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Abstract 

Epsilon cobalt nanoparticles are under-explored in catalysis due to the fact that they are 

accessible only through wet-chemical approaches which employ ligands as stabilizing agents. 

Ligands may play a significant role in determining the structure and the catalytic performances 

of nanoparticles, which complicates their comparison in catalysis. Here we present the catalytic 

performances in cinnamaldehyde hydrogenation, of freestanding and few-layer graphene-

supported ε-Co nanoparticles and hcp-Co nanorods which are stabilized by the same ligands. 

We show that while hcp-Co nanorods exposing a majority of {11-20} type facets are the most 

active, the supported spherical ε-Co nanoparticles combine high activity and excellent 

selectivity for the selective hydrogenation of cinnamaldehyde to cinnamyl alcohol. The 

concentration dependent ligand conformation on the surface of the nanostructures influences 

their catalytic performances with higher concentrations favoring both activity and selectivity 

to cinnamyl alcohol. These results should incite the interest in the implementation of ε-Co 

nanoparticles in other catalytic reactions where the cobalt crystal structure may play an 

important role. 
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Introduction 

Cobalt nanoparticles (CoNP) present physical and chemical properties exploitable in 

many applications.1-4 These properties critically depend on NP structural features such as size 

and shape. The type of facets exposed by the nanocrystals depends on their morphology, which 

is highly dependent on the crystal structure. CoNP can adopt three crystallographic structures: 

hexagonal close packed (hcp), face centered cubic (fcc) and epsilon (ε).5 The ε-phase has been 

unambiguously identified and fully characterized only recently for CoNP prepared by liquid 

phase synthesis.6,7  

Crystal structure dependent catalytic performances have been demonstrated in several 

cases where allotropes were available for comparison.8,9 For instance, hcp and fcc Ru 

nanostructures show different performances in catalytic reactions such as the hydrogenation of 

arenes and substituted arenes.10,11 In another example of rarer nanoalloy allotropes, PdCu 

nanoalloys of fcc and body centered cubic (bcc) structures have shown different selectivities in 

the hydrodeoxygenation of 5-hydroxymethylfurfural. 12 For the case of Co it has been shown 

that the Co crystal phase (hcp or fcc) impacts the catalytic performances in Fischer-Tropsch 

Synthesis (FTS),13,14 On the other hand, the ε-Co phase is practically absent from dedicated 

studies.15 This is in part due to the fact that ε-Co is metastable,5 and can be converted to the 

other two phases upon thermal treatments prior to catalyst use, or under the catalytic reaction 

conditions. Furthermore, ε-Co can only be obtained by colloidal syntheses, which are rarely 

employed in heterogeneous catalyst preparation methods. While conventional elaboration of 

supported catalysts allows only a limited degree of control over size, shape and crystal structure 

of the active phase, colloidal methods are well adapted for the synthesis of nanocrystals of 

well-controlled features that can be advantageously exploited in several catalytic reactions.16,17 

For structure-sensitive catalytic reactions, and provided that the reaction conditions do not 

induce significant structural modifications of the catalytically active phase, colloidal NPs can 

contribute to a better rationalization of catalytic processes, and to the development of efficient 

catalytic systems.18 Nevertheless, colloidal NPs invariably comprise capping agents (ligands), 

which not only stabilize them, but they also play a determinant role in controlling NP 

nucleation and growth steps, thus dictating their structure (size, shape, crystal structure). NPs 

of the same material but adopting different structures (phase, shape) are generally stabilized by 

different ligands, and ligand elimination is in general accompanied by modification of the NPs 

features. Ligand influence on the performances of NP-based catalysts is multifaceted and 
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controversial.19-23 Thus, the study of the influence of the structural characteristics of colloidal 

NPs on their catalytic properties is always hampered by the presence of ligands. 

The chemoselective reduction of ketones/aldehydes is a widely used, fundamental 

reaction in organic chemistry.19 In particular, the selective hydrogenation of -unsaturated 

aldehydes, among which cinnamaldehyde (CAL), is an industrially relevant reaction for 

producing high added value chemicals through hydrogenation of either the C=O or the C=C 

bond. CAL can be hydrogenated via two parallel reactions to (i) hydrocinnamaldehyde (HCAL) 

through C=C hydrogenation, and (ii) cinnamyl alcohol (COL) through C=O hydrogenation. 

Further hydrogenation yields the fully hydrogenated 3-phenyl-1-propanol (HCOL) (insert in 

Table 1). The easier hydrogenation of the C=C bond by the most widespread hydrogenation 

catalysts (Pt, Pd, Ru, Ni) has incited the development of COL-selective catalysts, through 

introduction of elements that can appropriately modify the properties of the basic metal.24,25 

However, the high price and the scarcity of the most active hydrogenation metals (Pd, Pt) urges 

for more sustainable alternatives. Among the cost-effective metals, cobalt has been used as a 

COL selectivity promoter of Pt based-catalysts.26-29 Nevertheless, when employed alone, while 

more selective, it is not a viable catalyst because of its low activity. Thus, examples of cobalt-

based catalysts for the selective hydrogenation of  -unsaturated alcohols are rather scarce 

and among them, only very few concern pure Co.30-41 The development of a stable, active and 

COL-selective pure cobalt catalyst would thus, be a major breakthrough in the field. 

Size-, shape- and crystal structure-controlled cobalt nanostructures have been 

synthesized by some of us by the reduction by H2 of [Co{N(SiMe3)2}2(thf)] in the presence of 

lauric acid (LA) and hexadecylamine (HDA).42,43 The as-prepared Co nano-objects are purely 

metallic, thus, no reductive post-treatments prone to modify their structural characteristics are 

needed prior to their implementation, as recently shown in the case of FTS44,45 and in the 

acceptorless dehydrogenation of 2-octanol.46  

Here, we present the performances in the chemoselective hydrogenation of CAL of two 

types of nano-objects, formed simultaneously in the same synthesis: hcp Co nanorods (hcp-

CoNR) exposing mainly {112̅0} type facets and isotropic ε-CoNP. We show that while hcp-CoNR 

are more active, ε-CoNP supported on functionalized few-layer graphene are also active and by 

far the most selective cobalt catalysts for COL production, reported so far. 

 

 

 



 

 

4 

Experimental Section 

Materials  

Due to the air-sensitivity of the cobalt precursor and the cobalt nanocrystals, all 

manipulations have been performed under inert conditions, either by using standard Schlenk 

techniques or in a glove box. Hexadecylamine (HDA, 98%, Aldrich) and lauric acid (LA, 99 

%, Acros) were transferred in the glovebox and used without further purification. Toluene (99 

%, Fisher) was purified by a solvent purifier (Innovative Technology Purification System) and 

stocked in the glovebox. 1,4-dioxane (100 %, VWR Chemicals), cinnamaldehyde (97 %, 

Aldrich), nonane (99 %, Sigma-Aldrich), ethanol (dried, 99.9 %, Seccosolv), methanol (100 

%, VWR Chemicals) were degassed by Ar bubbling and stocked in the glove-box. The Co 

precursor [Co{N(SiMe3)2}2(thf)] was purchased from NanoMeps. The few-layer graphene 

(avanGRP 40) was purchased from Avanzare.  

 

Synthesis of hcp-CoNR and ε-CoNP  

In a Fisher-Porter bottle, HDA (819.3 mg, 3.4 mmol) dissolved in 16 mL toluene, was 

mixed with a solution of LA (420.1 mg, 2.1 mmol) in toluene (16 mL) and the mixture was 

stirred for 3 min. A green solution of [Co{N(SiMe3)2}2(thf)], (902.3 mg, 2.0 mmol) in 8 mL 

toluene was then added under vigorous stirring to the LA-HDA mixture, giving rise to a dark 

blue solution. The Fischer-Porter bottle was sealed, removed from the glove box, pressurized 

with 3 bar of hydrogen and kept under stirring for 48 h in an oil bath preheated to 110°C. After 

this period of time, the excess of hydrogen was eliminated, the Fisher-Porter bottle was 

introduced in a glove box and the dark suspension was let to decant overnight. The black 

precipitate containing the hcp-CoNR was washed several times with 10 mL toluene, until the 

supernatant became colorless and then with 10 mL pentane, and dried. The resulting powder 

was stored in the glove-box (ICP-OES: hcp-CoNR: Co = 73.4 w%, elemental analysis: N = 0.18 

w%). The brown supernatant containing the ε-CoNP and ligand excess was collected and dried 

under vacuum. The as-obtained solid was then kept in the glove-box. (ICP-OES ε-CoNP: Co = 

0.64 w%, elemental analysis: N = 4.91 w%). 

Purification of ε-CoNP by repeated centrifugation steps of 15 min at 50000 rpm yielded ε-Co*NP 

samples (ICP-OES ε-Co*NP: Co = 57.2 w%, elemental analysis: N = 0.48 w%). 

 

Catalyst preparation 
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The freestanding nanostructures were supported on oxidized commercially available 

few layer graphene.  

 

Few layer graphene support functionalization  

2 g of few-layer graphene (G) in 120 mL of HNO3 (65%, VWR Chemicals) were heated 

at 100 °C for 3h. The mixture was then filtered and washed with deionized water until pH = 7. 

The final product (Gox) was collected and dried at 80 °C overnight. It was then stored in the 

glove box. 

 

Co immobilization on functionalized graphene 

In a typical elaboration of a supported hcp-CoNR/Gox catalyst, 14 mg of powder 

containing hcp-CoNR dispersed in 15 mL toluene were mixed with 200 mg of Gox and sonicated 

for 10 min. After decantation the colorless supernatant was removed, the black solid washed 

three times with 20 mL toluene and dried, giving a powder which was stored in the glove-box. 

(ICP-OES: Co = 3.67 w%, elemental analysis: N < 0.01 w%).  

In a typical elaboration of a ε-CoNP/Gox catalyst, 200 mg of Gox were added in 60 mL 

of toluene in which were suspended 1.263 g of the powder containing the ε-CoNP powder. The 

suspension was sonicated for 10 min and let to decant overnight under inert atmosphere. The 

light grey supernatant was removed, and the solid was washed three times with 20 mL toluene, 

dried, and stored in the glove-box. (ICP-OES: Co = 4.49 w%, elemental analysis: N =0.28 

w%). The same procedure was used for the immobilization of ε-Co*NP on Gox to give ε-

Co*NP/Gox. (ICP-OES: Co = 4.48 w%, elemental analysis: N = 0.03 w%). 

 

Catalytic tests 

No H2 treatment of the catalysts was performed prior to the catalysis. The autoclave 

was charged in the glovebox. All chemicals were degassed before using. For all catalytic runs 

the Co amount introduced in the autoclave was between 1 and 2.6 mg (the exact Co amounts 

used in the catalytic runs are given in Table 1). The catalyst, 442 mg of cinnamaldehyde, 167 

mg of nonane and 25 mL of solvent were added in the autoclave and mixed vigorously. The 

autoclave was then sealed and taken out of the glovebox, purged three times with 3 bar H2 and 

then filled with 20 bar H2. The temperature was increased to 120 °C and the stirring speed was 

fixed at 1200 rpm. Samples were taken from the autoclave at regular intervals and were 

analyzed on a Perkin Elmer, Clarus 580 gas chromatograph equipped with an Elite-5MS 

capillary column (30 m × 0.32 × 0.25 μm) and with a flame ionization detector. The activity 
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was calculated on the basis of the exact mass weighted and the Co content measured by ICP 

analysis of each catalyst employed. The conversion and selectivity were calculated according 

to the following equations:  

 

Conv% = (ni- nf)/ni *100% 

Sx% = nx/nprod*100% 

ni: mol of CAL introduced  

nf:  mol of CAL remaining at the end of the reaction 

nx: mol of product x  

nprod: total number of moles of products  

 

The activity was calculated from the following relationship: 

Activity = molCAL molCo
-1 h-1 

molCAL: mol of CAL converted 

molCo: mol of Co amount introduced 

 

Recycling of ε-CoNP/Gox  

The first run of recycling of ε-CoNP/Gox in ethanol followed the same procedure as 

described above, except that after 2h reaction, the reactor was cooled down rapidly and re-

introduced into the glovebox. The reactor was let still for 2h to let the catalyst decant. The 

supernatant (20 mL) was removed carefully. 442 mg of cinnamaldehyde, 167 mg of nonane 

and 20 mL of ethanol were added. The reactor was then sealed and taken out of the glovebox 

for the second run of recycling. The recycling was carried out six times. To calculate the loss 

of activity, the cinnamaldehyde conversion of the first run was set to 100%. The conversion of 

each run versus the first run was calculated as the activity drop percentage. 

 

Calculation of the nano-object geometric specific surface area  

The geometric specific surface areas (SSA) of the nanoparticles were calculated using 

the formula 𝑆𝑆𝐴 =𝑆𝑡𝑜𝑡/(𝑑𝐶𝑜.𝑉), where Stot = the surface of hcp-CoNR or ε-CoNP, V their volume 

and dCo the density of Co (8.86 g cm-3). The values for the hcp-CoNR and ε-CoNP samples were 

obtained by using the mean dimensions determined by TEM and assuming simple geometrical 

models, considering a spherical shape for the ε-CoNP and a hexagonal prismatic shape for the 

hcp-CoNR. 
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Characterization 

The size and the morphology of the cobalt nano-objects were studied by transmission 

electronic microscopy (TEM). All samples for TEM and high-resolution TEM (HRTEM) were 

prepared by evaporating a drop of a diluted suspension in toluene on a carbon-coated copper 

grid. Conventional TEM characterizations were performed on a JEOL JEM 1011 CX-T 

electron microscope operating at 100 kV with a point resolution of 4.5 Å. The particle size 

distribution was determined through a manual measurement of enlarged micrographs from 

different areas of the TEM grid (at least 200 particles). HRTEM was performed on a JEM-

ARM200F Cold FEG equipped with a GATAN ULTRASCAN CCD camera and having a 1.9 

Å point resolution. 

The X-ray diffraction (XRD) patterns were obtained from samples encapsulated 

between two Kapton® foils to avoid sample oxidation. The diffractograms were recorded on a 

PANalytical Empyrean diffractometer using Co-Kα radiation (λ = 0.1789 nm) at 45 kV and 40 

mA. The ε-CoNP powder contained an excessive amount of ligand that did not allow 

identification of the Co peaks. The XRD measurement for the crystal structure determination 

was performed on a sample purified from the large excess of residual native ligands (ε-Co*NP), 

using a Thermo Fisher Scientific Sorvall MTX150 micro-ultracentrifuge. Two centrifugation 

cycles were performed at 50 000 rpm for 15 minutes. This allowed crystal structure and 

crystallite size determination, even though the presence of residual ligands is still visible in the 

XRD diffractogram. The crystallite size was calculated using the Scherrer equation by analysis 

of the ε-Co (221) peak. The XRD diffractograms of the Gox supported catalysts did not allow 

identification of the Co-peaks due to the low Co-content (about 5 w%).  

Infrared spectra were recorded on the isolated solid of ε-CoNP, on a Nicolet 6700 FT-

IR spectrometer in the range 4000-500 cm-1 using a Smart Orbit ATR platform (diamond 

crystal). The hcp-CoNP and ε-Co*NP spectra were recorded from samples obtained by depositing 

on a Ge wafer a few drops of a toluene suspension of the isolated solids and letting the solvent 

evaporate. 

ICP-OES and elemental analyses were performed by KOLBE Mikroanalytisches 

Laboratorium on a Spectro Acros instrument and a “Elementar” Model “Vario Micro Cube” 

CHN analyzer, respectively. X-ray photoelectron spectroscopy (XPS) spectra were recorded 

from samples prepared by depositing on a Si wafer a few drops of a toluene suspension of the 

isolated solid of ε-CoNP, and the solvent was fully evaporated. The spectra were recorded using 

a K-alpha plus system (Thermo Fisher Scientific, East-Grinstead, U.K.) fitted with a micro-

focused and monochromatic Al Kα X-ray source (1486.6 eV, spot size of 400 μm). The 
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spectrometer pass energy was set to 150 and 40 eV for the survey and the narrow high-

resolution regions, respectively. 

The magnetic measurements were performed by a Vibrating Sample Magnetometer 

(VSM) for hcp-CoNR and ε-Co*NP and by a Superconducting QUantum Interference Device 

(SQuID) for ε-CoNP. The samples were prepared in the glove box. In order to confirm the 

absence of any oxidation on the hcp-CoNR sample, the M(H) hysteresis loops were recorded 

from -6 T to +6 T at 300 K (after a zero-field cooling (ZFC) and after a field cooling (FC) 

under +6 T) at 5 K. No Co/CoO exchange bias was detected at 5 K after the FC process. The 

same procedure was followed for ε-CoNP and ε-Co*NP, with the only difference of the applied 

field intensity (-5 T to +5 T). 

 

Results and Discussion 

CoNR of 97.9 ± 9.4 nm mean length and 5.9  0.6 nm mean diameter (Figure 1a) and 

isotropic CoNP of 6.5  1.0 nm mean diameter (Figure 1b) are produced simultaneously, by 

reduction of Co/LA/HDA solutions.43 Post-synthesis selective precipitation allows separation 

of the CoNR from the CoNP. The CoNR, which have been characterized in previous publications, 

can be easily purified after isolation.43,46 They adopt the hcp phase and they expose {112̅0} type 

facets laterally and {0002} facets at their extremities. The CoNP were isolated by complete 

evaporation of the reaction supernatant after CoNR removal. The as obtained CoNP fraction is 

mainly composed of organic products (99.4 w %). In agreement with previous analyses on 

CoNR,46 this residue mainly consists in hexadecylammonium laurate and N-hexadecyl 

laurylamide, resulting from the condensation between LA and HDA during the nano-object 

synthesis. This was confirmed by IR and X-ray photoelectron spectroscopy (XPS) analyses of 

the powder containing the CoNP and the native ligand matrix (Fig S1a-c). A fraction of the CoNP 

sample was centrifuged to remove the majority of the organic residue yielding Co*NP. The IR 

spectra of the CoNR and the Co*NP show that the ligands are the same in both cases (Figure 

S1d). The synthesis and the purification procedure are outlined in Scheme 1.  
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Scheme 1. Outline of the synthesis and the isolation of the Co nano-objects.  

 

Interestingly, while the CoNR crystallize in the hcp phase43 (Fig. S2), the spherical CoNP 

(Figure 1c) adopt the ε crystal structure, as evidenced by X-ray diffraction (XRD) of the 

purified ε-Co*NP (Figure 1d). In agreement with TEM data, the crystallite size was calculated 

to be 6.5 nm using the Scherrer equation, which confirms the single-crystal structure. Their 

spherical shape indicates that they are enclosed by facets of different types, albeit, of 

completely different symmetry than the facets exposed by the hcp-CoNR. Magnetic 

measurements evidenced the absence of surface oxidation (Fig. S3). Indeed, the hysteresis 

loops measured after the field cooling (FC) procedure from 300 K down to 5 K under a 

magnetic field remain symmetric, which is a clear indication that no Co oxide layer is present 

on the surface of the nano-objects. 

 

 

toluene

H2 110°C

+
HDA

LA

decantation
+

washing

hcp-CoNR + ε-CoNP

hcp-CoNR

+ 

ε-CoNP

centrifugation

ε-Co*NP

+

CH3(CH2)10-C-OH
=

O

CH3(CH2)15NH2



 

 

10 

 

Figure 1. Cobalt nano-objects. TEM of (a) hcp-CoNR and (b) ε-CoNP. (c) Higher magnification 

view of ε-CoNP. (d) XRD pattern of the ε-Co*NP. The peaks marked with a red mark are due to 

the ligand residues (Fig. S4). 

  

The fact that nano-objects of two different structures could be isolated from the same 

synthesis, offered the opportunity to compare their catalytic performances without having to 

address the additional role that ligands of different nature may play.  

The catalytic performances of freestanding hcp-CoNR and ε-CoNP were evaluated in the 

selective hydrogenation of CAL at 120 °C and 20 bar of H2. Dioxane was the first solvent used, 

in order to avoid the formation of acetal by-products usually produced in alcohols from the 

acid-catalyzed condensation reaction between CAL (or HCAL) and the solvent.38  

In Figure 2 and Table 1 we report the catalytic performances of the catalysts tested. Despite 

the lower geometric specific surface area of hcp-CoNR (89.2 m2.g-1) as compared to -CoNP 104 

m2.g-1), the hcp-CoNR were more active than the -CoNP, but the selectivity towards COL (at 

iso-conversion 40%) was higher for the -CoNP (86.8 % versus 66.7% for hcp-CoNR).  
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Figure 2. Catalytic performances in dioxane. (a) Freestanding hcp-CoNR; (b) freestanding -

CoNP; (c) hcp-CoNR/Gox and (d) -CoNP/Gox. 

 

Table 1. Hydrogenation of cinnamaldehyde catalyzed by Co catalysts (120 °C, PH2 = 20 bar). 

 

 

Catalyst 
Co 

(10-2 mmol) 

Co/Na 

(atomic) 
Solvent 

Conversionb 

(%) 

Activityc 

(h-1) 

Selectivityc (%) 

COL HCAL HCOL Acetal 

hcp-CoNR 3.6 96.8 Dioxane 59.7 16.6 66.7 16.2 17.1 0 

−CoNP 1.7 0.03 Dioxane 26.8 11.7 
86.8 

100e 
7.8 5.4 0 

-Co*NP
d 4.5 28.3 Dioxane 19.1 4.3e 83.5e 8.9e 7.6e 0e 

hcp-CoNR/Gox 3.1 NEf Dioxane 64.0 19.3 66.7 9.7 23.6 0 

-CoNP/Gox 3.1 3.8 Dioxane 45.1 10.8 100 0 0 0 

-Co*NP/Gox 4.4 35.5 Dioxane 38.4 7.0 75.8 14.8 9.6 0 

-CoNP/Gox 3.1 3.8 Methanol 92.5 57 28.6 0 0 71.4 

−CoNP/Gox 3.1 3.8 Ethanol 53.7 28.4 95.0 0 0 5.0 

 

 
 

a) obtained from ICP and elemental analyses of Co and N respectively, b) at 4 h reaction; c) activity 

(molCAL molCo
-1 h-1) and selectivity at 40% conversion; d) -Co*NP are −CoNP purified from the 
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ligand excess; e) data given at 30% conversion; f) NE = not estimated, N w% was below detection 

limit. 

 

These results can be rationalized either by considering a different intrinsic performance 

of the two Co nano-objects, or by considering that the ligands, which are in high excess in the 

case of -CoNP (Co/N atomic ratio = 0.03) as compared to hcp-CoNR (Co/N atomic ratio = 96.8), 

reduce the activity of -CoNP because they block numerous active sites, and at the same time 

increase their selectivity to COL. While for Co catalysts there are no dedicated studies in the 

literature, a positive influence of long chain amine ligands on the selectivity to COL has been 

reported for Pt based catalysts.47,48 In order to estimate the influence of the initial ligand 

coverage on -CoNP, we also tested a purified fraction of the -CoNP sample (-Co*NP), which 

presented the same particle size (Fig. S5) but much higher metal content (Co/N atomic ratio = 

28.3). The activity (Figure 3a), but also the selectivity (Figure 3b) of -Co*NP are significantly 

lower than the ones of the -CoNP. The activity decrease upon ligand partial elimination could 

be rationalized by an influence of ligand ordering on the NP surface (2D versus 3D ordering), 

as already reported for PdNP hydrogenation catalysts.20 In that case, the authors also showed 

that ordering on the NP surface is highly dependent not only on the ligand concentration but 

also on the ligand nature. Indeed, ligands containing ionic groups, are subjected to 

conformation changes depending on their concentration. Such an effect could also account for 

the significantly lower activity observed by the -Co*NP as compared to the -CoNP. As far as 

selectivity is concerned, the most probable explanation is that in the case of -CoNP a 3D 

ordering of the ligands induces a higher COL selectivity due to the favorable orientation of the 

C=O group of CAL and its preferential adsorption.47,48 The hcp-CoNR, which present a higher 

activity have the lowest ligand content and present a lower selectivity as could be expected. 

However, their significantly higher activity despite their lower ligand content and their lower 

surface area points towards the conclusion that hcp-CoNR are inherently more active. It has to 

be noted that this does not mean that the hcp phase is generally a more active phase, but that 

the {112̅0} facets, which constitute the majority of the hcp-CoNR exposed facets are more active 

than the facets of the -CoNP. All freestanding hcp-CoNR, -CoNP and -Co*NP are affected under 

the catalytic reaction conditions. Indeed, TEM observation of the crude reaction media after 

catalysis revealed the presence of CoNP of about 13 nm size for -CoNP, agglomeration for -

Co*NP, while the CoNR appear more agglomerated and slightly corroded (Fig. S6). 
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Figure 3. Comparison of the catalytic performances of -CoNP and -Co*NP; (a) activity and 

(b) selectivity to COL. 

 

As NP separation is tedious, immobilization on appropriate supports of colloidal NPs 

appears as the best approach to ensure optimized performance, stability and easy catalyst 

separation.49 In parallel, immobilization should result in elimination of the surfactant excess, 

thanks to ligand displacement. In this context, hcp-CoNR and ε-CoNP were immobilized on few-

layer graphene (G), which had been previously functionalized through treatment with HNO3 to 

produce Gox. This treatment produces oxygen containing functions (mainly carboxylic and 

phenolic),50 which favor the immobilization of the nano-objects on the Gox support. A 5 w% 

nominal Co loading was targeted through mixing in toluene the freestanding CoNR and ε-CoNP 

with the Gox at room temperature. After immobilization and washing, the ICP analyses of hcp-

CoNR/Gox and -CoNP/Gox showed Co loadings of 3.7 and 4.5 w%, respectively. The Co/N 

atomic ratios were 0.03 and 3.8 for -CoNP and -CoNP/Gox, respectively. Therefore, upon 

immobilization of the -CoNP, a significant part of the residual ligand is eliminated. The Co/N 

atomic ratio in hcp-CoNR/Gox could not be calculated since nitrogen content was lower than the 

detection limit (0.01%). Therefore, a higher amount of ligand for -CoNP is still present even 

on the supported catalysts. The nano-objects were well-dispersed on the Gox as shown in the 

TEM images on Figure 4.  
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Figure 4. Supported cobalt nano-objects. TEM of (a), (b)  hcp-CoNR/Gox and (c), (d)  -

CoNP/Gox.  

 

Immobilization of the hcp-CoNR on Gox has no pronounced effect on their activity and 

selectivity to COL (Table 1). Globally, the immobilization allows reaching slightly higher 

activity (Figure 5a). XRD is not conclusive concerning the conservation of the structure after 

catalysis, because the Gox exhibits strong reflections in the same 2 range as the Co peaks (Fig. 

S7). However, TEM observation of the spent hcp-CoNR/Gox catalyst shows that nanorod 

morphology is not impacted after 6 hours of reaction and that the hcp structure is conserved. 

(Fig. S8)  
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Figure 5. Comparison of the activity of freestanding and Gox supported nanoparticles: (a) hcp-

CoNR and (b) -CoNP. 

 

On the other hand, for the -CoNP/Gox catalyst the initial activity is increased (Figure 

5b) and the selectivity to COL reaches 100 % at 40 % conversion (Figure 2d and Table 1). If 

our assumption is correct that besides the Co structure, a 2D versus 3D ligand ordering also 

controls activity, and if for the 3.8 Co/N ratio the 3D ordering is still operative, it is logic that 

the -CoNP/Gox catalyst, which presents a higher Co/N ratio than the -CoNP catalyst, is more 

active. 

Furthermore, the NPs on the -CoNP/Gox catalyst seem to be intact even after complete 

CAL conversion, their size (6.11.2 nm) remaining practically unmodified. (Fig S9). 

Therefore, upon immobilization, ε-CoNP double their initial activity and improve their 

selectivity, while no significant change is noticed for hcp-CoNR. Furthermore, and as for 

freestanding nano-objects, the supported hcp-CoNR are more active and less selective than the 

supported ε-CoNP nano-objects. 

We also investigated the reactivity of the −Co*NP/Gox catalyst, which present a higher 

Co/N ratio compared to the -CoNP/Gox catalyst (35.4 and 3.8, respectively). As for the 

unsupported samples, we found that the sample with less ligand is globally less active and less 

selective (Figure 6). 

 
Figure 6. Comparison of -CoNP/Gox and -Co*NP/Gox catalysts: (a) activity and (b) selectivity 

to COL. 

 

Finally, we cannot discard the influence of confinement effects on the catalytic 

performances of -CoNP upon immobilization.51-53 Indeed, while the elemental and ICP 

analyses clearly show a large increase in the Co/N atomic ratio upon immobilization of the -

CoNP (from 0.03 to 3.8), in agreement with a decrease in the ligand residues on the supported 

catalyst, XPS analyses showed Co/N atomic ratios of 1.21 for -CoNP and 0.38 for -CoNP/Gox. 
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This result is consistent with a partial confinement of -CoNP between the Gox layers and ligand 

residue adsorption on the surface of the support and could explain the very higher selectivity 

of the -CoNP upon immobilization. 

To summarize, several parameters including the crystallographic phase of the metal, 

the ligand coverage and the possible confinement of the cobalt must be at the origin of the 

excellent results obtained with the -CoNP/Gox system. Since the ligand coverage is often 

advanced as a key parameter in this type of catalysis, we have attempted to correlate the Co/N 

ratio with the catalytic performance (Fig. S10). It can be seen from Fig. S10a and 10b that no 

simple correlation exists between this ratio and the activity or selectivity of cobalt. Overall, it 

emerges that hcp-CoNR seem more active and less selective than -CoNP, which could be related 

to the specific activity of the facets exposed in each case. 

The results obtained with the ε-CoNP/Gox catalyst are very encouraging as tentatively 

compared to the data reported in the literature for pure cobalt catalysts, even if the conditions 

under which the reactions have taken place are not the same. (Table S1). This prompted us to 

investigate alternative solvents, since it has been shown that alcohols can be beneficial in terms 

of activity in the case of cobalt catalysts.38 In methanol, a large activity increase is noticed, 

however, acetal formation is very high (Table 1). Ethanol constitutes a better choice, leading 

to very high activity and COL selectivity with limited acetal production (Fig. S11 and Table 

1). Figure 7a shows the evolution of activity and selectivity with conversion for ε-CoNP/Gox 

and the results of recyclability tests are shown in Figure 7b. TEM and HRTEM images of the 

catalyst after recycling are shown in (Fig. S12). While low catalyst loading has not allowed 

confirming the conservation of the ε-structure by XRD after the catalytic runs, HRTEM on a 

ε-CoNP after recycling points toward the conservation of the ε-phase (Fig. S12b). Remarkably, 

the ε-CoNP/Gox catalyst achieves high COL selectivity (> 85%) even at complete CAL 

conversion, while maintaining a catalytic activity comparable to some Ru catalysts presenting 

significantly lower COL selectivity.54 These latter results place the ε-CoNP/Gox catalyst largely 

above all the catalysts based on pure cobalt reported in the literature (Table S1 and Fig. S13).  
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Figure 7. ε-CoNP/Gox catalyst performances in ethanol. Evolution of (a) the selectivity to COL 

and the activity as a function of conversion and (b) the selectivity to COL and the activity 

during recycling. 

 

Conclusion 

 

We have shown that metallic Co nano-objects prepared by an organometallic route are 

active catalysts for the selective hydrogenation of cinnamaldehyde to cinnamylalcohol. In 

particular, ε-CoNP supported on oxidized few-layer graphene, outperform their counterparts 

reported so far in the literature. Their good stability under the reaction conditions, and the 

higher selectivity as compared to the hcp-CoNR point towards a positive role of the largely 

unexplored in catalysis ε-Co structure. At this point, it would be premature to attribute the 

differences in the performances of the two types of nano-objects only to their different structure 

and further studies combining experiment and theory will allow determining the underlying 

reasons of their different performances.  
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