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CHAPTER 4

Cobalt-rhenium f-Mn-type bimetallic nanoparticles
prepared via colloidal chemistry

We report on the synthesis, thermal stability and structural evolution of f-manganese
(Mn)-type cobalt (Co)-rhenium (Re) nanoparticles (NPs). Monodisperse Co, Re_
NPs are synthesized for the first time via a facile one-pot colloidal method, yielding
excellent control of Re stoichiometry for x < 0.15. Scanning transmission electron
microscopy-energy dispersive X-ray spectroscopy analysis demonstrates that the
Re atoms are homogeneously distributed throughout the Co lattice. Synchrotron
powder X-ray diffraction combined with Rietveld refinement shows clear preferential
site occupancy of Re atoms in the 12-fold site. A maximum of 15 atom % Re can be
incorporated into the Co lattice, yielding single-phase particles. In situ synchrotron
powder X-ray diffraction heating studies show that in reducing atmosphere the
B-Mn-type Co-Re NPs are stable up to 300 °C before transforming into hexagonal
close-packed Co, implying Re segregation.
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4.1 Introduction

Bimetallic nanoparticles (NPs) attract significant attention due to the immense
technological potential thatarises from size, morphology and compositional effects.[1-
5] In catalytic processes, bimetallic NPs often exhibit superior performance compared
to their monometallic counterparts.[6-8] The enhanced catalytic performance may
originate from synergy between a modified electronic structure and the formation of
new active sites, induced by the local presence of the second metallic element.[9,10]
Co-Re NPs are of interest in catalytic processes such as the Fischer-Tropsch reaction
and ammonia synthesis.[11-17] In the presence of small amounts of Re, the overall
Fischer-Tropsch performance of Co in terms of activity and selectivity towards long-
chain hydrocarbons (C,,) is enhanced.[18-20] One long lasting debate, addressed
both experimentally and theoretically, is the location of the Re promoter in the Co
particles. While some studies indicate that Re is distributed inside the bulk Co
matrix forming an alloy,[21] others propose that Re atoms accumulate on the surface
in intimate contact with Co metal nanoparticles,[22] or that Re is located just below
a surface consisting of Co atoms.[23] In these experimental studies,[21,22] the Co-Re
bimetallic catalysts are prepared by wet impregnation, which gives limited control
of parameters such as particle size and elemental distribution. A more targeted
strategy would be the synthesis of free-standing Co-Re NPs via colloidal chemistry
with subsequent deposition on a selected support material.[24-28] To the best of our
knowledge, synthetic protocols for colloidal Co-Re NPs are currently unavailable. In
this communication we report on a method to synthesize monodisperse Co-Re NPs
with the B-Mn-type structure, a structure found for monometallic Co NPs.[29,30]

4.2 Experimental

4.2.1 Synthesis of Co-Re nanoparticles

Uniformly sized Co, Re_(x <0.15) NPs were synthesized by thermal decomposition
of dicobalt octacarbonyl (Co,(CO),, 2 90%) and dirhenium decacarbonyl (Re,(CO),,,
98%) metal precursors in ortho-dichlorobenzene (0-DCB, 99 %, anhydrous) containing
oleic acid (OA =99%) as stabilizing agent. All chemicals were purchased from Sigma-
Aldrich and used without further purification.

For the synthesis of Co-Re NPs, the previously reported protocol for the synthesis
of Co NPs [31] was subjected to various modifications (Figure 4.1). In a typical
Co,4Re, s NP synthesis, 0.20 mmol Re,(CO),, and 65 uL. OA (0.205 mmol) were
dissolved in 15 mL 0-DCB under Ar flow. The solution was subsequently heated
to 177 £ 1 °C under stirring conditions. In the meantime, 1.11 mmol Co,(CO), was
dissolved in 3 mL 0-DCB in a glove box (O, and H,O levels <1 ppm).

When the 0-DCB/OA/Re,(CO),, mixture reached the targeted temperature, the
Co,(CO), precursor solution was rapidly injected into the hot mixture. The formed
colloidal suspension was aged for 2-4 hours and subsequently quenched with 10
mL fresh 0-DCB. The NPs were flocculated using excess 2-propanol and isolated
by centrifugation. After discarding the supernatant, the NP precipitate was washed
with 2-propanol for at least three times before redispersion in hexane. In order to
tune the Co-Re metal composition, the relative amounts of Co and Re carbonyl
precursors were systematically adjusted (Table 4.1).
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Figure 4.1. Colloidal Co-Re NPs formed via thermal decomposition of carbonyl precursors in
the presence of OA as stabilizing agent and 0-DCB as solvent.

Table 4.1. Amounts of reactants used for the preparation of Co, Re Nanoparticles.

Co,(CO), Re,(CO),, 0-DCB OA
Sample  mg mmol mg mmol mL mmol
Co,,,Re, . | 440 1.286 28 0.043 18 0.205
Co,,Re, ,, 420 1.228 72 0.110 18 0.205
Co,Re . | 380 1.111 132 0.202 18 0.205
Co, ,Re,,, | 270 0.789 354 0.543 18 0.205

4.2.2 Nanoparticle characterization

The crystal structure and thermal stability of Co-Re NPs were investigated by
synchrotron powder X-ray diffraction (SR-PXRD). All the experiments were
performed at the Swiss-Norwegian Beamlines (SNBL), station BMO1A, at the
European Synchrotron Radiation Facility (ESRF). Diffraction profiles were collected
using a PILATUS 2M detector. Wavelength (A = 0.06957 nm) was calibrated by means
of a NIST Si standard. For data reduction a PyFAl-based tool was used.[32] For
structural investigations, dried samples were loaded (inside a glove box, O, and H,0O
levels <1 ppm) in 0.7 mm diameter glass capillaries and sealed. Sets of diffraction
patterns were collected at room temperature and the intensities were averaged to
improve statistics. Rietveld refinements were performed using the Fullprof suite of
programs [33] (20 range 10-37° A20 = 0.0125°% 30 Bragg reflections, 10-13 variable
parameters; manual background correction; typical Bragg R, factor = 4.3, R =10.4).
For the temperature-dependent SR-PXRD experiments, an inhouse-made quartz
capillary-based in situ cell was used. The Co . Re . sample was loaded (inside a
glove box) in a 0.7 mm diameter quartz capillary, with a bed length of ~10 mm, and
kept in place by quartz wool plugs. Sample heating was provided by a vertical hot
air blower. Flowing gas was supplied by a set of mass flow controllers calibrated for
relatively small flows (~5 mL min™). A4 vol. % H,/He gas mixture (Messer Schweiz
AG, 99.2%) was used. The sample was heated in situ over the temperature range 27 -
402 °C at a rate of 2 °C min™'. The diffraction patterns were recorded simultaneously
using a collection rate of 4 images min.
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High-resolution transmission electron microscopy (HRTEM) and scanning
transmission electron microscopy (STEM) was performed using a Cs-corrected FEI
Titan Cubed microscope operating at 300 kV, equipped with a Gatan US1000 2k x
2k CCD, a Direct Electron DE-12 4k x 3k CCD and a high-angle annular dark-field
(HAADF) detector, or with a monochromated FEI Tecnai F20ST/STEM operating
at 200 kV, equipped with a Gatan US4000 4k x 4x CCD. Both microscopes were
equipped with an energy dispersive X-ray (EDX) detector (Oxford Instruments,
X-MAXN 100TLE Windowless) for EDX spectroscopy. Analysis of (STEM-)EDX data
was done using AZTec software, version 3.1.

All TEM samples were prepared by drop casting 10 pL of the relevant NP
dispersion onto ultrathin carbon film (< 3 nm) supported by lacey carbon film on
400 mesh copper grids (Ted Pella Inc.) and dried under inert atmosphere.

4.3 Results and discussion

4.3.1 Characterization of Co-Re nanoparticles

The NP composition was determined using HRTEM-EDX. Analysis of a number of
single Co-Re NPs showed signals of both Co and Re, confirming their bimetallic
nature. The average stoichiometries are summarized in Table 4.2 and Figure 4.2.

Table 4.2. Composition of Co-Re NPs, as determined by HRTEM-EDX.
Sample Atom % Re”
Co,,,Re,,, | N.D!
CoygRe s 5109
CoyesRe, s 122113

“ Measurements on randomly selected single NPs, averaged.
"N.D. Not determined.
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Figure 4.2. (a) Atomic composition as determined from HRTEM-EDX of Co, Re NPs on

single nanoparticles. (b) Averaged composition (data points) determined by
HRTEM-EDX versus nominal composition.
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Figure 4.3. SR-PXRD pattern of Co_,Re . NPs (black) and corresponding Rietveld
refinement. The calculated (red) and difference (gray) profiles are shown along with
the positions for the Bragg reflections (vertical bars). A = 0.06957 nm.

Figure 4.3 shows the SR-PXRD pattern of Co-Re NPs with nominal composition
Co,4Re, 5. Rietveld refinement using the structural model reported by Dinega
and Bawendi [29] confirmed that the Co-Re NPs crystallize in the cubic f-Mn-type
structure (space group P4,32). The refined crystallographic parameters are reported
in Table 4.3. The Rietveld fit showed clear preferential site occupancy for Re-atoms

in the 12-fold site.

Table 4.3. Crystallographic data® of S-Mn-type Co-Re NPs with nominal composition
COO.SSReO.L’)'

Species Site X y z Occupancy
Col x,x,x 8¢ 0.0634(5) 0.0634(5) 0.0634(5) 0.666(1)
Rel x,x,x 8c 0.0634(5) 0.0634(5) 0.0634(5) 0.000(1)
Co21/8,yz 12d 0.125 0.193(2) 0.461(1) 0.818(7)
Re21/8,yz 12d 0.125 0.193(2) 0.461(1) 0.182(7)

“T =20°C; Rwp =10.1%; Space group: P4,32; Unit cell parameter, a = 0.6199(1) nm.

Figure 4 4 illustrates the moderate differences in the diffraction profiles depending
on the Re-site distribution (Re at the 8-fold site; Re at the 12-fold site; random Co/Re
distribution). For Co- or Mn-based bimetallic 8-Mn-type solid solutions, both 8-fold
and 12-fold site preferences have been reported.[33-35] Furthermore, it is evident
that the unit cell expands upon Re incorporation. By assuming a linear relationship
in the a-axis between the two end members Co and Re (B8-Mn-type structure) [a =
0.6098(3) nm for Co [31]; and 0.697(2) nm for Re [36]] the refined value a = 0.6199(1)
nm for the synthesized Co  Re . NPs corresponds to a Re incorporation of 11.7
atom %. This value is in good agreement with the Re content (12.2 + 1.3 atom %)
determined by HRTEM-EDX (Table 4.2).
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Figure 4.4. Calculated X-ray diffraction patterns of f-Mn-type Co-Re (Re, 1/6 fraction). In the
simulated patterns, all Re atoms are assumed to occupy only (a) site 1 (8-fold); (b) site 2 (12-
fold); or (c) are randomly distributed in the f-Mn-type Co lattice.

A representative high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image of the Co,,Re . NPs is shown in Figure 4.5a.
The as-prepared particles have a spherical shape with an average diameter of 8§ nm
and a narrow size distribution (11% variation in diameter); as shown in Figure 4.5b.
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Figure 4.5. (a) HAADF-STEM image and (b) NP size distribution of Co_,Re, . NPs.
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Figure 4.6. (a) HRTEM image of a single Co,Re . nanoparticle. (b) HAADF-STEM image
of multiple Co,.Re .. NPs and (c) the corresponding STEM-EDX line scan profile recorded

0.85 X 0.15'
along the arrow direction.

HRTEM (Figure 4.6a) reveals homogeneous lattice fringes and a periodic
lattice with no indications of Re segregation. To further investigate the elemental
distribution in the individual NPs, STEM-EDX line scans were recorded (Figure
4.6b-c). The compositional line profiles across the two Co,,Re . NPs (Figure 4.6¢)
show homogeneous Co and Re distributions. These results indicate atomic-level
mixing in the Co_,Re . crystallites. Based on SR-PXRD and STEM-EDX results, we

conclude that the as-prepared Co, . Re . NPs form a solid solution.

4.3.2 Varying the Co-Re composition

Compositional tuning of the Co, Re_(x < 0.15) NPs was achieved by adjusting the
relative molar ratio between the two metal carbonyl precursors. Figure 4.7 shows
the SR-PXRD patterns and Rietveld refinements of NPs with varying Re content.
Careful inspection of the SR-PXRD patterns gave no indication for the existence of
any crystalline phases with a high Re content; only Bragg reflections originating
from the cubic f-Mn-type structure were identified.

For the Co, Re, , sample, SR-PXRD revealed some weak additional reflections
(indicated by asterisk in Figure 4.7a). The origin of these reflections is not fully
understood; however, possibly some can be related to hcp/ccp intergrowth particles.
[31] It is worth mentioning that with increasing Re content (Figure 4.7b-c) the above
mentioned reflections disappear, yielding single-phase particles.

Furthermore, an expansion in the g-axis with increasing Re content for x < 0.15
was observed for Co, Re_(see Figure 4.8), in good agreement with what is expected
from Vegard’s law approximation (dashed line).[37,38]
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Figure 4.8. Refined a-axis (from SR-PXRD) versus nominal Re content for Co, Re NPs.
Dashed line represents Vegard’s law linear relation. Estimated Re content (based on Vegard’s
law) included on the right y-axis, along with a proposed graphical representation of the Co
(blue) and Re (orange) atom distribution within the Co, Re_ particles (x <0.15).

4.3.3 High Re content
However, we did not obtain uniform, single phased Co, Re NPs for x > 0.15.
Attempts to synthesize such particles under our reaction conditions always resulted
in a product with a Re content of ~15 atom %, as estimated from SR-PXRD. For
example, SR-PXRD analysis of Co, Re ,, gave a = 0.6223(1) nm (Figure 4.7c),
corresponding to an estimated Re incorporation of 14.3 atom % (Figure 4.8).

While no other crystalline phases were detected by SR-PXRD, complementary
TEM investigations of Co , Re , revealed that the sample is highly inhomogeneous
both with respect to particle size and chemical composition of the individual

particles. Representative TEM images of the Co Re  ,  NPs are presented in Figure

4.9. The particles are characterized by a tri-modal size distribution; the main
population being spherical bimetallic Co-Re NPs with an average diameter of ca.
7 nm. Some ultra-small clusters and larger aggregates (with sizes of ~1 nm and
50-70 nm, respectively) were also identified. STEM-EDX mapping suggests that the
latter are Re-rich (Figure 4.10). Our findings clearly suggest that within the explored
experimental window, the solubility limit of Re into single-phased S-Mn-type Co
NPs is ~15 atom %.

Figure 4.9. Representative TEM images of Co, Re , on lacey carbon grid. (a) An ~80 nm-

0.40

sized, Re-rich particle surrounded by Co-Re NPs. (b) High magnification image of a large Re-
rich particle (bottom left corner) covered with ~1 nm clusters and a few Co-Re NPs of about 7
nm. (c) Cluster of Co-Re NPs of about 7 nm in size.
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Figure 4.10. TEM images of the Co, Re , sample on lacey carbon grid (a) HAADF-STEM

0.60 0.40

image of a large Re-rich particle. (b) and (c) show the corresponding STEM-EDX mapping
images of the Co K series (blue) and the Re L series (orange), respectively.

4.3.4 Thermal stability

The thermal stability of the f-Mn-type Co,Re . NPs was studied by in situ SR-
PXRD. Figure 4.11a shows a contour plot of the diffraction patterns from 27 - 402
°C upon heating in diluted H,. Selected 2D-patterns are presented in Figure 4.11b.
Upon heating, all Bragg reflections of the S-Mn-type phase are slightly shifting to
lower angles due to thermal expansion (see e.g. the blue and cyan diffractograms at
204 and 286 °C, Figure 4.11b). For the f-Mn-type Co-Re NPs, the calculated linear
thermal expansion coefficient in the temperature range of 100 - 250 °C is 25 x 10
°C-l. Upon further heating, the NPs transform into a hexagonal close-packed (hcp)
phase at around 300 °C (green and red diffractograms in Figure 4,11b). This phase
transformation is in good agreement with reports on Co NPs.[30,39]

The sharp Bragg reflections of the hcp-type phase (red diffractogram at 349 °C,
Figure 4.11b) clearly show that a complete recrystallization and particle growth
process has taken place, with an estimated change from 5 to 30 nm sized crystallites
(using the Scherrer equation) for the f-Mn and hcp-type phases, respectively. The
calculated unit cell dimensions of the hcp-type phase at 349 °C are a = 0.2516 nm
and ¢ = 0.4095 nm. When using the thermal expansion coefficients of hcp Co (linear
coefficients along the a and ¢ axes; 12.5 x 10 °C! and 17.8 x 10-¢ °C™),[40] these
values translate into a unit cell volume of 0.01105 nm?®/Co at 20 °C, which is very
close to the value reported for pure hcp Co (0.01106 nm?®/ Co).[41]

The high-temperature SR-PXRD data hence show that a drastic Re segregation
occurs. The f-Mn-type Co-Re NPs transform into pure hcp Co, and consequently
a separate high-Re-content phase forms, with too small particle size or to poor
crystallinity to be detected by the applied method.

4.4 Conclusion

We report on the first synthesis of crystalline Co-Re NPs. According to Rietveld
refinement these NPs take the f-Mn-type structure with a distinct site preference
of Re atoms in the 12-fold site. Homogeneous elemental distribution of Co and Re
in the individual NPs was further demonstrated using HRTEM and STEM-EDX
line scans. The synthesized Co-Re NPs form a solid solution up to a maximum of
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~15 atom % Re. The thermal stability of the Co-Re NPs was explored in reducing
atmosphere. The f-Mn polymorph is stable up to 300 °C, which defines the maximum
operational temperature for this type of Co-Re NPs, a parameter of immense
importance when utilized as nano-catalysts for industrial applications.

As the f-Mn-type Co-Re NPs are currently synthesized for the first time, their
catalytic potential has not yet been explored. Although Co-containing Fischer-
Tropsch catalysts are based on the hexagonal/cubic close-packed (hcp/ccp)
Co polymorphs,[15, 42] currently no routes for controlled hcp/ccp Co-Re NPs
synthesis exist. Therefore, the synthesis of S-Mn-type Co-Re NPs represents a
promising possibility to obtain well-defined model catalysts.[24-28] These will be
highly attractive for detailed investigations to elucidate the role of the Re promoter
in the Co-based Fischer-Tropsch process. The f-Mn-type Co-Re NPs can be studied
as such, or thermally converted into a hcp/ccp structure, which ought to be possible,
yet is still very challenging.
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