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Abstract: Samples of well-controlled nanoparticles consisting of alloys of cobalt and nickel of different
atomic ratios were synthesized using wet chemical methods with oleylamine as the solvent and the
reducing agent. These materials were characterized by a variety of techniques, including high-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM), X-ray energy
dispersive spectroscopy (EDS), and X-ray diffraction (XRD). Small amounts of heterogenized catalysts
were prepared using alumina as the support. However, the potential for use of Co–Ni catalysts
in CO hydrogenation was explored using a larger amount of Co–Ni/alumina catalyst prepared
from standard aqueous impregnation methods and tested in a continuously stirred tank reactor
(CSTR) for Fischer–Tropsch synthesis (FTS). Results are compared to a reference catalyst containing
only cobalt. The heterogenized catalysts were characterized using synchrotron methods, including
temperature programmed reduction with extended X-ray absorption fine structure spectroscopy
and X-ray absorption near edge spectroscopy (TPR-EXAFS/XANES). The characterization results
support intimate contact between Co and Ni, strongly suggesting alloy formation. In FTS testing,
drawbacks of Ni addition included decreased CO conversion on a per gram catalyst basis, although
Ni did not significantly impact the turnover number of cobalt, and produced slightly higher light gas
selectivity. Benefits of Ni addition included an inverted induction period relative to undoped Co/Al2O3,
where CO conversion increased with time on-stream in the initial period, and the stabilization of
cobalt nanoparticles at a lower weight % of Co.
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1. Introduction

Cobalt catalysts are important for the Fischer–Tropsch synthesis (FTS) reaction, which is at the
heart of the gas-to-liquids (GTL) process [1]. Not only do they offer good activity and stability, as well
as high selectivity toward heavier hydrocarbons, but they also possess low water–gas shift (WGS)
activity relative to iron carbide catalysts, making them suitable for converting the higher H2:CO ratio
syngas associated with natural gas derived syngas [2].

Cobalt is an expensive metal, with a price that has ranged from $22 to $100 per kg within the past
five years [3]. Therefore, in order to maximize its surface area, cobalt is typically supported on a metal
oxide carrier such as γ-Al2O3 or TiO2. Cobalt catalysts are typically prepared by aqueous impregnation
methods, such as incipient wetness impregnation (IWI) or a preferred slurry impregnation method
(SIM) [1] using a precursor such as cobalt nitrate, and then the catalyst is dried and calcined (e.g., 350 ◦C,
4 h). There are three major problems with heterogenized cobalt catalysts that are of interest to
commercial developers.

The first problem is that of reducibility. Following calcination, cobalt is present as Co3O4

nanoclusters and, unlike unsupported cobalt oxide which reduces to the metal at 300–350 ◦C,
the two-step reduction profile of Co3O4 on alumina, which involves CoO as an intermediate,
is broadened. Co3O4 reduces to CoO in a relatively facile manner in the range of 300–350 ◦C,
but to reduce CoO to Co0, temperatures as high as 800 ◦C are needed [4,5]. In order to facilitate
the reduction of cobalt oxides, promoters (e.g., Pt [4–8], Ru [4,7–10], Re [4,7,8,11–14], Ag [15,16]) are
utilized, and researchers have suggested that the catalytic action is either by a direct chemical effect
(e.g., alloying), or by reduction of the promoter at low temperature, followed by a H2-dissociation
and spillover mechanism that facilitates the reduction of cobalt oxides. One problem with these
promoters is that they are very expensive. The price range of platinum, the most common promoter
used, has been $25,000–$50,000 per kg within the past five years [3]. Fortunately, only small percentage
loadings (<0.5% Pt) are needed to facilitate cobalt oxide reduction. Nevertheless, it is of interest to
find a suitable base metal replacement. As nickel is in the same group as platinum and has a much
lower price ($8–$20 per kg over the past five years [3]), investigations on Ni as a reduction promoter
for cobalt oxides are important.

The second issue is selectivity. Cobalt is a d7 metal and has an electronic configuration suitable for
growing long-chained hydrocarbons. The metal has the right balance in that it is able to dissociate CO,
as well as stabilize the vinylic intermediate in the appropriate sp3 configuration, such that chain growth
is controlled to one side, producing primarily straight chained paraffins, 1-olefins, and 1-alcohols [17].
Nickel, however, is a d8 metal, and the electronic back-donation capability of Ni is excessive for the
FTS application, such that the vinylic intermediate is insufficiently stabilized, resulting primarily in
undesired light gas production [17]. Thus, there are questions related to how much nickel can be added
to cobalt nanoparticles such that the resulting alloy still possesses adequate hydrocarbon selectivity for
FT, and whether a catalyst possessing a nickel core and a cobalt shell might be developed such that the
reaction occurs primarily on a cobalt shell.

Finally, there is the problem of stability with heterogenized cobalt catalysts [9,18–21]. While it
is important to disperse cobalt on a carrier such as alumina to maximize the surface availability of
Co0, which provides the active sites, there is a thermodynamic limit regarding how small the cobalt
nanoparticles can be in FTS and still maintain adequate stability [18]. In FTS, H2O is a major product of
the reaction, and studies have concluded that cobalt nanoparticles that are <2–4 nm will oxidize under
commercially relevant reaction conditions; this renders the cobalt nanoparticles inactive. As such,
catalysts are often made with cobalt nanoparticles that target the 6–10 nm range [19]. A consequence
of this design is that the majority of the expensive cobalt is locked within the cobalt nanoparticle rather
than being exposed to the surface where the catalysis occurs. Thus, it would be of interest to replace a
fraction of the more expensive cobalt with a less expensive metal-like nickel.

The incorporation of a second metal to form alloyed metal nanoparticles has helped to increase
activity on a per gram of catalyst basis, as well as improving stability, thus decreasing the cost of the
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process [22]. By controlling the synthesis conditions such as solvent, reducing agent, temperature
and metal composition, it is also possible to control the size, shape and structure of the nanoparticles,
tailoring in this way their final properties toward different applications [23–25].

In this work, we begin to explore the preparation of well-controlled nanoparticles consisting of
alloys of cobalt and nickel having different atomic ratios. These are synthesized using wet chemical
methods with oleylamine as both the solvent and the reducing agent. These materials were characterized
by a variety of techniques, including HAADF-STEM, EDS, and XRD. Small amounts of heterogenized
catalysts were also prepared using alumina as the support. However, because it was not possible at
this time to prepare large enough batches for catalyst testing using a CSTR, the potential for use of
Co–Ni catalysts in CO hydrogenation was explored using a larger amount of Co–Ni/alumina catalyst
prepared from standard aqueous impregnation methods. This catalyst was tested in a CSTR for FTS and
compared to a reference catalyst containing only cobalt. The heterogenized catalysts were characterized
by, among other techniques, synchrotron methods including TPR-EXAFS and TPR-XANES.

2. Results

2.1. Cobalt–Nickel Nanoparticles

Co–Ni alloy nanoparticles were prepared by a colloidal wet-chemical method using oleylamine
(OAm) as the solvent and reducing agent. Three samples were prepared with different initial atomic
ratios, Co98.4Ni1.6 (Sample #1), Co92.7Ni7.3 (Sample #2), and Co89.7Ni10.3 (Sample #3). Figure 1a shows
a low magnification HAADF image of the synthesized Co98.4Ni1.6 nanoparticles. The sample consisted
of 20.5 ± 3.2 nm polycrystalline dendritic particles, formed by the apparent attachment of small crystallites.
The high-magnification image (Figure 1b) confirmed that the particles were well crystallized.
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Figure 1. Sample #1. (a) Low-magnification and (b) high-magnification HAADF-STEM images of the 

Co98.4Ni1.6 nanoparticles. (c) EDS spectrum and (d) EDS maps taken from a group of nanoparticles. 

The Co K and Co L lines are plotted for reference. 
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Figure 1. Sample #1. (a) Low-magnification and (b) high-magnification HAADF-STEM images of the
Co98.4Ni1.6 nanoparticles. (c) EDS spectrum and (d) EDS maps taken from a group of nanoparticles.
The Co K and Co L lines are plotted for reference.
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The measured interplanar distance of the well-resolved lattice fringes was 0.203 nm, corresponding
to the (002) planes of the hexagonal-close packed (HCP) phase or the (111) planes of a face-centered
cubic (FCC) structure of cobalt [26]. Cobalt and nickel FCC have a very close atomic weight and
similar lattice constants, differing by less than 1%, making it difficult to differentiate them within the
measuring error. Therefore, EDS analysis was performed to estimate the Ni content that is present
within the nanoparticle structure. Figure 1c corresponds to the EDS spectrum acquired from mapping
a group of nanoparticles laying on the carbon support. It was observed that nickel was at an ultra-low
concentration (Ni-K@7.477 keV), and its content was below detection limits. This is expected from
the very low amount of Ni used during synthesis of the nanoparticles. Oxygen was also detected,
such that the formation of an oxide layer on the nanoparticle surface, formed when exposing to air
during purification, cannot be discounted. From the estimated Ni content, it was inferred that the
synthesized nanoparticles crystallized in a hexagonal close packed structure, which forms at a relatively
low temperature and low Ni content [27]. With increasing nickel content, a significant change in
terms of shape and composition was achieved. Figure 2 corresponds to HAADF-STEM images of the
nanoparticles when using a Co:Ni atomic ratio of 92.7:7.3. As observed from the low-magnification
image in Figure 2a, the nanoparticles exhibit a very different morphology, presenting a core-shell
feature with a mean diameter of 12.3 ± 1.5 nm core and 2.3 ± 0.2 nm shell. The low contrast of the
outer layer surrounding the particles suggests a lower atomic density, attributed to the presence of an
oxidized layer. The high-magnification images in Figure 2b reveal the multiply-twinned structure of
the nanoparticles. Different regions of well-resolved lattice fringes are visible. The lattice distance
measured at the nanoparticle core was 0.216 nm while at the nanoparticle surface the measured lattice
distance was 0.150 nm, matching with the (100) planes of an HCP Co–Ni alloy (0.217 nm) and the (220)
planes of the CoO FCC structure (0.151 nm) [27,28].
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Figure 2. Sample #2. (a) Low-magnification and (b) high-magnification HAADF-STEM images of the
synthesized Co–Ni 92.7:7.3 nanoparticles. (c) EDS maps and (d) EDS spectrum (up) taken from a group
of nanoparticles. The Co K and Co L lines, as well as the Ni K and Ni L lines are plotted for reference.
d) EDS line scan (down) crossing at the middle of the particle as shown in the inset, confirming the
presence of both Co and Ni within the particle.
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EDS analysis confirmed the presence of both Co and Ni elements within the nanoparticles, as shown
from the EDS spectrum in Figure 2c. The estimated atomic composition was 92.7%Co–7.3%Ni, giving
support to the presence of the HCP Co–Ni alloy. Additionally, an EDS line scan crossing at the center
of an individual nanoparticle confirmed that Co and Ni are well distributed along the particle, as
displayed in Figure 2d.

In the bulk, the Co–Ni alloy crystallizes in a complete solid solution having an FCC structure
(α phase) for compositions >30% atomic nickel, while for compositions below ~30% atomic Ni and a
relatively low temperature, a martensitic transformation from the FCC to HCP phase (ε phase) takes
place. Since the nanoparticles were synthesized at a relatively low temperature (230 ◦C) and with
a low Ni content, it was possible to obtain an HCP Co–Ni alloy. However, the boundaries of the
bulk transition are not well established [27], and the temperature range of transitions lowers at the
nanoscale, since it is strongly affected by particle size and shape [29,30].

In the absence of 1,2-hexadecanediol, larger nanoparticles were obtained by using only OAm as
the reducing agent, as shown in the SEM image provided in Figure 3a (Sample #3). The nanoparticles
presented cubic and octahedral shapes having a highly faceted surface. The average size was 85 ± 13 nm.
Figure 3b,c show an HAADF-STEM image of a single particle at atomic resolution. From the measured
lattice distances of 0.242 and 0.211 nm, which formed an angle of ~55◦, the particle was indexed as a
Co1−xNixO FCC structure viewed along the [110] axis zone. The CoO-type phase crystallizes in a rock
salt structure having the Fm3m space group, with a difference in the lattice parameters of ~2.3% between
a CoO and NiO structure (a = 4.2667 Å for CoO, and a = 4.1684 Å for NiO). Hence, the measured
distances between both structures suggest the formation of a Co1-xNixO solid solution. The EDS
analysis from a large group of nanoparticles (e.g., the cluster shown in Figure 3d) confirmed the
presence of Co, Ni, and O, as presented in the spectrum and mapping in Figure 3c,d. The estimated
average composition from the acquired EDS spectra was 89.7%Co–10.3%Ni, indicating an atomic
percentage ratio of 8.7 between the cations.
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Figure 3. Sample #3. (a) SEM image of the synthesized Co89.7Ni10.3 sample. (b) High-magnification 

HAADF-STEM image of a single CoNi–O nanoparticle. (c) EDS spectrum and (d) EDS maps taken 

from a group of nanoparticles. The Co and Ni K and L lines are shown for reference in the spectrum.   

Figure 3. Sample #3. (a) SEM image of the synthesized Co89.7Ni10.3 sample. (b) High-magnification
HAADF-STEM image of a single CoNi–O nanoparticle. (c) EDS spectrum and (d) EDS maps taken
from a group of nanoparticles. The Co and Ni K and L lines are shown for reference in the spectrum.
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To better determine the structure of the synthesized particles, the freshly prepared powders were
characterized by XRD. Figure 4 shows the diffraction patterns of the Co–Ni alloy nanoparticles (Sample
#1, #2, and #3). In Figure 4a,b, corresponding to the colloidal preparation method of Samples #1 and
#2, the characteristic peaks of metallic nickel FCC (ICSD 518120) and metallic cobalt HCP (ICSD 15288)
were taken as references. As shown, both patterns present similar features with peaks located at 44.5,
51.8, and 76.4◦ assigned to the (111), (200), and (220) planes of the FCC structure, with additional peaks
at 41.7, 44.3, 62.6, and 76.1◦ assigned to the HCP phase of cobalt. The observed peaks presented a slight
shift with respect to the reference; this is associated with the alloyed Co–Ni, indicating the coexistence
of both FCC and HCP phases of cobalt within the samples [31,32]. Meanwhile, the XRD pattern of the
colloidally prepared Sample #3 confirmed the oxidized nature of the nanoparticles, Figure 4c. The
pattern is indexed as a CoO-type structure, confirming the Co1-xNixO FCC solid solution phase.
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Figure 4. XRD patterns of (a) Co98.4Ni1.6 (Sample #1) and (b) Co92.7Ni7.3 (Sample #2) nanoparticles. 
The patterns showed the presence of both HCP (red labels) and FCC (black labels) cobalt structure. 
(c) XRD pattern of Co89.7Ni10.3 (Sample #3). The pattern matched with a Co1−xNixO FCC solid 
solution. 
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For sample designations, please refer to the Materials and Methods Section. Figure 5 displays 
hydrogen TPR-XANES spectra at the Co K-edge of the different samples. Figure 5a,b reveal that the 
nanoparticles prepared by the non-conventional method (Samples #1 and 2) start as a mixture of Co2+ 
and Co0, and the spectra resemble a mixture of CoO and Co0, while that of Figure 5c corresponding 
to Sample #3 begins entirely in the Co2+ oxidation state, resembling CoO. As shown by the linear 
combination (LC) fittings of TPR-XANES spectra with reference compounds in Figure 6a,b, both 
Samples #1 and #2 started with high Co0 content (75% and 80%, respectively), and achieved nearly 
complete reduction by 350 °C. Sample #3, as shown in Figure 6c, achieved nearly complete reduction 
from CoO to Co0 by 400 °C. The point of 50% reduction of CoO to Co0 occurred at ~330 °C. 
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Figure 4. XRD patterns of (a) Co98.4Ni1.6 (Sample #1) and (b) Co92.7Ni7.3 (Sample #2) nanoparticles.
The patterns showed the presence of both HCP (red labels) and FCC (black labels) cobalt structure.
(c) XRD pattern of Co89.7Ni10.3 (Sample #3). The pattern matched with a Co1−xNixO FCC solid solution.

2.2. Heterogenized Catalysts

For sample designations, please refer to the Materials and Methods Section. Figure 5 displays
hydrogen TPR-XANES spectra at the Co K-edge of the different samples. Figure 5a,b reveal that
the nanoparticles prepared by the non-conventional method (Samples #1 and 2) start as a mixture
of Co2+ and Co0, and the spectra resemble a mixture of CoO and Co0, while that of Figure 5c
corresponding to Sample #3 begins entirely in the Co2+ oxidation state, resembling CoO. As shown by
the linear combination (LC) fittings of TPR-XANES spectra with reference compounds in Figure 6a,b,
both Samples #1 and #2 started with high Co0 content (75% and 80%, respectively), and achieved
nearly complete reduction by 350 ◦C. Sample #3, as shown in Figure 6c, achieved nearly complete
reduction from CoO to Co0 by 400 ◦C. The point of 50% reduction of CoO to Co0 occurred at ~330 ◦C.
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and NiO, while that of Figure 8c,d corresponding to Sample #3 and Sample #4 begin entirely in the 
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Figure 6. Linear combination fittings of H2 TPR-XANES spectra of Samples (a) #1, (b) #2, (c) #3, and (d)
#4. The reference compounds for Samples #1–3 were the first spectrum of Sample #3 (representing
100% Co2+) and the final spectrum of each sample after remaining at 500 ◦C in H2 (representing ~100%
Co0). Reference compounds for Sample #4 were the initial spectrum (representing a mixture of Co2+

and Co3+ similar to Co3O4), the point of maximum CoO content, and the final spectrum following TPR
and holding (representing Co0). Note difference in scale for (d).

Figure 5d, on the other hand, representing the catalyst prepared by the traditional slurry
impregnation method (Sample #4), followed the conventional two-step reduction of cobalt oxides to
metallic compounds, where: Co3O4 + H2 = 3CoO + H2O and 3CoO + 3H2 = 3Co0 + 3H2O. Figure 6d
shows linear combination fittings of the TPR-XANES spectra using reference compounds. The catalyst
nears complete reduction to Co0 by 580 ◦C. The point at which 50% of the Co3O4 converts to CoO occurs
at ~290 ◦C, while the point at which 50% of the CoO converts to Co0 occurs at ~480 ◦C. Note that Ni is
clearly facilitating reduction, as the point of 50% of CoO conversion for unpromoted 25%Co/alumina
was found from our prior work to be ~550 ◦C with nearly complete reduction at temperatures higher
than 700 ◦C [5].

XANES snapshots along the TPR trajectory of key states of cobalt are provided in Figure 7.
These snapshots highlight key differences among the different Co–Ni catalysts. For example, Co3O4 is
only detected in Sample #4 (i.e., the catalyst prepared by the conventional method). While Samples #1
and #2 have very little CoO content initially, Sample #3 starts out as virtually all CoO, with no Co0 or
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Co3O4 being detected, in good agreement with the HAADF-STEM structural characterization. This
suggests that Co–Ni nanoparticles can be tuned to have different oxidation state characteristics.
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Figure 7. XANES snapshots at the Co K-edge of reference compounds, and (a) the point of maximum
Co3O4 content in the H2 TPR-XANES run, (b) the point of maximum CoO content in the H2 TPR-XANES
run, (c) the point at 500 ◦C, and (d) the point of maximum Co0 content in the H2 TPR-XANES run for
each catalyst sample (following ramping and holding at Tmax), including (1) Sample #1, (2), Sample #2,
(3) Sample #3, and (4) Sample #4. Note that only Sample #4 displayed Co3O4 content (i.e., in the initial
period).

Figure 8 displays hydrogen TPR-XANES spectra at the Ni K-edge of the different samples.
Figure 8a,b reveal that the nanoparticles prepared by the nonconventional method (Samples #1 and
2) start as a mixture of primarily Ni0 with very little Ni2+, and the spectra resemble a mixture of
Ni0 and NiO, while that of Figure 8c,d corresponding to Sample #3 and Sample #4 begin entirely
in the Ni2+ oxidation state, resembling NiO. Due to the low amount of Ni2+ in Samples #1 and #2,
as well as the noise level of Sample #1 (due to low Ni content), LC fittings were not performed
on these samples. However, LC fittings of TPR-XANES spectra with reference compounds were
performed for both Samples #3 and #4. As shown in Figure 9, Sample #3 achieved nearly complete
reduction of nickel by 350 ◦C, while Sample #4 achieved nearly complete reduction of nickel by 600 ◦C.
Interestingly, the XANES spectra of Sample #4 display a shift in the NiO spectrum to lower energy
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when Co3O4 reduces to CoO; this suggests that Ni2+ is in intimate contact with cobalt oxides. The point
at which the Ni2+ is at the halfway position between NiO associated with Co3O4 and NiO associated
with CoO occurs at 290 ◦C, which matches the temperature at which 50% reduction of Co3O4 to CoO
occurs. The point of 50% reduction of NiO to Ni0 occurred at ~330 ◦C for Sample #3 and at ~480 ◦C for
Sample #4. These temperatures match those of 50% CoO reduction to Co0, suggesting once again that
the Co and Ni are in intimate contact in both the oxide and metallic forms (e.g., alloys).Catalysts 2020, 10, 18 10 of 28 

 

 
Figure 8. H2-TPR-XANES spectra at the Ni K-edge of samples (a) #1, (b) #2, (c) #3, and (d) #4. (Cyan) 
is Ni2+ (e.g., NiO) associated with cobalt oxides during reduction of Co3O4 to CoO. (Green) is reduction 
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TPR-EXAFS data at the Co K-edge are provided in Figure 11. For Samples #1 and #2, which are 
represented by Figure 11a,b, there is already a strong peak for Co–Co coordination in Co0 from the 
initial temperature. There is, however, a small amount of oxide initially present in Sample #1, which 
upon reduction causes slight shifts in the Fourier transform peak positions. This is best observed in 
the development of the third Co–Co coordination shell (see arrow). Figure 11c for Sample #3 starts 
with peaks of Co–O (low distance) and Co–Co (higher distance) consistent with CoO and then the 
peak for Co–Co for the metal starts to develop by ~325 °C. Figure 11d for Sample #4 shows similar 
contributions from our earlier work with Co/alumina catalysts [5]. The initial cyan spectra show a 
strong peak at low distance for Co–O and a broad asymmetric peak at higher distance consistent with 

Figure 8. H2-TPR-XANES spectra at the Ni K-edge of samples (a) #1, (b) #2, (c) #3, and (d) #4. (Cyan) is
Ni2+ (e.g., NiO) associated with cobalt oxides during reduction of Co3O4 to CoO. (Green) is reduction
of Ni2+ to Ni0 when NiO reduction is associated with CoO reduction to Co0.
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Figure 9. Linear combination fittings of H2-TPR-XANES spectra of Samples (a) #3 and (b) #4. Reference
compounds for Samples #3 were the first spectrum (Ni2+ associated with CoO) and the final spectrum
after remaining at 500 ◦C in H2 (representing ~100% Ni0). Reference compounds for Samples #4 were
the first spectrum (Ni2+ associated with Co3O4), the spectrum for Ni2+ associated with maximum CoO
content, and the final spectrum after H2 TPR (representing ~100% Ni0).

XANES snapshots along the TPR trajectory of key states of nickel are provided in Figure 10.
These spectra highlight key differences among the different Co–Ni catalysts. While Samples #1 and #2
have very little NiO content initially, Sample #3 and #4 start out as virtually all NiO, with no Ni0 being
detected. Once again, this is in good agreement with the structural characterization, and it suggests that
Co–Ni nanoparticles can be tuned to have different oxidation state characteristics. Before (solid line)
and after (dashed line) spectra denote the shift to lower energy for the Ni2+ spectra for Sample #4.

TPR-EXAFS data at the Co K-edge are provided in Figure 11. For Samples #1 and #2, which are
represented by Figure 11a,b, there is already a strong peak for Co–Co coordination in Co0 from
the initial temperature. There is, however, a small amount of oxide initially present in Sample #1,
which upon reduction causes slight shifts in the Fourier transform peak positions. This is best observed
in the development of the third Co–Co coordination shell (see arrow). Figure 11c for Sample #3 starts
with peaks of Co–O (low distance) and Co–Co (higher distance) consistent with CoO and then the
peak for Co–Co for the metal starts to develop by ~325 ◦C. Figure 11d for Sample #4 shows similar
contributions from our earlier work with Co/alumina catalysts [5]. The initial cyan spectra show a
strong peak at low distance for Co–O and a broad asymmetric peak at higher distance consistent with
multiple Co–Co distances in Co3O4, which is a spinel structure. However, a second oxide, CoO clearly
develops as shown by the initial green spectrum. The Co–O peak is lower in intensity and the Co-Co
peak has sharpened (consistent with a rock salt structure). Then, the Co–Co peak for the metal develops
only at high temperature (~500 ◦C). The results are consistent with those of TPR-XANES. This is at a
lower temperature than that observed in our previous work [5], where the peak develops at ~600 ◦C.
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NiO content in the H2 TPR-XANES run, and (b) the point at 500 °C, and (c) the point of maximum Ni0 
content in the H2 TPR-XANES run for each catalyst sample (following ramping and holding at Tmax), 
including (1) Sample #1, (2), Sample #2, (3) Sample #3, and (4) Sample #4. Note that Samples #1 and 
#2 displayed very little NiO even in the initial spectra (compare 1a with 1c and compare 2a with 2c; 
they are very similar). Spectrum 4a: (Solid line) initial spectrum-NiO associated with Co3O4; (dashed 
line) spectrum at 335 °C-NiO associated with CoO. 

Figure 10. XANES snapshots at the Ni K-edge of reference compounds, and (a) the point of maximum
NiO content in the H2 TPR-XANES run, and (b) the point at 500 ◦C, and (c) the point of maximum Ni0

content in the H2 TPR-XANES run for each catalyst sample (following ramping and holding at Tmax),
including (1) Sample #1, (2), Sample #2, (3) Sample #3, and (4) Sample #4. Note that Samples #1 and #2
displayed very little NiO even in the initial spectra (compare 1a with 1c and compare 2a with 2c; they
are very similar). Spectrum 4a: (Solid line) initial spectrum-NiO associated with Co3O4; (dashed line)
spectrum at 335 ◦C-NiO associated with CoO.
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Figure 11. H2-TPR-EXAFS spectra near the Co K-edge of samples (a) #1, (b) #2, (c) #3, and (d) #4. 
(Cyan) is reduction of Co3O4 to CoO, and (Green) is reduction of CoO to Co0. 
Figure 11. H2-TPR-EXAFS spectra near the Co K-edge of samples (a) #1, (b) #2, (c) #3, and (d) #4.
(Cyan) is reduction of Co3O4 to CoO, and (Green) is reduction of CoO to Co0.

EXAFS snapshots along the TPR trajectory of key states of cobalt are provided in Figure 12.
These snapshots highlight key differences among the different Co–Ni catalysts. For example, Co3O4 is
only detected in Sample #4 (i.e., the catalyst prepared by the conventional method). While Samples #1
and #2 have very little CoO content initially (as shown by low peaks for Co–O and Co–Co coordination
in CoO), Sample #3 starts out as virtually all CoO (strong peaks for Co–O and Co–Co coordination
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in CoO are detected at the outset), with no Co0 or Co3O4 being detected (Figure 8, left). The CoO
in Sample #4 forms from the reduction of Co3O4 (Figure 8, top spectrum). The final spectra after
TPR-EXAFS (Figure 8, right) shows the characteristic Co–Co coordination of Co0.Catalysts 2020, 10, 18 14 of 28 

 

 
Figure 12. EXAFS snapshots near the Co K-edge of reference compounds, and (A) the point of 
maximum Co3O4 content, a, in the H2 TPR-XANES run, (B) the point of maximum CoO content, b, in 
the H2 TPR-XANES run, and (C) the point of maximum Co0 content, c, in the H2 TPR-XANES run after 
the hold at Tmax, for each catalyst sample, including (1) Sample #1, (2), Sample #2, (3) Sample #3, and 
(4) Sample #4. Note that only Sample #4 displayed Co3O4 content (i.e., in the initial period). Dashed 
lines denote Co–Co coordination in the oxides and metallic state, while the lower distance peak in 
(top) and (left) spectra at ~1.2 angstroms represents Co–O coordination. 

EXAFS snapshots along the TPR trajectory of key states of nickel are provided in Figure 14. These 
snapshots highlight key differences among the different Co–Ni catalysts. While Samples #1 and #2 
have very little NiO content initially (as shown by low peaks for Ni–O and Ni–Ni coordination in 
NiO in left hand spectra of Figure 14), Sample #3 and Sample #4 start out as virtually all NiO (strong 
peaks for Ni–O and Ni–Ni coordination in NiO are detected at the outset), with no Ni0 being detected. 
For Sample #4, Ni2+ associated with Co3O4 is shown as a solid line, while Ni2+ associated with CoO is 
displayed as a dashed line. The final spectra (Figure 10, right) after TPR-EXAFS shows the 
characteristic Ni–Ni coordination of Ni0. 

Figure 12. EXAFS snapshots near the Co K-edge of reference compounds, and (A) the point of maximum
Co3O4 content, a, in the H2 TPR-XANES run, (B) the point of maximum CoO content, b, in the H2

TPR-XANES run, and (C) the point of maximum Co0 content, c, in the H2 TPR-XANES run after the
hold at Tmax, for each catalyst sample, including (1) Sample #1, (2), Sample #2, (3) Sample #3, and (4)
Sample #4. Note that only Sample #4 displayed Co3O4 content (i.e., in the initial period). Dashed lines
denote Co–Co coordination in the oxides and metallic state, while the lower distance peak in (top) and
(left) spectra at ~1.2 angstroms represents Co–O coordination.

TPR-EXAFS data at the Ni K-edge are provided in Figure 13. For Samples #1 and #2, the Ni was
significantly reduced at the outset and these spectra are not provided (see Figure 10 left) moreover,
there was significant noise in Sample #1 during much of the TPR. Figure 13a,b of Samples #3 and #4,
respectively, starts with peaks of Ni–O (low distance) and Ni–Ni (higher distance) consistent with NiO
and then the peak for Ni–Ni for the metal starts to develop by ~325 ◦C for Sample #3 and ~500 ◦C
for Sample #4, respectively. These are similar temperatures to those of the development of the Co-Co
metallic coordination peak, once again suggesting intimate contact between Co and Ni in the catalyst
samples. For Sample #4, the cyan spectra denote where Ni2+ is associated with Co3O4 reduction to CoO
and the light green spectra denote where Ni2+ is associated with CoO reduction to Co0. Dark green
spectra indicate significant Co–Co metal coordination.
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NiO) associated with cobalt oxides during reduction of Co3O4 to CoO. (Green) is reduction of Ni2+ to 
Ni0 when NiO associated with CoO reduction to Co0. 
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°C-NiO associated with CoO. 

Figure 13. H2-TPR-EXAFS spectra near the Ni K-edge of samples (a) #3, and (b) #4. (Cyan) is Ni2+

(e.g., NiO) associated with cobalt oxides during reduction of Co3O4 to CoO. (Green) is reduction of
Ni2+ to Ni0 when NiO associated with CoO reduction to Co0.

EXAFS snapshots along the TPR trajectory of key states of nickel are provided in Figure 14.
These snapshots highlight key differences among the different Co–Ni catalysts. While Samples #1 and
#2 have very little NiO content initially (as shown by low peaks for Ni–O and Ni–Ni coordination
in NiO in left hand spectra of Figure 14), Sample #3 and Sample #4 start out as virtually all NiO
(strong peaks for Ni–O and Ni–Ni coordination in NiO are detected at the outset), with no Ni0 being
detected. For Sample #4, Ni2+ associated with Co3O4 is shown as a solid line, while Ni2+ associated
with CoO is displayed as a dashed line. The final spectra (Figure 10, right) after TPR-EXAFS shows the
characteristic Ni–Ni coordination of Ni0.

Figures S1 and S2, as well as Table S1, provide EXAFS fittings for the Co K-edge and Ni K-edge data.
To constrain the fitting model for EXAFS spectra following TPR-EXAFS and cooling (i.e., cobalt and
nickel in metallic state), a simple model was developed where metal coordination to Ni (whether the
core atom was Co or Ni) was given as a fraction, X, of metal–cobalt coordination. Using this approach,
excellent fittings with low r-factors were obtained. The results are consistent with Co–Ni alloy
formation, but do not prove Co–Ni alloy formation. Since Sample #4 showed large uncertainties with
the model, a second constrained model (fitting #2) was performed that demonstrates that an excellent
fitting can be obtained using X = 0.10.
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Figure 14. EXAFS snapshots near the Ni K-edge of reference compounds, (A) the point of maximum
NiO content, a, in the H2 TPR-XANES run, and (B) the point of maximum Ni0 content, b, in the H2

TPR-XANES run, for each catalyst sample, including (1) Sample #1, (2), Sample #2, (3) Sample #3, and (4)
Sample #4. Vertical dashed lines denote Ni–Ni coordination in the oxides and metallic state, while the
lower distance peak in the left-hand spectra at ~1.2 angstroms represents Ni–O coordination. Spectrum
4a: (Solid line) initial spectrum-NiO associated with Co3O4; (dashed line) spectrum at 335 ◦C-NiO
associated with CoO.

2.3. Activity Data

Sample #4 and Sample #5 have similar surface areas of ~96 m2/g suggesting that the nickel
substitution does not affect catalyst morphology. The N2 adsorption–desorption results are reported in
Table 1.

Table 1. Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) data of the samples.

Sample ID As (BET)
[m2/g]

Vp
[cm3/g]

Dp
[nm]

Sample #4 95.5 0.243 9.3
Sample #5 96.5 0.226 9.3

Results of hydrogen chemisorption with pulse O2 titration are shown in Table 2. In agreement
with the TPR-XANES results, the Ni-doped catalyst had a higher % reduction by 8–11%, depending on
the method used. The Ni-doped catalyst had a slightly larger metal cluster size (approximately 2 to
3 nm larger diameter, depending on the method used).

XRD patterns for the support (Al2O3), the oxide, and reduced samples are shown in Figure 15.
XRD profiles of the oxide samples are very similar showing characteristic reflection peaks of Co3O4

(i.e., 2Θ = 36.8◦). No nickel diffraction peaks are distinguishable for Sample #4 suggesting the formation
of Ni–Co solid solution. In contrast, the patterns for the reduced samples are quite different. In the
case of the Ni-promoted catalyst (Sample #4), the cobalt seems to not be completely reduced as CoO
(main diffraction peak at 2Θ = 42.8◦) is still present in the catalyst, while the reflection peaks attributed
to FCC metallic cobalt (main diffraction peak at 2Θ = 44.6◦) can be observed for Co/Al2O3 (Sample #5).
A quantitative crystallite size estimation for the reduced samples is not possible because of the poor
signal/noise in the XRD patterns.
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Table 2. H2 chemisorption and pulse O2 titration.

µmol H2
Desorbed/gcat

Uncorr.%
Disp.

Uncorr.Diam.
(nm)

O2 Uptake
(µmol/gcat)

* % Red. ** %
Red.

* Corr. %
Disp.

** Corr. %
Disp.

* Corr. Diam.
(nm)

** Corr. Diam.
(nm)

Sample #4—25%metal (90%Co-10%Ni)/Al2O3

92.5 4.4 24 1495 54.6 40.5 8.0 10.8 12.9 9.6

Sample #5—25%Co/Al2O3

91.3 4.3 24 1324 46.8 29.1 9.2 14.8 11.2 7.0

* method #1 assuming Co0 oxidizes to Co3O4 and Ni0 oxidizes to NiO. ** method #2 assuming all Co3O4 reduced to CoO and some CoO and NiO reduced to Co0 and Ni0. During
oxidation, then, the Co0 and Ni0 oxidize to CoO and NiO, and all CoO oxidizes to Co3O4.
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Figure 15. XRD patterns for (a) Al2O3, (b) oxide Sample #5, (c) oxide Sample #4, (d) reduced Sample 
#5 and (e) reduced Sample #4. 
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Figure 15. XRD patterns for (a) Al2O3, (b) oxide Sample #5, (c) oxide Sample #4, (d) reduced Sample #5
and (e) reduced Sample #4.

TEM and STEM of reduced Sample #4 are shown in Figure 16. The particle sizes are in the range
of 18–23 nm, whereas EDS analysis confirms the presence of both Ni and Co. The uniform distribution
of these two metals confirm the formation of Ni–Co solid solution as already observed from XRD.
The measured Co/Ni weight ratio is ~10, very closed to the theoretical value. STEM micrographs for
Sample #5 are reported in Figure 17, and the particle sizes fall within the range of 15–20 nm, similar to
the nickel promoted catalyst. EDS shows that some areas are richer in cobalt (until 55 wt%), while in
other areas the cobalt loading is lower than 10 wt%; however, the average loading for an extended area
is close to 28 wt%.

CO conversion and product selectivity (CH4, CO2, C2–C4, and C5+) versus Time on Stream (T.o.S.)
are reported in Figures 18 and 19, respectively. CO conversion for Sample #4 starts at 21% and it
progressively increases with T.o.S. until a steady-state value of 35.7%. On the other hand, the undoped
catalyst, Sample #5, has a higher initial CO conversion of 42.5%, which slightly decreases until a value
of 39.5%. The presence of nickel inverted the induction period. The performance of Sample #4 is stable
after the induction period, even though the cobalt loading is lower compared to that of Sample #5.
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Figure 16. (a) TEM and (b) high-magnification HAADF-STEM image of Sample #4 with EDS maps. 
Elemental mapping legend: (c) cobalt and nickel, (d) aluminum, cobalt, and nickel, (e) cobalt, (f) 
nickel, and (g) aluminum.  (Red) Cobalt, (Yellow) Nickel, and (Green) Aluminum. 

Figure 16. (a) TEM and (b) high-magnification HAADF-STEM image of Sample #4 with EDS maps.
Elemental mapping legend: (c) cobalt and nickel, (d) aluminum, cobalt, and nickel, (e) cobalt, (f) nickel,
and (g) aluminum. (Red) Cobalt, (Yellow) Nickel, and (Green) Aluminum.

The selectivities of Sample #4 evolve with the T.o.S. In particular, the methane selectivity decreases
from 11% to 9.2%, C2–C4 selectivity drops from 18% to 8.5%, whereas the C5+ selectivity increases
from 69% to 79% in the first 200 h (Figure 19). However, the methane selectivity is higher for Sample
#4 than for Sample #5.
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Figure 17. (a) High-magnification HAADF-STEM image of Sample #5 and EDS maps, including (b) 
aluminum and cobalt, (c) cobalt, and (d) aluminum. Elemental mapping legend: (Red) Cobalt and 
(Green) Aluminum. 
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Figure 18. Evolution with T.o.S. of CO conversion for Sample #4 (open circle) and Sample #5 (filled 
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3. Discussion 

From the results, it was observed that when a very low content of Ni during nanoparticle 
synthesis (Co–Ni 98.4:1.6) polycrystalline dendritic particles were formed with negligible Ni content. 
The XRD patterns showed the presence of a mixture of HCP and FCC metallic phases in the sample. 
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Figure 18. Evolution with T.o.S. of CO conversion for Sample #4 (open circle) and Sample #5 (filled circle),
process conditions: T = 220 ◦C, P = 20.6 bar, H2/CO = 2 mol/mol, SV = 3.4 slph per gcat.
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Figure 19. Evolution with T.o.S. of (a) CH4, (b) CO2, (c) C2-C4, and (d) C5+ selectivity for Sample #4
(open circle) and Sample #5 (filled circle), process conditions: T = 220 ◦C, P = 20.6 bar, H2/CO = 2
mol/mol, SV = 3.4 slph per gcat.

3. Discussion

From the results, it was observed that when a very low content of Ni during nanoparticle
synthesis (Co–Ni 98.4:1.6) polycrystalline dendritic particles were formed with negligible Ni content.
The XRD patterns showed the presence of a mixture of HCP and FCC metallic phases in the sample.
However, by increasing the Ni content during the particle growth smaller Co–Ni alloy nanoparticles
were obtained. The presence of Ni not only changes the atomic arrangement, but also enabled shape
tuning of the particles. Furthermore, the aerobic synthesis protocol by using only oleylamine led to
the formation of predominantly CoNi–O nanoparticles. The presence of 1,2-hexadecanediol seemed
to have an effect. The addition of 1,2-hexadecanediol promotes the reduction of metal complexes at
lower temperature compared to the synthesis protocol without using it [33], facilitating the higher
percentage of Co and Ni reduction during their synthesis in Samples #1 and #2 to form metallic Co–Ni
nanoparticles. Furthermore, not only did it restrict the oxidation of Co and Ni, but also the particle
size in comparison with the protocol used without it [34]. This restricted oxidation was confirmed
by the structural characterization through HAADF-STEM and XRD, and by the TPR-XANES profiles
of Co and Ni, where the heterogenized unconventional catalysts exhibited high initial Co0 and Ni0

content (Samples #1 and 2) or high CoO/NiO content (Sample #3) in comparison with the catalyst
prepared by traditional aqueous impregnation of nitrates; the conventional catalyst started in a higher
oxidation state, with Co3O4 and Ni2+ associated with Co3O4. The TPR-XANES results at the Ni edge
show that this Ni2+ undergoes a shift to lower energy when Co3O4 reduces to CoO in the case of the
conventional catalyst prepared by aqueous impregnation. This result strongly suggests that Co and
Ni are in intimate contact, supporting the alloy formation upon reduction; further evidence for alloy
formation is that the NiO and CoO reduce over a similar range, such that the point of 50% reduction
is identical. Although EXAFS results show that an alloy model provides an excellent fitting of the
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experimental results, the sizes of Co and Ni are so similar that a definitive conclusion on alloying should
not be drawn from EXAFS results. The TPR-EXAFS/XANES and hydrogen chemisorption/O2 titration
results demonstrate that Ni has a positive effect on improving the percentage reduction (by 8–11%) of
cobalt oxides relative to the undoped catalyst. For the conventional catalysts, chemisorption results
indicate that adding Ni tended to slightly increase (by 2–3 nm) the metal cluster size relative to the
undoped catalyst.

Cobalt-based catalysts are usually characterized by a decrease in the activity in the first few
days. The possible reasons for this deactivation are: the re-oxidation of a small Co cluster to
inactive CoOX, sintering, cobalt-support mixed compound formation or some carbon deposition [35,36].
Thermodynamic calculations clearly show that spherical cobalt particle crystallites with a diameter lower
than 4.4 nm may oxidize in steam–hydrogen environment [18]. This initial deactivation phenomenon
was not observed for Sample #4. Thus, nickel has a stabilizing effect on the cobalt–nickel cluster; a similar
stabilization was reported by Rytter et al. [37] and Nikparsa et al. [38]. Interestingly, the performance
of Sample #4 is stable even after the induction period, despite having lower cobalt loading as compared
to Sample #5 (i.e., the 25% Co/alumina reference catalyst).

Addition of Ni resulted in higher initial methane selectivity (~3–4% absolute); however,
the difference in CH4 selectivities between the two catalysts diminished with time to ~1%. The higher
methane selectivity result is not surprising, because nickel has a higher hydrogenation capability.
Shafer et al. [17] explain that the back-donation of nickel is so strong that the vinylic intermediate is
not suitably stabilized, precluding the chain growth. Higher methane selectivity was also reported in
previous studies where different Ni/Co ratios were investigated [39,40], although recent results suggest
that lower amounts (e.g., <25% [41]) of Ni favor a selectivity closer to that of pure cobalt.

Finally, we have compared the activity/$ as the two metals have different market prices and the
partial substitution of cobalt with a cheaper metal would be a benefit in terms of total catalyst cost.
The price of nickel is reported to be 0.47 times the price of cobalt. At steady state the activity/$ for
Sample #4 is 37.5, while it is 39.6 for Sample #5. However, additional studies to find the optimal loading
of nickel are needed.

4. Materials and Methods

4.1. Sample Denomination

Colloidal Method:

Sample #1 20% metal (98.4% at. Co/1.6% at. Ni)/Al2O3

Sample #2 20% metal (92.7% at. Co/7.3% at. Ni)/Al2O3

Sample #3 20% metal (89.7% at. Co/10.3% at. Ni)/Al2O3

Impregnation Method:

Sample #4 25% metal (90% at. Co/10% at. Ni)/Al2O3 calcined 350 ◦C
Sample #5 25% Co/Al2O3 calcined 350 ◦C

4.2. Reagents

For the synthesis of Ni–Co nanoparticles, nickel (II) chloride hexahydrate (99.99%, MilliporeSigma,
St. Louis, MO, USA), cobalt (III) acetylacetonate (99.99%, Aldrich), cobalt (II) acetate tetrahydrate
(98%, Aldrich), oleylamine (70%, Aldrich), 1-dodecanethiol (≥98%, MilliporeSigma, St. Louis, MO, USA)
and 1,2-hexadecanediol (90%, Aldrich) was used. All reagents were purchased from Sigma-Aldrich
and were used without further purification.

4.3. Preparation of Ni and Co Precursors

Oleylamine was used in the preparation of the metallic precursors. For Ni, a mixture of 100 µL of
nickel (II) chloride hexahydrate (dissolved in ethanol) and 6 mL of oleylamine was magnetically stirred
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for 30 min at 120 ◦C. The temperature of the mixture was increased to 230 ◦C for a period of 2.5 h
with continuous agitation. The Co precursor was prepared by magnetic stirring of a 0.1 M mixture
of cobalt (III) acetylacetonate dissolved in oleylamine for 30 min at 120 ◦C, and further increasing of
temperature to 150 ◦C for 20 min. Both solutions changed their initial color to dark brown.

4.4. Preparation of Ni–Co Nanoparticles

(a) Co–Ni Sample #1 and #2: The Co–Ni nanoparticles were prepared as follows. 20 mL of oleylamine
were previously heated to 120 ◦C and then the Co and Ni precursors were added to obtain two
samples with a Co:Ni desired molar ratio. Then, 30 µL of a 1,2-hexadecanediol (0.3 M) is added
and stirring was continued vigorously for 5 min at 170 ◦C. The temperature was slowly increased
to 230 ◦C and the solution was kept 60 min more at this temperature. The resulting colloid was
then cooled slowly to room temperature. Two samples were prepared with an atomic ratio of
98.4/1.6 (Sample #1) and 92.7/7.3 (Sample #2) of Co:Ni respectively. Finally, the nanoparticles were
washed by centrifugation several times with a mixture of chloroform and ethanol at 4000 rpm
and dried at 120 ◦C for 4 h.

(b) Co–Ni Sample #3: For this synthesis method of Co–Ni nanoparticles a Co/Ni atomic ratio of
89.7/10.3 was used. Briefly, 1 mmol of CoII (acet) was completely dissolved in 4 mL of oleylamine
by using magnetic stirring, and 150 µL of a NiCl2 solution (0.1 M in ethanol) was injected.
The mixture was stirred and heated at 100 ◦C for 30 min. Then, the temperature was raised to 230
◦C for 1 h. Finally, the solution was let to cool down to room temperature. The samples were
further purified by centrifuging several times, precipitating and redispersing the particles with a
mixture of chloroform and ethanol. The final precipitated particles were collected and dried at
120 ◦C for 4 h.

(c) Co–Ni Sample #4: Sample #4 was prepared by a conventional slurry impregnation method and
contained 25% metal by weight, with an atomic ratio of 90/10 of Co/Ni. Co/Alumina-Catalox
150 γ-alumina (150 m2/g) was used as a support. Cobalt nitrate (Alfa Aesar) served as the
precursor to load the cobalt onto the Al2O3 support. In this method, which follows a Sasol
patent [1], the ratio of the volume of solution used to the weight of alumina was 1:1, such that
approximately 2.5 times the pore volume of solution was used to prepare the loading solution.
Two impregnation steps were used to load 12.5% of metal by weight for each step. Between each
step, the catalyst was dried under vacuum in a rotary evaporator at 60 ◦C, and the temperature
was slowly increased to 100 ◦C. After the second impregnation/drying step, the catalyst was
calcined in air at 350 ◦C for 4 h.

(d) (d) Co Sample #5: Sample #5 was prepared in the same way as Sample #4, except no Ni was
included. The weight was 25% Co.

4.5. Characterization

Characterization of Samples #1–3 was carried out in the core facilities at the UTSA.
Scanning transmission electron microscopy (STEM) images of Ni–Co nanoparticles were obtained
in an Ultra high-resolution cold-FEG scanning electron microscope (Hitachi 5500, Tokyo, Japan)
equipped with bright field (BF) and annular dark field (ADF) detectors operating at 30 keV, and in
an aberration-corrected electron microscope (JEOL ARM200F, Tokyo, Japan), operated at 200 kV in
high-angle annular dark-field (HAADF) mode, spatial resolution of 0.78 Å. The instrument is equipped
with a Silicon Drift Detector for energy dispersive X-ray spectrometry (EDS). Samples were prepared
by dropping the nanoparticles suspension onto a carbon-coated copper grid and dried in air. X-ray
diffraction (XRD) analysis was carried out using a Rigaku Ultima IV diffractometer (RIGAKU, Tokyo,
Japan) equipped with a dual position graphite diffracted beam monochromator for Cu, using a Cu
Kα radiation at 43 kV and 30 mA. Prior to XRD and STEM characterization, Sample #4 and Sample
#5 were reduced in hydrogen (American Welding & Gas, Lexington, KY, USA) for 18 h at 350 ◦C,
cooled down at 20 ◦C and then passivated with 1% O2 in nitrogen (American Welding & Gas, Lexington,
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KY, USA). XRD analysis was carried out with a Philips X’Pert diffractometer with monochromatic
Cu Kα radiation (λ = 1.54 Å). The conditions employed included a 2Θ range of 10–90◦, a scan rate
of 0.01◦ per step, and a scan time of 4 s per step. STEM analysis was carried out with FEI Talos
F200X (Thermo Scientific, Waltham, MA, USA) equipped with BF, DF2, DF4, and HAADF detectors.
The imaging was performed using field emission gun and accelerating voltage of 200 kV and collected
by high speed Ceta 16M camera. Data processing and analysis were carried out with Velox software
(Thermo Scientific, Waltham, MA, USA). The samples were dispersed in ethanol (Alfa Aesar, Haverhill,
MA, USA.), sonicated and then dropped into a carbon-coated copper grid and dried in air.

In situ H2-TPR XAFS studies were performed at the Materials Research Collaborative Access Team
(MR-CAT) beamline at the Advanced Photon Source, Argonne National Laboratory. A cryogenically
cooled Si (1 1 1) monochromator selected the incident energy and a rhodium-coated mirror rejected
higher order harmonics of the fundamental beam energy. The experiment setup was similar to that
outlined by Jacoby [42]. A stainless-steel multi-sample holder (3.0 mm i.d. channels) was used to
monitor the in situ reduction of six samples during a single TPR run. Approximately 6 mg of each
sample was loaded as a self-supporting wafer in each channel. The catalyst to diluent weight was
approximately 1:1. The diluent was alumina. The holder was placed in the center of a quartz tube,
equipped with gas and thermocouple ports and Kapton windows. The amount of sample used was
optimized for the Co K-edge, considering the absorption by Al of the support; however, the Ni K edge
was also analyzed. The quartz tube was placed in a clamshell furnace mounted on the positioning
table. Each sample cell was positioned relative to the beam by finely adjusting the position of the table
to an accuracy of 20 µm (for repeated scans). Once the sample positions were fine-tuned, the reactor
was purged with He for more than 5 min at 100 mL/min and then the reactant gas (H2/He, 3.5%) was
flowed through the samples (100 mL/min) and a temperature ramp of ~1.0 ◦C/min was initiated for the
furnace to 500 ◦C and the sample was held at this temperature for 4 h. One exception to this was the
catalyst prepared by standard impregnation methods, where the maximum temperature was 700 ◦C.
The Co and Ni K-edge spectra were recorded in transmission mode and a Co metallic foil spectrum
was measured simultaneously with each sample spectrum for energy calibration. X-ray absorption
spectra for each sample were collected from 7500 to 9000 eV.

Data reduction of the EXAFS/XANES spectra was carried out using the WinXAS program [43].
The details of the XANES and EXAFS analyses for Co K-edge data are provided in the appendices of
our previous article, and will not be repeated here, for the sake of brevity [5]. Ni K-edge data were
processed in an analogous manner (i.e., same ∆k and ∆R in fittings) with the exception of Sample
#1, where the lower data quality due to the lower loading necessitated a shortening of the k-range
to 3–9 Å−1. For qualitative comparisons of XANES and EXAFS data, the references used for Co3O4,
CoO, and Co0 were the initial spectrum, the point of maximum CoO content, and the final spectrum of
the TPR trajectory of 25% Co/Al2O3 from [5]. For NiO and Ni0, the references were NiO (Alfa Aesar,
Puratronic, 99.998%, Tewksbury, MA, USA) and a Ni0 foil.

For XANES linear combination fittings, the reference compounds for Co K-edge data for Samples
#1–3 were the first spectrum of Sample #3 (representing 100% Co2+) and the final spectrum of each
sample after remaining at 500 ◦C in H2 (representing ~100% Co0). Reference compounds for Sample
#4 were the initial spectrum (representing a mixture of Co2+ and Co3+ similar to Co3O4), the point of
maximum CoO content, and the final spectrum after H2 TPR (representing Co0). At the Ni K-edge,
Samples #1 and #2 had a high amount of Ni0, with only a small amount of Ni2+ initially; also, the data
of Sample #1 were of lower quality due to the low Ni loading; LC fittings were not performed on these
two samples. Reference compounds for Samples #3 were the first spectrum (Ni2+ associated with CoO)
and the final spectrum after remaining at 500 ◦C in H2 (representing ~100% Ni0). Reference compounds
for Samples #4 were the first spectrum (Ni2+ associated with Co3O4), the spectrum for Ni2+ associated
with maximum CoO content, and the final spectrum after H2 TPR (representing ~100% Ni0). EXAFS
data reduction and fitting were carried out using the catalysts in their final state following TPR and
cooling in flowing H2 using the WinXAS [43], Atoms [44], FEFF [45], and FEFFIT [45] programs. The
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k-range used for the fittings was 3–10 Å−1. Fitting was confined to the first metallic coordination shell
by applying a Hanning window in the Fourier transform magnitude spectra, and carrying out the
back-transform to isolate that shell.

BET surface area and porosity characteristics were measured by Micromeritics 3-Flex system
(Norcross, GA, USA) using N2 physisorption (UHP N2, Airgas, Lexington, KY, USA). Before testing,
the temperature was slowly increased to 160 ◦C; then, a vacuum was pulled for at least 12 h until
the sample pressure was approximately 50 mTorr. The BJH method was employed to determine
the average pore diameter and pore volume. Additionally, pore size distribution was obtained as a
function of pore diameter via the correlation dV/d (log D).

Hydrogen chemisorption/pulse reoxidation was performed using an Altamira (Altamira
Instruments, Pittsburgh, PA, USA) AMI-300 unit. The catalyst was ramped at 2 ◦C/min and reduced at
350 ◦C for 10 h in 10 cm3/min of UHP H2 (Airgas, San Antonio, TX, USA) blended with 20 cm3/min of
UHP argon (Airgas, San Antonio, TX, USA). The catalyst was cooled to 100 ◦C, and 30 cm3/min of
UHP argon was flowed to prevent the adsorption of weakly bound hydrogen. Next, the catalyst was
heated at 10 ◦C/min in flowing argon to 350 ◦C to desorb the chemisorbed hydrogen. The hydrogen
temperature programmed desorption peak was integrated and compared to calibration pulses in order
to determine the moles of hydrogen evolved. Pulses of UHP O2 (Airgas, San Antonio, TX, USA) were
then sent to reoxidize the catalyst until saturation was achieved. Two methods were used to estimate
percentage of reduction. In the conventional approach, cobalt metal was assumed to oxidize to Co3O4

and nickel metal was assumed to oxidize to NiO. However, in a second approach, we assumed that
during reduction, all Co3O converted at least to CoO, and that a fraction of CoO and NiO converted to
Co0 and Ni0. Thus, during reoxidation, the Co0 and Ni0 is first oxidized to CoO and NiO. Then, all CoO
oxidizes to Co3O4. The two approaches set maximum and minimum limits for the metal cluster size
when the uncorrected dispersion is corrected by taking into account the percentage of reduction by the
metal, as follows: % Dispersion (Uncorrected) = (# metal atoms on the surface)/(# metal atoms in the
sample)% Dispersion (Corrected) = (# metal atoms on the surface)/((# metal atoms in the sample)(%
reduction)).

4.6. Reaction Testing

Activity tests were carried out in a lab scale rig equipped with a 1 L continuously stirred tank
reactor (CSTR) (PPI, Warminster, PA, USA). Additional detail on the lab scale ring are reported in our
previous work [15]. In a typical run, 9.6 g of calcined catalyst (63–125 µm) was loaded into a fixed
bed reactor for ex situ reduction at 350 ◦C for 20 h, feeding 30 Nl/h H2/He mixture (1:3 v/v, American
Welding & Gas, Lexington, KY, USA) at atmospheric pressure. The reduced catalyst was transferred to
a 1 L CSTR containing 310 g of melted Polywax 3000 (Baker Petrolite, Houston, TX, USA) by pneumatic
transfer under the protection of nitrogen. The transferred catalyst was reduced in situ at 230 ◦C and at
atmospheric pressure overnight feeding 30 Nl/h pure H2 (American Welding & Gas, Lexington, KY,
USA). In this work, the process conditions were: T = 220 ◦C, P = 300 psi, H2/CO = 2 mol/mol and a
stirring speed of 750 rpm. The products and the unconverted reactants leaving the reactor were sent to
a warm trap, maintained at 100 ◦C, and then to a cold trap held at 0 ◦C. The uncondensed vapor stream
was reduced to atmospheric, the flowrate was measured by a wet test meter, while the composition
was analyzed by online 3000A micro-GC (Agilent, Santa Clara, CA, USA) equipped with four different
columns (Molecular Sieve, Plot U, Alumina and OV-1) and TCD. The reaction products were collected
in three traps maintained at different temperatures; a hot trap (200 ◦C), a warm trap (100 ◦C), and
a cold trap (0 ◦C). The products were separated into different fractions (wax, oil, and aqueous) for
quantification. The oil (C4–C20) were analysed with 7890 GC (Agilent, Santa Clara, CA, USA) equipped
with DB-5 (60 m × 0.32 mm × 0.25 µm, Agilent J&W) column and FID, while waxes (C21–C60) were
analyzed with an HP 6890 GC equipped with ZB-1HT column (30 m × 0.25 mm × 0.10 µm, Zebron)
and FID.
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5. Conclusions

A wet chemical approach using oleylamine as the solvent and reducing agent was applied to
prepare Co–Ni nanoparticles. Nanoparticles were characterized by HAADF-STEM, EDS, and XRD.
By increasing the Ni content of the alloy from Co98.4Ni1.6 to Co92.7Ni7.3, the size and shape of the
nanoparticles change from 20.5 nm dendritic particles to a core-shell morphology with 12.2 nm HCP
Co–Ni alloy within the core and a 2.3 nm shell showing evidence of oxidation. Small quantities of
heterogeneous catalysts were prepared by supporting the nanoparticles on alumina. Interestingly,
TPR-EXAFS/XANES measurements showed that the oxidation states of Co and Ni could be tuned from
being completely 2+ to being up to 80% metallic, and the reduction of Ni and Co acted in tandem.
This result is of interest, because much work in FTS research has been dedicated to facilitating cobalt
reduction due to the presence of strong metal oxide-support interactions.

Due to the small quantity, it was not possible to test these catalysts in a CSTR reactor used to
benchmark commercial slurry operations. We therefore tested a catalyst prepared by a conventional
impregnation method with subsequent calcination. This catalyst offered a different TPR-XANES
pattern in that it was the only catalyst to begin with Co3O4 with NiO being associated with this oxide.
The Co3O4 reduced to CoO, and the NiO XANES spectra displayed a distinct shift to lower energy
when reduction of Co3O4 to CoO occurred. Following this step, NiO and CoO reduced in tandem.
This indicates that Co and Ni are in intimate contact, suggesting alloy formation. This explanation was
also strongly favored by results of XRD, HAADF-STEM, and EDS, which indicate that a solid solution
likely formed.

Finally, the catalyst prepared by impregnation was tested for Fischer–Tropsch synthesis using
a CSTR. Compared to a catalyst prepared using cobalt, the CoNi alloy catalyst exhibited lower CO
conversion on a per gram catalyst basis. However, Ni addition did not impact the turnover number of
cobalt to a significant degree. Moreover, a slightly higher methane selectivity was observed initially
(~3–4% absolute) with the CoNi catalyst; however, with time, the difference between the two catalysts
became smaller, reaching ~1%. Despite these drawbacks, adding Ni had a pronounced impact on
stability, resulting in an inverted induction period. Instead of a steep decline followed by a leveling off

as observed with many conventional cobalt catalysts, the CO conversion increased with time on-stream
for the CoNi catalyst. To stabilize typical cobalt catalysts, companies have relied on using high Co
loadings. The results here indicate that the metal nanoparticles can be stabilized by Ni addition at a
lower Co percentage loading.
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