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Abstract
This paper describes a simple, two-steps chemical pathway to obtain bimetallic carbide
nanoparticles (NPs) of general formula MxM'yC, also called n-carbides. This process allows
for a control of the chemical composition of metals present in the carbides (M= Co and M'=
Mo or W). The first step involves the synthesis of a precursor consisting of a network of
octacyanometalates. The second step consists in a thermal degradation of the previously
obtained octacyanometalates networks under neutral atmosphere (Ar or N2). It has been shown
that this process results in the formation of carbide NPs with diameter of about 5nm, and the
stoichiometries Co3M’3C, Co6M’6C, Co2M’4C for the Cs-Co-M’ systems.
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1. Introduction

Nanoparticles (NPs) have emerged as a key research topic in many fields of nanoscience.
Among these fields we can mention hydrogen storage >, agricultural production !, some
medical treatments [, oil industry B! and optics 6. The field of chemical catalysis is one of
those where the use of metal-based nanoparticles is widespread ["-°! due to their high reactivity
related to their nanometric size, maximizing the surface/volume ratio. Within this framework,
noble metal nanoparticles such as Au and Pt are well known and widely used for their catalytic
properties. For instance, Au catalysts are used for hydrogenation reactions [*°! or as support for
semi-heterogeneous catalysts 'Y, Because of the cost of these noble metals, different strategies
are pursued to find surrogates to noble metals in catalysis [2. One way is to employ bimetallic
NPs such as Pt-Pd nanoalloys for the storage of hydrogen (%l or Pt-based core/shell NPs
allowing dehydrogenation reactions 13). Another emerging and promising approach is to play
with NPs of transition metal carbides. Among the candidates for these substitutions are WC
NPs [14151 8-Mo,C nanoparticles [**17] MoWC anodes for proton exchange [*® or CosMosC:
combined with graphitic carbon for oxygen reduction 9. Besides, the capability of metal
carbides such as FesC and bimetallic carbides such as CosWsC to grow carbon nanotubes has
also been reported and studied as a possible route to their selective synthesis in terms of chirality
(20211 'In short metal carbide nanoparticles are an important emerging topic in catalysis, both in
terms of applications and understanding of their reactivity. In addition, the use of carbides has
recently shown a growing interest in the synthesis of chemical compounds from biomass and
thus using renewable resources, such as obtaining succinic acid using Mo2C 22 or glycol
obtaining from cellulose using W»C %1,

However, progresses in this field are still slowed down by the difficulty to access to true, well
characterized carbide nanoparticles.

Indeed, although several synthetic approaches exist to obtain the desired carbides, there are still
obstacles to make them optimal. The syntheses are often done under harsh conditions. For
example, the syntheses of NPs (size ranging from 30 to 70 nm) of TiC, V8C7, ZrC, Mo2C, WC
compounds are done at 1000°C 4251 Moreover, the desired carbides are often observed to
coexist with several other phases. R. André et al. [l have described a synthetic method initiated

at room temperature which produces transition metal carbides mixed with oxides and hydrides.

Our objective here is to present a new process for the synthesis of bimetallic carbide

nanoparticles that is efficient, easy to implement and returns well defined nano-objects. We
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focus our study on MxM'yC (M= Co and M'= Mo or W), also called n-carbides, chosen for
their interest for several catalytic applications as introduced above. The usual synthesis route
towards these bimetallic carbides uses mixed transition metals oxides as precursors. The main
study concerning the synthesis of CosMosC and CosMogC is described by Newsam et al 271,
Molybdate salts are heated to 650 °C under He and H. flow and then heated to 1000 °C under
COI/CO: to convert them into bimetallic carbides. Nevertheless, other synthetic routes reported
in the literature were shown to form these compounds, including the one relying on CosMosN
nitride carburation 2821,

The synthesis of carbide NPs presented in this work is a two-step process and the originality of
this approach lies in the choice of the metallic precursors. Firstly, nanoparticles of
cyanometallate precursor compounds (which belong to the family of Prussian Blue Analogs
(PBAs [3931)): octacyanometalates-based networks 21 (OCMs) are synthesized. The desired
carbide nanoparticles are then obtained by thermal degradation of these OCM-type precursors,
by adapting the carburation procedure developed by Aparicio et al. % for obtaining iron
carbides from Prussian blue. This new synthetic route, and the associated characterization of

the obtained carbide NPs are described throughout this article.

2. Octacyanometalates-based network (OCMs)

2.1. Synthesis

Octacyanometalate-based networks (OCMs) are three-dimensional metal networks in which the
metals are linked together by C =N bridges (Figure 1). A water-based surfactant-free synthesis

was shown to be applicable for the synthesis of PBAs 4 and to a few OCMSs nanoparticles ¥
[351 1t is versatile enough to get networks composed of the combination of any transition metals
of our choice. The main difference between PBAs and the less common OCMs lies in the choice
of the reagent. In the case of PBAs, the reagents are hexacyanometallates, with metals bonded
to 6 CN ligands, such as KsFe(CN)s. The reagents used for OCMs are metals surrounded by 8
CN ligands, such as K4W(CN)s. The desired 3D compounds are obtained by mixing a solution
of cyanometallates involving one kind of metal (M’= Mo or W) with a solution of another
metallic salt of the second metal (M = Co) (Figure 1). The details of the synthesis are described
in the experimental part. After the synthesis, the obtained nanoparticles are suspended in water.
In order to recover the nanoparticles, an addition of a 2M solution of chloride calcium (CaCl>)

allows to retrieve the nanoparticles by centrifugation (10,000 rpm during 20 min), washed with



water and dried under vacuum. In the case of the Cs-Co-Mo system, the precipitate is brown,
while for the Cs-Co-W system, appears red/brown.
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Figure 1. scheme of OCM synthesis from metals M (Co) and M’ (Mo or W)

2.2. Structure

Power X-ray diffraction (XRD) was first used to identify the crystal structure and the lattice
parameters of the synthesized OCM. Figure 2a shows the diffractograms of the Cs-Co-Mo and
Cs-Co-W systems. Both patterns show the same diffraction peaks, which are, furthermore,
identical to the one obtained by Hozumi et al. for Cs,Cu7[Mo(CN)s]4,6H20 2. The only
differences lie in the relative intensity and width of the peaks due to the nature of the M’ metal
and the nanometric size of the grains. These similarities allow us to deduce that OCM present,
whatever the M’ metal, the same structural model, which is isostructural to
Cs2Cu7[Mo(CN)s]4,6H20 B2 (see Figure 2b). Rietveld refinements of our two system have
been undertaken by using TOPAS software [ (figures S1 and 2). The unit cell parameters for
each system (Cs-Co-Mo and Cs-Co-W) are very close to each other for both systems (see Table
1). The average crystallites size is estimated to about 9 nm and 8 nm for Cs-Co-W and Cs-Co-
Mo, respectively. PXRD patterns of octacyanometalate networks without Cs referenced in the

literature 71381 do not match the experimental data of our compounds.
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Figure 2. (a) PXRD data of the Cs-Co-W (blue) and Cs-Co-Mo (red) systems compared to the
calculated data (black) from Cs2Cu7[Mo(CN)s]4-6H-0 structural model (b).

Transmission Electron Microscopy (TEM) reveals that OCM crystallites display two different
morphologies, spherical and rod-like (Figure 3). The rods seem to bridge the spherical particles,
suggesting that they have grown from them. Further, atomic imaging of their structure (inset of
Figure 3b) recorded in Scanning Transmission Electron Microscopy in High Angle Annular
Dark Field (STEM-HAADF) mode indicates that the growth occurred preferentially along the
c direction. Characteristic distance ranging from 1.38 to 1.41 nm have been measured in
different places of the networks (see an example in Figure 3b, insert)), which are very close to
the expected inter-reticular distance doo2 for the structure of Cs2Co7[M'(CN)g]4-6H20, M'= Mo
or W (TEM analysis performed on a Titan G2 microscope, see Experimental Methods).

The average size of the spherical NPs as well as the width of the rods is of the order of about
10 nm, attesting that their synthesis has been achieved at a nanoscale. It is in total agreement
with what has been observed from PXRD. The dynamic light scattering (DLS) analysis of the
nanoparticle dispersion in water shows (Figure S3) only one peak in the hydrodynamic size
distribution by volume, which is centered around 11.68 nm for Cs-Co-Mo system and 14.55

nm for Cs-Co-W system.



Table 1. Crystallographic data of octacyanometalates-based network from the XRD data.

Precursor Cs-Co-Mo Cs-Co-W
Chemical formula Cs,C07[M0(CN)g]4-6H,0O Cs,C07[W(CN)gls-6H,0
Formula weight (g/mol) 2002.75 2354.35
Crystal system Tetragonal Tetragonal
Space group 14/mmm 14/mmm

a(h) 7.421(3) 7.417(3)

c(A) 28.17(2) 28.29(2)

V, (A3 1552(2) 1556(2)

dop2=1,39 nm dg,=1,38 nm
K g

10 nm

Figure 3. TEM imaging of Cs-Co-Mo octacyanometalates-based network (FEI - CM 20 TEM-
200 kV). STEM-HAADF (Titan G2 microscope) imaging of octacyanometalates-based
network of (a and b) Cs-Co-Mo highlighting in the inset a periodic spacing equal to 1.41+0.05
nm for the image (a) and 1.39+0.05 nm for image (b). (c) Cs-Co-W highlighting in the inset a

periodic spacing equal to 1.38+0.07 nm

2.3. Chemical analysis

Energy Dispersive Spectroscopy (EDS) analysis of the Cs-Co-Mo and Cs-Co-W OCMs
crystallites has been performed in a STEM. Figure 4 shows elemental mappings related to Co
and W for the Cs-Co-W OCM. The high concentration of metals (here Co and W) along the
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rod-shaped nanoparticles is clearly seen. The expected ratio between Co and W (Co:W) based
on the chemical formula Cs2Co7[W(CN)s]4-6H20 is 7 atoms of Co for 4 atoms of W, i.e. 63.4
at. % of Co and 36.6 at. % of W. The experimental measurements on the ensemble of
nanoparticles on the image (Table 2) obtained from the EDS analysis show that the observed
proportions (W: 61.4+5.0% at and Co: 38.6+5.0% at) are close to these theoretical values. The
elemental mappings related to Co and Mo for the Cs-Co-Mo OCM is given in the Figure S5 in
the SI.

Figure 4. (a) Cs-Co-W OCM network HAADF-STEM image. (b), (c), (d) and (e)
Corresponding EDS elemental mappings of Co-W-Cs, Co, W and Cs respectively (Co
Kal1=6.930 KeV, W Lal=8.397 KeV, Cs Lal=4.286 keV)

Table 2. Comparison between the atomic percentages expected from the chemical formulas of

the precursors and the atomic percentages deduced from EDS analyses.

Precursor Cs-Co-Mo Cs-Co-W
Composition Co(%) Mo(%) Co(%) W (%)
Chemical formula 63.6 36.3 63.6 36.3
EDS analysis experimental 60+5 405 61+5 38+5




3. Synthesis and characterization of bimetallic n-carbides

3.1. Octacyanometalate network-based thermal treatment

The thermal decomposition of Prussian blue analogues is mainly influenced by the atmosphere
composition during the thermal decomposition B%. Using a reducing atmosphere, containing
dihydrogen, would result in the formation of bimetallic nanoparticles “°! without crossing a
carbide phase.

To turn the metalate network into metallic carbide, the procedure used by Aparicio et al. [
was followed for obtaining iron carbides from Prussian blue. Cs-Co-Mo and Cs-Co-W OCMs
were pyrolyzed under neutral atmosphere (N2 or Ar). The mass losses consecutive to the
thermal decomposition were followed by thermogravimetric analysis (TGA) as shown in
Figure 5a, knowing that the initial molar mass of the precursor Cs2Co7[Mo(CN)g]s-6H20 is
2002.77 g.mol™* and 2354.33 g.mol™* for Cs,Co7[W(CN)s]4-6H-0.
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Figure 5. (a) Thermogravimetric analysis (TGA) of the octacyanometalates-based network: Cs-
Co-Mo (black line) and Cs-Co-W (red line) systems. (b) Schematic view of the thermal
degradation process of the octacyanometalates-based networks. Gas release and collapse occur

simultaneously during thermal degradation.

The mass loss profile of OCMs is comparable to the one observed for Prussian blue 3. Because
of the great similarity between our curves and those presented by Aparicio et al. B3, it is likely
that the nature of the eliminated gases is the same. On this comparative basis with Prussian blue
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situation, step | is assigned to the loss of water molecules present in the sample, which
represents about 5% theoretical mass for both compounds. Here, this loss is of the order of
3.3 %, still close to the expected value. Step 11, between 200°C and 600°C is the first step of
departure of cyanogen (CN)2. It is characterized by a mass loss of 19.7% Cs-Co-Mo and 16.5%
for Cs-Co-W OCMs. Step 1I, between 600°C and 900°C corresponds to the elimination of
another part of cyanogen and nitrogen. During this step the compounds lose 32.3% of their mass
for Cs-Co-Mo and 28.3% for Cs-Co-W. The departure of Cs during thermal degradation has
been confirmed by EDS analysis of the nanoparticles, since Cs was not present on any samples
after the thermal treatment (see Figure S7 in Sl). At the end of step Il1, around 900°C, the total
mass loss of the samples is 36.0% for Cs-Co-Mo and 32.4% for Cs-Co-W. According to
Aparicio et al. *°l, stage IV, starting in our systems above 900°C, corresponds to a departure of
carbon not yet eliminated. Consequently, if pyrolysis is done below this temperature, a fraction
of the carbon will remain in the system and is expected to lead to the formation of carbides.

The observation of samples after heating treatment of OCMs systems on TEM grids shows
networks of aligned nanoparticles (Figure 6). These strings are expected to result from the in-

place collapse of the previously observed rod-shaped OCMs precursors.

Figure 6. TEM images of nanoparticles strings obtained after pyrolysis at 800°C of the
precursors (a) Cs-Co-Mo and (b) Cs-Co-W showing that the nanoparticles are located where
the precursors were.

In order to confirm this in-place collapse mechanism, we performed in situ TEM observations
of the thermal degradation of the OCMs by heating them gradually. Results presented in Figure
7 for both systems, show that a minimum temperature is necessary to convert all the precursors
into nanoparticles. For the Cs-Co-Mo system (Figure 7 a, b and c) the totality of the precursors
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is not converted into nanoparticles at 500°C and it is necessary to reach at least 600-700°C to
observe a full conversion of the OCMs into nanoparticles. In the case of Cs-Co-W (Figure 7 d,
e, and f), traces of the precursors are still observed at 600°C and it is only around 800°C that
the system is fully converted. In agreement with TGA analyses, these experiments confirm that
it is necessary to reach a sufficiently high temperature (at least above 600°C) in order to ensure
the departure of undesired elements (Cs and N), and to obtain a system without any trace of
precursors. The collapse process is further clearly observed, resulting in the formation of NPs

where the precursors were, hence their arrangement into strings.

Figure 7. TEM imaging of the thermal decomposition of octacyanometalate networks.
Pyrolysis in-situ monitoring of an area of the Cs-Co-Mo system at (a)150°C, (b) 500°C and (c)
700°C. Pyrolysis in-situ monitoring of an area of the Cs-Co-W system at (d) 500°C, (e) 600°C
and (f) 850°C.

3.2. Characterization of nanoparticles obtained after pyrolysis of Cs-Co-Mo precursors.

Chemical composition of NPs resulting from the thermal treatment under neutral atmosphere
are analyzed by EDS (Figure 8) and their structure from fast Fournier transform FFT analysis
of HAADF STEM images. Four different groups of nanoparticles could be identified:
monometallic Co, Janus-type nanoparticles (i.e., nanoparticles with two distinct phases), Mo2C
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carbides and Co-Mo bimetallic carbides called n-carbides. The proportion between these
different phases depends on the pyrolysis temperature (Table 3). The n-carbides become
predominant as soon as the pyrolysis temperature reaches 800°C. This is consistent with the
previously discussed TG analysis (Figure 5a). The higher the temperature, the more carbide is

present in the sample. An ideal pyrolysis temperature seems to be 900°C.

Figure 8. (a) HAADF-STEM image and (b, ¢ and d) corresponding chemical mappings using
EDS mode for Co-Mo system after pyrolysis under N at 500°C. (e) HAADF-STEM image and
(f, g and h) chemical mappings using EDS mode for Co-Mo system after pyrolysis under N at
800°C.

Table 3. Population proportions and diameter evolution of Co, Janus, Mo.C and n-carbide,

nanoparticles as a function of pyrolysis temperatures of Cs-Co-Mo.

) NPs Janus - NPs Mo,C - n -carbide -
) NPs Co - proportion ) ) )
Pyrolysis NPs proportion and proportion and proportion and
and average . . .
temperature analyzed ] average diameter average diameter average diameter
diameter (nm)
(nm) (nm) (nm)
500°C 84 6% 4.8+35 10% 5.7+1.9 57% 2.1+1.4 27% 4.7+1.8
600°C 198 0 / 3% 5.1+0.7 42% 1.9+0.7 55 % 3.4+1.1
800°C 377 0 / 9% 5.8+1.6 29 % 2.0£0.8 62% 2.6+1.1

An extensive statistical analysis of the particle size according to their phase nature, is
summarized in Table 3. The diameter of Mo.C nanoparticles varies in average between 1.8 and

2.15 nm. The Janus nanoparticle maintains a diameter between 5 and 6 nm. On the other hand,
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the m-carbide nanoparticles have a diameter that decreases sharply when increasing the
pyrolysis temperature (Table 3).

The Janus nanoparticles consist of a Co phase and another phase which is either a bimetallic
carbide or Mo2C. Figure 9 shows the analysis of a typical Janus nanoparticle. The phase at the
bottom is identified as pure Co (in yellow), while the upper part of the NP is composed of 305
at. % Co and 705 at. % Mo. The HAADF image reveals for the upper phase a complex fringe
structure. According to its FFT analysis (Figure 9b), the fringe periodicity can be assigned to
(111) planes of the Co2MosC structure while fringes of the lower part of the NP are

corresponding to (101) planes of Co. The Janus type nanoparticles do not exceed 10% of the

population, whatever the annealing temperature, and are thus minority.

Figure 9. (a) HAADF-UHRSTEM image of a Janus nanoparticle marked by the orange square
observed after pyrolysis of the Cs-Co-Mo precursor. The upper phase consists of the Coo,Mo4C
structure, with the (111) plane highlighted. the lower phase consists of the Co structure, with
the (101) plane highlighted. (b) FFT of the upper phase showing diffraction peaks consistent
with the Co2Mo4C structure. (¢c) FFT of the lower phase consistent with the Co structure. (d, e,
and f): EDS elemental mappings highlighting the spatial distribution of Co and Mo within the

nanoparticle.

In bimetallic particles, different types of n-carbides-type structures were evidenced: CozsMosC,
CosMo0sC and Co2Mo4C (see their crystallographic data in Table S1 of the SI). An example of
analysis of a NP with the CosMosC crystal structure is presented in Figure 10. Elemental EDS

mappings (Figure 10 b and c) show a homogeneous distribution of Co and Mo in the proportion
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Co: 5445 at. % and Mo: 46£5% within the NP. Furthermore, the HAADF-STEM image (Figure
10a) is identified as the projection of the CosMosC structure along its [110] zone axis (Figure
10d). A simulation of the HAADF image was performed using the CoeMoeC crystal structure
model in the [110] zone axis using the experimental illumination conditions (Figure 10e). The
simulated image is very similar to the magnified experimental one (Figure 10f). In particular,
atoms with the highest contrast are Mo atoms which form a pattern closely matching the most
intense dots of the experimentally observed one, attesting the reliability of the structure
assignment. This assignment is also confirmed by comparing the FFT of the HAADF-STEM
image and the simulated electron diffraction of the of CosMosC in the [110] zone axis (see
Figure S81 in SI).

Differentiation between CosMosC and CosMoeC carbides is not always possible, because both
crystal structures have the same Co:Mo stoichiometry which cannot be discriminated by EDX.
Moreover, the orientation of the nanoparticles does not always enable the identification of
relevant atomic planes. Co2MosC can be distinguished from other structures because of its
characteristic Co/Mo ratio. Table 4 compares the percentage of Co.Mo04C with other bimetallic
carbides in the samples as a function of pyrolysis temperature. An increase in the proportion of
Co2Mo4C (example of identification in the Figure S9 in SI) with increasing pyrolysis
temperature is observed. CozMo3C/CosMosC represents the most important part of the

bimetallic carbides present in the samples.
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Figure 10. Analysis of a NP with the CosMosC structure (a) HAADF-STEM image of the
nanoparticle. (b and c) Elemental Co and Mo EDS mappings. (d) CosMosC structure projected
along the [110] zone axis. (e) Simulated HAADF-STEM image with Dr.Probe softwarel*!l. (f)

zoom over the experimental image (zoomed area indicated as a rectangle in (a)).

Table 4. Proportion of observed n-carbides from the Co-Mo system as a function of temperature.

Pyrolysis temperature Co,Mo,C CozMo3C / CogMosC
500°C 9% 91%
600°C 28% 72%
800°C 34% 66%

3.3. Characterization of nanoparticles obtained after pyrolysis of Cs-Co-W precursors.
For the Cs-Co-W system, three different groups of nanoparticles: Janus NPs, WC and the
targeted n-carbides (Figure 11) have been identified. Crystallographic data of the different
possible n-carbides are given in Table S2 in SI. Note that monometallic (i.e., isolated) pure Co
particles were not present among the NPs analysed.

Figure 11. (a) HAADF image of NPS after pyrolysis under N2 at 800°C of the Cs-Co-W system
and (b, c, d) corresponding EDS elemental mappings (W is purple Co is yellow).
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Table 5 summarizes the relative amount of these three kinds of NPs as a function of the
pyrolysis temperature. As for the Cs-Co-Mo system, the higher the temperature, the higher the
amount of NPs with a carbide phase. Interestingly, a very significant proportion of n-carbide
phases is already present in the sample annealed at 500°C although the precursors are not yet
fully degraded according to our in-situ TEM experiments (Figure 8).

Moreover, for this system, the average diameter of the observed nanoparticles varies greatly
with the annealing temperatures in a random manner (Table 5).

Table 5. Proportions and diameter evolution of Janus, WC and n-carbide, nanoparticles as a

function of pyrolysis temperatures for the Cs-Co-W system.

NPs Janus— Carbide WC- n -carbide —
Pyrolysis NPs proportion proportion and proportion and
temperature analyzed and average average diameter average diameter
diameter (nm) (nm) (nm)
500°C 177 3% 4.3+0.8 7% 2.0+0.8 90% 3.1+1.1
600°C 347 8% 8.3t2.4 54% 1.4+1.3 38% 6.912.4
800°C 268 0% / 30% 45+1.4 70% 2.7+1.4

Janus-type nanoparticles are composed of two phases, one being a bimetallic carbide and the
second one either pure Co or another bimetallic carbide. This latter situation is illustrated in
Figure 12: one phase is a n-carbide phase, possibly CosW3sC or CosWsC, the second one is a

W-rich n-carbide phase, possibly Co.W.C. WC carbide was never observed in the Janus-type

NPs, in contrast with the Co-Mo system, for which Janus NPs could involve the Mo2C phase.

Figure 12. (a) HAADF-UHRSTEM image of a Janus nanoparticle marked by the orange
square of Janus type nanoparticles synthesis with Co-W-C system. (b) (c) EDS analysis with
elemental mappings of W in purple and the one of Co in yellow. The NP consists possibly of a
CosWsC or CozWsC with 55+5% of Co and 45+5% of W (left part of (a)) and the phase (right
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part of (a)) identified as CosW.C with 71+5% of Co and 29+5% of W. The HAADF
identification is in the Figure S11 in Sl

Regarding NPs with a n-carbide phase, four structures are observed: CosWsC, CosWsC,
CosW>C and Co2W4C. Table 6 shows the proportions of these different carbides as a function
of the growth temperatures. The latter two structures are easily identified from their chemical
composition by EDS analysis of the nanoparticles. This attribution is then confirmed by FFT
analyses of HAADF-STEM images of the nanoparticles as in the example given in Figure 13
for the CosW-C phase. The identification of a Co.W4C nanoparticle is shown in the figure S12
in SI.

Figure 13. Analysis of a NP with the CosW-C crystal structure (a) HAADF-STEM image of
the nanoparticle after heat treatment at 800°C (b) FFT of the image and assignment to the (1-
10) zone axis of the CosW>C crystal structure. (c, d and e) EDS elemental mappings of Co in
yellow and W in purple. The particle in (a) is highlighted by a square in ¢, d, and e. Atomic

Co:W composition is measured to be 63+5 at.% : 37+5at.%.

The CosW3C and CogWeC compounds are (as for the Co-Mo carbides) difficult to differentiate
on the basis of HAADF images when the orientation of the nanoparticle is not favorable. An
example of identification of a CosWsC NP is presented in Figure 14. HAADF-STEM image

simulation was carried out in the same way as for the previous simulation, on the Dr.Probe
16



software from the crystal structure of CosW3C with the zone axis [011]. The atoms showing the
highest intensity are the W atoms. The location of the atoms on the experimental image and the

simulation coincide enough to confirm our structure identification for this nanoparticle.
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Figure 14. Analysis of a NP with the Co3WosC structure (a) HAADF-STEM image of the
nanoparticle. (b and c) Elemental Co and Mo EDS mappings. (d) CosW3C structure projected
along the [110] zone axis. (€) Simulated HAADF-STEM image with Dr.Probe software 111.(f)
Magnification of part the experimental image as indicated by the rectangle in (a). The FFT of
the HAADF-STEM image and the simulated electron diffraction of the of CogMo06C in the [110]
zone axis is in Figure S13in SI.

Table 6. Proportion of the different n-carbides from the Cs-Co-W system after pyrolysis as a

function of temperature.

Pyrolysis temperature Co,W,C CosW,C Co3W3C / CosWeC
500°C 11% 2204 67%
600°C 66% 2% 32%
800°C 3% 9% 88%
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4. Conclusion

In this paper, a new promising chemical route to the chemical synthesis of bimetallic carbide
nanoparticles with chosen composition and low size is proposed. CozsM’3C, CosM’sC, CooM’4C
(M’=Mo or W) and CosW>C, metallic carbide nanoparticles were successfully synthesized by
thermal decomposition of Cs-Co-M’ precursor octacyanometalate networks. The presence of
these bimetallic carbides is shown by direct determination of their chemical composition and
structure by combining Transmission Electron Microscopy, EDX analysis and high resolution
HAADF STEM imaging of individual NPs. The size of these carbide nanoparticles is 5 nm in
average. Along with n carbides, the presence of monometallic carbide nanoparticles such as
Mo.C and WC has also been observed. The pyrolysis temperature is an important factor in the
formation of nanoparticles. Indeed, a treatment at a too low temperature, below 700°C for Cs-
Co-Mo and 800°C for Cs-Co-W will not enable the complete transformation of the precursors.
Beyond these temperatures, m-carbide nanoparticles account for the majority of the
nanoparticles observed (more than 60%). Their presence in significant proportions in a definite
temperature range attests for the efficiency of the synthesis route by thermal decomposition of
OCM. The strength of this method also lies in the wide choice of metals that can be used to
fabricate octacyanometalate-based networks and thus potentially the wide choice of carbides
nanoparticles that could be made easily and rapidly accessible.

5. Experimental Methods

5.1. Octacyanometalate-based network synthesis

Two solutions are prepared. The first one is a 20 mL aqueous solution containing 4 mmol
CoCl,.6H,0 and 8 mmol cesium chloride (CsCl). The second one is a 20 mL aqueous solution
containing 4 mmol of K4[M'(CNg)] with M'= Mo or W. These two solutions are mixed at
ambient temperature under vigorous stirring for 30 min. The resulting solution contains the
octacyanometalate network nanoparticles. The products should be kept away from light. The
solution is yellow for the Cs-Co-Mo system and orange/red for the Cs-Co-W system. The
synthesis of K4(M)CNg (M=Mo and W) was performed by ourselves according to the protocol
Barth et al [2, Briefly, acetic acid is added dropwise to a water solution of the potassium salt
of the chosen molybdate or tungstate, KBHs and KCN kept at 40°C. This addition is performed
under a continuous argon flow. (This reaction produces highly toxic HCN gas, eliminated by

bubbling the argon gas outlet in a two-stage trap combining: 1) a NaOCI-filled bubbler and 2)
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a second flask containing solid copper carbonate). Once the addition of acetic acid is over (90
mins), the product is precipitated with ethanol and filtered. The octacyanometalates are obtained

as yellow powders.

5.2. TEM Grid preparation

The precursor samples were separated into three batches, and each has undergone heat treatment
at one of these temperatures: 500°C, 600°C and 800°C. The precursor samples heat treated at
500°C or 600°C were prepared on Protochip TEM grids to undergo the heat treatment in an
ETEM environmental microscope. Those treated at 800°C in a furnace (see below) are prepared
on gold TEM grids with a carbon film. On each TEM grid (Protochip and gold grid), a 7nm
thick Al2O3 alumina layer is deposited before coming to deposit the OCM. After exposing the
grids to an argon plasma at 800 W for 4 minutes, the grids are immersed in a millimolar silane
solution (Figure 15) for 12h [47

Figure 15. Silane molecule used to attach octacyanometalates-based network nanoparticles to
the surface of substrates.

The role of this silane molecule is to attach the OCM precursors of the nanoparticles on the
surface of the grid to optimize their distribution. After the immersion in silane, the grids are
then washed with anhydrous toluene and dichloromethane to remove the excess silane present
on the grids, and are then placed 2h at 100°C. A drop of the OCMs solution is deposited on the
TEM grid. The grids are then placed in an oven and heated to the target temperature for heat

treatment.

5.3. Materials

For the characterization of the samples, we mainly used Transmission Electron Microscopy
(TEM) analysis. Several microscopes were used: FEI-CM 20 TEM (200 kV) to measure the
size distribution of the Cs-Co-Mo and Cs-Co-W precursors with a population of 500
nanoparticles in 5 different areas of the grid and counted with the image J software. The

UHRSTEM imaging and chemical mappings by EDS were performed using a FEI Titan G2
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corrected Cs TEM operated at 200 kV. The energy levels used to identify the elements in EDS
analysis are: Co Ka1=6.930 keV ; Mo Lal=2.293 keV; W Lal=8.397 keV ; Cs Lal=4.286
keV ; K Kal=3.311 keV ; Cl Kal=2.611keV.

DLS measurements were performed on a Malvern Zetasizer

The calibration of the EDS maps was done with as reference a nanoparticle whose crystal
structure corresponded to CosW3C or CosMosC and whose ratios between the metals were 1:1.
These were used as a reference to determine the percentages of the metals according to the
intensity of the EDS signals. The uncertainty of the EDS maps corresponds to the standard
deviation of the elemental concentration measured from about 30 nanoparticles of the same

structure and chemical composition.

HAADF-STEM image simulations were performed with Dr.Probe code using the following
parameters: Uacc = 300.00 kV, alpha = 30.0 mrad, lambda = 1.969 pm, k-alpha =15.2 1/nm,
r-source = 0.040 nm, Delta = 3.0 nm. Detectors: HAADF angular range 200 to 250 mrad.
Sample thickness: 5 nm.

The cif files of the crystal structures come from the website The Materials Project. [4°]

Heat treatments at 500°C and 600°C are performed in a modified Environmental Transmission
Electron Microscope (ETEM) FEI-Titan (80-200 keV), equipped with a Cs image aberration
corrector. The treatment are done under a nitrogen flow (5 sccm) in order to maintain a neutral
atmosphere at a pressure of 5.10 mbar. Heat treatments at 800°C are performed in a quartz
tube placed in a furnace under a nitrogen flow (100 sccm) in order to maintain a neutral

atmosphere at a pressure of 90 mbar.

PXRD analysis: data were recorded in the 8-80° 20 range, at room temperature with an
Empyrean PANalytical diffractometer using 6/6 Bragg Brentano geometry. They were
measured with a step length of 0.033°(2 6) using Cu K radiation.

TGA measurements were performed on a Setaram SETSYS Evolution model with an
TGA/DSC rod. The temperature profile is a 5°C/min ramp to the desired temperature under an

argon flux at 20ml/min.
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Figure S1. Final Rietveld plot of Cs:Co7[Mo(CN)s]s-6H20 showing observed (black dotes),
calculated (red line), and difference (black line) curves (1 = 1.5418 A).
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Figure S2. Final Rietveld plot of Cs2Co/[W(CN)s]s:6H20 showing observed (black dotes),
calculated (red line), and difference (black line) curves (1 = 1.5418 A).
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Size Distribution by volume of precursor
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Figure S3. Hydrodynamic size distribution by volume of the OCMS nanoparticles in water
obtained by DLS on an as-synthesized dispersion
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Figure S4. EDS spectrum of the mapping of figure 4. Cs is present in the chemical composition
before pyrolysis. The presence of Cu is explained by the composition of the microscope's object
holder and the TEM grid.
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Figure S5. (a) Cs-Co-Mo OCM network HAADF-STEM image. (b), (c), (d) and (e)
Corresponding EDS elemental mappings of Co-Mo-Cs, Co, Mo and Cs respectively (Co

Kal=6.930 KeV, Mo Lal=2.293 keV, Cs Lal=4.286 keV
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Figure S6. EDS spectrum of the mapping of figure 5. Cs is present in the chemical composition
before pyrolysis. The presence of Cu is explained by the composition of the microscope's object

holder and the TEM grid.
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Figure S7. (a) Chemical mappings using EDS mode for Co-W system after pyrolysis under N2
at 800°C. (b) EDS spectrum. Cs is not present in the chemical composition after pyrolysis. The
presence of Al is explained by the alumina layer on the substrate, Cu by the composition of the
microscope's object holder and the TEM grid and Ca by the use we have made of it to precipitate
the precursors in powder form.
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Figure S8. (a) FFT of the CosMosC nanoparticle imaged in figure 10. (b) Simulation of
CosMoeC 300 KeV electron diffraction pattern of the structure projected along the [110] axis,

using ReciPro software (441,

Figure S9. HAADF image of a nanoparticle marked by the yellow square and identified as the

Co2Mo4C structure projected along the [01-1] axis (b) FFT of the squared NP in (a) with
identification of the (422), (333) and (711) plane families of the Co.Mo4C crystal structure. (c,
d, and e) EDS analysis of the squared NP in (a) showing the spatial distribution of Co (315

at. %) in yellow and Mo (6945 at. %) within the nanoparticle marked.
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Figure S10. Representations of the crystal structures of compounds (a) CosMo3C (b) CosMoeC
(c) Co2Mo4C. Color labels are C in grey, Co in yellow and Mo in purple.

Table S1. Crystallographic data from the literature of bimetallic carbides of the Cs-Co-Mo

system
n-carbide Space group a(h) V (A3) reference
CosMosC Fd3m 11.08 1357 [25]
CosMosC Fd3m 10.90 1295 (25]
Co.Mo,C Fd3m 11.25 1423 (45
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Figure S11. (a) HAADF-UHRSTEM image of a Janus nanoparticle marked by the orange
square. The left side is identified as the CosW3C or CosWeC structure and the right side is
identified as the CosW-C structure (b) FFT of the left-hand side of the nanoparticle projected
along the [0-13] axis. (b) FFT of the right-hand side of the nanoparticle projected along the [01-
1] axis. (d, e and f)) EDS analysis of the the Janus NP showing the spatial distribution of Co in
yellow and W. the left side showing as composition Co 5545 at.% and W 455 at.%. The right

side showing as composition Co 715 at. % and W 29+5 at.%.
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Figure S12. (a) HAADF image of the nanoparticle identified with the Co,W,C structure. (b
and ¢) EDS elemental maps of Co in yellow (3745 at. %) and W in purple (635 at.%) within
the nanoparticle (d) FFT with identification of the (111) and (220) plane families of the Co,W4C
crystal structure. Highlighted plan by FFT (e) (220) and (f) (1-1-1).
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Figure S13. FFT of the HAADF nanoparticle image in figure 15. (b) simulation of a CozsW3C
300KeV electron diffraction pattern of the structure projected along [110] axis, using ReciPro

software 44

Figure S14. Representations of the crystal structures of compounds (a) CosWsC (b) CosWeC
(c) Co2W4C (d) CosW-C. Color labels are grey for C, yellow for Co and blue for W.

Table S2. Crystallographic data from the literature of bimetallic carbides of the Cs-Co-W

system
n-carbide Space group a(h) V (A3) reference
CosW3C Fd3m 11.11 1370 [46]
CoeWeC Fd3m 10.90 1296 (471
CoW,C Fd3m 11.24 1420 (471
Co,W-C Fd3m 11.01 1335 (48]
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