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up to 24.0 §), and

The magnetron-sputtering approach was used fodépesition of mall (ca. 3.7 nm) ar
uniformly distributed Pd(Ojec nanoparticles (Pd-NPs) with partially oxidisedfaoes on
commercially available carbon black. The poreshaf support were uniformlfilled by
Pd-NPs, and the surface area was drastically redogélockage of the poreSthe mete
concentration increases with the augmentation @gpluttering time without changing
metal NP size.These Pd-nanocatalysts are high efficient for tlyerdgenationof
nitrobenzene to aniline (TOF up to 141.7 Minl,3-cyclohexadiene to cyclohexene (TOF

cyclohexene to cyclohexane (TOF up to 35 under 4 barof

dihydrogen (H) at mild temperatures (75-90 °C). The magnetraritepngis one of th
simplest, reliable, fast, clean and cheap methodthé preparation of Pd/C catalysts.

2016 Elsevier Ltd. All rights reserved

1. Introduction

Palladium nanostructures, such as Pd nanopart{@dsNPs),
have been extensively applied in organic transftiona involving
dihydrogen (H).'! Efficient industrial implementation of these
catalytic processes requires the use of modern hegot
methodologies, which allow precise control over gigsical (i.e.,
size and shape) and chemical (i.e., well-defineanpmsition)
properties of these nanostructuté®® Conventionally, the most
extensively extended approach is the chemical temuof metallic
salts under non-sustainable conditions (i.e., lbmes reducing
agents and generation of large amount of resid@5)The
magnetron-sputtering technique is receiving inérepsattention
during the last decade. This technique is a patentindidate for
being considered the most sustainable and efficraathod for
generating metal nanostructructuf&é! Briefly, this technique
involves accelerating ions from a&m situ generated plasma towards
high-purity metallic targets, yielding a sputteringam consisting of
metal atoms and small metal clusters. Stabilizatwin metal
nanoparticles (M-NPs) occurs when the incidenttepiag beam is
directed on the appropriate solid or liquid suppoft

Among the advantages of this technique, the mopbitant are
the atomic efficiency of the process and the fagfeneration-
isolation of small and well-dispersed nanostructusé high purity,
and then, precious metal (money) is sa¥/ed.Recently, our group
has developed a new sputtering chamber, which alkbw constant
mixing of the solid support, and thus, the disttidu of the metallic
nanoparticles in all spatial planes of the supgbigure 1)** Pd-
and Ru-NPs generated by magnetron-sputtering ardl sand
uniformly distributec®®3 Furthermore, access of the reagents to the
surface metal-active sites during use of the cttalyaterials is
facilitated as the M-NPs are deposited on the rexigtrnal layers of
the support. This effect is of crucial importance €atalysts based
on highly porous supports (i.e., Siénd ALOs), and is probably due
to hindered diffusion of the metal atoms and chsstrough the
support pores. To date, the effect of sputteringeton the chemical
and physical properties of the formed Pd-NPs deégpdsin solid
supports has not been reported. Here, the useeofmignetron-
sputtering approach for the deposition of Pd-NPscommercially
available carbon black is reported. A carbon suppa@s selected
due to its wide variety of applicatiofsWe disclose herein that the
sputtering approach can be use with advantagesefmape classical
Pd/C catalysts. Moreover, we present the deposiiina effect on
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the size, shape, metal dispersion and surface grepef the Pd-
NPs catalyst supported on carbon black. The ragctias evaluated
by comparing the catalytic performance of our gatalvith those
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Table 1. Pd-nanocatalyst supported on carbon blae&/C-1 to
Pd/C-5) prepared by magnetron-sputtering. Deposition timetal
content, mean diameter (&) and metal disper&on.

obtained using a reference catalyst (a commercalbilable Pd/C
catalyst). By increasing the sputtering depositiime our
magnetron-sputtering chamber employing the thremedsions’
constant device (CM$ allows the production of a series of

palladium nanocatalysts of increasing metal contegithout size
variations, i.e., avoiding film formation. The dati&c performances
of the Pd-NPs were evaluated in the reduction af thodel
substrates nitrobenzene, 1,3-cyclohexadiene anidrmxene under
4 bar of H and compared with a commercially availaflé/C-0

catalyst. The disproportion of 1,3-cyclohexadieraswarried out to
address the heterogeneous nature of the as-prepatalgsts. The

E. Sample Dep. Metal 1] | Sger/ Metal
time/  content/  nm“ m? g! dispersion
min wt. % ™ [d /%

1 Pd/C-1 0.5 0.1%0.01 3.&815 25 -

2 Pd/C-2 2.5 0.730.01 3. #1.4 22 25.3

3 Pd/C-3 5.0 1.3%0.01 3.81.9 15 22.6

4 Pd/C-4 7.5 1.940.01 3.21.7 14 204

5 Pd/IC5 12.0 2.360.01 3.91.9 10 14.6

details described herein are complementary to thieseribed in
related studies for the preparation of supportedNPd in other solid
materials by sputtering-depositiéh>>

Solid Support
g\tit

Three Dimensions Constant Mixing Sputter Device (CMS3) for the
deposition of uniformly distributed metal nanoparticles
Figure 1. lllustration of the magnetron-sputtering chamber
developed by our group for the deposition of metaibnoparticles
on solid supports. Detailed description is repoeksgwherd?

2. Results and Discussion
2.1.Sputter deposition

A series of Pd-nanocatalysPd/C-1 to Pd/C-5) supported on
commercially available carbon black were synthebizgy the
magnetron sputtering of Pd-target at 50 W power aith a
frequency of optimized 23 Hz for the vibration dietflask. Five
samplesRd/C-1 to Pd/C-5) were obtained using deposition times of
0.5 min, 2.5 min, 5.0 min, 7.5 min and 12.0 mirspectively (see
Table 1). ICP-OES analysis revealed that the Pdeotrincreased
with the deposition time. This ratio between theatgtion time and
the Pd content is linear up to 7.5 min (samgpteéC-1 to Pd/C-4)
with an increase of the Pd content in the suppb@ 2621 wt. % x
min™ (Table 1 and Figure S1). The sample obtained biygua
deposition time of 12 minutes (samitd/C-5) displayed a decrease
in the deposition rate after 7.5 min. TEM analysiighe Pd/C-1 to
Pd/C-5 catalysts indicated the formation of very similanadl Pd-
nanoparticles (i.e., mean diameter between 3.6 Jafidnm) with
narrow size distributions (Figure 2 and Figure S2).

[a] Sputtering-deposition conditions: 100 mg ofidaupport, 50 W
of power, 23 Hz of vibration frequency, 4 x A@bar vacuum, 4 x
10° mbar Ar, and room temperature (25 °C); [b] Metahtent (wt.

%) determined by ICP-OES; [c] Mean diameter (J) asize

distributions determined by TEM analysis; [e] Theedfic surface
areas were determined by the BET multipoint methsidguTristar
3020 Micromeritics equipment; [e] Metal dispersidetermined by
H,-chemisorption sing a ASAP 2020 Micromeritics ecpégmt.

Intensity / a. u.

(220) (319)
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Figure 2. TEM images (a and b) and XRD analysis (c and dhef
samplePd/C-2.

XRD analysis shows the presence of the P&{©planes as a broad
signals which are characteristic small Pd{@)nanoparticles (Figure
2c and 2d§” N,-physorption and Hchemisorption analysis revealed
a decrease in specific surface area as compartt tpure support
(Sser = 30 nf g1) and a decrease in the metal dispersion with the
increase of the metal content at longer deposttioas (Figure S3,
S4 and Table 1)® The same trend was observed for liquid supports,
i.e. the augmentation of sputtering time increases metal
concentration without changing the metal NPs ¥i7&The support
pores were filled by Pd-NPs, and after longer dijoostimes, the
surface area was drastically reduced by blockagth@fpores, as
well as, the access to the metal sites (i.e., edlutetal dispersion).

XPS spectra at the Pd 3d region for the selectegbles of Pd NPs
supported on carbo®,d/C-2 andPd/C-5, freshly prepared and after
post-treatment under hydrogenation reaction caomiti(i.e., 4 bar
H, and 75 °C for 1 h) are displayed in Figure 3a aigireé 3b,



respectively. It is possible to observe the presesfctwo different

surfaces. The components were identified in accmelato the
binding energies reported for similar Pd syst&ts.The Pd(0)
component appears with a binding energy positiourat 335.4 eV
and with a 0.1 eV maximum variation around 335.4(e¥., 335.3
eV — 335.5 eV) between different samples. The gnshift of these
values to higher binding energies than those vglpieally reported
for Pd(0) (i.e., 335.2 eV was already observed in the literature for
Pd/C sample$® Pd@*) component was fixed at a binding energy.

3

Table ' 2. Hydrogenation of nitrobenzene catalysed by Pd-
Pd-chemical components (Pd(0) and Pdépecies) at the Pd-NPs nanocatalyst supported on carbon blde#/C-1 to Pd/C-5) prepared
by magnetron-sputtering.

NO

2
@ 4 bar H,, 90 °C
Pd cat.

NH,

value of 1.8 eV higher than the corresponding Pd{@hponent of

each case. This component was attributed to theatign of the Pd-

NPs surfacesduring experimental manipulatiorMoreover, the

same samples after post-treatment withdidplayed lower degree of
oxidation (from 48-65% of Pd(0) before to 90% of(®dafter post

reduction). Similar behaviour was observed forBeNPs prepared
by similar sputtering procedurés.

> 99 % Sel.
Entry® Catalyst TOW TOR/min?
Pd/C-0 4113 355
2 Pd/C-1 1314 2.1
3 Pd/C-2 13 298 141.7
4 Pd/C-3 7410 64.8
5 Pd/C-4 5004 52.9
6 Pd/C-5 4113 55.8

Counts (arb. units)
Counts (arb. units)

rrrTTTTTT T T T T T T
350 345 340 335 330 350 345 340 335 330

[a] Reaction conditions: Pd/C (10 mg), nitrobenzeéh#& (nmol), 900
r.p.m., 4 bar Hand 90 °C; [b] TON defined as the moles of substrat
converted per moles of metal; [c] TOF defined as tholes of
substrate converted per moles of metal and urtinwf at the period
of maximum rate of conversion (10-30% corf?.).

Table 3. Hydrogenation of cyclohexene catalysed by Pd-
nanocatalyst supported on carbon blde#/C-1 to Pd/C-5) prepared
by magnetron-sputtering.

O

4 bar H, 75°C

E, (eV) E, (eV)

Figure 3. XPS measurements at Pd 3d region for selectedlsamp
Pd/C-2 and Pd/C-5. XPS analysis were performed using the (a)
freshly prepared catalysts and (b) after post#tneat under reaction
conditions. The black points represent the expeartaiepoints, the
dash black line the Shirley background used, tleg golid line the
fitting performed and the red and blue solid linegresent the Pd(0)
and Pd§") components.

Pd cat.
> 99 % Sel.

Entry® Catalyst TON! TOH/s?t
1 Pd/C-0 4443 13.4
2 Pd/C-1 69276 26.3

Pd/C-2 14295 35.1
4 Pd/C-3 8003 10.9
5 Pd/C-4 5399 13.3
6 Pd/C-5 4423 12.9

A comparison of the two samples revealed that thehfy prepared
sample ofPd/C-2 displayed slightly higher degree of oxidation (65
%) thanPd/C-5 (48 %). Probably the higher degree of oxidation of
samplePd/C-2 is related to its higher metal dispersion (i.eghler
number of metal sites exposed). After hydrogentitneat in both
cases the major species are Pd(0).

2.2.Hydrogenation reactions

The catalytic performance of the Pd-nanocatalygtpstted on
carbon black Rd/C-1 to Pd/C-5) prepared by magnetron sputtering
was evaluated and compared with the catalytic pedace of
commercially availabld®d/C-0 catalyst in the hydrogenation of the
model substrates (nitrobenzene and cyclohexeneg. rBlactions
were performed under solvent-less conditions ast@am H pressure

of 4 bar. The reaction kinetics were monitored lnargifying the
consumption of Bl Substrate conversions and selectivities were als
determined by GC-analysis of reaction sample at&gjuo

[a] Reaction conditions: Pd/C (10 mg), cyclohexené (@mol), 900
r.p.m., 4 bar Hand 75 °C; [b] TON defined as the moles of substrat
converted per moles of metal; [c] TOF defined as tholes of
substrate converted per moles of metal and urtite at the period
of maximum rate of conversion (10-30% corf\.).

Similar

trends were observed
nitrobenzene and cyclohexene catalysed by Pd etdalyThe
commercial catalyst produce®d/C-0) TON and TOF of the same
magnitude as those of catalyRd/C-3 to Pd/C-5 (See Table 2-3 and
Figure S6-S10). The catalysesl/C-2 produced higher activity and
productivity than the catalyst with higher metahdings Pd/C-3 to
Pd/C-5) and lower metal loadingsP@/C-1). This behaviour is
attributed to either the higher number of availabietal sites in
Pd/C-2 than catalysts with higher metal loading{C-3 to Pd/C-
5), and the reduced level of support metal inteoasticompared to

the hydrogenatioh o

?he catalysts with lower metal conteRd(C-1). The similar activity

displayed byPd/C-4 and Pd/C-5 was attributed to the fact that



4
Pd/C-4 displayed similar number of active sites Ral/C-5, a
catalyst with higher metal loading but lower sugfarea and lower

metal dispersion. The remarkable difference of végti and
selectivity displayed foPd/C-1 in the hydrogenation of cyclohexene
and in the hydrogenation of nitrobenzene was aiteith to both the
involvement of different active sites during thedhggenation steps
and its deactivation during the initial reactioag#s of the reaction.
Analogous deactivation behaviours were previousported in
processes involving similar catalysts and substrat® It should be

highlighted that cataly$?d/C-2 displayed comparable performances

(activity and selectivity) in the hydrogenation wifroaromatics to
anilines to those reported using sub-nanometriclésters on porous
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000) with a drastic reduction of the catalytic wityi in the
hydrogenation of cyclohexadiene after successine (aa. first run:
24.0 &, second run: 16.0%sthird run: 12.3 ¢ and fourth run: 9.2's

1y with no variation of the product selectivity (c81 % Sel.
cyclohexene, 18-19 % Sel. benzene and 0-1% cyctotex The
heterogeneous nature of these catalysts was catfirby their
activity to the disproportion of 1,3-cyclohexadieén&o benzene and
cyclohexene, a reaction typically catalysed by Ineta
surfaces/nanoparticles (See Schem® 1).

These catalysts offer cheaper, simpler and effiaéernative for
the classical and largely employed systems suchhasLindlar
catalyst®%4

nanorods of CeQunder similar mild conditions (ca. 80 °C under 5 3 cgnclusions

bar H,), a catalyst reported as one of the most actiperted so far.
The catalytic activity oPd/C-2 in the hydrogenation of cyclohexene
is higher but of the same order of magnitude these reported in
the literature for Pd-NPs supported on carbon rigaséf and much
higher (ca. 10-to-100 times) than those reported Fal-NPs
supported on inorganic oxides and synthesised reithg
conventional method5*° or by the sputtering approath:°

@ QNS

4 barH,: TOF upto24.0s" 81% Sel.

75°C
Pd/C-2

19% Sel.

1 bar Ar: TOFupto 2.4s"' 49% Sel. 51% Sel.

Scheme 1. Hydrogenation and disproportionation of 1,3-
cyclohexadiene catalysed B\d/C-2. Reaction conditions: Pd/C (10
mg), cyclohexene (9.9 mmol), 900 r.p.m. and 75 °C.

In the partial hydrogenation of 1,3-cyclohexadi€Bee scheme
1), the Pd catalyst supported on carbon bIRcKC-2 displayed
lower cyclohexene selectivity and higher activitidfsan those
reported for Pd-NPs supported on inorganic oxides, SiG and
Al,O; (ca. TOFs of 1-7°5 and 90-96 % cyclohexene selectivity).
% The Pd/C-2 displayed lower catalytic activities in the
hydrogenation of 1,3-cyclohexadiene (24.0") sthan for the
hydrogenation of cyclohexene (35.1%)s In contrast, Pd-NPs
synthesized by sputtering on Siénd ALO; displayed much higher
activity in the hydrogenation of 1,3-cyclohexadiettean in the
hydrogenation of cyclohexené®3 Although the higher apparent
reactivity of cyclohexene than 1,3-cyclohexadidP@/C-2 was quite
selective for the partial hydrogenation of 1,3-ojwxadiene to
cyclohexene (81 % selectivity at >99 % conversidPalladium
surfaces generally displayed high partial hydrotienaselectivities
in the hydrogenation of 1,3-dienes because theehigffinity of the
diene to the Pd-catalytically active surface sitem the alkene, and
thus, the diene reacts to form the partially hyereged product
The difference of reactivity between the catalysts different
supports is attributed to support effects (mairBcionic factors).
XPS analysis of Pd-NPs either on carbon and on &@firmed that
the latter displayed a higher oxidation degree &edce higher
electrophilic surfaces, which in turn, facilitatethe selective
hydrogenation of dienes by increasing the cooréinastrength to
the metal surface active sites of the diene witipeet to the alkene.
Indeed, these behaviours of Pd-NPs dispersed dromand metal
oxides and their effect on the catalytic perforr@an@re previously
reported in related hydrogenation proces$és.

A study of the recyclability and reuse of the cgalPd/C-2
revealed high productivities (ca. TON of each cyafeto than 15

The magnetron-sputtering approach was revealedhasob the
simplest, reliable, fast, clean and cheap method#& deposition of
palladium nanoparticles (Pd-NPs) on a commercialailable
carbon black. Small (ca. 3.7 nm) and uniformly ritistted Pd(O)cc
nanoparticles with partially oxidised surfaces be solid supports
were obtained. The linear dependence of the déposiine with the
final metal content is revealed (increases fronbMt. % after 0.5
min to 1.94 wt. % after 7.5 min) without changihg tsize and shape
of the Pd-NPs. The pores of the support were fillgdPd-NPs, and
after longer deposition times, the surface area wesstically
reduced by blockage of the pore system, and coesdiguhe access
to the metal sites (i.e., reduced metal dispersidimese Pd-NPs
catalyse the hydrogenations of nitrobenzene tananityclohexene
to cyclohexane and 1,3-cyclohexadiene to cyclohexeith superior
catalytic performance as compared to a commercéalgilable Pd/C
and are comparable to the most active catalystertexh so far.
Indeed, the highest catalytic activity and prodtittiwas obtained
with Pd/C catalyst with palladium content of 0.73%w This
behaviour can be due to the higher number of aMailmetal sites
than the catalysts with higher metal loadings, tredreduced level
of support metal interactions as compared to thalysts with lower
metal loadings. The heterogeneous nature of thdseaRocatalysts
was revealed by the formation of benzene and cgelehe from
disproportionation of 1,3-cyclohexadienes.

4. Experimental Section
4.1.General procedures

All syntheses were performed using standard Schteskniques
under argon atmosphere. Chemicals were purchased $igma-
Aldrich and purified by standard proceduré€arbon black (30 f
gl) is a standard material purchased from Microneiti Pd/C-0
catalyst Degussa type E101 NO/W with a Pd contébtwat. % was
purchased from Sigma-Aldrich. Pd-targets (> 99.99%kgre
purchased from AJA INTERNATIONAL, Inc. H(> 99.999%), N
(> 99.999%) and Ar (> 99.999%) were purchased frdtite-
Martins. ICP-OES analysis for the determinationtted Pd content
were carried out after sample digestion by using Thermo
Scientific™ iCAP™ 7400. X-ray diffraction (XRD) experents
were performed by using a Philips X'Pert MPD difftrameter with
Bragg—Brentano geometry using a graphite curvedarygth the
Cu Ko X-ray radiation (1.5406 A). TEM experiments were
performed on a JEOL — JEM 1200EXxIl, operating aaecelerating
voltage of 200 kV. Size histograms of the Pd-nantigas were
obtained by measuring at least 300 particles.iddtherms of the
catalysts, previously degassed at 100 °C under vadau3 h, were
obtained using Tristar 3020 Micromeritics equipmefpecific



surface areas were determined by the BET multipmiethod and
average pore size was obtained by BJH methgechdmisorption
analyses were carried out on ASAP 2020 surface aed
porosimetry analyser and using of 30 mg of eactc&dlysts. The
pre-treatment of the sample consists of the folhawéteps: (a) He
flow at 100 °C for 30 min, (b) two consecutive avatons under
vacuum during 15 min at 100 °C and 350 °C, resgalygti(c) three

cycles of reduction with H(pressure of 35 KPa) at 100 °C for 5 min

and at 350 °C for 120 min, and (d) two consecugvacuations
under vacuum at 350 °C for 120 min and at 100 $G@omin. Leak
test at the temperature of analysis was perfornedolr® starting the
analysis. Direct adsorption measurements were madgiteH, at 35
°C and consisted of the determination of the isotisen the 0.15-60
KPa range (about 5 min per point) separated byvaouation at the
same temperature for 60 min. X-ray photoelectrorcspscopy
(XPS) measurements were performed using a KratosSAXltra
DLD instrument. Samples were mounted on the stahdaatos
sample bar using double sided tape (sellotape hrahdse were
inserted into the airlock and pumped down to ~ 3L0¢ Torr
overnight before transfer into the instrument asialgchamber. The
analysis chamber pressure during the measuremestdetter than
5 x 10° Torr. Wide energy range survey scans were colleating
pass energy 80 eV in hybrid slot lens mode anémsize of 0.5 eV,
high resolution data on the Pd 3d, O 1s and C 1®pleztron peaks
was collected at pass energy 20 eV over energyesangitable for
each peak, and collection times of 5 minutes, steps of 0.1 eV.
The charge neutraliser filament was used to presamiple charging
over the irradiated area. The X-ray source was aorutiromated Al
K-a emission, run at 10 mA and 12 kV (120W). The dagxre
captured using Kratos VISIONII software and expadriato vms
format for data processing with CASAXPS (Version.273. The
high-resolution spectra were analysed using a lini@m asymmetric
line shape convoluted with a Gaussian functiongach chemical
component. The high-resolution data was chargeected to
adventitious carbon at 284.6 eV. The FWHM valueaofjiven
component of the Pd 3d was constrained to be time dar all the
measurements. The energy range for each ‘passyerfergolution)
was calibrated using the Kratos Cw2pAg 3d;, and Au 44, three-
point calibration method. The transmission functieas calibrated
using a clean gold sample method for all lens maaesthe Kratos
transmission generator software within Vision II.

4.2.General procedure for the sputtering

As a general procedure, carbon black (100 mg) wasldd in a
conical Al flask and placed inside the vacuum chambrhe

chamber was closed and evacuated to a base pre§sty20’ mbar

vacuum for 4 h. Then, the chamber was placed udrede@® mbar of

Ar at room temperature (25 °C). TRd/C-1 to Pd/C-5 catalysts was
obtained by sputtering of Pd-targets (99.99%) awgroof 50 W

during 0.5, 2.5, 5.0, 7.5 and 12.0 min, respecfivEhe support was
continuously homogenized by revolving the Al flastka frequency
of 23 Hz during the time of sputtering. The chamlvas vented with
Ar, and the Pd-NPs/C catalysts were recovered arddsunder Ar
for their further characterization and application.

4.3.General procedure for the hydrogenation test

As a general procedure, the substrate (1.12 g iih@n0.81 g of
cyclohexene or 0.79 g of 1,3-cyclohexadiene) wadeddto a
Fischer-Porter reactor containing the appropriateount of Pd/C
catalyst (10 mg). The reactor was then pressudpeldmaintained at

5
constant pressure of 4 bar of, Hind heated at the desired
temperature (90 °C for nitrobenzene and 75 °C fatatyexene and
1,3-cyclohexadiene). The reaction kinetics were itwoed by H
consumption. Samples were taken from the reactioxtune at
regular intervals, and the conversion and seldgtivas corroborated
by GC-analysis of the reaction samples usirgeptane as internal
standard. After the desired reaction time, thetorawas cooled to
room temperature and then depressurized. GC analyses run
with an Agilent Technologies GC System 6820 usindB:17
column. GC conditions were as follows: injector aledector (FID)
temperature of 260 °C; Nas carrier (1 mL mif), column head
pressure of 10 psi and temperature program frorfiCAQLO min) to
250 °C at a heating rate of 10 °C itin

Supplementary data

Detailed experimental procedure, sputtering time wgetal
content, TEM images, size histograms;dHemisorption isotherms,
N,-physisorption isotherms, XPS spectra and hydragmminetic
data.
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