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ABSTRACT: The control of the phase distribution in multicomponent nanomaterials is critical to
optimize their catalytic performance. In this direction, while impressive advances have been
achieved in the last decade in the synthesis of multicomponent nanoparticles and
nanocomposites, element rearrangement during catalyst activation has been frequently overseen.
Here, we present a facile galvanic replacement-based procedure to synthesize Co@Cu
nanoparticles with narrow size and composition distributions. We further characterize their phase

arrangement before and after catalytic activation. When oxidized at 350 °C in air to remove
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organics, Co@Cu core-shell nanostructures oxidize to polycrystalline CuO-Co3;04 nanoparticles
with randomly distributed CuO and Co30;4 crystallites. During a posterior reduction treatment in
H, atmosphere, Cu precipitates in a metallic core and Co migrates to the nanoparticle surface to
form Cu@Co core-shell nanostructures. The catalytic behavior of such Cu@Co nanoparticles
supported on mesoporous silica was further analyzed toward CO, hydrogenation in real working

conditions.

1. INTRODUCTION

The rational design of more active, selective and durable catalysts requests for a deeper
fundamental understanding of the influence of each material parameter on its performance. This
ambitious goal requires engineering model catalysts with accurately tuned parameters and that
can be tested in real working conditions. The availability of such real model systems is critical to
overcome the material and pressure gaps partially disconnecting fundamental surface science
studies from real industrial catalysts." In this framework, colloidal synthesis routes allow
producing large amounts of nanoparticles (NPs) with a unique control over composition, crystal
phase, particle size and surface facets.”™ Such colloidal NPs can be supported on or assembled
into high surface area materials, and the resulting nanocomposites can be used as real catalytic
model systems to investigate the influence of material parameters in real reaction

conditions,>*!*1?

This strategy is especially interesting in multi-metal catalysts, where not only
the parameters of each individual component, but also the distribution of these components, in
the form of independent entities, multi-metal alloys, Janus/dimer or core-shell NPs, have a

crucial role on the final catalytic performance.'**?
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A particularly interesting catalytic reaction involving multicomponent heterogeneous catalyst

and strongly influenced by the metal size and distribution is CO, hydrogenation:
CO,+xH,; 2 C,Hy,1iOH + CnH(znﬁ)‘f’

The social and economic interest of CO, hydrogenation resides both on its potential to mitigate
CO, concentration in the atmosphere, and on the fact that CO, can be a feedstock of C,.
hydrocarbons and alcohols. Moreover CO, is a non-toxic, non-corrosive, and non-flammable
reactant, which can be easily stored and transported in liquid form under mild pressure.'*'®
Among the numerous candidates for CO, hydrogenation, cobalt-copper catalysts are one of the

19-26 Joint effects of Co and Cu can be understood on the

most selective and cost-effective option.
basis of the properties of each single element catalyst. In the presence of H,, Co is able to
dissociate CO and CO; and to hydrogenate the resulting surface carbon species into
hydrocarbons.””*® Thus, it is used for the synthesis of medium chain and long-chain
hydrocarbons in the Fischer—Tropsch (FT) process.”’ On the other hand, Cu molecularly adsorbs
CO, and CO with a slow dissociation rate, which allows the incorporation of oxygen in the final

27,28,30

hydrogenated products, and thus the formation of alcohols. Therefore, Cu is used in the

synthesis of methanol from CO, hydrogenation or syngas.”'*

Previous studies on the use of Cu or Co catalysts for CO, hydrogenation and FT reactions
demonstrated that parameters such as NP size strongly influence their performance. In particular,
cobalt activity decreased rapidly when the NP size was reduced below 10 nm, although no size
effect was observed on the selectivity.”>™ On the other hand, the turnover frequencies for
methanol formation from CO, hydrogenation of Cu NPs increased as NP size was reduced.”

Beyond the properties of each individual catalytic material, the distribution of the active phases

is also key to determine the composition of the FT and CO, hydrogenation product stream. As an
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example from the much better studied FT reaction, N. D. Subramanian et al. found that Co@Cu
core-shell NPs were more active than Co-Cu dimer NPs in the CO hydrogenation, but Co-Cu
NPs were more selective than Co@Cu NPs to the formation of ethanol and higher oxygenates.27
Besides, G. Liu et al. reported that the hydrogenation of CO over Co@Cu NPs favored alcohol
synthesis, while Cu@Co NPs generated more hydrocarbons.** Recently, G. Prieto et al.
demonstrated that preventing the copper segregation on Co-Cu alloys increased the C,+ alcohols
selectivity in the FT process.!

While catalytic performance is extremely sensitive to surface composition of the catalyst, an
important challenge when dealing with multi-metallic NPs is the characterization and
understanding of the physical and chemical restructuring of the catalyst taking place during
activation treatments and catalytic test. This is particularly crucial in Co-Cu NPs and in general
in most transition metals, where activation/reduction processes inducing major chemical and
structural changes are absolutely necessary, and major structural and chemical changes can take
place during these processes as observed by Y. Xiang et al.,”* S. Carenco et al.*? and S. Alayoglu
et al.?®. Nevertheless, due to the difficulties in producing catalysts with well-defined active phase
distribution, shape and size, the segregation and compositional re-organization of these
catalytically active phases during catalyst activation is frequently overseen.

We present here a new synthetic strategy to produce monodisperse Co-Cu NPs with controlled
metal ratios based on a galvanic replacement reaction. We used these NPs to gain understanding
on the structural and chemical changes taking place before and after the thermal treatments used
for the catalyst preparation and activation. We further analyze the catalytic behavior of these NPs

supported on mesoporous silica toward CO, hydrogenation.

ACS Paragon Plus Environment

Page 4 of 34



Page 5 of 34

©CoO~NOUTA,WNPE

Langmuir

2. EXPERIMENTAL

Chemicals: Cobalt carbonyl (Co,(CO)s, > 90%), copper(I) chloride (99.99%), copper (I)
acetate (CuOAc, 97%), 1,2 anhydrous dichlorobenze (DCB, 99%) and oleylamine (OLA, tech.
70%) were purchased from Sigma Aldrich. Trioctylphosphine oxide (TOPO, 99%) was
purchased from Stream Chemicals, trioctylamine (TOA, 97%) from Acros, and
tetradecylphosphonic acid (TDPA, 97%) from PlasmaChem GmbH. All products were used
without further purification, except for OLA which was distilled. Analytical grade isopropanol,
ethanol, hexane were purchased from Panreac. Stock solutions of copper (I) chloride in OLA
(0.25 M) were prepared by dissolving 2.5 g of CuCl in 100 mL of OLA. All NP preparations
were carried out using standard air-free techniques: a vacuum/dry-argon Schlenk line was used
for the synthesis and an argon-filled glovebox for storing and handling air- and moisture-
sensitive chemicals.

Cobalt nanoparticles: Co NPs were produced following a similar procedure as the one
described previously by V. Puntes et al.,” but replacing oleic acid by OLA. In a typical
synthesis, 0.1 g of TOPO, 15 mL of DCB and 0.3 mL of OLA were degassed in a 250 mL three-
neck flask for 30 min in Ar. Then the solution was heated to 180 °C. At this temperature, 0.54 g
of Co,(CO)s dissolved in 3 mL of DCB were rapidly injected. After 10 minutes, the solution was
cooled down to room temperature. Co NPs were purified by multiple precipitation/re-dispersion
steps using isopropanol as a non-solvent and hexane as solvent.

Copper nanoparticles: Cu NPs were prepared following the procedure reported by Yang et
al.* In a typical synthesis, 10 mL of TOA was added in a 50 mL three-neck flask and heated to
130 °C for 30 min under Ar atmosphere. After cooling to room temperature, 0.246 g of CuOAc

and 0.556 g of TDPA were placed into the flask. The mixture was heated up to 180 °C and
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maintained at this temperature for 30 minutes. Afterward, the reaction temperature was further
increased to 270 °C and kept for another 30 minutes, before cooling down to ambient
temperature. Cu NPs were purified by multiple precipitation/re-dispersion steps using methanol
as a non-solvent and hexane as solvent.

Cobalt-copper nanoparticles: Co-Cu NPs were produced by a one-pot two-step procedure.
First, Co NPs were synthesized following the above procedure. In a second step, inside the 250
mL three-neck flask containing the Co NPs, different volumes of stock solution of Cu' ions in
OLA (0.25 M) were added at room temperature (6.25 mL to produce Cog-Cugs NPs and 12.5
mL to get Cog3-Cuy7 NPs). Then the mixture was heated up to 180 °C and maintained at this
temperature for 30 min. Afterward, the solution was cooled down and NPs were purified by three
hexane/isopropanol re-dispersion/precipitation cycles. NPs nomenclature (Cox-Cuy) indicates the
Co/Cu molar relation ([Co/Cu]=x/y).

SiO0,-supported nanoparticles: Metal NPs were incorporated via capillary inclusion to a
mesoporous hydrophobic SiO, support with a surface area of 191 m?/g and an average pore size
of 21 nm (AEROSIL R-9200 hydrophobic silica).”®* Ina typical preparation, 2 g of SiO, were
added to a hexane solution containing 200 mg of NPs (~ 150 mg NPs after ligand removal). The
slurry was sonicated for 2 h at room temperature to facilitate the introduction of NPs within the
silica pores. After that, hexane was evaporated under vacuum. Before catalyst characterization
and catalytic test, the nanopowder was annealed at 350 °C for 4h in air flow to remove organics.

Materials characterization: X-ray diffraction (XRD) patterns were obtained on a Bruker D8
automated diffractometer, equipped with a primary monochromator and a LynxEye detector and
using Cu Ko radiation ( A=1.5406 A). The instrument resolution was 0.05° in 20, the studied

range was between 35-55° and the acquisition time for each sample was set to 2 h 20 min. Metal

ACS Paragon Plus Environment

Page 6 of 34



Page 7 of 34

©CoO~NOUTA,WNPE

Langmuir

contents were determined using optical emission spectroscopy by means of inductively coupled
plasma (ICP) on a Perkin Elmer Optima 3200 RL system. The specific surface area of the
materials was determined by N, adsorption at 77 K using a Tristar I 3020 Micromeritics system.
Thermogravimetric analyses (TGA) were performed in the temperature range of 30-700 °C at a
heating rate of 5 °C min™ under air using a Perkin Elmer TGA4000. Transmission electron
microscopy (TEM) and high resolution TEM (HRTEM) micrographs were obtained using a Carl
ZEISS LIBRA 120 microscope operated at 120 keV and a field emission gun (FEG) FEI Tecnai
F20 microscope operated at 200 keV, respectively. Scanning TEM (STEM)-electron energy-loss
spectroscopy (EELS) and STEM-energy dispersive X-ray spectroscopy (EDX) analyses are
conducted on the Tecnai microscope equipped with high angle annular dark field (HAADF) and
EDX detectors and a Quantum Gatan Image Filter (GIF). EDX analyses were performed with
an EDAX Octane T Ultra W /Apollo XLT2 SDD. The software used to interpret the images was
the FEI TEM Imaging & Analysis (TIA).

Hydrogen temperature-programmed reduction (TPR) was performed using a Micromeritics
AutoChem HP 2950 chemisorption analyzer. 50 mg of sample were pretreated at 90 °C for 30
min under flowing He (50 mL/min). After cooling to room temperature, the samples were
reduced in a flow of 12 vol% Hy/Ar (50 mL/min) and temperature was linearly increased at a rate
of 10 °C/min up to 800 °C.

The Cu’® surface area was determined by dissociative N,O adsorption using a Micromeritics
AutoChem HP 2950 chemisorption analyzer. 50 mg of each sample were pretreated at 90 °C for
30 min under flowing He (50 mL/min). After cooling to room temperature, samples were
reduced in a flow of 12 vol% Hy/Ar (50 mL/min) and temperature was linearly increased at a rate

of 10 °C/min up to 350 °C at 30 bar. Again after cooling at 35 °C, samples were oxidized in a
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flow of 6% N,O/He (10 mL/min) for 1 hour. Finally, samples were flushed with He to remove
the oxidant and cooled to room temperature to start another TPR run. The exposed Cu surface
area (Scy) in the reduced catalysts was calculated on the basis of Cu/N,O = 2 titration
stoichiometry and a surface atomic density of 1.4 x 10" Cu atoms per m’.

Catalytic behavior: Catalytic tests were carried out in a Microactivity-Reference unit (PID
Eng&TECH) in the temperature range 280-350 °C at 30 bar. 100 mg of catalyst was mixed with
inactive SiC (Prolabo, 0.5 mm) and placed in a tubular fixed-bed reactor (305 mm long, 9 mm
i.d., 316-L stainless steel) up to a catalytic bed volume of 1 mL. The temperature was measured
by a thermocouple in direct contact with the catalytic bed. Before the reaction, the catalyst was
in-situ reduced using a mixture of 12% vol/vol Hy/Ar, temperature and pressure were linearly

increased at 350 °C and 30 bar for 1 h and then kept at these conditions for another 30 minutes.

Thereafter, the pressure was kept at 30 bar and the temperature was decreased to 280 °C. Then

the catalyst was exposed to a reactant gas mixture of CO,/H,= 1/3 balanced with 20% of N, as

an internal standard, under a gas hourly space velocity (GHSV) of 3000 h™'. After a period of 4 h

at 280 °C, the reaction temperature was consecutively increased to 300 °C, 320 °C, 340 °C and

350 °C and maintained at each temperature for 4 h. After each temperature change, the system
was stabilized for 1 h and then the corresponding initial activity at a given temperature was
determined. The products were analyzed on-line with a GC system (Varian 450-GC) equipped
with a methanizer, TCD and FID detectors. CO, conversion (X¢o,) and the selectivity (Si) for
each product (excluding H,O) were calculated according to:

Y. = xn P
€2 7 [C0,] + Xn; P,
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S — niPl-
YT Y P

where Pi and n; are the molar concentration and the number of carbon atoms of a specific product
in the outlet gas, and [COz] is the CO, molar concentration in the outlet gas. The relative
selectivities of the catalysts towards the formation of hydrogenated products were calculated as

Si, but excluding CO.

3. RESULTS AND DISCUSSION

Co-Cu NPs were produced by a one-pot two-step procedure. First, Co NPs were obtained by
Co(CO)g decomposition in the presence of TOPO and OLA at 180 °C. After 10 min reaction, the
solution was cooled down to room temperature and spherical Co NPs with an average size of 10
nm were obtained (Figure l1a). Then, Cu’ ions were added to the Co NPs solution, and the
mixture was heated up again to 180 °C. After 30 min reaction, slightly larger spherical NPs were
obtained (Figure 1c). HRTEM micrographs showed the presence of Moir¢ fringes in the final
Co-Cu NPs, pointing toward the superposition of two crystalline structures (Figure 1d). In the
shell, the (011) and (111) planes of cuprite Cu,O with 2.44 A and 2.98 A distances, could be
evidenced. EELS elemental maps revealed the final Co-Cu NPs to be composed by a Co core
and a partially oxidized Cu shell (Figure 1e), although a minor alloying cannot be discarded. The
shell oxidation was associated with the NPs interaction with air during purification and during
the preparation and transportation of TEM grids.

The Co core clearly shrank with the Cu’ introduction, up to the point that when an excess
amount of Cu’ ions was introduced, Co was totally dissolved and pure Cu NPs were obtained.

On the other hand, the injection of the Cu precursor in the exact same reaction conditions but in

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Langmuir

the absence of Co NPs, did not result in the formation of Cu NPs. These experimental facts
evidenced that the Cu shell grew by the galvanic replacement of Co by Cu' ions in solution.*®
This replacement was driven by the larger reduction potential of Cu” compared with Co*" (at 25
°C and 1 atm, E° (Co*/Co) = -0.28 V; E’ (Cu’/Cu) = 0.52 V). While galvanic replacement
generally results in the formation of porous structures, the relatively high reaction temperatures
used here (180 °C) could allow the formed vacancies to diffuse to the surface, thus finally
resulting in solid NPs. Because oxidation of each Co atom required the reduction and
incorporation of two Cu" ions, increasingly larger NPs were obtained when increasing the Cu-to-
Co ratio. Such a synthetic strategy allowed to carefully adjust the metal composition of the final
NPs and to produce Co-Cu NPs with the full range of Cu content by introducing the required
precise amounts of copper ions..

Owing to the core-shell nature of the Co-Cu NPs produced by the galvanic replacement
strategy, we refer to them using the nomenclature: Cox@Cu,x, where x and x-1 respectively
denote the Co and Cu atomic ratio within the NP. We will maintain this nomenclature even after
thermal treatment of the NPs in oxidizing or reducing atmospheres, which, as detailed below,
clearly change the NP composition and phase distribution.

As a reference for the chemical, structural and functional characterization of the Co@Cu NPs,
10 nm Co NPs were also prepared by the same procedure (1% step) and 10 nm spherical Cu NPs

were prepared following Yang et al.’s procedure (Figure 1b).**
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36 Figure 1. a)-c) TEM micrographs and size histograms (insets) of the Co (a), Cu (b) and
38 Cop.6@Cup4 (c) NPs. d) HRTEM micrograph of Co@Cu NPs. ¢) Two examples of HAADF (Z-
contrast) images and Co, Cu and O EELS compositional maps of Cog¢@Cug4 NPs. Scale bars

43 correspond to 5 nm.

46 Figure 2 shows the XRD patterns of Co, Cu and two Co@Cu samples with different Co/Cu
molar ratio: Copc@Cup4 and Cop3@Cuy7. Co and Cu NPs crystallized in the e-Co and face
51 centered cubic (fcc, JCPDS 89-2838) phases, respectively.”” However, Co@Cu NPs did not
53 display the &-Co phase, but showed a XRD pattern that resembled a fcc phase with lattice

parameters in between those of Co and Cu fcc phases. We speculate that the metastable e-Co
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phase transformed to the stable Cog, during the additional 30 min treatment at 180 °C used to

grow the Cu shell. A slight Co-Cu alloying could help in this direction, although the solubility of

the two metals is very low in the temperature range here considered.”®***%>°
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Figure 2. XRD patterns of Co, Cogs@Cugs, Cop3@Cup7 and Cu unsupported nanoparticles.
Peaks corresponding to ¢-Co;* V Co fee (JCPDS 15-0806); and ® Cu fcc (JCPDS 89-2838)

are marked as a reference.

Five model catalysts were prepared by capillary inclusion of colloidal NPs (7 %wt) into
mesoporous hydrophobic SiO;: 1) Co/Si0,; i1) Cu/SiO,; iii) Co/SiO,+Cu/SiO; physical mixture
(50% wt); 1v) Cog @ Cug.4/S10;; and v) Cog3@Cuy7/S10,. Organic capping agents from the NP
surface were thermally decomposed in air for 4 h at 350 °C. This temperature was selected on the
basis of TGA (supporting information, SI, Figure SI1). The composition of the final catalysts,
calculated by ICP, is displayed in Table SII.

Figure 3a shows a low magnification HAADF STEM micrograph of the Cog3@Cug7/S10;
sample after thermal treatment in air. High contrast Cog3@Cuo7 NPs can be identified within the

lower contrast Si0, matrix. While most NPs were found individually distributed over the SiO,
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surface, some aggregation was also observed. Because of this slight aggregation, we discarded
the Co+Cu/SiO; catalyst, with a mixture of Co and Cu NPs simultaneously incorporated in the
same support, as a reference material, as it contained an un-controlled combination of
independent Cu and Co NPs and aggregates of Co+Cu NPs.

HRTEM analysis (Figures 3b, SI2, SI3) showed the oxidized core-shell NPs to be
polycrystalline. Power spectrum analysis revealed the presence of the fcc Co3O4 and/or a Cos.
xCuxO4 phase across the NP. Spinel cubic phase has a general formula AB,0O4, where A and B
correspond to tetrahedral and octahedral cation sites, respectively, in a cubic close packing of
oxygen. Cu®" may substitute Co>" at octahedral sites and result in the Co3..Cu,O, spinel phase.
While Co3;04 and Co3;4CuxO4 phases could not be differentiated due to their small lattice

parameter differences, the random distribution of phases and metals within each NP already

pointed toward the inter-diffusion of the two elements, Co and Cu, during oxidation at 350 °C.

Figure 3. a) Low magnification HAADF-STEM micrograph of Cog3@Cuy 7/S10,. Arrows point
at the higher contrast Co@Cu NPs; b) HRTEM micrograph showing a polycrystalline oxidized
Cop3@Cup7 NP. A detail of the blue region clearly shows the NP polycrystallinity. A detail of
the red squared region and its corresponding power spectrum shows a Co3;04 or Cos.xCuyO4 fcc
phase (space group = Fd3-ms) with lattice parameter a = 0.814 nm and visualized along its [001]

Zone axis.
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The nature of the oxide phases formed after oxidation was further analyzed by XRD (Figure
4). In the monometallic catalysts, Co/SiO, and Cu/SiO,, main diffraction peaks of Co3;O4 spinel
phase (JCPDS 42-1467) and CuO monoclinic phase (JCPDS 05-0661) were identified,
respectively. The Co/SiO,+Cu/Si0O, catalyst showed the peaks corresponding to the same oxide
phases detected in monometallic samples. In the Co@Cu/SiO, catalysts, XRD peaks
corresponding to the CuO monoclinic phase were clearly identified. Furthermore, diffraction
peaks at 31.2°, 36.7° and 44.7° could be assigned to the presence of Co;04 and/or Co;_xCuxOy in
spinel phase. From the ratio between the CuO and the Co;O4 XRD peaks obtained from the 50 %
Co/Si0,+Cu/Si0O; sample and considering 50 % of each CuO and Co3;Oj4 in this material, we
estimated the Co;CuyO4 spinel phase could account for up to a 10 % of the Cu atoms in the

Coo3@Cuy7/S10, and up to a 20 % of the Cu in the Cog @Cuy 4/SiO;.

[}
* Cu/sio,
[}
° H /\ ° o ®
—~
S
L
> Co/SiO, + Cu/SiO,
=
n
c
2 v
£ .
v v Co,,@Cu, /SO,
[ ]
] - [ ] Co/SiO,
30 35 40 45 50 55

2theta (deg)

Figure 4. XRD patterns of the Co/SiO;, Cu/SiO,, Co/Si0,+Cu/SiO;, Cope@Cug4/SiO; and
Co3@Cu7/S10, catalysts after oxidation at 350 °C. The peaks corresponding to M Co304
(JCPDS 42-1467), v Co,CuO4 (JCPDS 37-0878) and ® CuO (JCPDS 05-0661) are marked as a

reference.
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Figure 5 shows the TPR profiles measured from the different catalysts. The Co/SiO; catalyst
was characterized by a two-step reduction profile with maxima of hydrogen consumption at 275
°C and 311 °C: Co;04 —» CoO — C0.°'3 The reduction profile of Cu/SiO, was essentially
characterized by a broad peak at lower temperatures than CoO, with a maximum of hydrogen
consumption at 210 °C.>*** The TPR profile of the Co/SiO»+Cu/SiO, sample showed the peaks
associated to the independent reduction of pure oxides, Co3;O4 and CuO, what suggested no
interaction or promotional effect between the two elements. On the other hand, Co@Cu/SiO,
catalysts were characterized by a unique reduction peak at temperatures in between those of
Co/Si10, and Cu/Si0; catalysts, which shifted toward lower temperatures when increasing the Cu
content in the NP. This confirmed a synergistic effect in the reduction of both species, where Cu
probably promoted the Co"" reduction, and suggested an intimate contact of the cobalt and

copper species and a good sample homogeneity.>>

Cu/Sio,
5
&
c
§e]
s . .
£ Co/SiO+Cu/SiO,
=1
7}
c
o
o
IN
Co, ,@Cu, /SO,
Co/SiO,

100 200 300 400 500
Temperature (°C)

Figure 5. H; temperature programmed reduction profiles of Co/SiO;, Cu/SiO,,

CO/Si02+CU/Si02, C00,6@Cu0,4/Si02 and CO().3@CU.().7/Si02 catalysts.

ACS Paragon Plus Environment
15



©CoO~NOUTA,WNPE

Langmuir

To further study the structural and chemical evolution of the Co@Cu NPs during oxidation and
reduction treatments, TEM analysis of the NPs supported on a silicon nitride grid was carried out
after each thermal treatment. Figure 6 shows TEM micrographs of the exact same Cog3@Cuq
NPs just after their preparation (Figure 6a), after oxidation at 350 °C for 4 hours in air (Figure
6b) and after reduction at 350 °C and 30 bar in a 12 % Hj-Ar (Figure 6c¢). After the thermal
treatment in air, slightly larger polycrystalline NPs with no clear contrast between a hypothetical
core and a shell were identified. Some voids were observed within the NPs after oxidation,
which we assigned to the nanoscale Kirkendall effect and pointed toward a faster diffusion of Co
and/or Cu than oxygen through the growing metal oxide shell (Figure SI4).”7%

After the reduction treatment, NPs shrank and a core-shell structure was recovered. HRTEM
and EDS analysis showed the reduced NPs to be formed by a polycrystalline CoO shell and a
metallic Cu core (Figure 7, SI5-SI7). Taking into account the hydrogen consumed from TPR

results, we believe that the cobalt oxide shell was completely reduced during the H, treatment,

but it oxidized when exposed to air before TEM analysis.

Figure 6. TEM micrographs from the same Cog3@Cuy; NPs supported on a SiNy TEM grid
after different treatments: a) initial Cog3@Cug7 NPs, b) after thermal treatment in air at 350 °C

during 4h; c) after reduction in 12 % H,-Ar at 350 °C at 30 bar. Scale bar corresponds to 20 nm.
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Figure 7. a) TEM micrographs of Cog3@Cuy7; NPs oxidized in air at 350 °C during 4h and
reduced in 12 % H,-Ar at 350 °C at 30 bar; b) HRTEM micrograph of a reduced Cog3;@Cuy 7
NPs with details of shell (red squared) and core (green squared) regions and corresponding
power spectrum of the core. HRTEM is consistent with a metallic Cu core and a CoO shell. C)
Colorful crystallographic map of the same NP where green indicates the f.c.c. Cu phase and red
indicates the f.c.c. CoO phase. ¢) EDX compositional maps of a Coy3@Cuy; NP after the

reduction process.

According to these experimental evidences, we hypothesize that during the oxidation
treatment, the diffusion of cobalt through an initially formed CuO shell takes place, leaving a
void within the particle. With the reduction treatment, metal copper collapsed to the center of the
NP and Co remained at its surface. Upon exposure to air during TEM sample preparation and
transportation, Co was oxidized into a thicker and lower contrast CoO shell than that of the
initial Co@Cu NPs. This explains the different electron microscopy contrast between the as-
produced Co@Cu NPs and the reduced ones. Notice finally that, in spite of the diffusion of the
different components within each individual particle, resulting in an inversion of the core-shell
structure, NPs supported on SiNy did not coalesce or aggregate. These results are slightly

different from those obtained by Somorjai and collaborators, who studied the compositional re-
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organization of Cu@Co NPs, observing the surface segregation of Cu during oxidation, the
surface segregation of Co during reduction, and the formation Cu-Co dimers after the redox
conditioning.*®

The specific Cu°® surface area in the reduced catalysts was estimated by adsorptive

decomposition of nitrous oxide.”

We assumed the dissociation of nitrous oxide to take place
only on the surface of copper according to the reaction: 2Cu+N,O—>CuyO+N,. The amount
of Cu,O formed after N,O chemisorption was determined using TPR. While it was previously

established that the optimum temperature range for N,O adsorption was 60-90 °C,°'%

our
reference Co/Si0; sample was also oxidized by N,O in this temperature range. Therefore, to
selectively estimate the Cu surface area, we reduced the adsorption temperature to 35 °C, where
we measured an N,O-related oxidation of the Cu/SiO, sample but not of the Co/SiO, catalyst.
Even in this low temperature range, Cu surface areas were overestimated (table SI2).
Nevertheless, they were systematically higher for catalyst with the following compositions
Cu/S10,>Cog 3@Cuy 7/S10,>Cog s@Cuyg 4/S10,>Co/S10,+Cu/Si0,. These results may indicate
that in spite of the core-shell inversion, a significant part of the Cu surface areas were still
accessible within Cog¢@Cuy4/SiO, and Cog3@Cuy7/SiO; catalysts. This suggests that the Co-
based shell was porous and permeable to N,O or that the surface composition of the Co@Cu NPs
after reduction was not pure Co but a Co-Cu alloy which interacted with N,O. However, N,O
absorption results could be also explained by considering that the presence of a Cu core in direct
contact with the Co shell was able to promote Co oxidation by N,O, although independent Co
NPs did not interact with N,O at 35°C.

Figure 8 displays the total CO, hydrogenation conversion at 30 bar and 3000 h™ over SiO,-

supported monometallic and bimetallic catalysts. Total conversions were much higher for the
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two reference catalysts containing independent Co NPs than for the pure Cu-based catalyst and
the Co@Cu/Si0, catalysts. Previous works demonstrated that too small Co NPs (<10 nm)
showed lower activity in CO, hydrogenationzg’ 3537 and F-T'?7%* reactions and attributed it to a
higher susceptibility to oxidation''® and a related lower capability to dissociate CO.”> We
associate the higher CO, conversions of Co/Si0,-containing catalysts to: i) the higher CO, and
CO dissociation rates on Co than Cu;** ii) the larger size of the Co crystalline domains in the
Co/Si0O; catalysts compared with the Co@Cu/Si0O, catalysts; iii) the lower CO, hydrogenation
activity of the Co shells in Co@Cu/SiO, catalysts, which could also be related to a higher
oxidation susceptibility.

For all catalysts, conversion increased with temperature up to 340 °C. Above this temperature,
catalysts containing Co NPs showed a clear decrease in conversion (Figure 8). This is related to a
progressive loss of their capacity to produce hydrocarbons when heated at 340 °C and above
under reaction conditions (Figures SI8 and SI9). On the other hand, the conversion of the
Cu/Si0; and Co@Cu/SiO; catalysts was significantly more stable over time (Figures SI10-SI12).

CO, CHy, CyHg, C,H4, CsHg, and traces of CH30H were the products obtained from the CO,
hydrogenation reaction over all the catalysts. Nevertheless, each catalyst was characterized by
significantly different selectivities to each of these products. The main CO, hydrogenation
product on Co/SiO; was CH4, with conversion selectivities up to a 70 % (Figure 8a). This result
is consistent with previous works showing that low space velocities and high pressures favored
high selectivities to methane on groups 8, 9 and 10 metals supported on SiO,.°*%” Furthermore,
Co is known to adsorb CO and CO, dissociatively in the presence of H,, leading to the loss of
oxygen as water and the production of oxygen free hydrocarbons. In this catalyst, CO

selectivities were in the range between 20% and 40% and increased with temperature in the high
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temperature range measured as the reverse water gas-shift reaction (RWGS) reaction was
favored:'*!>?

COyg +Hyey =  CO( + HyO AGaog k= 28,6 KJ/mol

The main reaction product of CO, hydrogenation on Cu/SiO, catalyst was CO, with
selectivities up to 85 % (Figure 8b). CH4 was a minor component in the product stream for this
catalyst, with selectivities around 10 %. This is consistent with the molecular adsorption of CO,
and CO on Cu and their slow dissociation, what favors alcohol production when combined with

the appropriate support.**!3+6872
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Figure 8. CO, conversion and selectivities to CO and CH4 obtained from Co/SiO, (a), Cu/SiO,

(b), CO/SIOQ+CU/SIOQ (C), C00.6@CU.0.4/Si02 (d) and C00.3@Cu0.7/8i02 (e) catalysts.

The catalytic performance of the physical mixture Co/SiO,+Cu/SiO; was in between that of
Co/Si0; and Cu/Si0,, with CHy selectivities from 65 % to 40 % and CO selectivities in the range

20-50 % (Figure 8c). On the contrary, Co@Cu/SiO, catalysts showed much higher tendencies to
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produce CO, as the Cu/SiO; catalyst, and were characterized by relatively low methane
selectivities (Figures 8d and 8e).

Aside from CO and CHy4, C2 and C3 products were also produced with significant rates over
monometallic and bimetallic catalysts. The production of higher hydrocarbons requires avoiding
the formation of CH,, as it is the thermodynamically most stable product. To compare the
selectivity towards the formation of the different hydrogenated products, figure 9 displays the
relative selectivities (excluding CO) of the different catalysts towards the formation of methane,
ethane, ethylene, propene, and methanol.

The relative selectivities to C2 compounds, ethane and ethylene, were much higher for
Cu/SiO; and Co@Cu/SiO; than for Co/SiO; and Co/SiO,+Cu/Si0, catalysts. 40-65 % relative
selectivities toward de formation of C2 products were obtained for Co@Cu/SiO, catalysts above
300 °C. Furthermore, propene was only detected on the bimetallic catalysts, with much higher
selectivities for the Co@Cu/SiO, than for Co/SiO,+Cu/SiO, catalysts. The higher relative
selectivities of Co@Cu/Si0O; catalysts to carbon chain growth confirmed the positive synergy
between the two metals when combined within the same particle.

Methanol selectivities were very low for all catalysts (Figure 9). We associate this
experimental fact to the need for a more suitable support than silica.”” It is generally accepted

that Cu is the active phase for methanol formation. *%3'-34¢872

However the support plays an
extremely important role, and oxide supports such as ZnO, ZrO, or Al,O3; have been found
essential to promote the methanol formation. As expected, Cu-containing catalyst showed much
higher relative methanol selectivities than Co/SiO,. Furthermore, Co@Cu/SiO, catalysts also

showed relative selectivities to methanol well beyond those of Co/SiO,+Cu/Si0; catalyst (Figure

9).
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Figure 9. Relative selectivities related to hydrogenated products obtained from the Co/SiO,,

Cu/Si0,, Co/S10,+Cu/Si0;, Cog 6@ Cug.4/S10; and Cop3@Cuy7/Si0; catalysts.

Catalysts were further analyzed after reaction. Figure 10a shows the XRD patterns of the initial

Cop3@Cup7 NPs and of the Cog3@Cu7/SiO, catalyst after the reduction treatment and after

catalytic test. Notice that the cubic structure of the NPs was conserved. The narrower peaks after

reduction and after reaction are related to a better crystallinity of the material after thermal

treatment of the sample at 350 °C and under 30 bar of pressure. On the other hand, single particle

compositional analysis of the Cog3@Cuy7 NPs supported on a silicon nitrate TEM grid and

exposed to the oxidation, reduction and reaction conditions showed the core-shell structure not to

stand the reaction conditions. During reaction conditions, the two metal phases separated to form

non-symmetric bimetallic heterostructures (Figure 10b).
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Figure 10. a) XRD patterns of the initial Cop3@Cug7 NPs and of the Cog3@Cuy7/S10, catalyst
after the reduction treatment and after the catalytic test. B) HAADF-STEM micrograph and
EELS chemical composition maps, Co (red), Cu (green) and O (blue), of three Cog3@Cuy7 NPs
supported on a silicon nitride TEM grid and exposed to the consecutive, oxidation, reduction and

reaction conditions. Scale bar = 10 nm

4. CONCLUSIONS

A new colloidal synthesis route to produce Co-Cu NPs with controlled composition based on
the galvanic replacement of Co by Cu was detailed. This synthetic strategy allowed the
preparation of Co-Cu model catalysts with well controlled parameters to be studied in real
working conditions. These catalysts were thoroughly characterized to understand the interactions
originated at the nanoscale between the two metals. TPR profiles showed a synergistic effect on
the reduction of cobalt and copper in Co-Cu/SiO, catalysts. During oxidation and posterior
reduction, a core-shell inversion was observed without coalescence or aggregation of the

nanoparticles. We believe Co intermixed with Cu during the oxidation process and Cu reduced to
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the center of the NP during the reduction treatment, while Co migrated at its surface.
Nevertheless, N,O chemisorption pointed out the accessibility of the copper within the reversed
Co-Cu core-shell NPs. CO, conversion tests showed that catalysts containing large and pure Co
NPs were characterized by one order of magnitude higher total conversions. Nevertheless, a clear
synergism between Co and Cu was shown by the different TPR profiles and catalytic behavior in
CO; hydrogenation; Co-Cu/Si0, showed a better stability and higher relative selectivities to form
C-C bonds and methanol than monometallic catalysts and the physical mixture
Co/Si0,+Cu/Si0;. A more appropriate support than SiO, and possibly larger Co domains would
be necessary to improve both the total CO, conversion and the selectivity towards high

hydrocarbons and especially alcohols.
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