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Abstract. A facile synthetic protocol was used to prepare morphology controlled Pd nanocrystals with
spherical and cubic shapes of different sizes. Carbon-supported catalysts were prepared from the as-synthesised
nanocrystals and their catalytic ability in a tandem dehydrogenation/hydrogenation reaction composed by the
dehydrogenation of ammonia borane, serving as a hydrogen source, and the subsequent hydrogenation of 4nitrophenol (4-NP) to 4-aminophenol (4-AP) was assessed. The catalytic performance was strongly dependent
on the nanocrystals morphology and the spherical nanoparticles with an average size of 5.5 nm displayed the
best performance among investigated.
Keywords. Pd nanocrystals; morphology control; 4-nitrophenol hydrogenation; tandem reactions.

1. Introduction
The development of nanomaterials via either bottom-up
or top-down approaches has been the central point of
decades of research studies, 1 as they show features that
signiﬁcantly differ from those of the bulk counterparts.
Among the studied nanomaterials, metal nanocrystals
constitute without a shadow of doubt one of the most
investigated and reported groups, due to their repercussion in the ﬁeld of catalysis. Metal nanocrystals,
with a high surface-to-volume ratio, are pivotal in catalysis, as they tend to create more catalytically active
sites than bulk materials, as they show low coordinated
atoms, usually located in the defects, such as terraces,
edges, kinks and vacancies. In general terms, the catalytic activity of metal nanocrystals has demonstrated to
be strongly dependent on their morphology, in terms of
both nanocrystal size and shape, which has boosted the
design of synthetic methodologies that allow the careful

control of such morphological properties. More specifically, important breakthroughs have been achieved by
using colloidal synthetic strategies that allow the control of the morphology of the nanocrystals in a step
previous to their loading on the desired support. 2–4
Among noble metals, the outstanding catalytic ability
showed by Pd in reactions of different nature, such
as hydrogenation/dehydrogenation reactions, 5–9 hydrogen puriﬁcation, 10,11 organic pollutant removal, 12 and
a wide range of organic reactions, 13–15 has made it
deserving of numerous studies dealing with the control of the Pd nanocrystals morphology. 16–20 Among
these reactions, the performances displayed by Pd in
dehydrogenation and hydrogenation reactions should be
highlighted. 21–23 In this study, we assess the catalytic
activity of Pd nanocrystals with different morphologies
in a tandem dehydrogenation/hydrogenation reaction
composed by the dehydrogenation of ammonia borane
(NH3 BH3 ), serving as a hydrogen source, and the
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subsequent hydrogenation of 4-nitrophenol (4-NP) to
4-aminophenol (4-AP). The synthesis of 4-AP is of
great importance and the global consumption is enormous and increases at a rate of 5% per year, as it
is crucial in the pharmaceutical industry as an intermediate for the synthesis of analgesic and antipyretic
drugs, such as paracetamol and acetaminophen 24,25 and
it can be also used in diverse applications such as
corrosion inhibitors, photographic developers and hairdyeing agent. 26 However, the importance of this reaction
does not lie exclusively in the production of a valuable
chemical, but also in the conversion of a toxic pollutant
that affects the human health and environment and that
is not easily biodegraded. 26,27 The morphology dependence of the 4-NP reduction was analysed by using
spherical and cubic carbon-supported Pd nanocrystals of
different sizes (spheres: 2.7, 3.9 and 5.5 nm; cubes: 7.6,
10.3 and 12.6 nm). To this end, the shaped nanocrystals
were initially synthetised in colloidal form and subsequently deposited on the support by following a standard
impregnation method.
2. Experimental
2.1 Preparation of Pd spheres
Colloidal spherical Pd nanoparticles with tuned size were
synthesised by using the polyol method by a methodology
reported elsewhere. 7,8,28 To this end, palladium (II) acetate
was used as Pd precursor, polyvinylpyrrolidone (PVP, K-30)
as a stabilising agent and ethylene glycol as a solvent and
reductant. To conduct the nanoparticles synthesis, two solutions were prepared. Solution 1, containing PVP and ethylene
glycol (30 mL), was stirred at 80◦ C for 2 h, while solution 2,
containing Pd precursor dissolved in dioxane (12.5 mL), was
stirred at room temperature. Solution 1 was cooled down to
0◦ C and 0.75 mL of 1 M NaOH solution was added under
stirring to adjust the pH of the resulting mixture. After that,
solution 2 was poured into solution 1 under vigorous stirring and the mixture was heated up to 100◦ C. The solution
changed its colour from light orange to dark brown due to

the reduction of Pd(II) to Pd(0). The heating was maintained
for 2 h, and then the colloidal suspension was cooled down to
room temperature. In order to remove the excess of PVP from
the nanoparticles surface, an excess of acetone was added to
the colloid and the solution was shaken vigorously, causing
the extraction of PVP to the acetone phase and ﬂocculation
of the Pd nanoparticles. The puriﬁed nanoparticles were separated from the organic phase and redispersed by stirring in a
known amount of methanol. The nanoparticles size was controlled by selecting various PVP/Pd ratios and Pd precursor
concentration in the initial solution (Table 1).

2.2 Preparation of Pd cubes
The preparation of Pd cubes was achieved by means of colloidal synthesis in aqueous phase by using Na2 PdCl4 as Pd
precursor, L-ascorbic acid (AA) as a reductant agent, PVP as
a stabiliser, and halide ions (Br− or Br− + Cl− ) as a capping
agent to stabilise a speciﬁc facet on the Pd nanocrystals surface. 16,29 AA, PVP and halide ions were dissolved in 16 mL
of water and the solution was heated at 80◦ C for 10 min while
stirring. Afterwards, the Pd precursor was added to the solution and the temperature was kept for 3 h. Then, an excess of
acetone was added to the slurry and the nanocrystals were
collected by centrifugation, washed in distilled water and
redispersed in the same solvent. The amount of reagents used
for the synthesis of three colloids with different average size
is listed in Table 1.

2.3 Preparation of carbon supported catalysts
Six carbon-supported catalysts were prepared from the Pd
colloids by using the impregnation method. Commercial SHIRASAGI M (Osaka Gas Chemicals Co. Ltd.) carbon support
was impregnated with the adequate amount of Pd colloid so
as to result in a 0.5 wt% of Pd. The catalysts are hereinafter
denoted as C-Spheres (S), C-Spheres (M), C-Spheres (L), CCubes (S), C-Cubes (M) and C-Cubes (L).

2.4 Characterisation
Porous texture of the catalysts was characterised by means
of adsorption of N2 at −196◦ C by using a BELSORP-max

Table 1. Experimental conditions used in the synthesis of sized-controlled Pd nanocrystals with spherical and
cubic shapes.
Pd colloid
Spheres (S)
Spheres (M)
Spheres (L)
Cubes (S)
Cubes (M)
Cubes (L)

PVP/Pd Molar ratio [a]

Pd precursor (mmol)

AA (mmol)

KBr (mmol)

KCl (mmol)

10
10
1
5
10
5

0.062
0.250
0.250
0.380
0.390
0.390

–
–
–
0.670
0.680
0.680

–
–
–
1.0
5.0
5.0

–
–
–
4.9
–
–

Note: S, M and L are referred to small, medium and large average nanocrystals size.
[a] Considering the molecular weight (MW ) of one monomer unit of PVP (C6 H9 NO).
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system (MicrotracBEL). Before gas adsorption, the catalysts
were degassed under vacuum at 250◦ C for 4 h to remove
any adsorbed impurities. Apparent surface area values (SBET )
were calculated from N2 adsorption isotherms using the BET
equation. Total micropore volume (VDR (N2 )) was calculated
applying the Dubinin–Radushkevich (DR) equation to the N2
adsorption data. Transmission Electron Microscopy (TEM)
was used to determine the average nanocrystals size of both
colloids and supported nanocrystals. Pd 3d X-ray photoelectron spectroscopy (XPS) data were collected using an ESCA
3400 Electron Spectrometer and the relative proportion of
Pd(0) and Pd(II) was determined by the integrated intensities
of the spectra.

2.5 Reduction of 4-nitrophenol to 4-aminophenol by
ammonia borane
An aqueous solution of 4-NP (0.017 M) and NH3 BH3 (0.13
M) were freshly prepared. The carbon-supported Pd catalyst
powder (0.4 mg) and 4-NP solution (40 μL) were mixed in
a test tube together with distilled water (3 mL). 20 μL of the
NH3 BH3 solution was added to start the reaction. The initial 4-NP UV-Vis spectrum shows an absorption peak at 317
nm and upon NH3 BH3 addition, a peak a 400 nm appears
caused by the formation of 4-NP anions by H+ dissociation from 4-NP in basic NH3 BH3 solution. The evolution
of the 4-NP hydrogenation was monitored by checking the
decreasing intensity of this peak at 400 nm together with the
increasing intensity of a new peak at 296 nm, which is due
to the formation of 4-AP. 30,31 It should be pointed out that
due to the high activity showed by most of the samples, the
amount of NH3 BH3 added to start the reaction was adjusted
to 20 μL of the prepared solution (0.13 M), which is low
as compared with other works where the same reaction was
studied. In order to determine which is the limiting reaction
step in the tandem dehydrogenation/hydrogenation reaction,
the NH3 BH3 decomposition reaction was also monitored for
some of the catalysts. In this case, 10 mg of catalyst and 5 mL
of water were mixed in a Pyrex reaction vessel (30 mL) and
the mixture was treated in an ultrasound bath for 15 min to
fully disperse the catalyst. Once it was dispersed, the mixture
was bubbled with argon gas for 15 min. To start the reaction,
50 μL of NH3 BH3 (0.5 M) was added into the reactor and the
hydrogen production was monitored by means of gas chromatography using a Shimadzu GC14B equipped with MS5 A
column.

3. Results and Discussion
3.1 Characterisation of the catalysts
N2 adsorption-desorption isotherms at −196◦ C for all
the catalysts as well as the carbon support are displayed
in Figure S1. As it can be seen from the shape of the
isotherms, all the samples showed a Type I isotherm,
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indicating the microporous nature of the carbon material used. 32 Table S1 shows the results of the porous
texture characterisation. In all cases, the speciﬁc surface area of the raw support is slightly decreased after
the loading of Pd nanocrystals, being this effect more
pronounced for the smallest nanocrystals in both series
of catalysts, spheres and cubes, which might be due to
a more important blocking of the carbon porosity by
those nanocrystals with small average size. TEM micrographs for Pd spheres and cubic nanocrystals in both
colloidal form and carbon-supported catalysts, together
with their corresponding size distribution diagrams, are
shown in Figures 1 and 2, and the average nanocrystals
size determined by counting ∼100 nanocrystals is listed
in Table 2.
As it can be seen from the result in Table 2, in the
case of the spherical nanoparticles, the average nanoparticle size was 1.9, 2.1 and 3.2 nm for Spheres(S), (M)
and (L), respectively, while for the colloidal cubes it
was 6.9, 9.7 and 10.3 nm for Cubes(S), (M) and (L),
respectively. It should be noticed that while the control
of the spherical nanoparticles size is relatively easy by
using colloidal synthesis, the preparation of small Pd
nanocubes is very difﬁcult. Most of the studies found in
the literature reported the synthesis of cubes as large
as 10 nm or larger. 33–36 Nevertheless, both series of
samples showed narrow nanocrystal size distributions,
especially in the case of Pd spheres. Furthermore, both
the series of colloids showed well-deﬁned shapes and
pure spheres and cubes were achieved, respectively, and
no other morphologies were obtained in these cases.
This high purity was achieved by the adjustment of the
amount of the agent used in the synthesis and may be
partially lost by slightly modifying their relative proportion in the synthesis. For instance, a colloid containing
spheres, cubes and rods were synthesised by adding a
lower proportion of KBr in the synthesis of nanocubes,
while keeping all the experimental conditions used in
the synthesis of Cubes(S) (Figure S2). The nanocrystals
do not agglomerate after being loaded onto the support,
but they experienced an apparent increase in their size,
which might be due to their interaction with the carbon
support. It should be noted that this increase is much
more pronounced in the case of spherical nanoparticles,
which might be primarily attributed to their higher surface roughness as compared to the nanocubes, that in
turn is related to the facet exposed by both types of morphologies (spherical nanoparticles have been reported to
be considered as a combination of low- and high-index
facets (terraces: {111}, {100}; steps: {331}, {443}, etc.;
kinks: {10,8,7}, {13,11,9}, etc., and corner sites and
adatoms, etc.; while cubic nanocrystals are enclosed
exclusively with six low-index Pd{100} facets). 37,38
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Figure 1. TEM images and the corresponding histograms for the Pd colloid with spherical shape ((a)
Spheres (S), (b) Spheres (M) and (c) Spheres (L)) and the carbon-supported catalysts counterparts ((d)
C-Spheres (S), (e) C-Spheres (M) and (f) C-Spheres (L)).

Figure 2. TEM images and the corresponding histograms for the Pd colloid with cubic shape ((a) Cubes
(S), (b) Cubes (M) and (c) Cube (L)) and the carbon-supported catalysts counterparts ((d) C- Cubes (S), (e)
C- Cubes (M) and (f) C-Cubes (L)).

Morphology-controlled Pd nanocrystals
Table 2. Average Pd nanocrystals size in the colloids and
pertinent carbon-supported catalysts.
Colloid
Spheres (S)
Spheres (M)
Spheres (L)
Cubes (S)
Cubes (M)
Cubes (L)

Table 3.

d (nm)

Catalyst

d (nm)

1.9 ± 0.4
2.1 ± 0.4
3.2 ± 0.4
6.9 ± 1.1
9.7 ± 1.3
10.3 ± 1.6

C-Spheres (S)
C-Spheres (M)
C-Spheres (L)
C-Cubes (S)
C-Cubes (M)
C-Cubes (L)

2.7 ± 0.7
3.9 ± 0.9
5.5 ± 1.6
7.6 ± 1.2
10.3 ± 1.5
12.6 ± 1.7

XPS analysis results.

Sample
C-Spheres (S)
C-Spheres (M)
C-Spheres (L)
C-Cubes (S)
C-Cubes (M)
C-Cubes (L)
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existence of PVP linked to their surface. As it was previously reported in previous studies reported by our
research group, 40 the interaction between the nanoparticles surface and PVP leads to the withdrawing electron
density from the metal surface by the CO functional
group present in the polymer, which causes the presence of Pd δ+ on the nanoparticles surface and that is
observed as Pd (II) in XPS spectra. Nevertheless, such
Pd(II) surface species might be reduced during the initial stage of the catalytic test and therefore, the effect of
the Pd electronic features will be ruled out in this study.
3.2 Catalytic tests

Pd(0) (atomic %)

Pd(II) (atomic %)

84.1
83.3
81.5
77.4
84.1
80.7

15.9
16.7
18.5
22.6
15.9
19.3

This higher roughness might favour the interaction with
the carbon support and the subsequent ﬂattening of
the spherical nanoparticles that is ultimately observed
by an apparent increase in their average nanoparticles
size. Concerning the supported nanocrystals shape, it
was slightly affected by the immobilisation procedure
onto the support, which was particularly observed in
the case of sample C-Cubes (S), where some rounded
corner cubes were detected but complete transformation from cubic to spherical nanoparticles was not seen.
This partial modiﬁcation of cubic nanocrystals after the
immobilisation steps has been previously observed by
other authors, who also perceived that smaller cubes
were less stable against shape modiﬁcation than the
larger counterparts. 39
Concerning Pd electronic features, XPS analysis was
conducted to determine the relative proportion of metallic and oxidised species. The spectra recorded for all
samples displayed two electronic transitions attributed
to the bands of Pd 3d5/2 and 3d3/2 (at lower and higher
binding energies, respectively). Each of these bands is
deconvoluted into two bands corresponding to different Pd species, Pd(0) represented by the peak at lower
binding energy and Pd(II) and higher binding energy. 8
The quantitative analyses were done from the integrated
intensities of the spectra (See Figure S3 and Table 3 for
details).
As it can be seen, both Pd(0) and Pd(II) were present
in all the catalysts. The presence of Pd(II) in the surface of Pd nanocrystals might be partially due to the

In this work, we followed the evolution of the 4-NP
reduction to 4-AP through a tandem dehydrogenation/hydrogenation reaction by using NH3 BH3 as a
hydrogen source and carbon-supported Pd catalysts as
dual role catalysts to boost the dehydrogenation of
NH3 BH3 and the subsequent hydrogenation of 4-NP
with the hydrogen generated from the ﬁrst reaction.
In a ﬁrst step, we checked the ability of the studied
catalysts towards the hydrogenation of 4-NP by using
NaBH4 and NH3 BH3 as a hydrogen source and those
preliminary tests revealed that, under the experimental conditions used in this case, NH3 BH3 was more
suitable to conduct these experiments because its dehydrogenation proceeded more easily. The comparative
catalytic performance of C-Spheres and C-Cubes is displayed in Figure 3. According to the UV-Vis spectra
recorded at different reaction times, reduction of 4-NP
was catalysed by all the analysed samples, as indicated
by the decrease in the absorption of 4-NP peak at 400
nm together with the concomitant increase of the peak
corresponding to the presence of 4-AP at 296 nm. Nevertheless, important differences were appreciated for
both different shapes and sizes. In the case of the CSpheres, complete reduction of 4-NP was achieved by
using medium or large nanoparticles, while the reduction was not completed while testing C-Sphere (S).
The time needed for the total reduction of 4-NP was
16.5 and 10.5 min, for C-Spheres (M) and (L), respectively, which revealed the better performance achieved
by the larger Pd nanoparticles with a spherical shape.
A dissimilar trend was attained with the C-Cubes set of
samples. In this case, completely 4-NP reduction took
place only with C-Cubes (M), and the reaction was not
completed for smaller or larger cubes, even for longer
reaction times (25.0 and 28.5 min for C-Cubes (S) and
(L), respectively, compared to 18.0 min needed by CCubes (M) to catalyse the total 4-NP hydrogenation).
It should be noticed that for both the sets of samples,
the poorest performance in terms of reaction conversion
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Figure 3. UV–Vis absorption spectra of the reduction of 4-NP catalysed by carbon-supported Pd spheres
and cubes with different nanocrystal size. Initial 4-NP concentration of 0.2 mM and optical path length of 1
cm.

Figure 4.

Time dependence of NH3 BH3 conversion to produce H2 for (a) C-Spheres and (b) C-Cubes.

(considering 100% of conversion for total extinction of
the absorption peak of 4-NP at 400 nm) was observed
in the case of C-Spheres (S) and C-Cubes (S), which
is contrary to the general better performance of smaller
nanocrystals with a larger proportion of coordinately
unsaturated metal atoms observed in some catalytic
reactions. 41–43
As the hydrogenation of 4-NP proceeds by using the
hydrogen generated from the NH3 BH3 dehydrogenation

reaction, the ﬁnal performance is determined by both
reactions. Then, to get further insight into the morphology sensitivity of the studied catalytic system, NH3 BH3
dehydrogenation reaction was monitored for the two
best-performing catalysts of both sets of samples (i.e.,
C-Spheres (M) and (L); C-Cubes (M) and (L)). This
dehydrogenation proceeds according to the following
reaction: NH3 -BH3 + 2H2 O → NH4 BO2 + 3H2 ; so
100% of conversion means the generation of 3 mol of

Morphology-controlled Pd nanocrystals

H2 per mol of NH3 BH3 . The time dependence NH3 BH3
conversion proﬁles are plotted in Figure 4. Figure 4
(a) revealed that, under the experimental conditions
used in these tests, the NH3 BH3 dehydrogenation did
not show a marked size-dependency for the C-Spheres
samples in the nanoparticle size range under study.
However, an important size-dependence was seen for
C-Cubes. In this case, the reaction was more efﬁciently
boosted by sample C-Cubes (M) (∼100% conversion
achieved after 14 and 26 min of reaction for C-Cubes
(M) and C-Cubes (L), respectively). Furthermore, from
a comparative point of view, C-Spheres assisted more
efﬁciently the NH3 BH3 dehydrogenation than C-Cubes,
as only 10 min was needed to achieve ∼100% conversion for both C-Spheres (M) and (L). The better
performance of C-Spheres is reﬂected in the TOF values:
43 and 39 min−1 for C-Spheres (M) and (L), respectively, and 21 and 12 min−1 for C-Cubes (M) and (L),
respectively (calculated after 6 min of reaction in all
cases). Then, attending to this observation and, from
a general overview, the better behaviour displayed by
C-Spheres as compared to C-Cubes in the hydrogenation of 4-NP can be initially ascribed to their superior
performance in boosting the NH3 BH3 dehydrogenation,
which in turn could be attributed to their smaller average nanocrystal size which affords a more important
contribution of surface atoms with respect to the total
number of atoms in the nanocrystals (surface atoms
account for 35.5, 30.0 and 24.0% of the total atoms in
C-Spheres (S), (M) and (L), respectively, and only 14.5,
10.9 and 9.0% of the total atoms in C-Cubes (S), (M)
and (L), respectively; See Supporting Information for
calculation details). Nevertheless, due to the different
facets exposed by Pd spheres and cubes, the structurereactivity dependency cannot be ruled out and a more
thorough investigation should be conducted to ascertain
the main factor in controlling the catalytic activity of the
present system.
Moreover, some additional considerations should be
kept in mind to elucidate the effect of the nanocrystal
size within both sets of catalysts. In this line, it seems
that the better catalytic activity displayed by C-Spheres
(L) as compared to C-Spheres (S) and (M) cannot be
directly and exclusively linked to their ability to catalyse
the NH3 BH3 dehydrogenation. From a ﬁrst approximation, it could be thought that this size-sensitivity could
be related to adsorption-desorption phenomena taking
place on the nanoparticles surface. Then, the enhancement observed with the increase of the nanoparticle
size might be associated to the less important steric
hindrance on larger nanoparticles during the adsorption of reagents on the nanoparticles surface to afford
the reduction of the large molecules of 4-NP. In the
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case of Pd cubes, the best-performing catalyst among
investigated was C-Cubes (M). The volcano type relationship between the average nanocrystal size and the
catalytic ability of these samples might be related to an
intermediate surface state between smaller cubic
nanocrystals (with more tendency to react) and larger
nanocrystals (with less important steric hindrance effect).
It should be noted that in this case, the better activity of C-Cubes (M) as compared to larger nanocrystals
is in good agreement with their ability to catalyse the
NH3 BH3 dehydrogenation reaction, conﬁrming that the
ﬁnal catalytic performance in the tandem reactions is
related to the catalyst hydrogen production ability.

4. Conclusions
Two sets of carbon-supported catalysts were prepared by
means of colloidal synthetic protocols, which allowed
the preparation of size and shape controlled Pd spheres
and cubes and the subsequent impregnation of the
support with the as-synthesised nanocrystals. The resulting catalysts were tested in a tandem dehydrogenation/hydrogenation reaction, in which NH3 BH3 was
used as hydrogen source for the subsequent hydrogenation of 4-nitrophenol to 4-aminophenol. In the case
of C-Spheres, the catalytic activity enhances as the
nanoparticle size increases, which might be related to
the favoured surface adsorption/desorption of reagents
on the nanoparticles surface due to the less important
steric crowding on larger nanoparticles. A different tendency was displayed by C-Cubes, where a volcano type
relationship between the nanocrystal size and the catalytic activity was shown.
Supplementary Information (SI)
Results of the nitrogen adsorption-desorption experiments as
well as TEM and XPS characterisation can be found in the SI.
Statistics of surface atoms on spheric and cubic Pd nanocrystals are also included. Supplementary Information is available
at www.ias.ac.in/chemsci.
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