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Ferromagnetic MPt (Fe, Co, Ni) nanocomposites were obtained by infiltration of aqueous and
chloroform precursor solutions into ordered mesoporous SBA-15 and CMK-3. Channel-confined
crystallization of the intermetallic phases was achieved under a reductive and inert atmosphere in a
temperature range from 673 to 1073 K using conventional and ultrafast IR furnace heating. The
proper choice of mesoporous matrix allows one to tailor crystallite size and to affect the phase
transformation rate into ordered face-centered tetragonal (fct) MPt alloys. XRD and TEM
techniques were used to monitor the structural evolution in the system. Physisorption methods
reveal degradation of the mesoporous carbon matrix for MPt@CMK-3 composites while SBA-15
templated structures stay intact. SQUID investigations were carried out, demonstrating a strong
dependence of magnetic properties on the intermetallic system, matrix, and treatment conditions.
Especially for fct FePt@carbon, very high room-temperature coercivities up to 28.4 kOe were
observed. The materials are efficient catalysts for acetylene to ethylene hydrogenation. Structure-
sensitive selectivity of FePt is reported for the first time, demonstrating a higher selectivity of fct FePt

composites as compared to the disordered face-centered cubic (fcc) phase.

Introduction

Magnetic nanoparticle systems are potentially interest-
ing materials in biotechnology and catalysis.' > Espe-
cially, ordered platinum containing iron and cobalt alloys
have received considerable attention during the past
decade, because of their large uniaxial magnetocrystalline
anisotropy constants causing ferromagnetic properties
down to 2—3 nm appropriate for ultra high density
storage devices.* '° Furthermore, these alloys show high
saturation magnetizations and the high chemical stabi-
lity needed in biomagnetic hyperthermia therapy.''!?
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In combination with appropriate matrices, magnetic
intermetallic nanoparticles are also suitable as advanced
bifunctional catalyst systems because of the facile separa-
tion and lower costs compared to pure noble metal
systems.'?~!° In particular, the ordered alloys are attrac-
tive as selective catalysts because of their high coerci-
vity.'®!” These applications require a defined particle size
and phase purity. However, during the synthesis in solu-
tion, the metastable disordered face-centered cubic (fcc)
phase is formed and temperatures up to 873 K are
necessary for the transformation into the desired face
centered tetragonal (fct) modification.® The latter causes
particle aggregation and grain growth lowering mono-
dispersity and increasing particle size. Various physical
and chemical synthesis strategies were developed for
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ordered homogeneous fct alloys.'>!872° Especially, the
polyol method was widely studied for FePt. By varying
the precursor systems, surfactant ratios, and treatment
conditions, researchers could precisely control the resulting
nanoparticle geometry, size, and phase structure.®'~23
Additionally, hard templated, inorganic matrix-assisted
methods inside mesoporous silica,®*®> alumina,”® and
titania'® were developed.

In the following, we present the synthesis and characteri-
zation of intermetallic nanoparticles in the system MPt
(M = Fe, Co, Ni) inside various ordered mesoporous
materials. Especially, synthesis strategies for hexagonal or-
dered SBA-15 materials are extensively investigated.>’ >’
The resulting materials are characterized by a defined pore
structure, chemical resistance and high thermal stability.**!
Thus, ordered mesoporous materials are interesting as cata-
lyst host systems.* Different nanoscale metal,'*** metal
oxides,***> and alloys***® could be synthesized inside the
pore system by in or ex situ methods.*”*® Catalytic activity of
the composites was demonstrated in hydrogenation,* olefin
epoxidation,”” and CO oxidation reactions.*' In recent
experiments, ordered mesoporous carbon CMK-3 templates
obtained by silica nanocasting were also used for the pre-
paration of catalyst systems.*~* In comparison to porous
silica structures, carbon templates offer significantly higher
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Scheme 1. Synthesis Strategy for the Preparation of M Pt Par-
ticles by Infiltration of Aqueous and Chloroform Precursor
Solutions into the Pores of Ordered Mesoporous Silica SBA-15
(Upper Path) and Carbon CMK-3 (Lower Path) Followed by
Thermal Treatment by a Two- (Indirect Treatment) and One-Step
(Direct Treatment) Method to 673—1073 K in Regular and IR
Furnace under Reductive and Inert Atmosphere
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specific surface areas and biocompatibility.'**> Therefore,
these materials are more suitable for biomagnetic appli-
cations. Various transition metal and oxide composite
structures were already prepared using hexagonal ordered
CMK-3 and CMK-5 templates.**™* In particular, tem-
plated bimetallic nanoparticle systems are potentially inter-
esting for comprehensive catalytic applications because of
their composition and resulting electronic structure.!” Dif-
ferent groups have already demonstrated the catalytic acti-
vity of alloy nanostructures on porous carbon templates in
selective hydrogenation reactions® and in electrocatalysis
like direct methanol fuel cell applications.’'> However, so
far there are only a few reports in the literature for the
catalytic application of ferromagnetic nanoscale alloys
templated inside ordered mesoporous materials.*

The schematic synthesis strategy for the preparation of
magnetic nanoparticles is shown in Scheme 1. Our efforts
are focused on the synthesis of ordered platinum contain-
ing alloys (MPt; M = Fe, Co, Ni). In the first step,
hexagonal ordered mesoporous silica SBA-15 and the
carbon replica structure CMK-3 were infiltrated with
aqueous and chloroform solutions of soluble M and Pt
precursor metal compounds, respectively. To remove the
organic compounds and initialize the reduction process,
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Table 1. Sample Composition for the Preparation of MPt Silica and
Carbon Composites by Infiltration of Aqueous and Chloroform Precursor
Salt Solutions

aqueous solution chloroform solution

system Fe/Pt Co/Pt Ni/Pt Fe/Pt Co/Pt Ni/Pt
n/1 x 107* (mol) 1.6 /1.6 1.6/1.6 0.8/0.8
Mimeso (2) 0.2 0.2
VSBA—IS (mL) 0.26 0.4
Vemkoz (mL) 0.18 0.4

we heat-treated compounds in a two-step mechanism first
to 673 K and then 1023 K (indirect treatment).”® For
comprehensive investigations, composites are annealed in
an infrared (IR) furnace, reducing the annealing time to
minimize particle aggregation. Additionally, a direct
treatment pathway is applied heating the carbon and
the silica composites directly to 873—1073 K in IR or
regular furnace, respectively.

Experimental Section

All chemicals were used as received.

Synthesis of SBA—15. % Pluronic (8.1 g, EO»PO70EOx
P123, Aldrich) was dissolved in 146.8 g of deionized water and
4.4 g of conc. HCI (37%) and stirred overnight at 308 K in a
closed 250 mL one-neck flask. To this solution was quickly
added 16 g of TEOS (Aldrich 98%) and the solution was stirred
for 20 h at 308 K. The milky suspension was transferred to an
autoclave and annealed at 403 K for 24 h. The solid product
was filtered, washed with an HCl/water mixture, and calcined
at 823 K.

Synthesis of CMK-3. ®' Ordered mesoporous carbon CMK-3
was synthesized according to a method reported by Jun et al. by
double infiltration and drying technique of acid aqueous sucrose
solution as carbon source into SBA-15 host followed by pyro-
lysis and silica removal using NaOH solution.

Synthesis of MPt/CMK-3, SBA-15 Composites. Equimolar
ratios of FeCl,-4H,O (ABCR, 99%), CoCl,-6H,O (ABCR,
98%), Ni(CH3;COO),-6H,O (Sigma Aldrich, 98%) and
H,PtCls-6H,O (ABCR, 98%, 40 wt % Pt) were employed as
aqueous precursors and are presented in Table 1. The water
content of hexachloro platinic acid was estimated by DSC/TG
measurements up to a molar ratio of 6.12. For the preparation of
the aqueous solution derived MPt composites, precursors were
dissolved in 0.26 mL (SBA-15) and 0.18 mL (CMK-3) of
deionized water, respectively, and infiltrated by incipient wet-
ness technique into activated ordered mesoporous silica and
carbon. The solvent amount was calculated according to the
specific pore volume estimated by nitrogen physisorption mea-
surements at p/py = 0.975 of pristine SBA-15 and CMK-3
starting materials. In comparison, equimolar amounts of
Fe(acac); (Sigma Aldrich, 99%), Co(acac); (ABCR, 98%),
Ni(acac), (ABCR, 98%), and Pt(acac), (ABCR, 98%) were
dissolved in 0.4 mL of CHCI; (p.a. Fisher Scientific) and
infiltrated into 0.2 g of the mesoporous host. The lower con-
centration of Ni(acac), and Pt(acac), solution is determined by
the solubility of Ni(acac), in CHCI;. To decompose the metal
salt and initialize the reduction process, we heat-treated carbon
and silica composites in hydrogen flow from room temperature
to 673 K (5 K/h) for 1 h in a regular furnace. In a second step,
preannealed MPt composites were heat treated at 1023 K for 1 h
in a regular furnace and at 1073 K for 20 min with an ultra-
fast heating ramp of 3 K/s in an infrared furnace (Behr IRF 10)
in a reductive and inert atmosphere (Ar). For comprehensive
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investigations, precursor salt containing carbon and silica com-
posites were annealed directly to 1073 K in IR and 1023 K
standard furnace, respectively.

For the preparation of the 1 wt % FePt@SBA-15 composite
for catalytic hydrogenation reactions, 4.03 x 107> mol of
FeCl,-4H,0 and 4.03 x 107> mol of H,PtCls-6.12H,0 were
dissolved in 1.3 mL of deionized water, infiltrated into 1 g of
SBA-15 and heat treated first up to 673 K (sample code: 49) and
then to 1023 K (sample code: 50).

Catalytic Hydrogenation Reaction. To elucidate activity,
selectivity, and stability of FePt@SBA-15, with respect to the
present FePt phase, we tested materials containing 1 wt % FePt
as catalysts in the gas-phase hydrogenation of an acetylene/
ethylene mixture. The tested materials are FePt@SBA-15 with
present intermetallic fct phase treated at 1023 K as well as
disordered fcc phase annealed at 673 K.

The hydrogenation was carried out in a continuous fixed-bed
reactor setup operated in repeated temperature cycles between
313 and 373 K. For the test, 20 mg of catalyst were diluted 1:10
with SiC.%%> A gas mixture containing acetylene (1.7%), excess
ethylene (42.9%), hydrogen (condition A, 3.4%; condition B,
2.1%), and nitrogen (balance) was continuously dosed to the
reactor operated at 2 bar with a flow rate of 13.7 mL/min (STP).
The temperature was increased from 313 to 373 K in 10 K steps,
holding the temperature constant for about 3.3 h at each
temperature, and repeating this program alternating with higher
and lower hydrogen feed (i.e., conditions A, B).

Characterization. Wide-angle X-ray powder diffraction pat-
terns were recorded in transmission geometry using a Stoe
Stadi-P diffractometer and Cu Ka, radiation (4 = 0.15405
nm). Size broadening of reflections in the range 26 = 20—90°
was analyzed using the Stoe size/strain analysis. Instrumental
broadening was taken into account based on LaBg reference
measurements. Samples for TEM analysis were prepared by
dipping carbon coated copper grids into an ethanol suspension
of MPt silica and carbon composites. TEM investigations
were performed on a 200 kV-TEM FEI Tecnai T20 instrument.
The small-angle X-ray experiments were carried out in trans-
mission mode on a Bruker Nanostar with Cu Ka, radiation (1=
0.15405 nm) and a position sensitive HiStar detector. Nitrogen
physisorption isotherms were measured at 77 K using a Quanta-
chrome Autosorb 1C apparatus. Prior to the measurement, the
samples were activated in vacuum at 423 K for 24 h. Specific
surface areas were calculated using the BET equation (p/py =
0.05—0.2). The pore size distribution for carbon and silica
composites was estimated from the adsorption branch using
BJH theory. Water vapor physisorption measurements were
carried out with Hydrosorb 1000 from Quantachrome at a
temperature of 298 K. The pore volume for water vapor and
nitrogen physisorption were determined at relative pressure
p/po = 0.975. The magnetization was measured in a SQUID
magnetometer (MPMS XL-7, Quantum Design) from 2 to
298 K. The isothermal magnetization was measured with a
solenoid in the hysteresis mode swept to 5 and £70 kOe.

Results and Discussion

MPt composites were prepared by a single infiltration
of stoichiometric amounts of the appropriate metal salts
(MPt) dissolved in either chloroform or an aqueous
solvent into ordered mesoporous SBA-15 or CMK-3
(Scheme 1). In order to form the ordered intermetallic
alloys, the composites were heat treated in one of the two
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Table 2. Sample Codes, Crystallite Sizes, and Phase Structure of Intermetallic MPt Nanoparticles Inside Mesoporous Carbon and Silica Templates

sample code d (nm)“/intermetallic phase”

FePt CoPt NiPt
indirect direct indirect direct indirect direct
673 1073 IR Hp/Ar 1023 1073 IR /1073 673 1073IR 1023 1073 IR /1073 673 873IR 873 873 1R /873
CMK -3 H,O 1 2 3 4 5 6 7 8 9 10 11 12
2.8 203 19.8 299 43 238 36.9 46.9 10.0 17.0 15.0 21.8
fecc  fet fet fet fec  fec(t) fee(t)  fee(t) fec mix mix fet
CHCl; 13 14 15 16 17 18 19 20 21 22 23 24
<2 7.8)2 9.6 1.3 <2 8.0 11.0 5.4 <2 <2 <2 <2
fct fet fct fet fet fee(t)
SBA —15 H,0 25 26 27 28 29 30 31 32 33 34 35 36
62 83 10.6 7.5 9.0 29.8 16.2 10.6 8.7 8.2 9.9 10.4
fcc  fee(t) fet fct fcc  CoPts CoPt; fct fce/Ni fee/Ni fee/Ni - fee/Ni
CHCl; 37 38 39 40 41 42 43 44 45 46 47 48
<2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2

“Estimated by the (111) peak broadening of using Scherrer equation. ” fee, face-centered cubic (disordered alloy); fet, face-centered tetragonal
(ordered intermetallic compound); mix, multiple nickel and platinum phases.

FePt@CMK-3 (CHClI,)

Intensity [a.u.]

N

20[1

FePt@SBA-15 (H,0)

(001)
(111)

B
S8
S

20[1

Figure 1. X-ray powder diffraction patterns of FePt@CMK-3 (13—16) and FePt@SBA-15 composites (25—28) synthesized by (A—C) indirect treatment
at(A) 673K, (B—Ar/H,) 1073 K in IR furnace in argon and hydrogen atmosphere, and (C) 1023 K, and by direct pathway at (D) 1073 K using IR technique
for FePt@CMK-3 and (D) 1023 K for FePt@SBA-15 composites, respectively.

illustrated pathways. One path, the indirect treatment,
included heating first to 673 K and then up to 873—
1073 K, similar to previous investigations.*> To make a
comprehensive study, some of the metal-salt containing
matrices were annealed immediately to 873—1073 K
(Scheme 1, direct treatment) using a conventional furnace
and an IR furnace for ultra fast treatment. NiPt was
treated only up to 873 K, because of the lower tempera-
ture of the face-centered tetragonal (fct) to face-centered
cubic (fcc) phase transition as compared to bulk FePt and
CoPt. 373

Structural Evolution of MPt: Wide-Angle X-ray Powder
Diffraction/TEM Measurements. The dependence of
crystallinity and phase transformation of MPt com-
pounds on synthesis conditions as investigated by wide-
angle XRD is presented in Table 2, Figure 1, and the
Supporting Information 1—5. According to the diffrac-
tion patterns, the MPt structure and crystallite size
depend strongly on the infiltration route, the chemical
and physical properties of the host matrix, the MPt
system, and the thermal treatment conditions. As can
be seen, the resulting crystallite sizes for MPt particles

(53) Dahmani, C. E.; Cadeville, M. C.; Sanchez, J. M.; Moran-Lopez, J.
L. Phys. Rev. Lett. 1985, 55, 1208.
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J. Phys. C 1988, 21, L1091.

(55) Massalski, T. B. Binary Alloy Phase Diagrams, 2nd ed.; ASM
International: Materials Park, OH, 1990; p 1752.

prepared by infiltration of aqueous solutions are signifi-
cantly larger than chloroform solution derived systems.
Similarly, the consequence of the different pore structures
of the mesoporous host is demonstrated by its effect on
the resulting crystallite sizes. In the highly interconnected
CMK-3 structure, particles up to 47 nm (8) in diameter
are found, whereas in the more isolated pores of silica, the
diameter is much smaller.

Furthermore, the hydrophobicity of the matrix, as
related to the polarity of the solvent, affects the degree
of wetting and pore filling and therefore the particle size.
Results of water vapor adsorption measurements carried
out on the unloaded pore structures are presented in
Supporting Information 6. The specific pore volume of
mesoporous carbon estimated by water vapor measure-
ments is 81% of the pore volume calculated from nitrogen
physisorption measurements, indicating a more hydro-
phobic surface. In comparison, specific pore volumes of
silanol group containing SBA-15 show a higher degree of
hydrophilicity. They show similar values of 1.21 cm?/g for
water vapor and 1.30 cm?/g for nitrogen physisorption,
respectively. Because of the higher polarity of water in
comparison to the chloroform solution, the larger crystal-
lite sizes of aqueous solutions in CMK-3 compared to the
organic solution can be explained by the nucleation
occurring outside of the pores (1—12). In comparison,
the crystallite sizes of aqueous solution-derived MPt
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(A) FePt@CMK-3: 673K

(C) FePt@CMK-3; 1

(E) FePt@SBA-15: 1023K

(F) FePt@SBA-15: 1023K

Figure 2. Transmission electron micrographs of FePt@CMK-3 compo-
sites prepared by chloroform solution and heat treated at 673 K (13: A, B)
and 1073 K IR (14: C, D) and FePt@SBA-15 composites (27: E, F)
annealed at 1023 K in a hydrogen atmosphere.

particles in mesoporous silica show better agreement to
the pore diameter of 9.4 nm as estimated by nitrogen
physisorption measurements (25—36).

The X-ray powder diffraction results were confir-
med by TEM measurements for FePt nanocomposites
(Figure 2 and the Supporting Information 8). One can
observe that the intermetallic nanoparticles are well dis-
persed inside the mesoporous matrix. However, for
FePt@CMK-3 (CHCl3) composites (14) annealed at
1073 K in IR furnace (Figure 2C, D) a bimodal size
distribution of 2—3 and 8 nm, respectively was detected.
In relation to the monodisperse size distribution in the
range of 2 nm for fcc particles (13) annealed at 673 K
(Figure 2A, B) an interaction to the porous carbon matrix
during the fct phase formation can be assumed, which will
be discussed in the next section. In contrast, fct FePt
nanoparticles annealed for 1 h at 1023 K (27) show a
narrow size distribution (Figure 2E, F).

In addition, the weak chloroform-solvent to silica-
matrix interactions cause a high rate of nucleation
(37—48), leading to small crystallite sizes (<2 nm). Thus,
further discussions will be focused on the preparation of
MPt composite structures in CMK-3 using chloroform
solutions (13—24) and for aqueous solution derived inter-
metallic systems in SBA-15 (25—36).

The fct phase formation and resulting crystallite size is
also dependent on the specific MPt intermetallic system
and the thermal treatment regime used to process and
anneal that system.

In general, the crystallite sizes for the FePt and CoPt
systems increase during the annealing at 873 K-1073 K by
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the indirect treatment (1—8, 25—32). The fct modification
is entirely present for FePt systems after thermal treat-
ment at 1023 K in the regular (15, 27) and at 1073 K in the
IR furnace (14 H,, 26) for FePt@CMK-3 (CHCl;)
and FePt@SBA-15 (H,O) composites (Figure 1). These
results show good agreement to previous studies for the
synthesis of FePt in ordered mesoporous silica.”> CoPt
nanoparticles in CMK-3 (CHCI;) treated at 1023 K (31)
also form the fct phase; however, CoPt containing silica
compounds form a platinum-rich CoPt; phase after the
same treatment. The latter indicates a phase separation
process of cobalt and platinum during the first heating
ramp to 673 K forming crystalline fcc CoPt; and a X-ray
amorphous Co phase (29). A similar phase separation was
found for NiPt (33—36). The fcc Ni phase was detected
beside the platinum rich NiPt phase for all composite
structures during the reductive annealing process. The
NiPt nanoparticles synthesized inside CMK-3 (CHCIy)
remain amorphous after crystallization at 873 K (22—24).
In comparison, silica templated NiPt was crystalline with
grain sizes in the range of 8.2—10.4 nm, dependent on the
specific thermal treatment conditions (33—36).

In the present study, for comparison with the conven-
tional furnace, an infrared furnace was used for faster
heating times to minimize particle aggregation. Experi-
ments reported in Table 2 (1073 IR) show FePt com-
posites with smaller crystallite sizes of 7.8 nm (14 Hs,
CMK-3) and 8.3 nm (26, SBA-15) as compared to 9.6 nm
(15)and 10.6 nm (27) for those annealed in a conventional
furnace. However, the phase transformation for the IR
heat treated FePt@SBA-15 (26) composite is incomplete,
due to the weak (001) and (110) peak intensities as well
as the less drastic (111) peak shift when compared to
fct-FePt compounds synthesized in a regular furnace (27).
In comparison, the CoPt particles in CMK-3 (CHCIy)
form the fct phase and show a slight decrease in size for
the IR treatment (18). The CoPt; phase found in silica has
an increased size after IR annealing (30). To investigate
the influence of gas phase composition during thermal
treatment, we also heat-treated FePt@CMK-3 compo-
sites in an inert atmosphere up to 1073 K in an IR furnace
(14 Ar, Figure 1B—Ar). The crystallite sizes of the result-
ing FePt nanoparticles are significantly smaller (14 Ar:
2 nm) than hydrogen annealed systems (14 H,: 7.8 nm).

For a comprehensive study, the MPt structures were
also heat-treated in a single-step procedure up to 1073 K
in an IR furnace for the carbon matrix (16) and up to
1023 K in a regular furnace for the SBA-15 system (28,
Scheme 1, direct treatment). The different synthesis con-
ditions were selected due to the incomplete phase trans-
formation of FePt in SBA-15 using the IR technique and
the particle aggregation found in the connected pore
structure of CMK-3 after the longer-duration regular
treatment, as discussed previously. The resulting FePt
crystallite sizes of 7.3 nm for CMK-3 (16) and 7.5 nm
for SBA-15 (28) composites are smaller than particles
synthesized by indirect treatment, and transformation
into fct phase is complete. Similarly, the grain size of
CoPt@CMK-3 (20) composites synthesized by direct
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Figure 3. Nj-physisorption and small-angle X-ray diffraction of pristine mesoporous carbon (left, A) and silica (right, A) and (B) FePt@CMK-3 (13—
15: left) and SBA-15 composites (25—27: right) annealed at 673 K, (C—Ar) 1073 K under argon, and (C—H,) hydrogen atmosphere using IR furnace and

(D) at 1023 K.

Table 3. Adsorption Properties and Lattice Constants of Mesoporous Host for Pristine and FePt Composites in Dependence on the Thermal Treatment
Conditions

FePt@CMK-3

FePt@SBA-15

indirect direct indirect direct
CMK-3 673 1073 IR-Ar 1073 IR-H, 1023 1073 IR SBA-15 673 1073 IR 1023 1023
Se (m?/g) 1102 872 797 810 381 684 722 536 495 508 519
Apore” (nM) 3.2 3.2 3.2 broad broad broad 9.4 9.4 9.4 9.4 9.4
Vv (cm3/g) 0.89 0.69 0.64 0.74 0.34 0.74 1.3 0.99 0.92 0.92 0.91
a (nm)” 9.8 9.8 9.6 12.1 12.1 11.9 11.9 11.9

“Pore diameter estimated by adsorption branch for CMK-3 and SBA-15 structures. ® Lattice constant calculated from (100) peak for hexagonal

systems in small-angle X-ray diffraction.

treatment is significantly smaller (5.4 nm) than those
made in the indirect manner; however, the fct phase
transformation is incomplete. In contrast, fct ordered
CoPt nanoparticles about 10.2 nm in diameter were
obtained in silica after direct treatment at 1023 K (32).

The mass ratio of FePt nanoparticles inside the meso-
porous template was estimated by EDX measurements.
The FePt content for silica composites remains almost
constant during reductive treatment at 26 wt % (25—28).
In contrast, the FePt content strongly increases from
23 wt % (13) up to 57 wt % (15) with increasing reduction
temperature. These results are confirmed by nitrogen
physisorption measurements that will be discussed in
the following.

Structure of the Mesoporous Matrix: Small-Angle X-ray
Powder Diffraction (SAXD)/N,-Physisorption. Ordering
and porosity of pristine and FePt loaded mesoporous
silica (25—28) and CMK-3 structures (13—16) were
investigated by SAXD and N,-physisorption measure-
ments presented in Figure 3 and Table 3 (MPt: Sup-
porting Information 9—11). FePt containing SBA-15
and CMK-3 composites prepared by the indirect treat-
ment at 673 K (13, 25) show ordered pore structures with

lattice constants of 12.2 and 9.8 nm and pore sizes in the
range of 9.4 and 3.2 nm corresponding to the pristine
materials. Specific surface area and pore volume of silica
and carbon composites decrease down to 76 and 80%
related to the mass fraction of intermetallic nanoparticles.
However, no ordering for FePt@CMK-3 structures an-
nealed at 1023—1073 K under reductive conditions (14
H,, 15) can be observed because of the absence of the
(100) peak in small-angle XRD and the broad pore size
distributions estimated by N,-physisorption measure-
ments. The latter is related to the catalytic reductive
removal reaction of carbon matrix in the presence of FePt
nanoparticles. However, a short duration in IR furnace at
1073 K (14 H,) causes a significantly lower decrease in
specific surface area and pore volume compared to reg-
ular treatment at 1023 K (15). In contrast, ordering and
pore structure remain intact by treating the composite
structure in inert atmosphere up to 1073 K (14 Ar).
According to XRD measurements, the resulting nano-
particles show significantly smaller FePt crystallite sizes
in the range of 2—3 nm. In comparison, ordering and pore
system for FePt@SiO, composites stay intact during
reductive treatment up to 1073 K (26—28). Nevertheless,



1630 Chem. Mater., Vol. 22, No. 5, 2010 Kockrick et al.

FePt@CMK-3 (CHCI,) FePt@SBA-15 (H,0)

W >

> Ow

4

(¢}
M [emu/g

40 60
H [kOe]

Figure 4. Room-temperature magnetization demagnetization curves of FePt@CMK-3 (14—16: left) and FePt@SBA-15 composites (26—28: right)
annealed at (A) 1073 K IR and (B) 1023 K by indirect treatment and (C) at 1073 K IR for carbon and 1023 K for silica composites prepared by direct
treatment, respectively.

Table 4. Room-Temperature Coercivities [kOe] for MPt Carbon and Silica Composites Annealed at 673—1073 K

FePt CoPt NiPt

indirect direct indirect direct indirect direct
673 1073 IR Ar 1073IR H, 1023 10731R /1023 673 1073IR 1023 10731IR /1023 673 8731IR 873 873 1R /873

CMK-3“ 0.08 0.62 23.94 25.53 28.35 0.07 0.70 1.26 1.39 0.02  0.01 0 0.03
SBA-15" 0.11 0.51 6.23 15.60 0.28 0.33 0.30 2.07 0.08 027 0.28 0.16

“ Composites prepared by infiltration of chloroform. ® Composites prepared by infiltration of aqueous precursor solutions into ordered mesoporous
host.

lattice constants decrease down to 11.9 nm due to sinter- sizes of argon annealed structures as demonstrated by
ing effects in porous silica matrix at these temperatures.*® X-ray and TEM measurements. Nevertheless, a coerci-
Magnetic Investigations of MPt Composites. Isother- vity of 0.62 kOe for argon post-treated composites (14 Ar)
mal hysteresis loops of platinum containing intermetallic is larger than those annealed at 673 K in H, (13: 0.08
CMK-3 (CHCl3) and SBA-15 (H,O) composites at room kOe), indicating at least partial transformation into the
temperature are presented in Figure 4 and the Supporting fct phase. This can be understood as the coercivity is
Information 12—18, and corresponding coercivities are proportional to a materials anisotropy constant, and the
summarized in Table 4. The resulting magnetic properties fct phase has a higher anisotropy constant than the fcc
are strongly dependent on the intermetallic system, the phase.>®
mesoporous matrix, and the thermal treatment condi- In general, FePt nanoparticles synthesized inside meso-
tions, which will be discussed in the following. The porous silica (26—28) show smaller coercivities and
coercivities of FePt@CMK-3 composites are determined saturation magnetization than comparable carbon tem-
by the degree of crystallinity and phase structure. Carbon plated materials (14—16), with the most pronounced
and silica composites prepared at 673 K show relatively difference in samples prepared via the indirect route.
small coercivities of 0.08 kOe (13) and 0.11 kOe (25), However, particles synthesized in a silica host by direct
respectively, corresponding to their almost X-ray amor- treatment at 1023 K offer a significantly higher coercivity
phous or soft magnetic fcc FePt structure. In comparison, of 15.6 kOe (28) than metallic structures indirectly treated
FePt@CMK-3 materials annealed at 1023 K-1073 K at 1023 K (27: 6.23 kOe) and 1073 K in IR (26: 0.51 kQe).
show extremely high coercivities up to 25.53 kOe (15) In comparison, previously reported preparation methods
and 28.35 kOe (16) for indirect and direct treatment, of FePt nanoparticles inside SBA-15 by multiple infiltra-
respectively, because of the highly ordered intermetallic tions of DMSO solution have coercivities of 0.28 kOe.>
fct structure as detected by X-ray powder diffraction. The The magnetic properties of CoPt composites differ
drop in magnetization at zero field can be related to the significantly from FePt, although both intermetallic
size distribution of hydrogen treated FePt particles in materials have similar anisotropic constants.'® For exa-
the carbon matrix, as seen by TEM, or an incomplete mple, room temperature coercivities for CoPt particles
phase transformation into fct phase and particle motion incorporated into carbon matrices are as low as 0.7 kOe
inside the magnetic field, causing different remanence and (18) for indirect and 1.39 kOe (20) for direct treatment at
coercivity values.”” For comparison, the FePt@CMK-3 1073 K in an IR furnace as compared to 23.94 kOe (14)
composite was annealed in an inert atmosphere of Ar at and 28.35 kOe (16) for similarly prepared FePt structures.
1073 K in IR furnace. Those particles show a consider- Additionally, the drop in magnetization at zero field is
ably smaller coercivity of 0.62 kOe (14 Ar) as compared to more pronounced in CoPt systems and nearly all samples
the 23.94 kOe (14 H,) found in hydrogen treated com- exhibit some shift of the hysteresis loop along the field
pounds. The latter can be related to the smaller crystallite axis. The shoulder in M-H is indicative of the particle size

distribution demonstrated by TEM measurements

(56) Krawiec, P.; Kaskel, S. J. Solid State Chem. 2006, 179, 2281.
(57) Tauxe, L.; Mullender, T. A. T.; Pick, T. J. Geophys. Res. 1996, 101,
571. (58) Skomski, R. J. Phys. 2003, 15, R841.
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(see Supporting Information 7) and the exchange bias
effect could result from the possible existence of a second
(antiferro)magnetic species.’’>® The room-temperature
coercivity of 0.33 kOe (30) for CoPt@SBA-15 structures
prepared by indirect treatment indicates only weak ferro-
magnetism and appears to be independent of the thermal
treatment type. These results are related to the formation
of a soft magnetic CoPt; phase as estimated by X-ray
powder diffraction. In contrast, the direct-method treated
composites annealed at 1023 K have coercivities up to
2.07 kOe (32) because of the hard magnetic fct-CoPt
phase. However, a drop in the hysteresis loop at zero
field and exchange bias phenomena similar to
CoPt@CMK-3 composites was observed, probably for
the same reasons as discussed above.

NiPt shows very weak ferromagnetism with coercivity
values of only 0.03 kOe (24) for CMK-3 and 0.26 kOe (34)
for SBA-15 composites. The latter is caused by the forma-
tion of soft magnetic Pt-rich NiPt phase for silica and the
almost X-ray amorphous NiPt structure inside meso-
porous carbon. However, a direct comparison to magnetic
properties of FePt and CoPt is rather complicated, because
of the lower annealing temperature for NiPt structures.

Catalytic Gas-Phase Hydrogenation. Gupta and co-
workers reported that FePt supported on silica catalyzes
the hydrogenation of 1-decene.” Hence, activity, selec-
tivity and stability of two different materials comprising
the same FePt loading and support, i.e., Fe/Pt@SBA-15
with intermetallic fct phase (50) and with disordered fcc
phase (49), were tested in catalytic hydrogenation of
acetylene in the presence of ethylene.

Both tested catalysts are active for gas-phase hydro-
genation, the fcc material (49) being more active in the
first and second temperature cycle as evident from higher
conversion of acetylene (Figure 5) and hydrogen (see
Supporting Information 19). Although the less active
catalyst with fct phase (50) remains stable in activity
for about 150 h as apparent from conversion shown vs
time-on-stream (Figure 5, Supporting Information 19),
the higher activity of the fcc phase (49) fades after the first
two temperature cycles and converges to a similar activity
as for the fct material (50). One possible explanation is
that under reaction conditions at slightly elevated tem-
perature an annealing process occurs that leads to a
decrease in performance of the disordered fcc phase
(49). In contrast, the ordered intermetallic fct (50) re-
mains stable under reaction conditions attributed to the
ordered phase produced by reduction at 1023 K for 1 h.

The two materials differed in selectivity throughout the
experiment as shown for the initial temperature cycle
(Figure 6) and the third cycle measured under the same
conditions (see Supporting Information 20) and indicated

(59) Salabas, E. L.; Rumplecker, A.; Kleitz, F.; Radu, F.; Schueth, F.
Nano Lett. 2006, 6, 2977.

(60) Choi, M.; Heo, W.; Kleitz, F.; Ryoo, R. Chem. Commun. 2003,
1340.

(61) Jun, S.; Joo, S. H.; Ryoo, R.; Kruk, M.; Jaroniec, M.; Liu, Z.;
Ohsuna, T.; Terasaki, O. J. Am. Chem. Soc. 2000, 122, 10712.

(62) Cukic, T.; Kraehnert, R.; Holena, M.; Herein, D.; Linke, D.;
Dingerdissen, U. Appl. Catal. 2007, 323, 25.
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Figure 5. Acetylene conversion vs time-on-stream in hydrogenation of a
mixture of acetylene/ethylene using two different FePt(@SBA-15 materi-
als (fcc-FePt (49); fct-FePt (50)) in a continuous fixed-bed reactor
operated in repeated temperature cycles between 313 and 373 K feeding
a gas mixture with a hydrogen content of 3.4% (condition A) or 2.1%
(condition B).
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Figure 6. Ethylene yield vs temperature recorded in the 1st temperature
cycle of hydrogenation of a mixture of acetylene/ethylene using two
different FePt@SBA-15 materials (fcc-FePt (49); fct-FePt (50)) in a
continuous fixed-bed reactor operated in repeated temperature cycles; a
gas mixture containing 3.4% Ha, 1.7% acetylene, and 42.9% ethylene was
dosed (condition A); negative yield indicates the net consumption of
ethylene.

by the different ethylene yields. The curves represent the
ratio between formed ethylene and consumed acetylene.
Hence, positive values relate to net formation of ethylene,
i.e., selective conversion of acetylene to ethylene, whereas
negative values result from net ethylene consumption, i.e.,
the conversion of both acetylene and ethylene into ethane.
As indicated by the graphs (Figure 6 and Supporting
Information 20), the ordered intermetallic fct-FePt phase
(50) selectively hydrogenates acetylene into ethylene also
in the presence of excess ethylene with increasing the
temperature, whereas the fcc-FePt catalyst (49) favors
total hydrogenation to ethane. This pronounced differ-
ence of more selective hydrogenation over the fct phase
(50) catalyst is preserved also after extended time-on-
stream (=50 h, see Supporting Information 20) when the
activity of the fcc phase (49) has decreased already
remarkably.

The presented catalytic data suggest that the intermetallic
fct-FePt phase (50) performs superior to the disordered fcc
phase (49) both with respect to stability and selectivity.
Nevertheless, it must be also mentioned that both tested
materials were less active and less selective than Pd/ZnO
catalysts tested under the same reaction conditions.

Conclusions

Summarizing, we have presented a new synthesis strat-
egy for the preparation of magnetic MPt nanoparticles
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inside the pores of ordered mesoporous silica and carbon
materials. The influence of the mesoporous matrix related
to the solvent polarity as well as the thermal treatment
conditions to the phase transformation process and crys-
tallite sizes of resulting MPt nanoparticles were investi-
gated. It was demonstrated that aqueous precursor
solution is appropriate for the synthesis of silica compo-
sites whereas organic chloroform solutions are suitable
for the preparation of more hydrophobic carbon compo-
sites. Room-temperature coercivities of heat treated fct
FePt nanoaprticles inside porous carbon templates offer
extraordinary high room-temperature coercivities up to
28.35 kOe, which is among the highest ever reported
values. The pore structure of CMK-3 changes signifi-
cantly during phase transformation process in hydrogen
atmosphere indicating a catalytic hydrogenation of the
carbon structure. In comparison, silica templated fct FePt
nanoparticles show lower coercivities. However, SBA-15
matrices remain intact during reductive treatment form-
ing ordered alloys. A significantly higher selectivity of
ordered fct FePt compared to disordered fcc alloy in gas
phase acetylene to ethylene hydrogenation could be veri-
fied for the first time. Thus, templated ferromagnetic MPt
systems are promising advanced selective catalysts
because of the high porosity of the versatile mesoporous
matrix and the precise control of phase composition and
particle size of bifunctional ferromagnetic MPt catalysts.
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