the cobalt titanate-based
materials; the results are shown in Fig. 1. In the PdxCo1-xTiO3 systems,
the diffraction profile of the CoTiO3 ilmenite structure (ICDD 15-0866)
was present. The incorporation of Pd did not result in the appearance of
segregated phases of PdOx, TiOx, or CoxOy, which could be attributed to
a high tolerance to the incorporation of Pd by the CoTiO3 structure or
the segregation of highly dispersed metal oxide phases that were not
detected by XRD in the CoTiO3 structure.

Fig. 2 shows the XRD patterns of the reduced (y)Pd-Co/CTO cata-
lysts. All systems showed diffraction peaks characteristic of the crys-
talline phases of metallic Co (ICDD 15-0806), rutile TiO2 (ICDD 03-065-
1118), and CoO (ICDD 78-0431), in agreement with the report of
Hwang et al. for CoTiO3 oxidation-reduction cycles [48]. After the re-
duction treatment, diffraction peaks corresponding to CoTiO3 were only
observed in the (y)Pd-Co/CTO systems with y=0.0, 0.05, and 0.10;
this was attributed to incomplete reduction of the PdxCo1-xTiO3 pre-
cursor (x=0.0008 0.0015 and 0.0045). However, the catalysts (y)Pd-
Co/CTO systems with y=0.30 and 0.50 showed only the presence of
CoO and TiO2-rutile on the catalysts structure. We suggest this effect to
the increase of the Pd loading on the catalysts surface which could
promote the PdxCo1-xTiO3 precursor reducibility (see below in TPR
characterization). Signals corresponding to the presence of PdOx or
metallic Pd were not detected in any of the doped catalysts; we assumed
that the Pd species had formed aggregates with crystal sizes below the

Fig. 3. H2-TPR profiles for the synthesized materials. (A) H2-TPR1 results for the PdxCo1-xTiO3 precursors and (B) H2-TPR2 results corresponding to the reduction of
(y)Pd-Co/CTO reduced catalysts.

Table 2
Magnetic and XPS characterization of the (y)Pd-Co/CTO catalysts.

Label Ms (emu g−1) Hc (Oe) Binding energy (eV) Surface atomic ratio

Co 2p3/2 Pd 3d5/2 Ti 2p3/2 Co/Ti Pd/Ti

CoTiO3 — — 781.2 — 457.9 1.02 —
Pd0.0008Co0.9992TiO3 — — 781.0 trace 458.1 1.00 —
Pd0.0015Co0.9985TiO3 — — 781.0 338.0 458.0 0.97 0.0001
Pd0.0045Co0.9955TiO3 — — 781.1 338.1 457.9 1.04 0.0025
Pd0.0075Co0.9925TiO3 — — 781.2 337.9 458.1 0.99 0.0089
0.0Pd-Co/CTO 141.8 302.8 777.7 (21) — 457.9 (84) 0.94 —

780.1 (79) 455.5 (16)
0.05Pd-Co/CTO 142.4 520.8 778.2 (32) trace 458.5 (78) 0.90 —

781.4 (68) 455.9 (22)
0.10Pd-Co/CTO 148.6 477.2 777.9 (40) 335.2 458.4 (83) 0.92 0.0002

780.6 (60) 455.9 (17)
0.30Pd-Co/CTO 150.7 481.4 777.9 (53) 335.1 458.4 (90) 0.85 0.0031

780.6 (47) 456.2 (10)
0.50Pd-Co/CTO 148.1 443.0 778.0 (61) 335.2 459.3 (100) 0.83 0.0078

782.7 (39)
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limit of detection. The chemical nature of the active phase was in-
vestigated using the metallic Co diffraction peak corresponding to the
index h k l (1 1 1); as shown in the inset of Fig. 2, this peak was not
shifted toward the lower angle range with respect to that of pure Co in
the catalysts, ruling out the formation of Pd-Co alloys during the re-
duction treatment [49]. Finally, the crystal sizes of the metallic Co,
CoTiO3, and CoO were calculated using the diffraction peaks corre-
sponding to (1 1 1), (1 0 4), and (1 1 1), respectively, via the Scherrer
equation; the obtained values are summarized in Table 1. The

incorporation of Pd into the PdxCo1-xTiO3 materials increased the
crystal size of the metallic Co particles. This behavior consistent with
the decreased crystal size of CoO and disappearance of the CoTiO3

diffraction peaks, which were attributed an increased degree of Co re-
duction in the obtained catalysts.

To complement the XRD characterization, the temperature-pro-
grammed reduction (H2-TPR) curves were obtained for the PdxCo1-
xTiO3 precursors (H2-TPR1, Fig. 3A) and the reduced (y)Pd-Co/CTO
catalysts (H2-TPR2, Fig. 3B). In the CoTiO3 system, only one reduction

Fig. 4. TEM micrographs of (A–E) the PdxCo1-xTiO3 precursors and (F–J) the reduced (y)Pd-Co/CTO catalysts.
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signal was observed at approximately 550 °C, and was attributed to the
reduction of the ionic Co embedded in the crystal lattice of the cobalt
titanate to CoOx species and subsequently to metallic Co in a single step.
For the PdxCo1-xTiO3 systems with x=0.0008-0.0075, two reduction
stages were observed: the first at approximately 75–100 °C was attrib-
uted to the reduction of the ionic Pd species to metallic Pd, and the
second at below 550 °C corresponded to the reduction of the cobalt in
the CoTiO3 structure. As the content of Pd in the CoTiO3 structure was
increased, two phenomena were observed: (i) A shift in the temperature
of the higher-temperature Co ionic reduction peak and (ii) an increase
in the area under the curve of the H2-TPR1 reduction signal. These
behaviors could be attributed to the emergence of metallic Pd clusters,

which could promote the chemisorption of H2 and thus favor the re-
duction of cobalt in the PdxCo1-xTiO3 structure by hydrogen spill-over
effect.

To determine the metallic cobalt content in the catalysts, the H2-
TPR2 analysis program was applied; the results are shown in Fig. 3B.
The reduction profiles showed behavior similar to that observed in the
H2-TPR1 results in terms of the displacement of the reduction signal to
lower temperature with increasing Pd content. However, in contrast to
the increased signal areas observed in H2-TPR1, the area under the H2-
TPR2 signals decreased with increasing Pd content. This behavior could
be explained as a combined effect of the nature of the oxides produced
during the thermal treatment with H2 (mainly CoO and TiO2) and the

Fig. 5. Vibrating sample magnetometry (VSM) analysis of the (y)Pd-Co/CTO catalysts.

Fig. 6. XPS spectra of the (y)Pd-Co/CTO reduced catalysts. (a) 0.0Pd-Co/CTO, (b) 0.05Pd-Co/CTO, (c) 0.10Pd-Co/CTO, (d) 0.30Pd-Co/CTO, and (e) 0.50Pd-Co/CTO.
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amount of metallic Pd and Co available in the catalysts after the re-
duction treatment. Notably, no reduction signals were observed around
100 °C, which suggested that the ionic Pd species were completely re-
duced during the reduction process at 500 °C.

The degree of reducibility of the cobalt was calculated from the H2-
TPR1 and H2-TPR2 profiles, as summarized in Table 1. The trend shows
that approximately 45% of the cobalt was reduced during the reduction
treatment in the 0.0Pd-Co/CTO system; with increasing Pd content, the
amount of metallic cobalt in the (y)Pd-Co/CTO catalysts with
y=0.05–0.5 increased. Importantly, this trend was also in agreement
with the metallic crystal sizes determined using XRD (see Table 1). In

the H2-TPR1 analysis, the first stage of reduction corresponded to the
formation of Pd clusters, which were believed to be highly dispersed
because they were not detected via XRD (size< 5.0 nm). These Pd
nanocrystals were responsible for the increased reduction of the oxi-
dized Co species, as well as the increase in the size of the cobalt metal
clusters with increasing Pd content in the PdxCo1-xTiO3 structure (see
Table 2). These results demonstrate that (i) reduction at 500 °C for 3 h
produced greater than 45% metallic cobalt in all the systems studied;
(ii) the incorporation of the Pd promoted the reduction of the cobalt in
the cobalt titanate precursor, reaching a maximum of 75% in the
0.50Pd-Co/CTO system; and (iii) increased Pd content promoted the

Fig. 7. Conversion as a function of time in the hydrogenation of CNB using the (y)Pd-Co/CTO catalysts. Inset: fitting using the kinetic pseudo-first-order model.

Scheme 1. Reaction pathways of the hydrogenation (HYD) and/or hydrodehalogenation (HDH) of CNB.
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Table 3
Time required to reach 100% conversion, initial reaction rate, global pseudo-first order constant, and selectivity toward CAN and AN of the Pd-Co/CTO catalysts.

Catalyst t (min) v0a (mmol L−1 min−1) kglobala (min−1 gmetallic Co
−1) Selectivity (%)b

CHX CAN AN

0.0Pd-Co/CTO 600 0.23 0.04 1.9 98.1 —
0.05Pd-Co/CTO 300 1.19 0.22 2.0 98.0 —
0.10Pd-Co/CTO 240 2.60 0.49 — 100 —
0.30Pd-Co/CTO 120 7.78 1.47 — 94.4 5.6
0.50Pd-Co/CTO 60 17.6 3.36 — 84.8 15.2

a Calculated from the AAS, TPR and XPS characterization for metallic Co and v0 at 10% of CNB conversion level.
b Calculated at 100% CNB conversion.

Fig. 8. Conversion and selectivity for CNB hydrogenation using the PdxCo1-xTiO3 precursor materials as catalysts. All experiments were performed using the same
reaction conditions employed in the experiments with the (y)Pd-Co/CTO catalysts.
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formation of smaller cobalt crystals during the reduction treatment.
N2 adsorption-desorption isotherms were obtained at −196 °C for

the PdxCo1-xTiO3 precursors and reduced (y) Pd-Co/CTO catalysts. All
the isotherms were classified as type III according to the IUPAC clas-
sification scheme (see Figs. S1 and S2 in Supplementary material). The
apparent specific surface values were calculated using the
Brunauer–Emmett–Teller (BET) methodology, and the values obtained
are summarized in Table 1. All the prepared systems (both precursors
and reduced catalysts) showed SBET values of 6–7m2 g−1, which are
characteristic of non-porous materials.

The TEM images of all the materials are shown in Fig. 4. The PdxCo1-
xTiO3 precursors formed micro-rods via agglomeration of oriented
micro- and nanoparticles of PdxCo1-xTiO3; the rods grew one-di-
mensionally to reach average sizes of 500–550 nm with widths of
90–120 nm (Fig. 4A–E).

The reduction treatment did not significantly change the shape or
dimensions of the micro-rods, as shown in Fig. 4F–J. The only change
after reduction was the increased contrast of the images, which was
attributed to the appearance of metallic Co and Pd in the reduced (y)Pd-
Co/CTO catalysts, as observed by XRD and H2-TPR.

The reduced (y)(Pd-Co/CTO) catalysts had metallic Co contents
between 40 and 75%, depending on the Pd content. For this reason, we
decided to perform VSM characterization at room temperature to de-
termine the magnetic properties of the obtained catalysts. Fig. 5 shows
that all the catalysts exhibited magnetization curves of typical ferro-
magnetic materials. The estimated values of saturation magnetization
(Ms) and coercivity (Hc) are summarized in Table 2. Based on the fer-
romagnetic behavior of the catalysts, we expected that they could be
easily separated from the reaction medium using an external magnetic
field [50]. An experimental test confirmed that it was indeed possible to
separate the solid from the reaction medium with 1min using a magnet.

XPS characterization was performed to determine the oxidation
states of the constituents of the synthesized materials. A summary of the
obtained data is shown in Table 2. The Co 2p3/2, Ti 2p3/2, and Pd 3d5/2
binding energies (BEs) of the PdxCo1-xTiO3 materials and (y)Pd-Co/CTO
reduced catalysts were compared (Fig. S3 in the Supplementary mate-
rial). All the PdxCo1-xTiO3 precursor spectra showed only Co2+ species
at a BE of 781 eV, which was attributed to the Co species in the cobalt
titanate network [48,51,52]. In the Ti 2p3/2 region, only a contribution

at ∼458 eV was observed, which was attributed to Ti-O-Co species
[51]. This result correlated with the formation of the CoTiO3 structure
in the materials, confirming the results obtained using XRD. Finally, we
determined that the oxidation state detected for Pd 3d5/2 corresponded
to Pd4+ (BE = ∼338.0 eV), allowing us to infer that the reduction
observed in the H2-TPR1 analyses of the PdxCo1-xTiO3 materials cor-
responded to the transformation of Pd4+ into metallic Pd. The atomic
ratios of the Co, Pd, and Ti species on the surfaces of the materials are
summarized in Table 2. All systems had a Co/Ti surface ratio of ap-
proximately 1, which was in agreement with the stoichiometry of the
prepared materials. However, the Pd/Ti atomic ratio increased with the
Pd content in the catalyst structure, and the values were higher than the
nominal values of the formulations from which they were prepared.
This suggested that Pd was highly dispersed as PdO2 on the surface of
CoTiO3 during the synthesis of the materials [53,54].

The Co 2p spectra of the (y)Pd-Co/CTO reduced catalysts are shown
in Fig. 6. This signal has been used to estimate the contribution of
metallic Co species at a BE of 778 eV and ionic Co at a BE of 781–782 eV
(Fig. 6A) [51]. A summary of the contributions is given in Table 2; an
increase in the metallic Co species was observed as the Pd content of the
catalyst formulation was increased. In all the Pd-doped systems, only
one Pd 3d5/2 peak with a BE of 335.2 eV was detected, which confirmed
the complete reduction of Pd during the reduction treatment and ruled
out the formation of Pd-Co alloys [55,56]. This information confirmed
the results obtained from the H2-TPR2 characterization, in which no
reduction signals attributed to palladium ionic species were observed
for the (y)Pd-Co/CTO reduced catalysts with y>0.0.

In the Ti 2p3/2 region, the appearance of a second signal at a BE of
458.3 eV was observed and attributed to the formation of TieOeTi
species during the reduction treatment [51,57], as shown in Fig. 6. The
contributions of the TieOeTi species increased with the Pd content; as
observed in the XRD characterization, the Pd promoted the reduction of
the Co in CoTiO3, leading to the formation of rutile TiO2.

3.2. Catalytic activity

3.2.1. Effect of the Pd content on the activity of the reduced (y)Pd-Co/CTO
catalysts

The catalytic activities of the reduced (y)Pd-Co/CTO systems are

Table 4
Conversion and selectivity of the hydrogenation of halonitroarenes over the 0.10Pd-Co/CTO catalyst. (10 bar H2, 80 °C, 0.030 g of catalyst, substrate/metallic Co
mole ratio of 100, 50mL of ethanol, 750 rpm).

Entry Substrate Time (min) X (%) Selectivity (%)

1 120 97 >99

2 360 96 >99

3 420 97 95a

4 120 99 >99

5 60 99 >99

a Only 4-amino-2-chlorophenol and 1-fluoro-3-methylbenzene were detected as by products.
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shown in Fig. 7. The (y)Pd-Co/CTO catalysts showed pseudo-first-order
conversion kinetics with respect to CNB consumption over time. Be-
cause the studied catalysts had low surface areas (∼40m2 g−1), we
assumed that the Pd0 and Co0 species at the surface (as determined
using TPR and XPS) represented all the metal available for the catalytic
reaction. When Pd was incorporated into the catalyst structure, a sig-
nificant increase in the initial reaction rate was observed. In terms of
the selectivity of the reaction, the catalyst 0.0Pd-Co/CTO produced the
desired product CAN; additionally, some accumulation of the reaction
intermediate N-(4-chlorophenyl)-hydroxylamine (HYX) was observed
(see Scheme 1).

As the Pd content of the reduced (y)Pd-Co/CTO catalysts was

increased, two effects were observed: (i) The disappearance of the HYX
intermediate and (ii) the appearance of the hydrodehalogenation
(HDH) product AN, which was significant for the 0.30Pd-Co/CTO and
0.50Pd-Co/CTO catalysts (see Table 3). The presence of AN in the re-
action mixture was attributed to the HDH of the product CAN, as ob-
served in the distribution curves of the reaction products (Fig. S4 in the
Supplementary material).

To evaluate the effect of Pd on the HDH activity in the reaction of
CNB, the PdxCo1-xTiO3 catalyst precursors were evaluated under the
same operating conditions; the results are shown in Fig. 8. Although the
catalysts were not previously reduced, the H2-TPR1 results indicated
that the available Pd in the precursors could be reduced at a H2 pressure

Fig. 9. Recycling test of the reduced catalyst (0.10Pd-Co/CTO) in CNB hydrogenation. (A) Conversion of CNB and the selectivity toward CAN as a function of the
number of operation cycles. The inset of (A) corresponds to the catalyst filtrate tests obtained between operation cycles after 60min of reaction. (B) XRD char-
acterization of the catalyst recovered after the third operation cycle (Δ - CoOOH (ICDD 78-0431)).
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of 10 bar at 80 °C, as has been reported in the literature by some authors
[58–60].

In the PdxCo1-xTiO3 systems with x=0.0 and 0.0008 (which are
precursors of the (y)Pd-Co/CTO systems with y=0.0 and 0.05, re-
spectively), very low catalytic activities were observed (∼5% conver-
sion) with 99.9% selectivity toward the product of interest. However,
the PdxCo1-xTiO3 systems with x=0.0015, 0.0045, and 0.0075 (which
were precursors of the (y)Pd-Co/CTO systems with y=0.10, 0.30, and
0.50, respectively) showed greater activities, reaching conversions
higher than 50% at 24 h of reaction with selectivities of 85%, 78%, and
65% toward CAN, respectively. In all the catalytic tests, CAN and AN
were the only reaction products detected.

The results obtained from the activity tests of the PdxCo1-xTiO3

precursors suggested that the presence of metallic Pd under the oper-
ating conditions favored the electrophilic aromatic substitution of the
CeCl bond of the CAN product to generate AN and HCl as reaction by-
products.

However, the catalytic activity mainly depended on the amount of
metallic Co. The reduced (y)Pd-Co/CTO systems with y=0.0-0.10
showed CAN product selectivities of 100%. Among these, the 0.10Pd-
Co/CTO system showed the highest activity. Thus, the 0.10Pd-Co/CTO

system was found to be most favorable for the production of CAN under
these conditions.

3.2.2. Hydrogenation of halonitroarenes of pharmaceutical interest
The 0.10Pd-Co/CTO catalyst was tested in the hydrogenation of

several halonitroarenes of interest for the production of commercial
drugs. Table 4 shows the activity and selectivity of the catalyst. All the
substrates showed reaction conversions and chemoselectivities
of> 95% for the corresponding haloarene-amines. In the case of 1-(4-
chlorophenoxy)-2-nitrobenzene (entry 2) substrate, only a low con-
centration of the intermediate N-(2-(4-chlorophenoxy)phenyl) hydro-
xylamine intermediate was detected, ruling out the lateral hydrode-
chlorination reaction of the C-Cl bond and/or hydrogenolysis of the
CeO bond. Only in the case of 2-chloro-1-((3-fluorobenzyl)oxy)-4-ni-
trobenzene (entry 3) was breakage of the CeO bond to produce the side
products 4-amino-2-chlorophenol and 1-fluoro-3-methylbenzene de-
tected. This was attributed to the high activity of Pd in the benzyl-ether
hydrogenolysis reaction, which has been reported by Llàcer et al. [61].

3.2.3. Evaluation of the operational stability
The operational stability of the 0.10Pd-Co/CTO system was

Fig. 10. Results of the regeneration of the reduced 0.10Pd-Co/CTO catalyst after every second operation cycles in CNB hydrogenation. (A) Conversion of CNB and
selectivity toward CAN as a function of the operation cycle number. (B) XRD (left) and TEM (right) characterization of the recovered catalyst after the sixth operation
cycle (Δ - CoOOH (ICDD 78-0431)).
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evaluated through leachate and recycling tests. All cycles were mea-
sured until the maximum conversion time of the fresh catalyst, and the
reaction time for the leachate tests was 30min for each cycle. In the
leachate tests, the catalyst was magnetically separated from the reac-
tion medium (at 80 °C) after 30min of reaction, and the catalytic ac-
tivity of the supernatant was then determined. In addition, the post-
cycle filtrates were analyzed using AAS to quantify the loss of the Pd
and/or Co active phases. A summary of the data is shown in Fig. 9A. A
continuous decrease in the activity and selectivity of the catalyst was
observed, dropping to 75% conversion and 92% selectivity in the third
cycle of operation. However, no significant metal activity was detected
in the supernatant in the leachate tests (Co and Pd< 10 ppm).

To explain this behavior, XRD characterization of the catalyst re-
covered after the third cycle of operation was performed, as shown in
Fig. 9B. The used catalyst shows diffraction lines for species of the
CoOOH-type (ICDD 07-0169), which are associated with the oxidation/
hydration of the cobalt metal catalyst during the operation cycles. Al-
though, with the reaction using ethanol as a solvent, one of the hy-
drogenation products of the -NO2 group is H2O, which is generated in
situ in the reaction medium and could be responsible for the oxidation
of the active phase during operation cycles. Similar results have been
reported by Lin et al., who show that the formation of Ni(OH)x species
deactivates the catalyst for hydrogenation in the aqueous phase of ni-
trobenzene [62].

A catalyst regeneration study was carried out by magnetically se-
parating the catalyst after every two operation cycles and subjecting it
to reduction treatment at 500 °C for 3 h. The catalytic activity results of
regenerated catalyst are shown in Fig. 10. During the six operation
cycles evaluated, continuous selectivity toward CAN was observed
(S>98%), but the catalytic activity decreased to 80% conversion in
cycle 6 (Fig. 10A). In all the cycles evaluated, there was no significant
decrease in the amount of Co and/or Pd in the recovered catalyst. This
information suggested that the decreased activity was not due to the
leaching of the active phase.

Characterization of the regenerated catalyst (Fig. 10B) revealed a
continuous increase in the intensity of the metallic Co diffraction peak
in the XRD and the destruction of the micro-rod architecture in the TEM
micrographs. The degradation of the catalyst via the formation of
CoOOH species and regeneration via thermal reduction could promote
sintering of the catalyst, which would be responsible for the loss of
catalyst activity.

4. Conclusions

We synthesized supported bimetallic catalysts based on Pd-Co from
palladium-substituted cobalt titanates. The catalysts were found to be
active and selective in the hydrogenation of halonitroarenes. Compared
to the mono-metallic Co catalyst, all the catalysts showed increased
hydrogenation activity with the incorporation of palladium.
Additionally, we determined that there is an optimal Pd content at
which the accumulation of hydrogenation intermediates of the -NO2

group is inhibited and hydrodehalogenation by-products are not
formed. The optimal catalyst also showed high activity and selectivity
in the liquid-phase hydrogenation of halonitroarene derivatives of
pharmaceutical interest. Finally, operational stability tests showed that
the catalyst was deactivated during continuous operation cycles, but
could be regenerated for 6 cycles with high selectivity and moderate
catalytic activity.
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