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Abstract: Cobalt and nitrogen co-doped carbon materials (Co@CN) have recently attracted significant
attention as highly efficient noble-metal-free catalysts exhibiting a large application range. In a similar
research interest, and taking into account the ever-increasing importance of bioethanol as a renewable
raw material, here, we report the results on ethanol dehydrogenation to acetaldehyde over Co@NC
catalysts. The catalyst samples were synthesized by a variety of affordable techniques, ensuring
generation of various types of Co species incorporated in carbon, such as subnanosized cobalt
sites and nano-sized particles of metallic cobalt and cobalt oxides. The catalytic activity was tested
under both oxidative and non-oxidative gas-phase conditions at 200–450 ◦C using a fixed-bed flow
reactor. The non-oxidative conditions proved to be much more preferable for the target reaction,
competing, however, with ethanol dehydration to ethylene. Under specified reaction conditions,
ethanol conversion achieved a level of 66% with 84% selectivity to acetaldehyde at 400 ◦C. The
presence of molecular oxygen in the feed led mainly to deep oxidation of ethanol to COx, giving
acetaldehyde in a comparatively low yield. The potential contribution of carbon itself and supported
cobalt forms to the observed reaction pathways is discussed.

Keywords: cobalt-nitrogen-carbon catalyst; heterogeneous catalysis; ethanol conversion; dehydro-
genation; acetaldehyde

1. Introduction

Ethanol is one of the most important biomass-derived platform molecules [1,2]. Given
the ongoing trend towards using bioethanol as a renewable feedstock for the production of
commodity chemicals, the development of heterogeneous catalysts for the selective conver-
sion of ethanol into acetaldehyde, ethylene, acetic acid, ethyl acetate, propylene, 1-butanol,
1,3-butadiene and other key chemical intermediates continues to be a challenge [3–5].

In particular, both oxidative and non-oxidative dehydrogenations of ethanol to obtain
acetaldehyde have been extensively studied, and many catalysts have been already tested
in these reactions [3–5]. It should be noted, however, that ethanol dehydrogenation is
often inclined to compete with dehydration, giving ethylene. For that reason, the most
efficient heterogeneously catalyzed conversion of ethanol into acetaldehyde (irrespective
of oxidative or non-oxidative conditions) has been performed with supported noble-metal
catalysts, exhibiting, in addition, the lowest surface acidity [3].

As an alternative route, gaining significant interest, a number of studies have used
catalysts based on readily available, inexpensive transition metals deposited on a low-
acidity carrier. In line with that approach, activated carbon as itself [6–11], and much more
successfully, carbon doped with MoO3 or Cu, have shown high catalytic performances
in the selective non-oxidative dehydrogenation of ethanol to acetaldehyde [12–17]. For
example, conversion of ethanol over Cu deposited on activated carbon has attained a
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level of 65% with 96% selectivity to acetaldehyde at 350 ◦C under gas flow reaction con-
ditions [15], while the use of Cu deposited on mesoporous carbon appeared even more
effective, affording acetaldehyde in a 79% yield at 280 ◦C [13]. On the other hand, the use
of carbon doped with such additives as Ce, Co or Ni has shown poor results [15].

However, it is noteworthy in this regard that carbon materials doped by a combination
of a transition metal (Fe, Ni, Cu, and especially Co) and nitrogen have recently attracted
significant interest as highly efficient noble-metal-free catalysts in a variety of applica-
tions [18–26]. Above all, liquid phase oxidative esterification of alcohols [19,27–33], oxida-
tive dehydrogenation of 1,2,3,4-tetrahydroquinolines into quinolines [20,21], non-oxidative
dehydrogenation of propane to propylene [19] and selective dehydrogenation of formic
acid [34–36] catalyzed by Co@NC materials should be highlighted as quite encouraging for
the use of the analogous catalysts in a gas phase ethanol-to-acetaldehyde conversion.

Notably, the Co@NC catalysts have been prepared by a variety of techniques. They
were often obtained by the incipient wetness impregnation of carbon black or carbon
nanotubes with cobalt(II) salts and N-ligands, followed by pyrolysis [21,22]. In addition,
Co@NC can be synthesized through carbonization of cobalt–nitrogen containing metal-
organic frameworks (MOFs), such as zeolitic-imidazole frameworks (ZIFs) [23,30,35]. Even
more practical seems to be a synthetic approach based on a solid-state mixing of carbon
black with cobalt(II) salts and N-ligands, followed by heat treatment, which can result in
Co@NC catalysts of comparable activity with regard to particular reactions [36,37]. In any
case, all the synthetic techniques finally require a high-temperature (700–1000 ◦C) pyrolysis
of the catalyst precursor, yielding thereby quite similar materials consisting of nano-sized
particles of metallic cobalt, cobalt oxides and subnanosized cobalt species. The latter proved
to be atomically-dispersed Co(II)-Nx sites incorporated in graphene/graphitic carbon [35].
It is remarkable, however, that the relative content of the structural elements listed may
be regulated by using special synthetic or post-synthetic approaches [19,23,34–36]. This,
in principle, allows the establishment of which of the active sites determines the catalytic
performance in any given reaction.

Herein, in continuation of our long-standing interest in the selective conversion of
ethanol into value added chemicals under both oxidative and non-oxidative reaction
conditions [38–40], and in order to explore further the potential applicability limits of
Co@NC type catalysts, we report the findings on the catalytic activity of Co@NC materials
in the ethanol dehydrogenation reaction.

2. Results and Discussion
2.1. Catalysts Characterization

Figure 1 shows the XRD patterns of as-synthesized catalysts. In the case of Co@NC-
Gr, Co@NC-ZIF and Co@C-Gr samples, the clearly visible peaks at 44.0, 51.7 and 75.9◦

correspond to (111), (200) and (220) crystallographic planes of cubic Co. These peaks reflect
the presence of metallic cobalt in the samples. In contrast, such peaks look very faint for
the acid treated samples, Co@NC-GrSA and Co@NC-ZIFSA. Moreover, they are completely
absent in the pattern of the cobalt-free NC-Gr material. The XRD pattern of Co@NC-ZIF
contains also a well distinguishable set of peaks related to crystallographic planes of CoO
and Co3O4 particles. The residual presence of cobalt oxides in Co@NC-ZIF is obviously
related to some carbon deficiency when this material is formed during carbonization of
ZIF-67. As could be expected, metallic Co is mainly formed upon the pyrolysis process,
provided the amount of carbon is sufficient for the reduction of Co+2. However, with the
relative lack of carbon, as in the case of ZIF-67, cobalt oxides cannot be reduced completely
to Co0. Lastly, for all the catalysts two broad diffraction peaks are observed at ~25 and 44◦,
which can be assigned to a turbostratic (amorphous-graphitic) carbon [41].
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Figure 1. Powder XRD patterns of the prepared catalysts. 

Though Co@NC-Gr and Co@NC-ZIF catalysts are obtained by different synthetic 
approaches, their TEM images look very similar except a higher proportion of cobalt 
nanoparticles in the latter sample (Figures S1 and S2, Supplementary Materials). The 
nanoparticles observed are mainly 10 ÷ 30 nm size for both the catalysts, in accordance 
with our previous results [36,37]). Despite being enveloped by graphitic carbon, the me-
tallic cobalt particles practically disappeared after treatment of Co@NC-Gr with sulfuric 
acid (Figure S3). In contrast, Co@NC-ZIFSA retained some parts of cobalt nanoparticles if 
they were in dense graphite packaging (Figure 2a,c). In addition, well-resolved fragments 
of CoOx are present in the catalyst (Figure 2d). That is also confirmed by EDX-STEM 
mapping images of Co@NC-ZIFSA, where location of cobalt and oxygen conglomerates 
definitely coincides in some cases (Figure 3a–c). 

Figure 3d–f demonstrates STEM images of another fragment of the same sample, il-
lustrating a uniform distribution of subnanosized Co species and nitrogen in carbon. Ac-
cording to EDX analysis, the atomic fraction of Co in this area is only 0.27% (1.33 wt.%), 
while the atomic and mass fractions of nitrogen are 2.32 and 2.66%, respectively (Figure 
S4). The subnanosized cobalt can be assumed to exist mainly in the form of a single-atom 
sites coordinated to nitrogen atoms (cf. [34–36]). The estimated Co fraction is certainly less 
than that in an area of Co@NC-ZIFSA, containing Co/CoOx nanoparticles (~6 wt.%, Figure 
S5), and well below of the average Co content determined by XRF technique (Table 1). 
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Figure 1. Powder XRD patterns of the prepared catalysts.

Though Co@NC-Gr and Co@NC-ZIF catalysts are obtained by different synthetic
approaches, their TEM images look very similar except a higher proportion of cobalt
nanoparticles in the latter sample (Figure S1 and Figure S2, Supplementary Materials). The
nanoparticles observed are mainly 10÷ 30 nm size for both the catalysts, in accordance with
our previous results [36,37]). Despite being enveloped by graphitic carbon, the metallic
cobalt particles practically disappeared after treatment of Co@NC-Gr with sulfuric acid
(Figure S3). In contrast, Co@NC-ZIFSA retained some parts of cobalt nanoparticles if they
were in dense graphite packaging (Figure 2a,c). In addition, well-resolved fragments of
CoOx are present in the catalyst (Figure 2d). That is also confirmed by EDX-STEM mapping
images of Co@NC-ZIFSA, where location of cobalt and oxygen conglomerates definitely
coincides in some cases (Figure 3a–c).
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Figure 2. TEM images of Co@NC-ZIFSA: (a) general view; (b) a typical structural motif representing graphitic 
carbon; (c) cobalt residual nanoparticle densely coated with graphite carbon; (d) the fragment containing cobalt 
oxides. 
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Figure 3. Selected EDX-STEM mapping images of Co@NC-ZIFSA: (a–c) mixed C/Co, Co and O elements of a 
fragment containing CoOx; (d–f) Co/C, Co and N elemental mapping of the catalyst area free from Co and CoOx 
nanoparticles. 

Figure 2. TEM images of Co@NC-ZIFSA: (a) general view; (b) a typical structural motif representing graphitic carbon;
(c) cobalt residual nanoparticle densely coated with graphite carbon; (d) the fragment containing cobalt oxides.
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containing CoOx; (d–f) Co/C, Co and N elemental mapping of the catalyst area free from Co and CoOx nanoparticles.
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Figure 3d–f demonstrates STEM images of another fragment of the same sample,
illustrating a uniform distribution of subnanosized Co species and nitrogen in carbon.
According to EDX analysis, the atomic fraction of Co in this area is only 0.27% (1.33 wt.%),
while the atomic and mass fractions of nitrogen are 2.32 and 2.66%, respectively (Figure S4).
The subnanosized cobalt can be assumed to exist mainly in the form of a single-atom sites
coordinated to nitrogen atoms (cf. [34–36]). The estimated Co fraction is certainly less than
that in an area of Co@NC-ZIFSA, containing Co/CoOx nanoparticles (~6 wt.%, Figure S5),
and well below of the average Co content determined by XRF technique (Table 1).

The wide-range XPS spectra confirm the major presence of Co, C, N and O elements
on the surface of Co@NC-ZIF, Co@NC-Gr, Co@NC-ZIFSA and Co@NC-GrSA catalysts
(Figure S6). Predictably, no cobalt or nitrogen is present in the samples of Co@C-Gr and
NC-Gr, respectively. In the high-resolution Co 2p spectrum, the peaks at 780.6 and ~797 eV
can be assigned to Co2+, while the peak at 778.8 eV is related to metallic cobalt (Figure 4a).
As expected, the most significant Co0 inclusion is detected in the Co@NC-ZIF and Co@NC-
ZIFSA samples (Table S1 and Table S2). For all the catalysts, the C 1s region is mainly
represented by the peak of graphitic carbon at the binding energy of 284.5 eV, while the
contribution of C=N (285.8 eV) and C=O (288.1 eV) bonds, and also carbonates (290.2 eV)
is not as considerable (Figure 4b, Table S3). The N 1s XPS spectrum is resolved into four
peaks corresponding to pyridinic (398.8 eV), pyrrolic/graphitic (400.8 eV) and NOx (402.8,
405.6 eV) functions (Figure 4c). Their relative contributions are given in Table S4. As it
can be seen, the pyridinic- and pyrrolic-graphitic forms of nitrogen are predominant in all
the Co@NC catalysts and in the NC-Gr sample. However, their input obviously correlates
with the N-ligand taken, and the catalysts based on 1,10-phenanthroline, Co@NC-Gr and
Co@NC-GrSA, have a higher percentage of pyridinic nitrogen. The XPS characteristics are
fully in line with those of Co@NC materials known in the literature [19–24,27–30,34–37].
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Summarizing the above characterizations and taking into account the relevant literary
data [34–36], it can be concluded that the parent samples Co@NC-Gr and Co@NC-ZIF
contain significant, though rather different amounts of nano-sized particles of metallic
cobalt, and comprise also a uniformly distributed atomically-dispersed cobalt species
Co-Nx in pyridinic/pyrrolic environment. In addition, the Co@NC-ZIF sample contains a
considerable amount of cobalt oxides, detectable by XRD, while Co@NC-Gr may include
such oxides in a less amount, as revealed by TEM [36]. After leaching these samples with
sulfuric acid, the resulting Co@NC-GrSA and Co@NC-ZIFSA materials consist mainly of
graphitic carbon with the inclusion of cobalt single-atomic centers (Co-Nx) which stood
intact upon the acid treatment conditions. In addition, Co@NC-ZIFSA contains residual
amounts of Co nanoparticles, enveloped by carbon, and nanoparticles of CoOx.

2.2. Gas-Phase Catalytic Reactions of Ethanol in a Flow Reactor

Initially, we examined the catalytic performance of the selected samples, Co@NC-Gr,
Co@NC-ZIF and Co@NC-ZIFSA, in a single pass flow oxidation of ethanol (Figure 5). As it
can be seen, formation of acetaldehyde was highly unselective even at a low conversion
of ethanol, competing strongly with the deep oxidation pathway already at 200 ◦C. In
contrast to Co@NC-ZIF, Co@NC-ZIFSA appeared notably more active at the initial range of
temperatures, from 200 to 230 ◦C, but this activity led only to deeper oxidation of ethanol,
yielding mainly COx.
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temperature: conversion of ethanol (�) and selectivities toward acetaldehyde (•) and CO + CO2 (N). Gas mixture: 2 vol.%
EtOH, 18 vol.% O2, He balance; GHSV ≈ 18,000 h−1.

It should be noticed that these findings are quite different from the results on liquid
phase aerobic oxidation of alcohols over Co@NC catalysts leading normally to highly
efficient oxidative (cross)esterification reactions under comparatively mild conditions
(25–60 ◦C) [19,27–33]. However, such difference can be easily understood given the consid-
erably greater concentration of ethanol in the liquid phase, prompting the formation of an
intermediate hemiacetal with its further oxidation to an ester. This avoids the alternative
reaction pathways occurring in the gas phase.

Figure 6 demonstrates the catalytic performance of Co@NC-Gr, Co@NC-ZIF, Co@NC-
GrSA, Co@NC-ZIFSA, Co@C-Gr, and NC-Gr samples in ethanol dehydrogenation under
non-oxidative conditions. With the exception of Co@NC-ZIF, these catalysts provide
significant selectivity to acetaldehyde at the temperature range of 250–400 ◦C. However, the
catalytic activity of the samples is very different, which is quite evident when considering
the corresponding conversions of ethanol on the same graph (Figure S7). It is especially
noticeable here that the cobalt-free catalyst, NC-Gr, is the least active compared to others.
This indicates the predominant contribution of cobalt species to the target reaction. It
should also be noted that the nitrogen-free catalyst, Co@C-Gr, is less active than Co@NC
catalysts, confirming a certain role of nitrogen in the catalytic activity.
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Furthermore, Figure 7 illustrates explicitly that Co@NC-Gr and moreover Co@NC-ZIF
samples are more inclined to catalyze ethanol dehydration to ethylene compared to Co@NC-
GrSA and Co@NC-ZIFSA samples. This is probably due to a higher presence of CoOx
species in the parent catalysts. Indeed, cobalt oxides are known to reveal significant Lewis
acidity [42] and therefore can initiate an acid-catalyzed conversion of ethanol to ethylene.
After sulfuric acid leaching, the obtained Co@NC-GrSA and Co@NC-ZIFSA samples
become less active toward ethanol dehydration (Figure 7b). Obviously, this is due to at least
partial removal of CoOx (though along with Co nanoparticles). At the same time, it is clearly
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seen that the removing of Co nanoparticles and CoOx strongly influences the catalytic
activity towards ethanol dehydrogenation as well (Figure 7a). For Co@NC-ZIF catalyst, the
maximum yield of acetaldehyde, around 50%, is observed at 300 ◦C, while for Co@NC-
ZIFSA that occurs at 400 ◦C. A similar tendency also occurs for Co@NC-Gr and Co@NC-
GrSA samples, which provide the maximum yield of acetaldehyde (~60%) at 350 and
450 ◦C, respectively. These observations may indicate that at a lower temperature, ethanol
is dehydrogenated by metal cobalt and cobalt oxide nanoparticles, whereas subnanosized
cobalt species are active at higher temperatures and provide better selectively.
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Figure 8 allows a straight comparison of the catalytic activity of Co@NC-Gr, Co@NC-
ZIF and Co@NC-ZIFSA catalysts in the ethanol to acetaldehyde conversion under oxidative
versus non-oxidative reaction conditions. It is clear that in the presence of oxygen, catalytic
activity, but not selectivity, is much higher. Notably, such catalytic behaviour is very
consistent with that for supported gold and other noble metal catalysts [39,43–45], which
was mainly due to the direct involvement of atomic or molecular oxygen species in reaction
with ethanol [43] or due to shifting the equilibrium in the dehydrogenation of ethanol
through the hydrogen oxidation [39]. Likewise, Co@NC materials, largely known as active
catalysts in the oxygen reduction reaction (ORR) [23–25], induce an efficient generation
of reactive oxygen species due to the surface mono-atomic Co active sites in pyridinic
and pyrrolic environment [25,46]. These oxygen forms can oxidize ethanol directly or
subsequently react with atomic or molecular hydrogen.
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Table 1. Catalytic activity of selected carbon based catalysts in ethanol dehydrogenation to acetalde-
hyde a.
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Catalyst
Reaction

Temperature
(◦C)

Ethanol
Conversion

(%)

Selectivity to
Acetaldehyde

(%)
Ref.

NC-Gr 400 25 91 This work
Co@C-Gr 400 52 82 This work

Co@NC-GrSA 400 66 84 This work
300 15 97

MCF-C b 400 17 80 [7]
NG c 350 ~10 ~100 [11]

AC-D d 400 48 98 [8,47]
CNT-AO e 300 59 97 [9]
Co/ACC f 400 7 93 [15]
4%Co/C g 400 54 92 [47]
Cu/ACC h 350 65 96 [15]

1Cu/NMC-7 i 350 57 99 [17]
Cu/MC j 280 83 95 [13]

Cu/C/SiC k 280 66 99 [16]
a The data refer to non-oxidative gas phase reactions under comparable flow conditions. b Mesocellular foam
carbon. c Nitrogen-doped graphene nanosheets. d Activated carbon derived from coffee residue. e Carbon
nanotubes treated with HNO3. The data obtained by the pulsed microcatalytic technique. f Co on activated
carbon. g Co on activated carbon derived from coffee residue. h Cu on activated carbon. i Cu on N-doped ordered
mesoporous carbon. j Cu on mesoporous carbon. k Cu on carbon/silicon carbide.

A long-term experiment on ethanol dehydrogenation was carried out by the example
of Co@NC-GrSA sample, which demonstrated significant catalytic stability (Figure 9). No
drop of selectivity to acetaldehyde (~90%) at practically constant conversion of ethanol
(~40%) was observed during 6 h. It indicates that the Co@NC-GrSA composite combines
the favorable characteristics in terms of its potential use in practice.
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Finally, a comparative catalytic performance of a set of carbon and selected carbon-
supported catalysts in the gas phase dehydrogenation of ethanol is shown in Table 1.
Although Co@NC-GrSA demonstrates an activity and selectivity somewhat inferior to
those of the presented Cu-based catalysts, it turns out to be notably more efficient catalyst
than the metal-free carbon materials. It is noteworthy also that Co/ACC exhibited a
comparatively poor catalytic performance, close to that of purely carbon catalysts. In
contrast, 4%Co/C catalyst, derived from coffee residue, showed a much higher catalytic
activity [47]. This, however, could be related to the carbon support’s own considerable
activity, as the parent cobalt-free catalyst AC-D showed a very close activity.

3. Experimental
3.1. Materials

Cobalt(II) nitrate hexahydrate (Fisher Scientific UK, Loughborough, UK), cobalt(II)
acetate tetrahydrate (99.5%, Vekton, St. Petersburg, Russia), 2-methylimidazole (97%, Alfa
Aesar, Thermo Fisher, Kandel, Germany), 1,10-phenanthroline monohydrate (99%, Sigma-
Aldrich, Saint Louis, MO, USA) and VulcanXC72R carbon powder (Cabot Carbon Limited,
Ellesmere Port, UK) were used as received from the chemical suppliers.

3.2. Catalysts Preparation
3.2.1. Preparation of Co@NC-ZIF and Co@NC-Gr

The samples denoted as Co@NC-ZIF and Co@NC-Gr were synthesized according to
the literature, via a separate ZIF-67 synthesis [30,33] and through the use of solid-state
grinding technique [36,37], respectively (Table 2).

Table 2. Characterization data for Co@NC materials.

Entry Catalyst Cobalt Salt/L a
Carbon

Support b

(wt.%)

Pyrolysis
(◦C, h, Gas) Co c (wt.%)

SBET
(m2 g−1)

1 Co@NC-ZIF d Co2/L2 = 1:40 - 850, 2, Ar 32.8 174
2 Co@NC-ZIFSA

e - - - 10.9 507
3 Co@NC-Gr f Co1/L1 = 1:2 65 800, 2, Ar 5.0 93
4 Co@NC-GrSA

e - - - 1.8 45
5 Co@C-Gr f Co1 80 800, 2, Ar 5.3 234
6 NC-Gr f L1 77 800, 2, Ar 0.0 202

a Molar ratio. Salts: Co1 = Co(OAc)2 × 4H2O; Co2 = Co(NO3)2 × 6H2O. Ligands: L1 = 1,10-phenanthroline ×
1H2O; L2 = 2-methylimidazole. b VulcanXC72R, weight content before heat treatment. c Overall Co loading based
on XRF analysis. d A MOF (ZIF-67)-derived sample. e The sample after treatment with a 1 M solution of sulfuric
acid at 90 ◦C for 5 h. f Sample obtained by the solid-state grinding approach.

3.2.2. Preparation of Co@NC-ZIFSA and Co@NC-GrSA

Co@NC-ZIF (1.16 g) was suspended in a 1 M sulfuric acid water solution (90 mL) at
room temperature and after an intensive gas discharge of 5 min, the suspension obtained
was stirred at 90 ◦C for 5 h. The catalyst was filtered off, washed consecutively with
deionized water, followed by 0.3 M K2CO3 aqueous solution and deionized water until
neutral. The solid obtained was dried under vacuum at 80 ◦C for 5 h, yielding 0.78 g of
Co@NC-ZIFSA. The sample denoted as Co@NC-GrSA was prepared analogously from
Co@NC-Gr.

3.2.3. Preparation of CoC-Gr

VulcanXC72R carbon (0.8 g), cobalt(II) nitrate hexahydrate (0.2 g) and a few drops of
water were hand-ground with a pestle in an open mortar for 10 min. The resultant mixture
was then heat treated in a ceramic crucible under conditions indicated in Table 2.

3.2.4. Preparation of NC-Gr

VulcanXC72R carbon (1.0 g), 1,10-phenanthroline monohydrate (0.3 g) and a few drops
of water were hand-ground with a pestle in an open mortar for 10 min. The resultant



Catalysts 2021, 11, 1411 11 of 14

mixture then underwent thermal processing in a ceramic crucible at conditions shown
in Table 2.

3.3. Catalysts Characterization Techniques

Catalysts characterization techniques are described in the Supplementary Materials (SI).

3.4. Catalytic Performance Tests

The temperature-programmed gas-phase reactions were performed in a quartz tube
flow reactor with an internal diameter of 6 mm. Reactions were conducted at atmospheric
pressure using a catalyst sample (200 mg, ~0.2 mL) mixed with quartz sand (0.5 mL,
d = 0.25 mm). The gas mixture of EtOH/He = 5/95 or EtOH/O2/He = 1/9/40; was fed
to the reactor (GHSV ≈ 18,000 h−1, based on the active phase of the catalyst only). The
heating rate was 2 ◦C min−1. The temperature of reaction (±1 ◦C) was controlled inside
the reactor with a thermocouple placed in the catalyst bed. During the catalyst testing,
gas samples were analyzed periodically by integrated online gas chromatography (GC,
Tsvet-500; 30 m× 0.32 mm monolithic poly(divinylbenzene) capillary column; 170 ◦C) with
a flame-ionization detector for determination of organics (ethanol, acetaldehyde, acetic
acid, ethyl acetate, diethyl ether, ethylene and methane). For determination of carbon
oxides, they were preliminarily separated on a 1.5 m × 3 mm steel column filled with
Porapak Q at 20 ◦C followed by methanation. Prior to the catalytic runs, the catalysts were
activated at 300 ◦C in a flow of helium for 1 h. The reactor was then cooled to 200 ◦C and
the feed was switched to a mixture of gaseous reagents by 20 min to reach the steady state
initial conditions.

4. Conclusions

The catalytic activity of Co@N-doped carbon materials has been studied with regard
to the selective dehydrogenation of ethanol to acetaldehyde under both oxidative and
non-oxidative gas phase conditions.

It turned out that the presence of oxygen in the reaction feed resulted in a significant
contribution of deep oxidation to the reaction, yielding COx.

In contrast, non-oxidative conditions appeared more applicable to the target reaction,
which is quite selective in the temperature range of 200 to 400 ◦C, especially at a low content
of CoOx in the catalyst, which catalyze largely the concurrent dehydration of ethanol to
ethylene. Removal of Co and CoOx nanoparticles by treating of the parent Co@NC catalysts
with sulfuric acid led to increased selectivity of reaction to acetaldehyde. Nevertheless,
this has led to a simultaneous decrease in catalytic activity in general, indicating partial
contribution of Co and CoOx nanoparticles to the ethanol non-oxidative dehydrogena-
tion. However, as opposed to the participation of Co/CoOx nanoparticles, subnanosized
cobalt species (which are single atomic cobalt sites in pyridinic/pyrrolic environment,
uniformly distributed in Co@NC catalysts) provide more selective conversion of ethanol to
acetaldehyde, though with a higher temperature.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11111411/s1, Catalysts characterization techniques, Figure S1: TEM images of Co@NC-
Gr, Figure S2: TEM images and EDX analysis of Co@NC-ZIF, Figure S3: EDX-STEM mixed Co/C
mapping image and TEM images of Co@NC-GrSA, Figure S4: HAADF and EDX-STEM mixed
C/N/Co mapping images of Co@NC-ZIFSA, Figure S5: HAADF and EDX-STEM mixed C/N/Co
and O mapping images of Co@NC-ZIFSA for the area containing Co/CoOx nanoparticles, Figure S6:
Survey XPS of the samples, Figure S7: Conversions of ethanol under non-oxidative conditions as a
function of temperature, Table S1: The XPS-derived chemical composition of the samples, Table S2:
The XPS-derived atomic fractions of elements in the samples, Table S3: The relative contribution of
carbon species in the N 1s spectra, Table S4: The relative contribution of nitrogen species in the C 1s
spectra, Table S5: Textural parameters of the samples.

https://www.mdpi.com/article/10.3390/catal11111411/s1
https://www.mdpi.com/article/10.3390/catal11111411/s1
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