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Here we report novel catalysts for nitrobenzene hydrogenation based on Ru/RuO; nanoparticles
(NPs) and including iron oxide NPs, allowing magnetic recovery. The solvent type, reaction
temperature, and the size and composition of initial iron oxide NPs are demonstrated to be the
control factors determining synthesis outcomes including the degree of NP aggregation and
catalytic properties. A complete characterization of the catalysts using transmission electron
microscopy (TEM), X-ray powder diffraction (XRD), x-ray photoelectron spectroscopy (XPS), and
energy dispersive x-ray spectroscopy (EDS) allowed assessment of the structure-property
relationships. It is revealed that coexistence of the Ru/RuO; and iron oxide NPs in the catalyst as
well as the proximity of two different NP types lead to significantly higher aniline yields and
reaction rates. The catalytic properties are also influenced by the type of iron oxide NPs present
in the catalytic samples.

Introduction

Recently, magnetically recoverable catalysts received
considerable attention due to facile catalyst recovery.'® Such
catalysts allow eco-friendly processes and significant energy
13 Catalysts
containing Ru(0), ruthenium oxide or hydroxide on iron oxide
supports tested hydrogenation, and
conversion of valuable substances, accompanied, in some
instances, by magnetic catalyst recovery."®

In this paper we report a novel method for development of
magnetically ruthenium-based catalysts by

formation of ruthenium nanoparticles (NPs) in the presence of

savings resulting in cheaper target products.

in oxidation,
14-20

were

recoverable

well-defined iron oxide NPs. In our preceding work, we
of PtFe NPs by thermal
decomposition of Pt acetylacetonate, Pt(acac),, in the presence
of maghemite NPs.?' The mixture of PtFe and iron oxide NPs
showed a higher catalytic activity than that of purely PtFe
NPs.>!

Here, Ru(acac); is used as a Ru source and iron oxide NPs of
different compositions as an iron source. Depending on the

demonstrated fabrication

This journal is © The Royal Society of Chemistry 2013

reaction conditions this may result either in a mixture of
Ru/RuO, and iron oxide NPs or in solely Ru/RuO, NPs. The
Ru/RuO, NPs or NP mixtures were studied in hydrogenation of
nitrobenzene to aniline. This reaction is frequently used as a
standard test for the catalyst activity’ ** but also has
commercial importance in the aniline production for the
polyurethane industry.?*

Hydrogenation of nitrobenzene has been catalyzed by Au
NPs,? 2° Pd NPs,?” 28 Pt NPs,?” Ru NPs,?® 33! etc. Although
Pd was shown to be the most active catalyst in this reaction,?®
the interest in Ru is growing fast owing to the Ru price being
about 9% of the price of Pd.*! Thus, the design of efficient
catalysts based on Ru NPs and including iron oxide NPs
holds
nitrobenzene hydrogenation. In this paper we demonstrate that

allowing magnetic separation, great promise for

the solvent type, reaction temperature, and the size and

composition of initial iron oxide NPs are the control

mechanisms for the reaction outcome including the degree of
NP aggregation and the catalytic properties. To assess

structure-property relationships, the catalysts were
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characterized by transmission electron microscopy (TEM), X-
ray powder (XRD),
spectroscopy (XPS), and energy dispersive x-ray spectroscopy
(EDS).

diffraction x-ray  photoelectron

Experimental

Materials

FeCly;6H,O (98%), octadecane (99%), -eicosane (99%),
docosane (99%), dioctyl ether (99%), diphenyl ether (>98%),
1,2-hexadecane diol (90%), oleylamine (OAm, 70%), oleic acid
(OA, 90%), Ru(acac); (97%), nitrobenzene (NB, 99%), and
aniline (99%) were purchased from Sigma-Aldrich and used as
received. Hexanes (85%), ethanol (95%), and acetone (99.78%)
were purchased from EMD Chemicals and used as received.
Chloroform (Mallinckrodt,
purification.

100%) was also used without

Synthetic procedures

IRON OXIDE NANOPARTICLE SYNTHESIS
Iron oleate was synthesized according to a published
procedure.*® Iron oxide NPs were prepared via the thermal
decomposition of iron oleate in octadecane, eicosane, or
docosane as solvents, which were chosen to control the reaction
temperature and achieve the desired NP size.** ** The resultant
NPs were stored in the solid reaction solution and refrigerated
until needed. Oxidation of as-synthesized NPs was carried out
according to a procedure described elsewhere.”"" ** Figure S1
(the Electronic Supplementary Information, ESI) shows a
typical NP sample before and after oxidation revealing that
oxidation of the iron oxide NPs has nearly no influence on their
size and morphology.

SYNTHESIS OF RU/IRON OXIDE NPs

In a typical procedure, chloroform was evaporated in vacuum
from a solution containing 15 mg of iron oxide NPs. Then the
NPs were dissolved in 7 mL of dioctyl ether and sonicated for
20 min. A three-neck round bottom flask was charged with 0.05
g of 1,2-hexadecane diol, 10 uL of OAm, 10 pL of OA (both
OAm and OA were used as surfactants) and the NP solution.
The flask was equipped with a reflux condenser, temperature
probe, argon inlet, and a stir bar. Argon was bubbled into the
solution via a needle for 15 minutes. The solution was then
heated at 10 °C/min to 285 °C. Once the solution temperature
reached 285 °C, a suspension of 0.025g of Ru(acac); in 0.25mL
dioctyl ether was injected into the reaction solution, which was
kept at 285 °C for 45 minutes while stirring. The solution was
then cooled and transferred to a vial. The sample was stored in
a refrigerator. The yields of the reaction products are shown in
Table 1.

Characterization
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Electron-transparent NP specimens for TEM were prepared by
placing a drop of a diluted solution onto a carbon-coated Cu
grid. Images were acquired at an accelerating voltage of 80 kV
on a JEOL JEM1010 transmission electron microscope. Images
were analyzed with the National Institute of Health developed
image-processing package ImageJ to estimate NP diameters.
Between 200 and 300 NPs were used for this analysis. High
resolution TEM (HRTEM) images and energy dispersive X-ray
spectra (EDS) were acquired at accelerating voltage 300 kV on
a JEOL 3200FS transmission electron microscope equipped
with an Oxford Instruments INCA EDS system. The same TEM
grids were used for all analyses.

X-ray powder diffraction (XRD) patterns were collected on an
Empyrean from PANalytical. X-rays were generated from a
copper target with a scattering wavelength of 1.54 A. The step-
size of the experiment was 0.02.

XPS experiments were performed using PHI Versa Probe II
instrument equipped with a monochromatic Al K(alpha) source.
The X-ray power of 25 W at 15 kV was used for a 100 micron
beam size. The instrument work function was calibrated to give
a binding energy (BE) of 84.0 eV for the Au 4f;, line for
metallic gold, and the spectrometer dispersion was adjusted to
give BEs of 284.8 eV, 932.7 eV and of 368.3 eV for the C 1s
line of adventitious (aliphatic) carbon present on the non-
sputtered samples, Cu 2p;, and Ag 3ds, photoemission lines,
respectively. The PHI double charge compensation system was
used on all samples. The ultimate Versa Probe II instrumental
resolution was determined to be better than 0.125 eV using the
Fermi edge of the valence band for metallic silver. XPS spectra
with an energy step of 0.1 eV were recorded using software
SmartSoft—XPS v2.0 and processed using PHI MultiPack v9.0
and/or CasaXPS v.2.3.14 at the pass energies of 46.95 eV, 23.5
eV, and 11.75 eV for Fe 2p and Ru 3p, both C 1s and Ru 3d,
and O 1s regions, respectively. Peaks were fitted using GL line
shapes and/or an asymmetric line shape A(0.2,0.8,0) GL(10),
i.e., a combination of Gaussians and Lorentzians with 10-50%
of Lorentzian content. A Shirley background was used for
curve-fitting. The samples were prepared by drop casting of the
NPs solution in chloroform on a native surface of a Si wafer.
X-ray fluorescence (XRF) measurements to determine the Ru
VRA-30
spectrometer (Mo anode, LiF crystal analyzer and SZ detector).

content were performed with a Zeiss Jena
Analyses were based on the Co K, line and a series of
standards prepared by mixing 1 g of polystyrene with 10-20 mg
of standard compounds. The time of data acquisition was

constant at 10 sec.

This journal is © The Royal Society of Chemistry 2012
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Table 1. Reaction conditions for formation of Ru/iron oxide containing nanoparticles
Sample Iron oxide | Iron oxide Standard OA (uL) OAm (uL) Solvent Reaction Yield, %" Ru NP Standard
notation NP type NP size, deviation, temp. (°C) size, nm deviation,
nm nm nm
Ru-1 Fe;04/y- 8.1 0.7 10 10 dioctyl 285 61.8 32 0.6
Fe,0; ether
Ru-2 Fe;04/y- 8.1 0.7 5 5 «“ 285 73.3 2.9 0.4
Fe203
Ru-3 Fe;04/y- 8.1 0.7 3 3 “ 285 65.4 3.0 0.5
F6203
Ru-4 Fe;04/y- 8.1 0.7 0 0 «“ 285 53.3 22 0.3
Fe203
Ru-5 Fe;0u/y- 11.0 1.3 10 10 “ 285 74.1 2.5 0.6
F6203
Ru-6 Fe;0u4/y- 11.0 1.3 10 10 diphenyl 250 61.8 3.1 0.3
Fe,0; ether
Ru-7 Fe;0u/y- 11.0 1.3 10 10 “ 200 64.5 3.9 0.3
F6203
Ru-8 Fe;Ou/y- 11.0 1.3 10 10 dioctyl 200 48.6 34 0.7
Fe,0; ether
Ru-9 Fe;04/y- 223 1.1 10 10 “ 250 81.5 33 0.5
F6203
Ru-10 Fe;Ou4/y- 223 1.1 10 10 «“ 200 78.2 32 0.4
Fe203
Ru-11 Fe;0u/y- 22.6 1.5 10 10 dioctyl 285 65.1 2.1 0.4
Fe 04 ether
Ru-12 Fe;0u/y- 22.6 1.5 10 10 “ 250 65.9 2.7 0.7
Fe203
Ru-13 FeO- 22.6 1.5 15 15 «“ 285 74.1 33 0.5
Fe304
Ru-14 FeO- 22.7 1.8 10 10 diphenyl 250 72.3 2.7 0.6
Fe;04 ether
Ru-15 Fe;Ou/y- 22.6 1.5 10 10 dioctyl 285 68.9 2.9 0.3
Fe,0; ether
Ru-16 Fe;0u4/y- 22.1 2.1 10 10 «“ 250 77.8 2.9 0.8
F6203
Ru-17 Fe;0u4/y- 27.8 1.9 10 10 «“ 250 78.8 33 0.7
Fe203
Ru-18 none 10 10 “ 285 81.2 3.1 0.8

This journal is © The Royal Society of Chemistry 2013
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Figure 1. TEM images of Ru-4 (a), Ru-11 (b), and Ru-13 (c). All samples were prepared at 285 °C in dioctyl ether (Table 1). The insets show higher magnification images

Catalytic studies

Catalytic testing was carried out in a 60 mL isothermal
stainless-steel batch reactor with a glass insert installed in a
shaker and connected to a gasometrical burette (for hydrogen
consumption control). The reactor was equipped with two
inlets: one for the catalyst, substrate, and solvent, and the other
for the hydrogen feed. The total volume of the liquid phase was
30 mL. The reaction was carried out in isopropanol at 30 atm
and 150 °C with a stirring rate of 850 shakings per minute. The
catalyst was separated after the reaction using a rare earth
magnet.

Samples were periodically taken and analyzed via GC-MS
(Shimadzu GCMS-QP2010S) equipped with a capillary column
HP-IMS (30 m x 0.25 mm i.d., 0.25 pm film thickness).
Helium was used as a carrier gas at a pressure of 53.6 kPa and
linear velocity of 36.3 cm/s. Analysis conditions:
temperature 60 °C (isothermal), injector temperature 280 °C,
ion source temperature 260 °C, a range from 10 up to 200 m/z.
Diphenylamine was used as an internal standard. Calibration
curves for nitrobenzene and aniline were used to determine the
concentrations of the compounds. Purity of aniline formed was
confirmed by mass spectra at high conversions (see Fig. S2,
ESI).

oven

Results and Discussion

Influence of the reaction conditions on the NP morphology

IRON OXIDE NPS: STRUCTURE AND PROPERTIES

For the syntheses of Ru-containing catalysts, two types of iron
oxide NPs were used as iron source: (1) as-synthesized iron
oxide NPs consisting mainly of FeO and a smaller fraction of
Fe;0,** and (2) their oxidized products prepared by heating the
reaction solution of the FeO-Fe;O, NPs at 200 °C for 2 h in
air.?" * Taking into account the oxidative environment, in our
preceding work it was assumed that after oxidation most
probably y-Fe,O5 was formed,** however the similarity of XRD
patterns of magnetite (Fe;04) and maghemite (y-Fe,O;) NPs
and line broadening do not allow one to distinguish between
these two phases.*® To clarify the structure of the oxidized iron
oxide NPs, we carried out XPS of representative 8.1 nm NPs
drop cast on a silicon wafer.

4| J. Name., 2012, 00, 1-3

The high resolution Fe 3p XPS spectra taken in several spots on
the silicon wafer (Fig. S3, ESI) presented in Figure S4a (ESI)
show exceptional uniformity of electronic properties on the
micrometer scale. In our preceding paper, it was determined
that for the 11 nm oxidized iron oxide NPs, the atomic ratio of
Fe*/Fe*" is 0.18, which matches 54 mol.% of the Fe;O4
phase.*® In general, the values of Fe 2p binding energies (BE)
ranging from 710.7 eV to 711.2 eV without satellite structure
indicate stoichiometric Fe;0, species.’” *® Smaller iron oxide
NPs (8.1 nm) in this study exhibit a weak satellite at 718.9 eV
BE in the Fe 3p;,, region characteristic of Fe*" ions (Fig. S4a,
ESI), thus the sample consists largely of Fe** ions with a minor
fraction of the Fe?' ions (see Table S1, ESI). The presence of
satellites, however, hinders accurate deconvolution of the XPS
spectra from the Fe 2p region (see discussion in ESI). Thus, for
assessment of the Fe?/Fe* ratio in the 8.1 nm iron oxide NPs,
we used the Fe 3p XPS region (Fig. S4b, ESI). The
deconvolution of the XPS spectrum shows an average value of
0.15 for the Fe?"/Fe*" ratio in the 8.1 nm NPs (Table S1, ESI),
which matches 45 mol.% of the Fe;O,4 phase.

To study the influence of the iron oxide NP size on the Ru NP
formation, two major sizes of initial iron oxide NPs were
explored: ~8-11 nm and ~22-23 nm. For smaller iron oxide NP
diameters (8-11 nm), only oxidized NPs were employed
because for the FeO-Fe;04 NPs, the magnetic separation was
too slow. In the case of larger NPs (22-23 nm), both as-
prepared (FeO-Fe;0,4) and oxidized Fe;04/y-Fe,O; NPs were
used because their magnetic separation was sufficiently prompt.
Moreover, magnetic measurements showed that the Fe;O,/y-
Fe,O; NPs of 22.1 nm diameter are ferrimagnetic at room
temperature, while a non-oxidized analog is superparamagnetic
(Fig. S5, ESI).

SURFACTANT AMOUNT

Syntheses of Ru-containing NPs were carried out in boiling
dioctyl ether (~285 °C), which is a good solvent for iron oxide
NPs coated by oleic acid (Table 1). Similar to the syntheses of
PtFe NPs,>' the surfactant loading was decreased to cause
destabilization of initial iron oxide NPs and to obtain solely
RuFe NPs. However, unlike the PtFe NP case, the decrease of
the surfactant loading down to zero surfactant added (Table 1),
results in the same outcome: The sample contains a mixture of
larger particles whose sizes are consistent with the sizes of the
initial iron oxide NPs and smaller, presumably RuFe or Ru NPs
(Fig. 1). The change of the iron oxide NP size or composition
does not change the reaction outcome (Fig. 1), thus indicating
that Ru NPs are well stabilized with very low amounts of

This journal is © The Royal Society of Chemistry 2012
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surfactants presumably coming off the surface of the initial iron
oxide NPs.

REACTION SOLVENT AND 250 °C REACTION TEMPERATURE

To evaluate the influence of the solvent nature on the reaction
product, the reaction was also carried out in diphenyl ether
which, compared to dioctyl ether, has lower affinity towards
NPs coated with OA or OAm (for Ru-containing NPs) but
higher affinity towards Ru(acac); (immediate dissolution at
room temperature). At the same time, the reaction solution in
diphenyl ether has a lower boiling point: 250 °C. To make a
valid comparison, the reactions at 250 °C were carried out in
both diphenyl and dioctyl ethers for smaller and larger iron
oxide NPs (Table 1). The reaction in diphenyl ether at 250 °C
with 11.0 nm Fe;0,4/y-Fe,O3; NPs (Ru-6, Table 1 and Fig. Séc,
ESI) produced a mixture of two types of NPs similar to those
shown in Figure 1. For larger (22.7 nm) iron oxide NPs of the
same composition used in dioctyl ether at 250 °C (Ru-12, Table
1 and Fig. S6a, ESI), some aggregation took place. A similar
reaction product was obtained for 22.7 nm FeO-Fe;O4 NPs in
diphenyl ether at 250 °C (Ru-14, Table 1 and Fig. S6b, ESI). To
prove that aggregation existed in the reaction product and did
not occur on the TEM grid, we carried out DLS measurements.
The DLS intensity distributions vs. hydrodynamic diameters
(D) of Ru-12 and Ru-14 are shown in Figure 2. The peaks with
maxima at 35-45 nm are due to individual iron oxide NPs
surrounded with Ru NPs or due to a few NP dimers. The peaks
at 99 nm for Ru-14 and 191 nm for Ru-12 are due to
aggregates. In contrast, Ru-13 obtained in dioctyl ether at 285
°C contains only a minor fraction of aggregates (Fig. 2) while
the major fraction is the 25 nm NPs, suggesting a good NP
dispersion.

|

104

Intensity, %

oLl
0 50 100 150 200 250 300 350 400

Hydrodynamic diameter, nm

Figure 2. DLS intensity distributions vs. hydrodynamic diameter for Ru-12 (blue),
Ru-14 (black), and Ru-13 (red).

To assess the composition of both kinds of NPs present in the
resultant sample, the Ru-14 sample was evaluated using
HRTEM and EDS. Figure 3 shows the HRTEM image of large
crystalline NPs surrounded by much smaller NPs. The distance
between lattice fringes in larger particles is 2.48 A, which
corresponds to the separation between the (311) planes in

This journal is © The Royal Society of Chemistry 2012

Fe;0,.37 3% The lattice fringe distance in small NPs is 2.1 A

corresponding to the separation between (101) planes of bulk
39

ruthenium.

< o~ o L L R e s .
Figure 3. HRTEM image of the Ru-14 sample. Red arrows show small, presumably
Ru NPs.

The EDS maps of the larger NPs (Fig. S7, ESI) exhibit mainly
the presence of iron, while Ru 1is hardly detectable.
Alternatively, the EDS maps of the smaller NPs (Fig. 4) show
Ru but no Fe: the Fe map (Fig. 4c) exhibits mainly noise. Thus,
the small particles consist of only Ru.

Figure 4. Dark-field STEM image (a) and Ru (b) and Fe (c) maps obtained by STEM

EDS of Ru-14. The yellow square shows a part of the dark-field image mapped by
EDS.

The XRD pattern of the same sample (Fig. S8, ESI) shows two
sets of the reflections indicative of two phases. Sharp signals at
20 = 30.3, 35.6, 43.3, 54.0, 57.2, and 62.9° correspond to the
(220), (311), (400), (422), (511), and (440) crystallographic
planes of a spinel phase (magnetite or maghemite).*" *'
Considering that the initial iron oxide NPs in this case were
FeO-Fe;0,, additional oxidation may occur with OA and/or
acetylacetone during Ru NP formation. The broad signal at 20
of about 43° is due to Ru(0), although line broadening does not
allow us to distinguish between the fcc and hep Ru phases.*>
No signals associated with RuO, were detected.*

The survey XPS spectrum of Ru-14 presented in Figure S9
(ESI) shows Ru, Fe, C, O, and Si. The last comes from the
silicon wafer support. The high resolution Fe 3p XPS spectra of
Ru-14 taken in several spots of the sample surface (Fig. S10,

ESI) are presented in Figure S11 (ESI). The deconvolution of

J. Name., 2012, 00, 1-3 | 5
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the representative spectrum (Fig. S12, Table S2, ESI)
demonstrates the presence of both Fe?" and Fe®* species, with
an average Fe?'/Fe’" atomic ratio of 0.47 which is close to the
stoichiometric ratio in Fe;0, (Fe*/Fe’"=0.5) (Table S2, ESI).
This finding along with disappearance of the satellite structure
at 719 eV BE in the Fe 2p region (Fig. S13a, ESI) proves once
more the transformation of FeO-Fe;0, into magnetite.

The high resolution XPS spectrum of Ru-14 in the Ru 4p and
3p regions is presented in Figure 5. According to the
deconvolution of this region, the components at 461.31 eV and
463.16 eV BE are assigned to the Ru’ and Ru* species,
respectively. The measured BE values are consistent with those
reported for Ru nanoparticles.*® The deconvolution shows an
Ru*/Ru” average ratio of 0.57 (Table S3, ESI). Formation of a
RuO, layer on Ru(0) NPs is well-established when NPs are
exposed to air.*® The absence of the RuO, reflections in the
XRD pattern of this sample indicates that the RuO, is either
amorphous or the crystallites are too small. It is noteworthy that
the Ru-14 sample demonstrates remarkable stability upon argon
sputtering. The high resolution Fe 2p, Ru 3d, and valence band
spectra show no changes in BE (Fig. S13, ESI) after a 1 min 1
kV cycle of argon sputtering.

450 2400
400 (a ) 2200 ( b)
350 2000
] o
© )
300 1800
250 1600
200 1400
52 50 48 46 44 42 40 38 36 470 466 462 458 454

Binding Energy (eV) Binding Energy (eV)

Figure 5. High resolution Ru 4p (a) and 3p (b) XPS of Ru-14 with deconvolution.
See Table S3 (ESI) for fitting parameters. Black line represents experimental data,
blue and green lines show the Ru®and Ru® components, respectively, while the
red line represents simulated spectra.

DIPHENYL ETHER AND 200 °C REACTION TEMPERATURE

A further decrease of the reaction temperature to 200 °C in
diphenyl ether leads to two different outcomes depending on
the Fe;04/y-Fe,O3 NP size. For the 11 nm Fe;0,/y-Fe,O3 NPs,
significant aggregation of iron oxide and small Ru NPs takes
place resulting in a sample (Ru-7, Fig. 6a), whose magnetic
separation occurs within a few minutes. The DLS trace (Fig.
S14, ESI) of Ru-7 (Table 1, Fig. 6a) shows only aggregates. At
200 °C aggregation occurs even in dioctyl ether (Ru-8, Table 1
and Fig. S14, ESI), which has higher affinity for these NPs.

6 | J. Name., 2012, 00, 1-3
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100 nm

100 nm*
Figure 6. TEM images of Ru-7 (a) and Ru-10(b). Inset in (b) shows an image with a
few initial iron oxide NPs.

In the case of 22.3 nm Fe;04 /y-Fe,O; NPs, the sample contains
nearly exclusively small NPs (Ru-10, Fig. 6b) with only a few
initial iron oxide NPs (inset in Fig. 6b). When the reaction was
carried out with the largest Fe;O,/y-Fe,O; NPs used in this
work (27.8 nm, Ru-17), solely small NPs were formed while all
the Fe;O4/y-Fe,0; NPs were removed (Fig. S15a, ESI),
indicating that the larger the iron oxide NPs, the higher the
tendency to aggregation. The XRD pattern of this sample (Fig.
S15b, ESI) shows only reflections typical of Ru metal.** The
survey XPS spectrum of Ru-17 presented in Figure S16 (ESI)
exhibits Ru, C, O, and Si. No Fe signals were detected. The
deconvolution of the XPS spectrum of Ru-17 in the Ru 3p and
Ru 4p regions (Fig. S17) indicates an average Ru**/Ru’ ratio of
0.58 (Table S4, ESI), which is consistent with that of Ru-14.
Again, the Ru-17 NPs demonstrate excellent stability upon
argon sputtering (Figs. S18-20, ESI).

It is worth noting that although reference Ru NPs prepared
without iron oxide (Ru-18, Table 1 and Fig. S15¢, ESI) have a
similar NP size as those in Ru-17, they exhibit a tendency to
aggregation, while the Ru-17 NP are perfectly dispersed.

Mechanism of aggregation or destabilization of Fe;O0,/y-Fe,0;
NPs

To understand different reaction outcomes described above, we
selected two key reaction procedures, taking samples of the
reaction solution 5, 15, and 25 minutes after the injection of the
Ru(acac); solution. Figure S21 (ESI) presents TEM images of
such samples taken from the reaction solution of Ru-7 prepared
at 200 °C in diphenyl ether in the presence of 11.0 nm Fe;O,/y-
Fe,O3 NPs (Fig. 5a). In the sample taken after 5 min no Ru NPs
are formed (Fig. S21a, ESI), while iron oxide NPs already
begin to aggregate. After 15 min the aggregation becomes more
pronounced and a few small particles are visible in the vicinity
of the aggregate (inset to Fig. S21b, ESI). The TEM image of
the sample taken after 25 min shows an aggregate of iron oxide
NPs surrounded by numerous small (Ru) NPs (Fig. S21c, ESI).
The question arises, however, what is the cause of such
aggregation especially considering that the iron oxide NPs used
in the reaction were well stabilized by surfactants?

This journal is © The Royal Society of Chemistry 2012
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Scheme 1. (a) Segregation of Pd and iron oxide NPs from solvent due to
polarization forces. (b) Aggregation Ru and small (8-11 nm) Fe30,4/y-Fe;03 NPs
together. (c) Destabilization and removal of large (22-28 nm) Fe30,4/y-Fe,03 NPs.

The NP interactions in solution are governed by multiple
nanoscale forces including van der Waals, electrostatic,
magnetic, surface, and depletion effects.*” ** Depletion forces
are considered the most influential in the NP self-assembly in
the presence of large molecules®” or even excess of regular
surfactants.*®* However, in our case, the variations in the
surfactant amounts did not change the reaction outcome. In this
case, the polarization forces might play a considerable role.*’ *°
Indeed, the Ru metal dielectric constant is 82 + 10.°! The
dielectric constant of ferric oxide is 13.1,%' while for diphenyl
ether it is only 3.9.%' The data for dioctyl ether are not
published, but dioctyl phthalate has a dielectric constant of
5.1.3" Thus, polarization force could be a trigger causing
segregation of both types of particles from the solvent, leading
to NP aggregation, which is pronounced at lower reaction
temperatures and in the less favourable (for NP dissolution)
solvent (diphenyl ether) (Scheme 1). However, when
aggregation of iron oxide NPs initiates, their collective
magnetic properties change due to a change in dipole—dipole
interactions and they may begin exhibiting ferrimagnetic
behaviour, despite the individual NPs being
superparamagnetic.”’ This may result in magnetic attraction
towards surrounding iron oxide NPs, causing further
aggregation (Scheme 1b) and even destabilization of large iron
oxide NPs (Scheme 1c). Both polarization and magnetic forces
can be offset by the active Brownian motion at higher
temperatures and in better solvents (dioctyl ether).

A close look at the majority of TEM images reveals no
heterogeneous nucleation of Ru NPs: They are not attached to
the iron oxide NP surface. These Ru NPs form a cloud around
iron oxide NP aggregates and this cloud moves together with
the aggregates upon magnetic separation due to polarization
forces as the Ru NPs are not superparamagnetic. At the same

This journal is © The Royal Society of Chemistry 2012

time, multiple magnetic separations of such a sample show no
further loss of Ru NPs after some initial removal (see below).
When the Fe;O0,/y-Fe,O3; NPs are large (22-23 or 27.8 nm),
their aggregation and precipitation at both 200 and 250 °C takes
place. Indeed, already 5 min after the injection of the Ru(acac);
solution, they are practically absent in the sample (Fig. S22,
ESI). The majority of the sample consists of very small Ru
NPs, indicating that they are not aggregated together with the
iron oxide NPs. This may occur due to fast aggregation of iron
oxide NPs before formation of Ru NPs, mainly due to a
combination of polarization effects and magnetic interactions.
The inset in Figure S22d (ESI) shows the iron oxide NPs tend
to aggregate after heating to 250 °C in diphenyl ether even
before addition of Ru(acac);.

Catalytic behaviour

As is demonstrated above, the nature of the solvent, reaction
temperature and the size and composition of initial iron oxide
NPs are the control mechanisms for designing novel Ru-based
materials. The question arises, however, whether this design
can allow control over catalytic performance? To assess the
possibility of such a control, we studied the catalytic behaviour
of representative Ru-containing samples in hydrogenation of
nitrobenzene to aniline (Scheme 2).

NO, (Ca] NO [Ca] NHOH [Ca]
C] H) H) @ H

nitrobenzene nitrosobenzene  phenylhydroxylamine aniline

NH,

[Cat]
[Cat] 0

@ o
N-N N=N N-N
[Cat] [Cat]
H> H
azoxybenzene azobenzene hydrazobenzene

Scheme 2. Hydrogenation of nitrobenzene to aniline. The scheme shows several
probable pathways to aniline and numerous possible side products.

The samples chosen differ by the type of the initial iron oxide
NPs and by the morphology of the resultant catalysts. These
catalysts were compared with Ru/SiO, and Pd/SiO,
catalytic properties in nitrobenzene hydrogenation were
reported elsewhere.”® In ref. 28, the TOF values for these
catalysts were reported. However, considering that the metal

whose

content was estimated only by loading, actually the authors
presented reaction rates (not TOF), allowing us direct
comparison with the results of this work. In addition, for
comparison, we also used the partially aggregated Ru NPs
prepared in the conditions of the present paper but without iron
oxide NPs (Ru-18, Tables 1 and 2) and the 22.7 nm FeO-Fe;04
NPs used for the Ru-14 synthesis (Fig. S25, ESI). To determine
optimal reaction conditions, a series of experiments was carried
out for Ru-5 at the overall pressure P=30 bar in the temperature
range of 120-180 °C wupon variation of the -catalyst
concentrations in the range of 2-6 g/L and nitrobenzene
concentrations in the range of 0.06-0.4 umol/L (Fig. S23, ESI).
The optimal conditions for Ru-5, indicated in the footnote of
Table 2, were used for testing of all other catalysts. It is worth
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noting that the FeO-Fe;O, NPs demonstrated poor performance
in the nitrobenzene hydrogenation (Fig. S24, ESI, and Table 2).
For Ru-18, i.e., the ruthenium NPs prepared in the absence of
iron oxide NPs, hydrogenation of nitrobenzene occurred very
slowly with extremely low conversion and selectivity (Table 2).
For the Ru NPs formed in the conditions of destabilization and
precipitation of iron oxide NPs (Ru-16, Tables 1 and 2), the
reaction rate as well as the aniline yield and conversion are
higher. Considering that the Ru NP sizes in these two samples
are comparable (3.1 nm and 2.9), the lower activity and
selectivity of the former sample are due to considerable
aggregation of the Ru NPs significantly decreasing the amount
of available active sites.

The coexistence of the Ru and iron oxide NPs in the catalyst
(Ru-5 and Ru-11) leads to a significantly higher aniline yield
and higher reaction rates. This is consistent with observations
by us?! and others®® regarding the influence of iron oxide NPs
on catalytic hydrogenation. Although Ru NPs are not deposited
on the iron oxide NPs, their close proximity can result in
collisions, leading to interactions and electron transfer from the
iron oxide NP surface to the Ru surface, facilitating
hydrogenation due to partial reduction.’®> On the other hand,
Ru-5 and Ru-11 were synthesized in dioctyl ether at 285 °C,
i.e., in the conditions where the minimum aggregation of iron
oxide and Ru NPs took place, which should decrease the iron
oxide influence. Alternatively, for Ru-7, whose aggregation is
shown in Figure 6a, a significant increase of aniline yield and
conversion are observed accompanied by a noticeable increase
of the reaction rate. This is due to direct positioning of Ru NPs
on iron oxide NPs within the aggregate. Magnetic separation of
Ru-7 followed by several repeated uses shows nearly no
changes in the catalyst performance, indicating high stability of
this catalyst and complete catalyst recovery.

In the case of Ru-12, whose synthesis was carried out in dioctyl
ether at 250 °C, more aggregation takes place than at 285 °C
which should allow stronger influence on the catalysis by Ru
NPs. Indeed, this leads to the higher conversion and reaction
rate. It is worth noting that when Ru-12 was magnetically
separated before use with some loss of Ru NPs (Table 2) but
with improved recovery, this led to the remarkably high
reaction rate. This catalyst was also used several times in the
catalytic reaction after magnetic separation and demonstrated
excellent stability of the catalytic performance (Table 2).

The analogous sample but prepared with initial FeO/Fe;O, (Ru-
14) shows the 99% aniline yield, 100% conversion and the
reaction rate comparable to Pd/SiO,%%, thus revealing that
although some aggregation of the Ru and iron oxide NPs is
necessary for improved catalytic performance, the nature of
iron oxide NPs also plays important role. As was discussed
above, Ru-14 includes magnetite NPs, while in Ru-12, the iron
oxide NP surface contains maghemite. Thus, the above data
indicate that the presence of the Fe" ions in the iron oxide NPs
is crucial for controlling the selectivity of the nitrobenzene
hydrogenation. The aniline yield and conversion for both Ru-14
and Ru-12 significantly surpass those achieved with Ru/SiO,
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and even Pd/SiO, reported elsewhere®® at similar or much
higher reaction rates (Table 2).
Table 2. Catalytic properties in hydrogenation of nitrobenzene.”
Sample Ru Ru . Reaction
notation content | NP Max. Max. Tlme, rate, NB
wt.% size aniline conver- min mol
nm | yield, % sion, % converted/
mol Ru Xs
22.7 nm
FeO- 3
FeiOs - - 2 2 90 0.018x10
NPs
Ru-18 38.7 3.1 27 28 140 0.04
Ru-16 58.7 2.9 55 55 70 0.1
Ru-5 20.2 2.5 91 92 180 0.2
Ru-11 3.7 2.1 82 82 170 1.0
Ru-7 7.8 2.5 93 93 50 1.8
nd
Ru-7,2 7.8 2.5 9 94 1.7
use 60
th
Ru-7,5 7.8 25 9 93 1.6
use 60
Ru-12 2.6 2.7 91 97 40 6.8
Ru-12,,” 0.6 2.7 90 98 15 258
Ru-12,,, 0.6 2.7 249
2" use 20 7 15
Ru-12,,, 0.6 2.7 240
5" use 89 98 15
Ru-14 9.5 2.7 99 100 40 2.2
Ru/Si0,™ 5 - 23 9.7 - 0.03
Pd/Si0,® | 5 (Pd) - 77 74 - 3.0

“Conditions of hydrogenation: temperature 150°C, nitrobenzene
concentration 0.06 pmol/L, pressure 30 bar, catalyst concentration 3 g/L;
® After magnetic separation of the initial catalyst.

For Ru-14, displaying highest values of the aniline yield, we
again assessed the influence of the catalytic reaction conditions
(temperature, catalyst, and nitrobenzene concentrations) on the
catalyst performance. The data obtained (not shown)
demonstrated that optimal conditions are the same as those
found for Ru-5. To assess the morphology of the catalyst after
the catalytic reaction, we analyzed the Ru-14 catalyst
magnetically separated from the The
comparison of the TEM images presented in Figures S25 and
S5b (ESI) shows that the Ru-14 catalyst morphology does not
change after hydrogenation.

The apparent activation energies calculated for Ru-5, Ru-12,
and Ru-14 samples are 28+5 kJ/mol, 33+5 kJ/mol and 4545
kJ/mol, while the pre-exponential factors are 17,847, 35,849
and 31,294 (Fig. S26, ESI). The highest activity of Ru-12
sample correlates well with the medium activation energy and
the highest pre-exponential factor that can be attributed to the
highest amount of active sites on Ru NPs. >

reaction mixture.

Conclusions

In summary, we developed a new method for preparation of
catalysts containing a mixture of Ru and iron oxide NPs. XPS
demonstrates the presence of both Ru” and Ru*" species with
the Ru*'/Ru’ average ratio of 0.57, indicating the presence of
the RuO, layer on the Ru(0) NPs. The absence of the RuO,

This journal is © The Royal Society of Chemistry 2012
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reflections in the XRD pattern of this sample indicates that the

RuO, is either amorphous or the crystallites are too small.

The presence of iron oxide NPs in these samples allows
efficient magnetic recovery and influences the catalytic
properties of Ru/RuO, NPs. Moreover, this influence is better
utilized when there is at least partial aggregation of Ru and iron
oxide NPs, which presumably takes place due to polarization
forces combined with magnetic forces. To achieve such
aggregation, the catalyst syntheses are carried out at a lower
reaction temperature (200-250 °C) and in a less favourable for
NPs solvent: diphenyl ether. However, for larger iron oxide
NPs in these conditions, destabilization and precipitation of
iron oxide NPs takes place leaving the catalyst consisting of
solely Ru/RuO, NPs with rather mediocre catalytic properties.
We also demonstrated that the highest catalyst reaction rate is
observed with iron oxide NPs containing maghemite, while the
highest aniline yield is achieved with magnetite NPs.
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