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ABSTRACT: The composition of the reducing gas in the activation of Co Fischer-
Tropsch synthesis catalysts determines the nature of the catalytically active Co species.
This study reports on the effect of H2 versus syngas (H2/CO = 2) on the reducibility of
Co3O4 nanoparticles supported on hollow carbon spheres, using ex situ and in situ high-
resolution aberration-corrected analytical electron microscopy. High-resolution images
revealed twinned fcc Co particles encapsulated in carbon from syngas treatment while
H2-treated particles were mostly CoO. Moreover, the electron energy loss of the Co-L3,2

and O-K edge fine structures show improved reducibility in syngas than in H2 at 350 °C.
The effect of high temperature on the reducibility of the Co3O4 nanoparticles is also
explored. Carbon fiber encapsulation of twinned fcc Co particles observed during the syngas treatment provides sinter resistance at
high temperatures. Both ex situ and in situ results indicate that syngas activation is efficient for obtaining highly reduced Co
nanoparticles at lower temperatures.

■ INTRODUCTION

Cobalt nanoparticles used in industrial Co Fischer−Tropsch
synthesis (FTS) are active in their reduced metallic state.1,2

Consequently, the production of active metallic Co is typically
achieved by reducing spinel Co3O4 (or CoO) in the catalytic
reactor before FTS. This is arguably one of the most critical
steps in FTS as it determines the nature of the Co active sites
produced.2−12 However, depending on the reduction temper-
ature, the composition of the reducing gas, the catalyst
promoter, catalyst support, and particle size, Co3O4 may not
entirely reduce to metallic Co. This results in a catalyst with
mixed Co valence states, crystallographic phases, and surface
terminations.13

Studies have shown that reducing Co3O4 under H2, a direct
syngas mixture, or sequential CO & H2 treatment results in
varying catalytic performance.2,4−12 The difference is generally
attributed to the Co crystallographic phases [i.e., hexagonal
close-packed (hcp) vs cubic close-packed (ccp)] and valence
states formed during reduction.6,7,9,14−16 Temperature-pro-
grammed reduction (TPR) studies have shown that the
reduction of Co3O4 with H2 is a two-step process comprising
the conversion of Co3O4 to CoO, followed by the conversion
of CoO to Co.17 In comparison, the reduction of Co3O4 with
syngas proceeds through the formation of Co2C, which
decomposes to metallic hcp Co at lower temperatures (130−
230 °C)7,18−20 compared to the decomposition of CoO into
ccp Co in H2 at 500−600 °C.17

Conventionally, X-ray spectroscopic techniques have been
used to determine the valence state of Co FT catalysts both ex
situ and in situ.9,13,21 However, these methods use bulk probes

that lack the spatial resolution needed to determine the catalyst
morphology, size, and local surface structure for correlation
with the catalytic activity and selectivity.22 Alternatively,
electron energy loss spectroscopy23 (EELS) can be used to
obtain information about the valence state of Co,24 in which
variations in the Co valence state alter the L3/L2 peak intensity
ratio of the Co-L3,2 edge, the L3,2 peak-to-peak energy
separation, and the onset energy loss of the L3 peak, as well
as the O-K pre-peak.25−27 These parameters can hence be used
to measure the oxidation state of the catalyst quantitatively
after reduction.
When carried out in conjunction with EELS, aberration-

corrected scanning transmission electron microscopy (STEM)
provides direct structural and chemical information at high
spatial resolution.23,28 Most studies of the pretreatment of Co
catalysts for FTS using (S)TEM have focused on H2 since it is
well understood.24,29−35 In contrast, there have been only
limited studies on the activation of Co catalysts in syngas or
comparisons of the effect of the activation gas composition. In
addition, while many studies have explored the reduction
behavior of Co catalysts on different inorganic oxide
supports,2,4−6,9−12 little work has been done to explore the
role of C supports on the Co reduction process using H2 or
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syngas. Unlike C supports, inorganic oxide supports, such as

TiO2, Al2O3, and SiO2, generally have strong metal−support

interaction, resulting in the formation of stable Co species

(e.g., cobalt silicate) that can only be reduced at high

temperatures.36,37 Hence, studies of the effects of the catalyst

activation method on the active metal catalyst’s physicochem-

ical properties require a more inert catalyst support that does

not affect the properties and the reducibility of the catalyst.38

This paper compares the atomic structure and valence states of

Co supported on hollow carbon spheres (HCSs) reduced

under H2 and syngas (H2/CO = 2) using both ex situ and in

situ high-resolution aberration-corrected analytical electron

microscopy.

■ EXPERIMENTAL SECTION

Synthesis of Co3O4 Supported on HCSs. In a typical
procedure, Co3O4 nanoparticles (6.4 nm) were synthesized by
a surfactant-free method using cobalt acetate as a precursor
salt, benzyl alcohol as the solvent, and ammonia solution as the
precipitating agent at 160 °C.39 Subsequently, HCSs (diameter
= 200 nm and shell thickness = 25 nm) were prepared by
coating a spherical polystyrene (PSS) template with a
resorcinol-formaldehyde (RF) polymer to form a composite
(PSSs@RF).40 Template removal and carbonization were
performed in a one-step procedure inside a horizontal quartz
tube by initially heating the composite under N2 flow (50 mL/
min) at 350 °C for 1 h to decompose and remove the
polystyrene template, followed by thermal annealing of the
HCSs at 600 °C for 2 h under N2 atmosphere. Finally, the
abovementioned presynthesized Co3O4 nanoparticles were

Figure 1. STEM−ADF images of the Co nanoparticles (a) before and after the ex situ reduction in (b) syngas (H2/CO = 2) and (c) H2 at 350 °C.
(d−f) are the corresponding high-resolution STEM−ADF images of the as-prepared Co3O4, syngas-, and H2-reduced nanoparticles. (g−i) are the
average particle size distributions of the as-prepared Co3O4, syngas-, and H2-reduced nanoparticles.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c00482
J. Phys. Chem. C 2022, 126, 6325−6333

6326



loaded on the surface of the HCSs using ethanol as the
dispersing solvent in an ultrasonicator to prepare the precursor
catalyst.
Reduction of Co3O4 Supported on HCSs. For ex situ

analysis, the precursor (0.3 g, ca. 10% Co loading) was initially
loaded in a quartz reactor and reduced in a tube furnace under
a 100 mL/(min·gcat) flow of 10% H2/N2 gas or syngas (H2/
CO/N2 ∼60/30/10 vol. %) at 350 °C at atmospheric pressure
for 20 h. For this reaction, the effect of the H2 content between
10% H2 and syngas is insignificant because the volume of gas
required to react completely with the loaded catalyst is
infinitely smaller than the volume of gas supplied to the
catalyst at 100 mL/min over the reaction duration. The
reduced catalyst was subsequently stored in an argon gas-filled
glovebox prior to analysis, and all specimens for electron
microscopy were prepared in the glovebox. The specimens
were mounted in a single tilt holder and transferred to the
microscope. During this time, surface oxidation of the Co
catalyst is expected. The catalysts were studied in a probe-
corrected JEOL ARM200F at the electron Physical Science
Imaging Centre (ePSIC) operated at 200 kV, equipped with a
Gatan GIF Quantum 965 ER spectrometer.
For the in situ reduction, the same microscope was used with

a DENS solutions Climate in situ nanoreactor gas supply
system capable of real-time dynamic mixing of 3 gases over a
temperature range from room temperature to 1300 °C. The
gas supply system provided a 0.2 mL/min flow of gas at a
pressure of 500 mbar for both H2 (10 H2/90 N2) and syngas
(10 H2/5 CO/75 N2) reduction. For both ex situ and in situ
experiments, the syngas mixture was maintained at H2/CO =
2. The temperature was ramped from room temperature to 150
°C under a N2 flow to remove contaminants and then ramped
to 350 °C at 10 °C/min under a reducing environment. The
temperature was then held at 350 °C for 2 h for catalyst
activation due to the impracticality of running a 20 h in situ
gas-phase reaction in a microscope.
For both ex situ and in situ experiments, a probe current of

13 pA, convergence semiangle of 14 mrad, ADF inner- and
outer-detector semiangles of 86.1−294.1 mrad, and a
spectrometer collection semiangle of 39.6 mrad were used
for the simultaneous acquisition of both EELS and ADF
signals. Low-loss valence and core-loss spectra were acquired
simultaneously using DualEELS with a 0.25 eV/ch dispersion
and a pixel dwell time of 0.1 s. High-resolution ADF images
were acquired using the same probe current at ADF inner- and
outer-detector semiangles of 25.9−88.6 mrad, respectively.
Additional STEM−EELS and ADF data were acquired on a
probe-corrected JEOL ARM200F at the David Cockayne
Centre for Electron Microscopy under the same conditions.
Data Processing. To extract the signal from the ionization

edges in the core-loss region of the spectrum, the background
subtraction was modeled as a power-law,41,42 and the effect of
multiple scattering was removed by Fourier-ratio deconvolu-
tion of the background-subtracted extracted core-loss edge
signal to obtain a reliable quantification.23,43,44 Elemental maps
were constructed from the integrated intensities of the O-K
and Co-L3,2 ionization edges using ionization cross-sections
calculated based on a Hartree−Slater model, as provided in
Gatan Microscopy Suite (GMS) 3 software.42,45,46 The values
of the Co-L3,2 intensities and energy losses were subsequently
extracted and plotted from raw spectra using the ParticleSpy47

python package (v 1.4) (https://github.com/ePSIC-DLS/
ParticleSpy), using the fitting functionality of the Hyperspy48

python package (v 1.6.0). This automated curve fitting in
python to extract the data from raw spectra eliminates human
error arising from inconsistent background subtraction and
peak intensity measurements. However, accurate peak fitting
and data measurement using this script depend on the quality
of the raw data (Figure S1, Supporting Information) and, in
particular, noisy data led to less accurate peak fitting because it
is difficult to distinguish signal from noise (Figure S1b),
resulting in outliers in the scatter plots.

■ RESULTS AND DISCUSSION

The integrity of the HCS support may be compromised during
reduction with H2 by removing C from the support to form
methane.49 This may result in the depletion of the support and
subsequent particle sintering. Hence, it is essential to analyze
the overall morphology (mainly the shape of the carbon
support) post reduction. Figure 1a−i shows low magnification
and high-resolution STEM−ADF images, together with the
average particle size distributions, of the as-prepared Co3O4

and ex situ syngas- and H2-reduced HCS-supported nano-
particles. The structure (morphology) of the supporting
spheres remains intact after 20 h of reduction at 350 °C.
In contrast to the Co3O4 precursor and the H2-reduced

nanoparticles, the syngas-reduced nanoparticles (Figure 1b)
are partially encapsulated by carbon nanofibers (CNFs)
formed by the CO disproportionation, and the Co-catalyzed
nucleation and growth of the atomic C from CO dissociation
(see Figure S2, Supporting Information).35,50,51 It has been
suggested that the CO dissociation could lead to a deactivation
of active catalytic sites through surface coverage by graphitic C
and possible Co2C formation.50−52 However, it has also been
proposed that the presence of H2 in syngas (for H2/CO > 1)
promotes the gasification of excess C as methane.35,52 This
creates a porous C shell through which the Co active sites are
accessible to the reactants.5−9 Also, the formation of highly
graphitic carbon at 350 °C is unlikely.
The as-prepared Co3O4, ex situ syngas-, and H2-reduced

nanoparticles have average particle size distributions of 6.41 ±

0.12, 8.92 ± 0.18, and 9.45 ± 0.20 nm, respectively (Figure
1g−i). The observed increase in the average particle size
distributions of the reduced nanoparticles compared to the as-
prepared Co3O4 is attributed to particle coalescence/crystal
merging during reduction at 350 °C, inevitably leading to the
formation of twin boundaries53 in syngas-reduced ccp Co
nanoparticles, as seen in Figure 1e. Notably, syngas-reduced
nanoparticles have a smaller average size distribution than H2-
reduced nanoparticles. We believe the smaller average particle
size distribution in syngas compared to H2-reduced nano-
particles is owed to the sinter-resistance provided by the CNFs,
which prevents excessive particle coalescence.
The nanoparticles of the as-prepared Co3O4 (Figure 1d)

exhibit a faceted cubic morphology projected in a ⟨110⟩ zone
axis with a 0.49 nm interplanar spacing between the {111}
planes consistent with a normal spinel crystal structure and
particle shape obtained in the applied synthesis39 strategy. The
morphologies of the syngas- (Figure 1e) and H2-(Figure 1f)
reduced nanoparticles have a pseudospherical shape due to loss
of faceting under the elevated temperature reduction
commonly observed in the thermal treatment of nano-
particles.54 The atomic structure of the H2- and syngas-
reduced nanoparticles is discussed in detail later.
In addition to changes in morphology, the oxidation state of

Co also changes during the reduction process. The Co-
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oxidation state changes as a function of the reducing gas
composition were investigated using STEM−EELS. Figure
2a−j compares the EELS spectra and elemental maps of single
particles of the as-prepared Co3O4, and the syngas- and H2--
reduced nanoparticles. The as-prepared Co3O4 EELS spectrum
(green in Figure 2a) exhibits the typical O-K edge and Co-L3,2

edge fine structure expected for spinel cobalt oxide
materials.33,55 In Figure 2a, peak α at ∼530 eV corresponds
to electronic transitions from the O 1s states to hybridized O
2p−Co 3d states. Peak β at ∼543 eV is typically a broad peak
due to an unresolved shoulder and has been attributed to
transitions from the O 1s state to O 2p−Co 3d and O 2p−Co
3sp states.27 The Co-L3,2 edge-fine structure consists of two
white lines, the Co-L3 peak (∼778 eV) and the Co-L2 peak
(∼794 eV), corresponding to transitions from 2p3/2 and 2p1/2
to unoccupied 3d states.25

Visual evaluation of all the three EELS spectra in Figure 2a
show that the position of the Co-L3 edge is shifted to a lower
energy loss by at least ∼3 eV in the reduced nanoparticles’
spectra compared to the Co3O4 spectrum. Also, a decrease in
the O-K edge α peak’s relative intensity is observed in the
reduced nanoparticles’ O-K edge fine structure (Figure 2a)
compared to the Co3O4. These observations are indicative of a
decrease in the oxidation state of Co.25,27

However, the differences in the features of the O-K edge fine
structure (Figure 2a) of the two methods (H2 and syngas)
indicate varying degrees of reduction. Therefore, additional
spectra were collected for comparison between ex situ syngas-
and H2-reduced nanoparticles at 350 °C, with the as-prepared
Co3O4 as a reference, and these are shown in Figure 3a−c. In
Figure 3a, features in the O-K edge fine structure (∼530−545
eV) from the H2-reduced nanoparticles (blue spectra) are

Figure 2. EELS spectra of the as-prepared Co3O4 (green), syngas- (orange), and H2- (blue) ex situ reduced nanoparticles at 350 °C. The black
dashed line shows the Co-L3 edge energy difference between the as-prepared Co3O4 and reduced nanoparticles, while the red dotted line shows the
energy difference between the syngas- and H2-reduced particles. EELS elemental maps of (b−d) as-prepared, (e−g) syngas-reduced, and (h−j) H2-
reduced Co3O4 nanoparticles. Spectrum images were acquired using a 0.25 eV/ch dispersion with a pixel dwell time of 0.1 s and pixel size of 0.52,
0.4, and 0.42 nm/pix, respectively. The red and green regions represent the integrated O-K edge and Co-L3,2 edge signals.

Figure 3. (a) EELS spectra of the as-prepared Co3O4 (green spectrum), 350 °C ex situ syngas- (orange spectra), and H2- (blue spectra) reduced
nanoparticles. (b,c) Scatter plots of the Co L3/L2 intensity ratio vs Co L3−L2 distance and Co-L3 position vs Co L3−L2 distance, respectively. Each
spectrum was recorded from a single nanoparticle. Spectrum images were acquired using the same conditions as in Figure 2.
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more clearly defined, with a resolved α peak (∼530 eV) and a
relatively intense β peak (∼543 eV) compared to spectra from
the syngas-reduced nanoparticles (orange spectra). Moreover,
the absence of the O-K edge α peak (∼530 eV) and the
diminished O-K edge signal in the syngas-reduced nano-
particles’ spectra suggest the Co here is in a near metallic state
compared to the H2-reduced nanoparticles. This is also
consistent with the more intense Co signal (green) in the
elemental map from a syngas-reduced nanoparticle (Figure
2g), compared to a more diffuse Co signal in the elemental
map of a H2-reduced nanoparticle (Figure 2j).
The Co L3/L2 peak intensity ratio, Co L3−L2 peak-to-peak

energy separation, and the Co/L3 peak position values were
plotted from the spectra (raw data) of the as-prepared Co3O4,
syngas-, and H2-reduced HCS-supported nanoparticles for
semiquantitative comparisons using the ParticleSpy package
(Figure 3b,c). These experimental values were also compared
to EELS spectra from standard Co samples (Figure S3 & Table
1) with known oxidation states. However, a metallic Co

standard sample was not measured since Co readily oxidizes in
air and is unavailable as a metallic commercial standard.
Hence, in this instance, data were compared with reported
values for metallic Co reduced and measured in situ.24

The clear separation in the distribution of the data points in
the scatter plots (Figure 3b,c) indicates that the as-prepared
Co3O4, syngas-, and H2-reduced nanoparticles have different
Co-oxidation states. Specifically, the average Co L3−L2 peak-
to-peak separation for the H2-reduced nanoparticles’ EELS
spectra (15.07 ± 0.02 eV) is smaller than the Co L3−L2 peak-

to-peak separation (15.7 ± 0.03 eV) for syngas-reduced
nanoparticles (Figure 3b,c). Moreover, the average Co L3−L2

peak-to-peak separation of the as-prepared Co3O4 (14.78 ±

0.05 eV) EELS spectra is smaller than in both the syngas- and
H2-reduced nanoparticles. The average Co L3−L2 peak-to-peak
separation of the H2-reduced nanoparticles and the as-prepared
Co3O4 is consistent with standard Co2+ (15.75) and spinel
oxide (14.75), respectively (Table 1). In addition, the average
Co-L3 peak position is slightly shifted to lower energy losses
for the syngas (778.0 ± 0.07 eV) compared to the H2- (778.3
± 0.06 eV) reduced nanoparticles and the as-prepared Co3O4

(779.1 ± 0.06 eV) (Figure 3b). The average Co-L3 peak
positions for H2 and the as-prepared Co3O4 are comparable to
the standard Co2+ and spinel cobalt oxide, respectively (Table
1). It has been reported25,56 that this increase in the Co L3−L2

peak-to-peak separation, accompanied by a shift in the Co-L3

edge to lower energy losses, indicates an increase in the
number of d electrons in a more highly reduced state.
The syngas reduced nanoparticles’ average Co-L3/L2

intensity ratio (3.4 ± 0.16) is comparable to the ratio
(∼3.15) reported for in situ reduced metallic Co,24 indicating a
higher degree of Co0, which is in agreement with the elemental
map (Figure 2g). In contrast, the Co-L3/L2 intensity ratio of
the standard CoO sample (∼4.51) in Table 1 was comparable
to that of the H2 reduced nanoparticles (3.9 ± 0.18), indicating
that the particles are mostly Co2+. The difference (∼0.4) in the
measured average Co L3/L2 ratio of the samples from the
standard Co L3/L2 ratios likely results from mixed Co-
oxidation states due to surface reoxidation of the reduced
nanoparticles in air. Nevertheless, our preliminary results
(Figure S4, Supporting Information) on in situ STEM−EELS
and ADF, in the absence of air surface reoxidation, show that
syngas achieves a higher degree of Co reduction than H2.
In addition to EELS, high-resolution STEM−ADF imaging

was used to investigate the differences in the atomic structure
associated with the observed differences in Co-oxidation states
in the syngas- and H2-reduced nanoparticles. Figure 4a−e

Table 1. Data Obtained from the EELS Spectra of Co
Standards with Known Oxidation States in Figure S3

spectra L3/L2 L3−L2 (eV) Co-L3 (eV)

Co3+ 2.29 14.5 780.3

Co3+/Co2+ (spinel) 2.40 14.75 779.6

Co2+ 4.51 15.75 778.4

Figure 4. High-resolution STEM−ADF images of ex situ (a−c) 350 °C syngas- and (d,e) H2-reduced nanoparticles. (b) Magnified, false-color
STEM−ADF image of the twin boundary of the particle in (a) showing the 138.5° boundary angle and the stacking sequence with reversed {111}
planes. Power spectra calculated from the images in (a,b,d) are insets. The power spectrum inset in (b) corresponds to ⟨111⟩ ccp Co with doubled
{022} reflections (labeled in a yellow box and circle) resulting from two overlapping single crystals of ⟨111⟩ ccp Co mirrored at a 138.5° twin
boundary angle. The power spectrum inset in (d) corresponds to a ⟨110⟩ projection of the CoO rocksalt structure.
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shows high-resolution STEM−ADF images of syngas- (a−c)
and H2- (d,e) reduced nanoparticles. Some of the nano-
particles reduced at 350 °C in syngas show twinning on {111}
planes (Figure 4a), while some show a core−shell structure,
with a metallic Co core and a metal oxide shell (Figure 4c),
consistent with surface reoxidation of metallic Co. As
mentioned earlier, the coalescence of particles can also lead
to the formation of twin boundaries via crystal merging at a
common facet.53 We also note that twinning in ccp metals via
the stacking fault in the {111} planes is also a common
structural configuration in the thermally annealed ccp metals in
an attempt to balance the internal strain at a given particle
volume and the surface energy during volume change from
Co3O4 to Co at 350 °C.57,58 Here, twinning from both crystal
merging (evidenced by the increased average particle size
distribution) and temperature-induced defect formation
({111} stacking fault) to stabilize crystal energetics and strain
during phase change from Co3O4 to Co at 350 °C cannot be
ruled out. The structure of such a twin boundary follows a
reversed ccp {111} stacking sequence (ABCACBA) (Figure
4b). The doubled {022} reflections (labeled in a yellow box
and circle in Figure 4b inset) in the power spectrum result
from two merged single crystals of ⟨111⟩ ccp Co mirrored at
138.5°, corresponding to the twin boundary angle (Figure 4b).
Previous reports57,58 indicate that these are typical features of
{111}-type twin boundaries found in ccp transition metals.
In contrast, nanoparticles reduced in H2 at 350 °C showed

faceted hexagonal particles (Figure 4d,e). The power spectrum
(Figure 4d inset) and the measured 0.26 nm interatomic
spacing are consistent with {111} planes of CoO in a ⟨110⟩
orientation, and the particle morphology corresponds to CoO
particles enclosed by {111} facets (Figure 4d). This is
consistent with our EELS data which showed that syngas
reduction produces a majority of metallic Co nanoparticles,
while H2 produced particles with a majority of the Co in the
2+ oxidation state (see Figure S5 & S6, Supporting
Information). There were no twin boundaries observed in
H2-reduced nanoparticles. Twin boundaries are important
defects in catalysis since they typically have higher adsorption
energies in comparison to flat facets and are stable during
chemical reactions.59,60 Thus, the presence of such defects may
also explain the varying catalytic performance of syngas-
activated catalysts over H2-activated catalysts in FTS.
In the second set of experiments, the temperature was

increased to 600 °C to investigate the effect of temperature on
reducing HCS-supported Co3O4 nanoparticles under H2 versus
syngas. Temperatures above 600 °C permit the conversion of
CoO to Co0, as according to TPR,17 this temperature is
required to obtain metallic Co in H2. Indeed, both the H2- and
syngas-reduced nanoparticles exhibit atomic structure con-
sistent with Co ccp (Figure 5a−d). Specifically, Figure 5a,c
show a ⟨110⟩ ccp metallic Co structure, confirmed by the
power spectra (insets) and a measured 0.21 nm interplanar
spacing between the {111} planes. This is consistent with
EELS data from the 600 °C reduced nanoparticles, which
shows the presence of metallic Co (Figure S7, Supporting
Information). High-resolution images show the presence of
stacking faults on {111} planes (Figure 5c) in the H2-reduced
nanoparticles as commonly observed in ccp metal particles
after high-temperature treatment.57 Therefore, to achieve a
complete reduction of Co3O4 (in the absence of a promoter)
under H2, the HCS-supported nanoparticles must be reduced
at high temperatures.

However, high temperature resulted in severe sintering of
the nanoparticles reduced in H2 compared to syngas
(Supporting Information Figure S8). The sinter-resistance in
syngas-reduced nanoparticles is attributed to the encapsulation
of nanoparticles with graphitic C from CO disproportionation,
which prevents the coalescence of the nanoparticles at high
temperatures, as shown by the orange arrow in Figure 5b. In
contrast, a C shell is not observed in the H2-reduced
nanoparticles, Figure 5d. As discussed earlier, the nanoparticle
surface coverage by graphitic C could lead to a deactivation of
active catalytic sites and possible Co2C formation.50−52

It is essential to reconcile the above differences in Co-
oxidation states and crystal structure of H2- and syngas-
reduced nanoparticles with the reactions of these gases with
Co3O4. The reactions of syngas with Co3O4 (see Table S1,
Supporting Information) that yields metallic Co are energeti-
cally favored over the corresponding H2 reactions with Co3O4.
Significantly, the presence of CO in syngas seems to play a
critical role in the conversion of Co3O4 to metallic Co through
the formation of Co2C from CO (eq 5 Table S1), which
spontaneously decomposes into metallic Co in H2 (eq 6 Table
S1) at temperatures as low as 150 °C.6,7,18,19,61

In this work, the presence of carbide phases is not ruled out.
However, if present, it is not expected to be in significant
amounts as the H-rich syngas promotes the carbide
decomposition to metallic Co, which is thermodynamically
preferred (see Table S1, Supporting Information). Also, our
high-resolution STEM−ADF data show crystallography
consistent with ccp Co without observing the typical Co2C
(002) 0.217 nm lattice fringe commonly reported in the
literature.62 Moreover, the presence of the C support renders
the analysis of the EELS C-K edge unreliable since it
contributes to an overlapping signal. A recent study did
suggest that an analysis of the peak broadening of the Co-L3

edge could be used to estimate the presence of Co2C.
63

Figure 5. High-resolution STEM−ADF images of 600 °C ex situ (a,b)
syngas- and (c,d) H2-reduced Co nanoparticles. Insets in (a,c) are
calculated power spectra corresponding to ⟨110⟩ ccp Co. The orange
arrow in (b) shows the surface coverage by graphitic carbon.
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However, the similarity of the Co2+ oxidation state in both
CoO and Co2C renders the analysis of the Co-L3,2 fine
structure for the presence of Co2C problematic.
The H2-CO synergistic effect is not found in H2 activation,

and hence, better reducibility is achieved with syngas than H2.
These findings agree with previous studies, showing that the
reduction of Co3O4 in H2 does not achieve complete reduction
at 350 °C.7,29 Hence, the presence of CO in a syngas mixture is
crucial to achieving complete Co3O4 reduction at 350 °C.

■ CONCLUSIONS

We have shown that the reduction of HCS-supported Co3O4

nanoparticles under either H2 or syngas directly affects the
physicochemical properties of the reduced nanoparticles. The
presented data suggest that syngas achieves a higher reduction
at an industrially relevant FT reduction temperature (350 °C)
than H2 on carbon supports. Our observations have revealed
that at 350 °C, ex situ H2 activation produced mainly CoO
catalyst particles bounded by {111} facets. In contrast,
activation in syngas produced twinned fcc Co particles
encapsulated in carbon fibers and core−shell particles, with a
metallic Co core and a CoO shell. Increasing the activation
temperature to 600 °C helped drive the complete reduction of
CoO to active metallic Co in H2. However, significant particle
sintering was observed in H2-reduced nanoparticles. In
contrast, carbon encapsulation in the syngas-activated catalyst
provided sintering resistance during high-temperature activa-
tion. Overall, we have shown that syngas activation is the most
effective method to obtain sintering-resistant metallic Co
nanoparticles at lower temperatures on these types of carbon
supports.
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