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A B S T R A C T

A widespread approach to modulate the performances of heterogeneous catalysts is the use of bimetallic na-
noparticles (NPs) as the active phase. However, studying the relationship between the NPs structure and cata-
lytic properties requires well-defined systems, having uniform composition, size and nanostructure, which
cannot be achieved by traditional methods (e.g. impregnation). Here, we developed wet-chemistry synthetic
routes to prepare PdePt NPs or Pt-core@Pd-shell NPs of small size and well-controlled composition and
structure, protected by mercaptoundecanoic acid (MUA) moieties. The pristine NPs were tested for H2 pro-
duction by NH3BH3 hydrolysis, in order to systematically investigate the effect of composition and of synthetic
route on the activity of the systems. Depending on the preparation method, two distinct trends of activity were
observed, rationalized in terms of the extent of surface functionalization by MUA. The MUA protective layer was
found to effectively stabilize the NPs dispersion while maintaining high activity in certain cases (Pt-rich NPs),
and was demonstrated to be essential for catalyst recycling. In order to further study structure-activity re-
lationships of PdePt NPs after ligand removal, nanostructured PdePt@CeO2-based catalysts were prepared by
self-assembly route. Regardless of the starting NPs structure (alloy or core-shell), similar water gas shift reaction
performances were observed, due to the structural rearrangements occurring upon oxidation and reduction
thermal treatments, which led to the formation of Pt-rich core@PdePt-shell under reducing conditions.

1. Introduction

The synthesis of metal and metal oxide nanoparticles (NPs) of
controlled composition, dimension and morphology has led to a better
understanding of the way catalysts work and how to improve their
activity [1,2]. Bimetallic NPs have attracted increasing attention in
view of their particular activity, selectivity or stability, arising from the
interplay between the two components [3–5]. Notably, the perfor-
mances of bimetallic catalysts not only depend on the active phase
composition, but also on the chemical state of each component [5] and
on the particles nanostructure (e.g. alloy, core-shell systems) [6]. Ad-
vanced structure/activity studies in environmental and energy-related
applications of bimetallic NPs-based systems can give new insights in
how to develop more performing catalysts, as recently demonstrated for
biofuels upgrading [5] and methane catalytic oxidation [3].

PdePt bimetallic catalysts have been studied in many catalytic re-
actions, such as hydrogenation of aromatics [7,8], hydrodesulfurization

reaction [9], electro-oxidation of methanol [10], oxygen reduction[11]
and catalytic combustion [12,13] sometimes showing improved activity
and/or stability with respect to their monometallic counterparts. For
instance, in methane catalytic combustion, PdePt -based catalysts
prepared by conventional methods showed increased tolerance towards
two main deactivating agents typically found in real application, i.e.
sulfur compounds [14] and water vapor [15]. More recently, uniform
PdePt nanocrystals were shown to be more stable towards water vapor
aging under methane combustion conditions [3].

To investigate the reason of improved performances of bimetallic
catalysts, it is fundamental to obtain metal NPs with controlled and
uniform composition and morphology. Wet chemical methods such as
solvothermal and colloidal synthesis can be used to obtain such precise
systems [16]. Here, we modified a previously reported synthesis of
functionalized Pd nanoparticles [17], developing two different strate-
gies aimed to obtain alloyed PdePt NPs or Pt-core@Pd-shell NPs. Alloy
formation was pursued by co-reducing Pd and Pt precursors with
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NaBH4 (co-reduced, CoRed), while Pt@Pd systems were synthesized by
introducing pre-formed Pt NPs in the solution of Pd precursor right
before reduction (pre-reduced, PreRed). Mercaptoundecanoic acid
(MUA) was chosen as the stabilizing organic ligand since it has both a
mercapto-group, which binds to the NPs surface preventing agglom-
eration, and a carboxylic terminal group, which can be exploited to
synthesize nanostructured composite for catalytic applications [18,19].
Moreover, thiols were recently demonstrated to play a critical role in
the synthesis of small alloyed NPs (∼2 nm diameter), by formation of
multinuclear metal−thiolate complexes, which favor intimate mixing
of the metals [20].

Structure-activity studies were carried out on PdePt-MUA NPs
dispersions for NH3BH3 (ammonia borane, AB) catalytic hydrolysis. AB
is an interesting material for solid hydrogen storage and controlled
generation in fuel cell systems, owing to its high hydrogen gravimetric
content (19.6 wt.%), possible efficient regeneration [21], non-toxicity
and stability in neutral and basic aqueous solutions [22,23]. Hydrogen
generation from AB can be achieved by thermolysis, hydrolysis and
dehydrogenation, but in all cases harsh conditions are required unless a
proper catalyst is used [24]. The hydrolysis reaction has often been
described according to the reaction:

NH3BH3 (aq) + 2H2O (l)⇌NH4
+
(aq)+ BO2

−
(aq)+ 3H2 (g) (1)

While recent kinetic studies [25,26] evidenced that the reaction pro-
ceeds via:

NH3BH3 (aq) + 4H2O (l)⇌NH4
+
(aq)+ B(OH)4−(aq) + 3H2 (g) (2)

In any case, 3 mol H2 can be produced by hydrolysis of 1 mol AB
[27]. Transition metal NPs have been widely investigated for this re-
action [28–32], and bimetallic systems were reported to have enhanced
catalytic properties [28–30], but limited work was dedicated to the
effect of the NPs composition or structure under the exclusion of par-
ticle size effects [25]. This is a crucial point since the hydrolytic de-
hydrogenation of AB is a well-known structure-sensitive reaction. Here,
careful characterization of a wide array of PdxPt1-x-MUA NPs allowed to
evidence compositional- and structural-dependent activity trends, pro-
viding valuable insights for the development of efficient colloidal cat-
alysts. Alkaline conditions were selected to stabilize AB against un-
wanted spontaneous hydrolysis and to effectively disperse the PdePt-
MUA NPs.

The MUA functionalization of the NPs was exploited for the pro-
duction of catalysts based on PdePt@CeO2 units, prepared by self-as-
sembly of the NPs with Ce decyloxide, followed by controlled hydro-
lysis and deposition on a high surface area Si-Al2O3 support [18,19].
Similar Pd@CeO2-based catalysts have shown remarkable activity for
CO oxidation and methane catalytic combustion, but they deactivated
under gas shift reaction (WGSR, CO+H2O↔ CO2+H2) conditions,
due to lower accessibility of Pd to the gas phase due to encapsulation by
partially reduced CeO2 [33,34]. Nonetheless, CeO2-supported catalysts
are known to be orders of magnitude more active in the WGSR than
metals on other supports, mainly in reason of the redox properties of
CeO2, able to act as an oxygen buffer oxidizing the CO adsorbed on
metal nanoparticles and being oxidized back by H2O vapor [35–39].

Here, we investigated the effect of the active phase composition in
PdePt@CeO2-based catalysts, with the aim of obtaining active and
stable nanostructured catalysts for the WGSR. Moreover, the structural
evolution of the PdePt active phase after oxidizing and reducing
thermal treatments was elucidated by in situ X-ray absorption experi-
ments and correlated with the observed WGSR catalytic performances.

2. Experimental

2.1. Catalyst synthesis

Potassium tetrachloropalladate (II) (32.04 wt.% as Pd) and

potassium tetrachloroplatinate (II) (46.71 wt.% as Pt) were purchased
from ChemPUR. Sodium borohydride (98%+) was purchased from
Acros Organics. Sodium hexachloroplatinate (IV) (98%), cerium am-
monium nitrate (CAN, 99.99%), sodium methoxide (25% in methanol),
phosphoric acid (85%), 11-mercaptoundecanoic acid (MUA, 95%), 1-
dodecanethiol (DT, ≥98%) dodecanoic acid (99%), triethoxy(octyl)si-
lane (TEOOS, 97.5%), and all the solvents (analytical grade) were
purchased from Sigma–Aldrich.

The PdePt nanoparticles were synthesized following two different
procedures, referred to as co-reduction and pre-reduction. The two
routes are based on a previously reported synthesis of Pd-mercap-
toundecanoic acid (MUA) nanoparticles [17] and only differ in the Pt
introduction method. In the co-reduction route, K2PtCl4 was added
together with K2PdCl4 (0.2 mmol total, Pd:Pt molar ratio adjusted to the
desired product) at the beginning of the synthesis. Briefly, the pre-
cursors were dissolved in a mixture of 5mL water and 25mL acetone.
MUA (0.5:1 mol vs total metal) and concentrated H3PO4 (60:1 mol vs
total metal) were added, and finally a NaBH4 aqueous solution (0.5M,
10mol vs total metal) was used as a reducing agent to obtain the NPs.
The system was then evaporated and the NPs were washed with water
(2×10mL) and EtOH (2×10mL) to eliminate all the reaction by-
products. Finally, they were dissolved in THF (0.5 mg/mL total metal).
In the pre-reduction route, a dispersion of pre-formed Pt NPs in EG
(3mg/mL as Pt) was added to the solution containing K2PdCl4 and
MUA before addition of NaBH4. Pure Pt-MUA NPs were produced in this
way, without adding any Pd salt to the synthetic mixture. The starting
Pt NPs were prepared according to a literature procedure and added as
synthesized [40].

PdePt@CeO2 units were prepared according to the procedure re-
ported in the literature for Pd@CeO2 units [41]. Briefly, PdPt-MUA
nanoparticles dispersed in THF were added to a THF solution of cerium
(IV) tetrakis(decyloxide) (Ce(OR)4), followed by the addition of a THF
solution of dodecanoic acid. Ce(OR)4 was prepared dissolving 5.00 g of
CAN in 50mL methanol (MeOH), followed by addition of 1-decanol
(6.97 mL, 4mol vs Ce). Then, a 25 wt% solution of MeONa in MeOH
(12.51mL, 6mol vs Ce) was added dropwise to the solution, causing
formation of gaseous NH3 and precipitation of cerium(IV) methoxide
and NaNO3. After 1 h of stirring, the solvent was removed by eva-
poration to yield an oil (orange color) mixed with solid NaNO3. The oil
was dissolved in 25mL dichloromethane (DCM), and the solvent was
evaporated again. This procedure was repeated twice, after which
25mL DCM were added, the solid was filtered out, and DCM was re-
moved by evaporation. The orange-oil product was used without fur-
ther purification. For the synthesis of Pd@CeO2 units, 10mL of the THF
solution of PdePt-MUA nanoparticles (0.5 mg/mL as total metal) were
slowly added to 5mL THF solution of Ce alkoxide to obtain a final
metal:CeO2 weight ratio of 1:9, followed by the addition of dodecanoic
acid (1mol vs Ce) dissolved in 10mL of THF. Hydrolysis of the metal
alkoxide in the PdePteCe solution was carried out by slowly adding
1.2 mL of H2O dissolved in 10mL of THF over a period of 4 h (120mol
vs Ce). For preparation of the final catalysts used in the WGSR, the
PdePt@CeO2 units were adsorbed in monolayer form onto modified,
hydrophobic γ-Al2O3, prepared by reaction of 1.0 g calcined γ-Al2O3

with 0.55mL TEOOS, in 20mL toluene at reflux for 3 h. The powder
was used for synthesis after washing with toluene (2× 20mL, cen-
trifugation at 4500 rpm, 5min) and drying at 120 °C overnight [18].
The PdePt(1%)@CeO2/Si-Al2O3 catalysts were then either oxidized in-
situ at 250 °C before the reaction or calcined at 500 °C in air for 5 h, in
order to remove the organic components and to activate the catalyst
[18]. For comparison, Pd(1%)@CeO2/Si-Al2O3 and Pt(1%)@CeO2/Si-
Al2O3 catalyst were prepared starting form Pd-MUA and Pt-MUA NPs,
respectively.

2.2. Characterization techniques

For Inductively Coupled Plasma–Optical Emission Spectroscopy

M. Monai et al. Applied Catalysis B: Environmental 236 (2018) 88–98

89

2



(ICP-OES) analysis, 2 mL of PdePt-MUA solution 0.5mg/mL in THF
were picked up and put in a 25mL round bottom flask. THF was eva-
porated at rotary evaporator. 2 mL aqua regia (HNO3:HCl mixture, 1:3
in volume) were added to dissolve the PdePt NPs. The solution was
diluted with DI water to 50mL. Total Pt and Pd concentrations in the
samples were quantified using an Optima 8000 instrument (Perkin
Elmer; Waltham, MA, USA) with an integrated autosampler (S10,
Perkin Elmer; Waltham, MA, USA). A five-point standard calibration
curve was used for ICP-OES measurements (range 0–100mg L−1). The
limits of detection at the operative wavelengths (Pd 340.458 nm, Pt
265.945 nm, S 181.975 nm) were 0.05mg L−1 for Pd and Pt and
0.10mg L−1 for S. The precision of the measurements as repeatability
(as RSD%) for the analysis was always less than 5%.

Pd and Pt accessibility in PdePt@CeO2/Si-Al2O3 catalysts was es-
timated by low temperature CO chemisorption measurements.
Typically, 150mg of 500 °C calcined sample were pre-reduced at
80 °C in. 5.0% H2/Ar for 30min, degassed for 30min at 80 °C and for
4 h at 350 °C. The samples were then cooled to −80 °C using an
acetone-dry ice bath and exposed to between 2 and 20 Torr of CO.
Equilibrium was considered to have been reached when the pressure
change was less than 0.01% for 11 consecutive readings, taken at 30-s
intervals. Adsorbed volumes were determined by extrapolation of the
linear part of the adsorption isotherm to zero pressure. A 1:1 chemi-
sorption stoichiometry ratio was assumed for CO/Pd and CO/Pt.

The microstructure of the samples was analyzed by Transmission
Electron Microscopy (TEM). The characterization was performed on a
JEOL 2010FEG microscope operated in Scanning mode (STEM) using a
spot of 0.5 nm and the images were recorded with a High-Angle
Annular-Dark-Field (HAADF) detector and a camera length of 10 cm.
The microscope is equipped with an Oxford SDD Detector (X-Max 80
system) that allow to gain chemical information of single nanoparticles
by obtaining point Energy-dispersive X-ray spectrum (EDS).

For pristine PdePt-MUA NPs characterization by Extended X-Ray
Absorption Fine Structure (EXAFS), the NPs dispersions in THF were
deposited on BN right after the synthesis so to achieve an acceptable
Δμx, dried, pressed in tablets and sealed in Kapton tape. Samples were
measured at room temperature at the SAMBA beamline [42] in trans-
mission mode. Data of high quality were obtained even for Δμx below
0.1 and this enabled us to obtain numerical results on a large number of
samples.

For in situ XAS PdePt@CeO2/Si-Al2O3 powders were diluted with
BN and loaded in the cell described in details elsewhere [43]. The
samples were calcined in situ to 250 °C for 30min in O2(5%)/He. After
the treatment, the sample was cooled to room temperature and EXAFS
spectra were collected at Pd K edge and Pt L3 edge. Then, the sample
were reduced to 250 °C for 30min in H2(5%)/Ar. After cooling to room
temperature, EXAFS were collected again. EXAFS data analysis have
been carried on with theoretical standards from Feff 8.4 [44] and with
the software Horae [45] for data handling and fitting. All fits have been
carried out in r-space.

2.3. Catalytic measurements

The PdePt-MUA NPs were tested for NH3BH3 hydrolysis in basic
aqueous solutions. In order to perform the catalytic tests, the NPs dis-
persion in THF was evaporated and the NPs were re-dispersed in a
100mM NaOH solution (0.1 mM PdePt total concentration). 20mL of
the resulting PdePt-MUAte solution were introduced in a sealed re-
actor, connected to a GC analyzer, and the solution was purged with Ar.
After 5min, a 5mL aqueous solution of 61.7 mg NH3BH3 (2mmol) was
injected with a syringe under Ar flow. The final metal/NH3BH3 molar
ratio was 1/1000. In recycling experiments, the NPs dispersion was
transferred to a centrifuge tube, and some droplets of HNO3 (conc.)
were added to the NPs solution until precipitation occurred. The NPs
were washed 3 times with water (10mL) and finally redispersed in a
100mM NaOH solution by sonication. Such basic solution was then

used in the successive catalytic run. The H2 concentration in the ef-
fluent stream from the reactor was monitored on-line using an Agilent
7890 gas chromatograph equipped with a TCD detector connected to a
MolSieve 5 A column. Blank experiments without PdePt-MUAte NPs
did not show any H2 evolution.

The PdePt@CeO2/Si-Al2O3 catalysts were tested in the WGSR.
Typically, 40mg of catalyst was loaded in a tubular reactor, pretreated
under O2(5%)/Ar or H2(5%)/Ar and it was finally exposed to reaction
conditions. The reaction was carried out at atmospheric pressure, in
7.6 Torr CO and 38 Torr H2O, Ar balance, at a gas hourly space velocity
(GHSV) of 75,000 h−1 (total flow rate of 48.5mL/min). Water was
introduced to the reactor by means of a Gas-Tight syringe, controlled by
an infusion pump, while the partial pressures of CO and Ar were ad-
justed using mass flow controllers. The composition of the effluent gas
was typically analyzed on line using a mass spectrometer. In selected
experiments, the reactor exhaust was monitored using an Agilent
7890 gas chromatograph equipped with two analytical lines. A TCD
detector, connected to a MolSieve 5A column using Ar as carrier, was
used to monitor H2 concentration while a FID detector, connected to a
Select Permanent Gases/CO2column using He as carrier and a metha-
nator, was used to monitor CO, CH4 and CO2.

3. Results and discussion

3.1. PdePt-MUA NPs synthesis and characterization

The Pd-MUA, Pt-MUA and PdePt-MUA NPs prepared by CoRed and
PreRed routes (see Experimental Method) were characterized by ICP-
OES, TEM-EDS and EXAFS at the Pd K and Pt L3 edges. Pd-MUA NPs of
1.5–2.0 nm were obtained in accordance with previously reported re-
sult (Fig. 1) [46]. Pt-MUA NPs of similar size were obtained by func-
tionalizing pre-formed Pt NPs with MUA (supported by EXAFS results,
vide infra), following the PreRed synthetic procedure in the absence of
Pd precursor (Fig. 1).

As revealed by ICP-OES analysis, the PreRed method allowed to
synthesize PdePt-MUA NPs in the entire compositional range, with the
expected Pd:Pt molar ratio. The yield of the synthesis calculated basing
on ICP-OES results was higher than 95% for both metals, in all cases. On
the other hand, the CoRed procedure could only yield Pd-rich NPs, due
to a drop in Pt reduction yield (to 60%) when employing Pd:Pt molar
ratio lower than 7:3 (Table 1). Starting with Pd:Pt ratio lower than 5:5
resulted in very low yields, with no evident NPs dispersion formation.
Moreover, pure Pt-MUA NPs could not be obtained by reduction of the
Pt precursor under the conditions used in the CoRed route in the ab-
sence of K2PdCl4. These results suggest that Pt reduction is catalyzed by
Pd NPs seeds formed in-situ upon addition of NaBH4. From now on, the
PdePt-MUA NPs will be labeled using the observed molar ratio, ap-
proximated to the unit.

HAADF-STEM and EDS analysis on samples prepared by PreRed and
CoRed methods confirmed the formation of PdePt bi-metallic NPs,
having diameters in the range of 1–3 nm and compositions statistically
distributed around the observed ICP-AES values (Fig. 2 and 3). This was
observed even in the PreRed route, in which pre-formed Pt NPs are
present (Fig. 2), suggesting that Pd species are preferentially reduced on
the surface of Pt NPs, rather than nucleate separately and produce pure
Pd-MUA NPs. The CoRed NPs present a broader compositional dis-
tribution at lower Pd mol.% (Fig. 3). Nonetheless, for both the synthetic
routes, ∼75% of the NPs are in the compositional range of± 5mol.%
Pd around the value observed by ICP-OES analysis. Such quite narrow
compositional distribution and the similar size of the NPs allowed to
study the effect of the NPs composition on catalytic performances in
detail.

In order to elucidate the structure of the NPs in terms of alloying/
segregation of Pd and Pt and to study sulfur-metal stabilization and
bond formation, EXAFS analysis was carried out on the as-prepared
NPs. Results from the analysis of the first coordination shell around the
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metal element for the pure Pd-MUA and Pt-MUA are reported in
Table 2. The Pd-S and Pt-S contributions are at a distance typical of a
binary sulfide (2.31 Å in PtS) [47] or a thiolate (2.27 Å for a Pt thiolate)
[48] and indicate that about half of Pd and Pt are coordinated to a
sulfur atom. Thiolate formation is expected from the synthesis in the
presence of MUA, as previously reported by some of us [41], and it was
corroborated by 1H NMR results, showing broadened MUA 1H signals in
PdePt-MUA samples (Fig. S1). Such a large molar fraction of Pd-S and
Pt-s is consistent with ICP-OES results (metal:sulfur ratio of
0.5 ± 0.05, in agreement with nominal) and the dimension of the NPs
(∼2 nm), since roughly half of the atoms are in the outer atomic layer
[49]. For the same reason, the Pd-Pd and Pt-Pt coordination numbers
are very small. The Pt-Pt and Pd-Pd distances are quite shorter than the

corresponding bulk metals (2.75 Å for Pd-Pd and 2.77 Å for Pt-Pt), due
to a strong contribution of surface atoms in particles smaller than 2 nm,
as described in the literature for Pt [50], Pd [51] or Au [52] NPs.

Comparing CoRed and PreRed PdePt NPs signals (Fig. 4, Table 3
and 4), the observed difference is striking. Table 3 reports the results of
EXAFS fitting obtained for the first coordination shell around each
metal element for CoRed samples (Fig. 4). The total coordination
number of Pt, or Pd around each metal center is very similar to what
found in Pt- and Pd-MUA. A minimum Pd content is necessary for the
particles growth, but there is no sign that a Pd core is formed, the re-
sults highlights the formation of an alloy and as for the pure Pd- or Pt-
MUA particles, a large fraction of thiolate. In all cases the bond lengths
are close to those found on the pure Pd-MUA and Pt-MUA. These data
suggest that, for the CoRed series, alloying of Pd and Pt occurs and both
absorbers see similar amounts of each other and S. The distance con-
traction respect to bulk values has been already observed with EXAFS
by Bazin et al., even if not fully commented [53] and by Bernardi et al.
[54] as a function of Pd content. Our particles, though, exhibit much
smaller sizes.

Results from the analysis of the first coordination shell around and
Pt for the PreRed samples (Table 4) reveal a number of differences,
indicating that Pd and S cover Pt clusters and that Pt remains at the
core. Changes with respect to CoRed samples are most evident at Pt L3
edge, being the average CN of Pt significantly larger. The average

Fig. 1. TEM and NPs size distribution analysis results for pure Pd-MUA and Pt-MUA NPs samples. 400 nanoparticles were counted for obtaining NPs size distribution.

Table 1
ICP-OES results for PdePt-MUA NPs dispersion prepared by CoRed route.

Expected Pd:Pt
molar ratio

Observed Pd:Pt
molar ratio
(ICP-OES)

Pd yield
(%)

Pt yield
(%)

Average Pd:Pt
molar ratio
(EDS)

9:1 9.2:0.8 98 82 9.1:0.9
8:2 8.2:1.8 99 87 8.0:2.0
7:3 7.4:2.6 93 62 7.4:2.6
6:4 7.1:2.9 91 57 7.0:3.0
5:5 6.2:3.8 97 59 5.9:4.1
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coordination number is close to 5.4 that is possible for a core of Pt of
0.6 nm (cube octahedron of order m=2, where m=1 is a single
atom). Moreover, much smaller Pt-S CNs were observed (half than in
co-reduced samples), suggesting that a smaller fraction of Pt is exposed
and/or that S preferentially binds to Pd. All the samples exhibit a Pd-S
CN close to 2 as in the case of Pd-MUA and the co-reduced PdPt-MUA
series, indicating that Pd should be at the outside of the cluster where S
plays the role of protective layer. Accordingly, the Pd edge is sensitive
to the presence of Pt in all samples, but not the other way around (Pt-Pd
path not contained in the Pt L3 EXAFS signal). This could be explained
by a scenario in which Pd grows only on Pt cores (although some Pt is
still uncovered) and a fraction (nearly half) of Pd is in the form of
thiolate. The net coordination of Pd around Pt would be thus too small
(< 1) to be reliably fitted.

3.2. NH3BH3 hydrolysis catalyzed by PdePt-MUA NPs

The as-synthesized PdePt-MUA NPs were transferred in aqueous
NaOH solutions (PdePt-MUAte NPs are formed, where MUAte stands
for carboxylate form of MUA) and tested for H2 production by AB
catalytic hydrolysis (Fig. 5). Pt-MUAte and Pd-MUAte had very dif-
ferent initial H2 production rates (∼ 450 vs 100 μmol H2min−1, re-
spectively – inset of Fig. 5), and yielded total hydrolysis of AB after 30

and 120min, respectively. The initial TOF values observed for PdePt-
MUAte NPs are intermediate between those of Pt and Pd (inset of
Fig. 5). The values are normalized by moles of catalyst, since the
number of active sites is not known. Since all the studied NPs have very
similar size distribution (see Figs. 1–3), the differences observed in the
TOF are mainly due to effects of particles surface composition and ac-
tive sites accessibility.

Distinct activity was observed for CoRed and PreRed Pd6Pt4-MUAte
NPs: the PreRed samples showed an initial rate 3 times higher than that
of the CoRed samples, in a very reproducible way. This was not ex-
pected, basing on the Pt-core@Pd-shell structure of PreRed samples
observed by EXAFS, which would point to a surface rich in less-active
Pd. However, the low Pt-S CNs observed by EXAFS for Pt-MUA and
PreRed samples compared to CoRed samples suggests that Pt is less
passivated by S atoms in PreRed samples. Therefore, until complete
coverage of the surface by Pd, the activity of the PdePt-MUAte NPs
remains similar to that of Pt. In Pd8Pt2-MUAte samples, which have
higher Pd molar content, the surface of the NPs is almost completely
composed of Pd irrespectively from the synthetic procedure, and the
CoRed and PreRed samples behave very similarly. Notably, the reaction
shows a rate (rAB) which is first-order in AB concentration, in ac-
cordance with kinetic studies on Pt/CNTs [26], for which a Lang-
muir–Hinshelwood (L–H) mechanism was opbserved:

Fig. 2. TEM and single-particle EDS analysis results for selected
PreRed PdePt-MUA samples. Left: frequency with which a given
Pd content is observed by single particle EDS over a certain PdePt
sample, having an average composition (observed by ICP) as in-
dicated by the labels in the figure; center: representative HAADF-
STEM images; right: NPs size distribution. 400 nanoparticles were
counted for obtaining NPs size distribution.

Fig. 3. TEM and single-particle EDS analysis results for CoRed
PdePt-MUA samples. Left: frequency with which a given Pd
content is observed by single particle EDS over a certain PdePt
sample, having an average composition (observed by ICP) as in-
dicated by the labels in the figure; center: representative HAADF-
STEM images; right: NPs size distribution. 400 nanoparticles were
counted for obtaining NPs size distribution.
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rAB= k θAB θH2O (3)

in which θAB and θH2O are respectively the coverage of NH3BH3 and
water.

The average TOF (i.e. calculated over the entire hydrolysis time) for
Pt-MUAte NPs was comparable to that of previously reported PVP-
protected Pt NPs (100 vs 108mol H2 mol catalyst−1 min−1) [30].
However, here PdePt NPs did not show higher TOF than Pt NPs, in
contrast to what reported in ref. [30] (125mol H2 mol cata-
lyst−1 min−1). This difference is probably due to the weaker interaction
of PVP with the NPs surface compared to MUA, which results in more
accessible active sites, but on the downside can yield to aggregation
over time [30]. Consistently, Pd-MUAte NPs, which have higher Pd-S
CNs, showed a two times lower activity with respect to PVP-protected
NPs.

Despite this, the use of MUA as a protective ligand brings about
advantages with respect to PVP, such as the ability to precipitate the
NPs out of acidic aqueous solutions. In this way, the catalyst can be
easily recovered and separated from the water-soluble reaction by-
products by centrifugation. Following water washings, the NPs can be
redispersed in the basic solution employed in AB hydrolysis, main-
taining 90% of activity after 5 precipitation-redispersion cycles (Fig.
S2). Notably, successive additions of AB to the reaction solution
(without washing) led to a progressive deactivation of the catalyst due

to poisoning by byproducts (no modification in NPs size was observed –
Fig. S3), reaching less than 40% of activity after 5 additions (Fig. S2), in
agreement with previous studies [30]. This approach is very interesting
also in view of the recent studies of AB regeneration, which would re-
quire its efficient separation from the catalyst dispersion. Finally, un-
protected Pt NPs (not functionalized by MUA), shown a slightly lower
initial rate compared to Pt-MUAte NPs and visibly aggregated during
the course of the experiment (Fig. S4). This further suggests that MUA
functionalization favors Pt NPs dispersion, while maintaining exposed
active sites, resulting in an overall increase of the H2 production initial
rate.

Table 2
Results of EXAFS refinements on Pd-MUA and Pt-MUA particles.
CN= coordination number; R= interatomic distance. Brackets report the
standard deviation error on each parameter. See Table S2 for further details.

Pd-MUA CN R(Å) Pt-MUA CN R(Å)

PdeS 2.1(3) 2.30(1) PteS 0.8(2) 2.28(1)
PdePd 2.0(7) 2.74(1) PtePt 2.8(6) 2.73(1)

Fig. 4. Fourier transform of selected experi-
mental (blue triangles) and simulated (red
lines) EXAFS signals at Pd K and Pt L3 edge,
respectively. Pd:Pt molar ratios of 8:2 and 6:4
were selected to compare the structure of
CoRed and PreRed NPs having similar compo-
sition. (For interpretation of the references to
colour in this figure legend, the reader is re-
ferred to the web version of this article.)

Table 3
Results of EXAFS refinements on CoRed PdePt-MUA NPs. CN= coordination
number; R= interatomic distance. Brackets report the standard deviation error
on each parameter. See Table S3 for further details.

Pd CN R(Å) Pt CN R(Å)

Pd2Pt8
PdeS 2.2(2) 2.29(1) PteS 2.1(2) 2.30(1)
PdePd 0.8(2) 2.68(2) PtePt 1.2(5) 2.73(2)
PdePt 1.3(4) 2.72(2) PtePd 0.9(4) 2.71(2)

Pd7Pt3
PdeS 2.0(3) 2.29(1) PteS 2.0(3) 2.30(1)
PdePd 1.0(3) 2.73(2) PtePt 0.7(3) 2.75(2)
PdePt 0.6(3) 2.74(2) PtePd 1.4(4) 2.73(1)

Pd8Pt2
PdeS 1.8(2) 2.30(1) PteS 2.0(3) 2.30(1)
PdePd 1.6(2) 2.74(1) PtePt 1.3(7) 2.72(2)
PdePt 1.0(3) 2.76(2) PtePd 1.4(4) 2.72(2)

Pd9Pt1
PdeS 2.2(2) 2.30(1) PteS 2.3(3) 2.30(1)
PdePd 2.1(3) 2.71(3) PtePt 1.5(5) 2.73(2)
PdePt 1.1(4) 2.73(3) PtePd 1.1(5) 2.71(1)

M. Monai et al. Applied Catalysis B: Environmental 236 (2018) 88–98

93

6



3.3. PdePt@CeO2/Si-Al2O3 characterization

Physisorption and chemisorption experiments on PdePt@CeO2/Si-
Al2O3 catalysts calcined at 500 °C revealed that all the supported
samples had similar surface areas, pore-size distributions, and active
phase accessibility, as detailed in Table S1. The results for pure Pd and
Pt NPs are comparable with those reported in previous studies on si-
milar materials, and the accessibility of bi-metallic PdePt NPs is con-
sistently similar [55–57]. This is in accordance with TEM/EDS and
EXAFS results on supported PdePt@CeO2-based catalysts (vide infra).

TEM/EDS analysis of the PdePt@CeO2/Si-Al2O3 samples revealed
the presence of small nanoparticles of 1–5 nm in size, forming a uniform
layer on the Si-Al2O3 support (Fig. 6, top). The Pd:Pt atomic ratio ob-
served by EDS (Fig. 6, bottom) is as expected and consistent with ICP-
OES results of the pristine NPs. Ce and PdePt signals were almost al-
ways associated, except for a small fraction of stand-alone CeO2 NPs, in
agreement with the formation of PdePt@CeO2 entities with core-shell
morphology deposited on the silanized alumina - which after

calcination yields a inhomogeneous thin silica overlayer on alumina
[58].

Selected supported PdePt@CeO2/Si-Al2O3 samples were analyzed
by in-situ EXAFS in order to get insight in the evolution of Pd and Pt
chemical state and of the structure of the active phase NPs during
thermal treatments under oxidizing and reducing conditions. PreRed
Pd6Pt4@CeO2 and CoRed Pd6Pt4@CeO2-based samples were selected
since the bare NPs revealed the most different structure and catalytic
performances in AB hydrolysis(See Section 3.1 and 3.2). Very inter-
estingly, after oxidation and reduction treatments, the results of EXAFS
refinement for PreRed and CoRed samples are numerically equivalent
(Tables 5 and 6). A re-organization of the NPs occurred, which was not
dependent on the NPs synthetic route (PreRed or CoRed).

Pd K edge and Pt L3 edge in-situ EXAFS signals of the fresh (i.e. not
calcined), 250 °C-oxidized and 250 °C-reduced PreRed Pd6Pt4@CeO2

and CoRed Pd6Pt4@CeO2 samples are reported in Fig. 7. In the fresh
CoRed Pd6Pt4@CeO2 sample, about half of Pd and Pt atoms are co-
ordinated to S (Table 5). Both Pt and Pd have similar environments and
there is no indication of Pd/Pt segregation. The oxidation step to 250 °C
results in an increase of dispersion or disorder of the pristine particles.
Most sulfur is removed, though a small PteS contribution remains;
PtePt metallic bonds are formed, while PdePd and PtePd disappear
due to oxidation of Pd and formation of PdeO bonds, indicating that Pd
is easier to oxidize and more exposed at the gas interface. The succes-
sive reduction step (5% H2/Ar, 250 °C) results in the segregation of the
two metals: Pt is surrounded by a majority of Pt and Pd by a majority of
Pd.

The core-shell picture in which the majority of Pd is located on a
thin shell justifies the results: Pd migrates at the surface and it is par-
tially oxidized, it coordinates to other Pd and (in part) to Pt, while the
majority of Pt is in a more coordinated environment at the core of the
particle. The tendency to segregate Pd at the surface of the cluster is in
agreement with previous findings of Bazin et al. [53] and Bernardi et al.
[54]. It is possible to relate the CN of Pt to the size of the core of the
particle [49,59,60], that is close to 1.2 nm. Considering the EXAFS es-
timate for the Pt-Pt, PdePt, PdePd bond lengths, the whole cluster
should have an average diameter of 1.6 nm. In the hypothesis of a cu-
boctahedron (Fig. 8), if the edge length is m, m=1 corresponds to an
isolated atom, m=2 corresponds to a cluster made of 13 atoms, one of
which is at the core and 12 around like in a fcc crystal structure. The

Table 4
Results of EXAFS refinements on PreRed PdePt-MUA NPs. CN= coordination
number; R= interatomic distance. Brackets report the standard deviation error
on each parameter. See Table S4 for further details.

Pd CN R(Å) Pt CN R(Å)

Pd2Pt8
PdeS 1.7(4) 2.30(1) PteS 0.6(2) 2.30(1)
PdePd 1.5(4) 2.73(2) PtePt 5.1(4) 2.75(1)
PdePt 2.0(5) 2.74(2)

Pd4Pt6
PdeS 2.2(3) 2.30(1) PteS 0.7(2) 2.30(1)
PdePd 1.2(4) 2.70(2) PtePt 6.1(9) 2.75(1)
PdePt 1.7(5) 2.72(3)

Pd6Pt4
PdeS 1.9(4) 2.30(1) PteS 1.0(2) 2.30(1)
PdePd 2.0(4) 2.73(1) PtePt 4.2(4) 2.73(1)
PdePt 1.3(7) 2.77(3)

Pd8Pt2
PdeS 1.6(3) 2.29(1) PteS 0.9(4) 2.31(2)
PdePd 1.9(4) 2.75(1) PtePt 5.6(4) 2.73(1)
PdePt 0.9(5) 2.77(3)

Fig. 5. Production of H2 by NH3BH3 (AB) hy-
drolysis catalyzed by Pd-MUAte, Pt-MUAte and
selected PdePt-MUAte NPs. Inset: the initial
rates of H2 production, extrapolated from the
linear part of the curve, and the corresponding
turn over frequency (TOF) calculated basing on
the moles of catalyst. Conditions: NaOH
concentration= 100mM; metals/AB molar
ratio= 0.001; T=20 °C. Blank experiments
without catalyst did not show any H2 evolu-
tion.
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number of atoms in a cuboctahedron follows the formula n(m)= 10/
3m3− 5m2 +11/3m− 1 [61]; our average cluster should have a
core with an edge length close to 3 (depicted in white in Fig. 8). The
outer sphere of such cluster (the m=4 shell) contains 63% of the total
number of atoms, which corresponds to the fraction of Pd in the sample.
This reasoning is based on one particular (and most probable) fcc
cluster geometry, but the estimate holds for icosahedral clusters or si-
milar shapes which cannot be distinguished without information on
second neighbors, too difficult to precisely detect in these samples [60].

The fresh PreRed Pd6Pt4@CeO2 sample already exhibits a Pd@Pt
core-shell structure, with S coordinated preferentially to Pd (Table 6).
The oxidation step completely removes the sulfur protection from Pt
and a Pt-Pd path appears, indicating that at this step the oxidation
reaches the particle core, forming not only a part of Pt oxide, but
promoting a partial alloying of Pd and Pt, too. The successive reduction
step produces the same effects as for CoRed: a Pt rich core is formed
covered by metallic Pd, since a Pt-Pd contribution is in evident contrast

with the initial PreRed. The very same considerations applied to CoRed-
reduced can be made.

3.4. Water gas shift reaction over PdePt@CeO2/Si-Al2O3

Selected PdePt@CeO2/Si-Al2O3 catalysts were tested in the WGSR,
in order to determine the effect of NPs composition on the activity, and
in particular if bimetallic catalysts would show a cooperative effect,
leading to enhancement of the performance. The samples and the pre-
treatments conditions were selected to be consistent with the ones
employed in the EXAFS study. The steady state CO conversion during
WGSR experiments at 250 °C over 250 °C-pre-oxidized, or pre-reduced
catalysts is shown in Fig. 9A and B, respectively. Pt@CeO2-based cat-
alysts were the most active and stable in both cases, and their activity
was not affected by the pre-treatment conditions. On the other hand,
pre-oxidized Pd@CeO2-based catalysts showed very low activity and
underwent fast deactivation at 250 °C, in accordance with previously

Fig. 6. Representative TEM images (top) and
EDS analysis (bottom) of fresh CoRed and
PreRed Pd6Pt4@CeO2/Si-Al2O3 samples. EDS
signals: Pd (black), Pt (light grey), Ce (orange),
O (red), Al (white), Si (green), C (dark grey),
Cu (from the grid – light blue). (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

Table 5
Results of in-situ EXAFS refinements on particles grown starting from CoRed
PdePt-MUA NPs. CN= coordination number; R= interatomic distance.
Brackets report the standard deviation error on each parameter. See Table S5
for further details.

Pd CN R(Å) Pt CN R(Å)

Pd6Pt4
PdeS 2.2(2) 2.29(1) PteS 2.1(2) 2.30(1)
PdePd 0.8(2) 2.68(2) PtePt 1.2(5) 2.73(2)
PdePt 1.3(4) 2.72(2) PtePd 0.9(4) 2.71(2)

Pd6Pt4 Oxidized
PdeO 2.5(4) 2.03(1) PteO 1.5(3) 1.99(2)

PteS 0.4(3) 2.28(3)
PtePt 3.0(8) 2.76(1)

Pd6Pt4 Reduced
PdeO 1.0(3) 2.03(1)
PdePd 2.1(4) 2.72(1) PtePt 6.2(9) 2.73(1)
PdePt 1.5(3) 2.70(2) PtePd 1.6(3) 2.67(1)

Table 6
Results of in-situ EXAFS refinements on particles grown starting from PreRed
PdePt-MUA NPs. CN= coordination number; R= interatomic distance.
Brackets report the standard deviation error on each parameter. See Table S6
for further details.

Pd CN R(Å) Pt CN R(Å)

Pd6Pt4
PdeS 1.9(4) 2.30(1) PteS 1.0(2) 2.30(1)
PdePd 2.0(4) 2.73(1) PtePt 4.2(4) 2.73(1)
PdePt 1.3(7) 2.77(3)

Pd6Pt4 Oxidized
PdeO 3.6(7) 2.02(2) PteO 2.5(8) 2.03(2)
PdePd 0.4(2) 2.69(2) PtePt 1.4(4) 2.74(2)
PdePt 0.7(3) 2.73(2) PtePd 0.6(2) 2.73(2)

Pd6Pt4 Reduced
PdeO 1.0(1) 2.04(1)
PdePd 1.7(3) 2.73(1) PtePt 5.9(7) 2.70(1)
PdePt 2.0(2) 2.73(1) PtePd 1.5(2) 2.68(1)
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reported result on similar catalysts, due to strong metal-support inter-
actions (SMSI) such as electron transfer effects or encapsulation of Pd
by partially reduced CeO2-x [33]. Moreover, pre-reduction led to almost
complete deactivation of the catalyst, in contrast with Pt@CeO2-based
catalysts, suggesting that SMSI with CeO2-x mainly affects the activity of
Pd-based systems. Interestingly, encapsulated Pt@CeO2 was reported to
be active for WGSR, due to electron transfer from Pt to Ce, evidenced
from a blue shift of the absorption edge (O2p−Ce4f) of the n-type
semiconductive ceria in diffuse UV reflectance experiments [62]. These
observations open up interesting questions for future systematic and
mechanistic studies about metal-ceria interaction in WGSR.

The observed conversion values over PreRed and CoRed
Pd6Pt4@CeO2-based catalysts were intermediate between those of pure
Pt- and Pd-based catalysts, evidencing that cooperative effects are not
in play under the conditions employed in this study. The catalysts
slightly deactivated over time, consistently with a deactivation of Pd
and with a residual activity after 2 h mostly due to Pt, further

suggesting that Pd-Ce SMSI are the reason of deactivation. Interestingly,
PreRed and CoRed Pd6Pt4@CeO2-based catalysts showed comparable
conversion trends, in stark contrast with what observed in AB catalytic
hydrolysis experiments (Fig. 5), consistently with the change of struc-
ture in the NPs observed by EXAFS (vide supra).

In order to further explore the effect of the active phase composition
on the WGSR performance, light-off experiments were performed on a
wider array of PdePt@CeO2-based samples (Fig. 10). Also in this case,
PreRed and CoRed samples showed comparable light-off curves, and
the activity trend was linearly dependent on the composition with no
considerable cooperative effects, as visualized by the trend in tem-
perature at which the WGS chemical equilibrium is achieved (TEQ) in
the inset of Fig. 10. In all cases, the selectivity to H2 and CO2 was 100%.
No methane production was observed during the catalytic tests, as
confirmed also by analysis of the reaction products by GC equipped
with a FID detector.

Fig. 7. Fourier Transforms of experimental data and fits of CoRed and PreRed Pd6Pt4@CeO2 samples supported on Si-Al2O3 after different thermo-chemical
treatments.

Fig. 8. Idealized view of a m=4 cuboctahedron with a m=3 Pt core and a Pd
outer shell (Pd: blue; Pt: grey). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Steady state WGSR experiments at 250 °C over Pd@CeO2/Si-Al2O3,

Pt@CeO2/Si-Al2O3 and selected PdePt@CeO2/Si-Al2O3 catalysts, pretreated
(A) at 250 °C in O2(5%)/Ar and (B) at 250 °C in H2(5%)/Ar. Conditions: 7.6 Torr
CO, 38 Torr H2O, Ar balance, GHSV=75,000 h−1.
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4. Conclusions

In conclusion, we have developed wet-chemistry methods to syn-
thesize small (1.5–2.5 nm) and functionalized PdePt NPs with tunable
structure (alloy or core-shell) and composition, as indicated by TEM,
EDS mapping and EXAFS analysis. Aminoborane hydrolysis was used as
a model reaction to investigate the activity trend of the as-synthesized
PdePt NPs. In this case, the activity of the NPs was dependent on the
synthetic route (CoRed or PreRed), since it was influenced by the extent
of surface coordination by MUA, rather than the Pd:Pt molar ratio, as
demonstrated by the different activity of PreRed and CoRed Pd6Pt4-
MUAte samples. While presenting some drawbacks related to partial
blocking of active sites, NPs functionalization with MUA can be
exploited both to separate the catalyst dispersion from the reaction
mixture (by precipitation driven by acidification) and to synthesize
well-defined, active and stable nanostructured PdePt@CeO2-based
catalysts by a previously reported self-assembly route [41]. Applying
similar strategies to base-base metal systems could yield even better
noble metal-free catalysts, possibly showing performances comparable
to noble metals. While thiol-stabilized base metal alloys nanoparticles
are neither easily synthesized nor water-stable, other methods to obtain
precisely controlled NPs can be employed (e.g. solvothermal synthesis
[4]).

The supported PdePt@CeO2/Si-Al2O3 catalysts based on NPs pre-
pared by CoRed or PreRed showed similar WGSR performances, inter-
mediate between those of Pd@CeO2 and Pt@CeO2-based catalysts.
EXAFS analysis revealed that, regardless of the synthetic route, the NPs
underwent a similar modification during oxidation and reduction,
leading to the formation of Pt-rich core@PdePt-shell under reducing
conditions. Notably, no cooperative effects were observed for the
PdePt-based systems studied herein, in accordance with recent reports
on well-defined nanostructured PdePt materials [3]. This suggests that
cooperative effects observed on traditionally-prepared bimetallic cata-
lysts may result from other, more subtle properties of the materials,
such as change in active phase dispersion and accessibility. All con-
sidered, this work provides new insights in the synthesis and char-
acterization of more active and stable PdePt catalysts and demonstrates
that well-defined bimetallic catalysts can be used as model to elucidate
structure-activity and -stability relationships.
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