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Abstract: Recently, metal nanoparticles embedded in porous carbon composite materials have been
playing a significant role in a variety of fields as catalyst supports, sensors, absorbents, and in energy
storage. Porous carbon composite materials can be prepared using various synthetic methods; recent
efforts provide a facile way to prepare the composites from metal-organic frameworks (MOFs) by
pyrolysis. However, it is usually difficult to control the phase of metal or metal oxides during the
synthetic process. Among many types of MOF, recently, cobalt-based MOFs have attracted attention
due to their unique catalytic and magnetic properties. Herein, we report the synthesis of a Pt doped
cobalt based MOEF, which is subsequently converted into cobalt nanoparticle-embedded porous
carbon composites (Pt@Co/C) via pyrolysis. Interestingly, the phase of the cobalt metal nanoparticles
(face centered cubic (FCC) or hexagonal closest packing (HCP)) can be controlled by tuning the
synthetic conditions, including the temperature, duration time, and dosage of the reducing agent
(NaBHy). The Pt doped Co/C was characterized using various techniques including PXRD (powder
X-ray diffraction), XPS (X-ray photoelectron spectroscopy), gas sorption analysis, TEM (transmission
electron microscopy), and SEM (scanning electron microscopy). The composite was applied as
a phase transfer catalyst (PTC). The Fischer-Tropsch catalytic activity of the Pt@Co/C (10:1:2.4)
composite shows 35% CO conversion under a very low pressure of syngas (1 MPa). This is one of the
best reported conversion rates at low pressure. The 35% CO conversion leads to the generation of
various hydrocarbons (Cq, C,—C4, Cs, and waxes). This catalyst may also prove useful for energy and
environmental applications.

Keywords: metal-organic framework; carbon composite; crystalline phase; Fischer-Tropsch; hydrocarbon

1. Introduction

Due to the extreme demand for fossil fuels, research on the conversion of carbon dioxide and
methane to fossil fuels is one of the hottest topics [1]. This process generates fuels, while simultaneously
decreasing the greenhouse effect of the gases in the environment [2]. However, while experiments to
produce saturated hydrocarbons directly using carbon dioxide or methane are currently underway,
thus far, only saturated lower hydrocarbons have been produced. [3]. Recently, the coal to liquid
process (CTL) has drawn attention [4,5]. The CTL process has been performed in many ways, among
which one of the most important is the Fischer-Tropsch synthesis (FTS). The Fischer Tropsch process
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effects the conversion of syngas into a variety of fuels including liquid hydrocarbons, diesel, naphtha,
and gasoline, via the catalytic pathway:

FTS: CO + 2H, — (CHy)n + HO 1)

FTS has become the most frequently used method to combat the fuel crisis worldwide [6].
The most active metals for FTS are Co, Fe, and Ru, among which Ru has high activity in FTS. However,
for commercial use, it has some disadvantages including the high price, and scarcity [7-9]. In the case
of Fe, the selectivity is low, and it is easily oxidized as it has less stability towards hydrocarbons [10-12].
Cobalt-based catalysts produce high molecular weight hydrocarbons (waxes) with high selectivity and
high FTS catalytic activity for the formation of linear paraffins, compared with those of other active
catalysts [13]. FTS catalytic activity depends on available metal active sites for catalytic interaction to
extend the percentage of metal reduction [14,15]. The most effective size for the catalytic nanoparticles
is in the range of 6 to 8 nanometers, which provides many active sites. Moreover, cobalt-based catalysts
are low in price, and have high CO, emissions and high selectivity, which make cobalt one of the most
widely used catalysts for FTS [16]. In addition, trace amount of metals such as Pt and Ru have been
used to increase the rate of reaction and lower the reduction temperature [17-20]. Moreover, porous
carbon acts as an FTS promoter.

MOFs have high surface areas, porosities, and crystallinities, and a variety of applications,
in gas adsorption, catalysis, sensor development, drug delivery, and luminescence have been actively
developed [21-25]. In the past, Al;O3 or SiO; were used as a support in Fischer-Tropsch catalysis.
Currently, FTS studies are being carried out using carbon supports, such as graphene, carbon nanotubes,
and graphene oxides [26-29]. The most challenging aspect of the FTS process using metal-organic
structures is that the structures are easily deformed by water, which causes the structures to change
or collapse. To overcome this drawback, experiments have been conducted to carbonize MOFs,
which generates metal nanoparticles in the interstitial spaces of porous composites.

For heterogeneous catalysis, carbon-supported cobalt-based materials have scarcely been reported.
The carbonization of Co-MOFs provides catalysts, which are superior to conventional catalysts, as all
the cobalt centers in the MOF structure can be reduced to metallic Co [30], and since cobalt has
a relatively low molecular weight, it is easily dispersed on surfaces [31-33]. However, previously
reported cobalt-based materials have been in the FCC phase rather than the HCP phase. In the HCP
phase, CO molecules can more readily bind to and dissociate from the Co center than in the FCC phase.
This indicates that catalysts containing cobalt in the HCP are more effective in the FTS process [34,35].

In this study, we have developed a Co-based metal organic framework in the HCP phase.
The cobalt-based catalyst can be readily prepared by the carbonization of the MOF Co,(bdc),(dabco).
To produce the highly active porous sites, we embedded platinum into the Co-MOF precursor and
then carbonized the resulting material, to afford the Pt doped Co/C nanocomposite. Subsequently,
we investigated the transition of the cobalt phase from FCC to HCP using a variety of synthetic
conditions. This transition is very important for the FTS process as it generates active metallic cobalt
nanoparticles from the Co,O intermediate, in the HCP phase [36]. From the experimental results,
the conversion of carbon monoxide (CO) was determined to be approximately 35%. To the best of our
knowledge, this is one of the best conversion values reported, even though the reaction was carried
out under very low pressure, at 1 MPa of syngas. Additionally, the investigation was carried out using
other metal-based nanocomposites such as Pt@Ni, (bdc),(dabco) and Pt@Zn;(bdc),(dabco), in order to
understand the influence of the metal in the FT catalysis.

2. Results

Catalyst Characterization

The powder X-ray diffraction analysis shows that the M,(bdc),(dabco) (M = Co, Ni, Zn) data
were in good agreement with the simulated data, at a scan rate of 20 < 2 °/min, shown in Figure 1a.
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The PXRD data indicate that the guest molecules do not remain in pores of the product, and the
good agreement of the PXRD data with the simulation indicates the crystallinity of My(bdc),(dabco).
Figure 1b shows the Brunauer—-Emmet-Teller (BET) surface areas of Co,(bdc),(dabco), Niy(bdc),(dabeo)
and Zn;(bdc),(dabco), which are approximately 2046, 2081, and 1998 m?/g. The M;(bcd),(dabco)
compounds were carbonized at 800 °C for four hours under Ar gas flow with rate of 150 cc/min.
The PXRD data of the carbonized Pt doped Co,(bdc);(dabco) (Pt@Co/C) and Coy(bdc),(dabco) (Co/C)
are shown in Figure 2.
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Figure 1. (a) Powder X-ray diffraction (PXRD) analysis and (b) Brunauer-Emmet-Teller (BET) analysis
of M (bdc),(dabco) before carbonization.

— Coz(bdc)zdabco-w:o:z.«t
—— Pt@Co,(bdc),dabco-10:1:2.4

simulated HCP
simulated FCC

|

T T T T T 1

40 45 50 55 60 65 70
20(degree)

Figure 2. PXRD analysis, after carbonization, of Pt@Co/C(10:1:2.4) and Co/C carbinized at 800 °C for
4 h under Ar.

The diffraction peak at 43.9° was assigned to the FCC metallic Co nanoparticles (according
to PDF 00-001-1259) for Co/C, whereas in the case of Pt@Co/C, the phase framework changed
completely to HCP (Figure 2). In contrast, there were no changes in the structures of the nickel
and zinc frameworks, either with or without the Pt dopant (Figure S1 and Figure 52, respectively).
Interestingly, Pt does not affect the nickel and zinc structures but does affect the structure of the cobalt
framework. The carbonized MOF derived from Co nanoparticles has an FCC phase in the absence
of Pt. The intensity of the FCC phase increased with a decrease in the Pt/Co ratio, whereas the HCP
phase increased with an increasing Pt/Co ratio (Table 1). This result implies that the phase change
depends on the phase of the Co nanoparticles, upon addition of the Pt dopant. The peaks at 43.9°
and 46.9° correspond to the FCC (111) diffraction plane and the HCP (101) diffraction plane in Co/C,
respectively. This result shows that the initially formed FCC has completely transformed into the HCP
phase of Co in the presence of the Pt dopant [37]. However, literature reports indicate that the factors
influencing the formation of supported Co/C include not only the carbonization conditions but also
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the properties of the material, such as the nature of the support, the Co particle size, and the dopant
content. The phase composition of the catalyst also depends on the NaBHy. (Table 1).

Table 1. Conversion of the cobalt structure from the FCC phase to the HCP phase at different
composition ratios.

Co: Pt: NaBHy4 10:1:0.6 10:1:1.2 10:1:2.4 20:1:0.6 20:1:1.2 20:1:2.4
FCC % 69% 49% 12% 72.4% 65% 14%
HCP % 31% 51% 88% 27.6% 35% 86%

In addition, we measured the BET surface areas of M/C and Pt@M/C (Figure 3). The surface areas
of the M;(bdc),(dabco) compounds significantly decreased upon carbonization to M/C. This is due
to the formation of carbon containing metal nanoparticles. This result proved the formation of metal
nanoparticles with active sites for application in catalysis. The surface areas of Co/C, Ni/C, and Zn/C
are approximately 182, 119, and 382 m?/g, respectively (Figure 3a). Moreover, in the case of Pt@M/C,
there was a small decrease in surface area compared to the corresponding M/C materials (Figure 3b).
This result clearly indicates that the platinum particles are incorporated in the pores of the M/C
materials. The surface areas of Pt doped Co/C, Ni/C, and Zn/C were estimated as approximately 148,
91, and 356 m? /g respectively. During the carbonization process, the original framework structure of
the MOFs was destructed and micro- and mesopores were generated during formation of the metal
nanoparticles and carbon consumption. Therefore, the surface area was drastically decreased upon
carbonization of MOFs. In addition, Pt also occupied the pores of the composite resulting in slightly
smaller surface area than the non-Pt doped composite. For the analysis of the chemical compositions
of the materials we carried out elemental analysis on the M/C and Pt@M/C (Table S1). The Pt@Co/C
(10:1:2.4) contains 32.59% C, and 0.25% H, whereas Co/C contains 34.59% C, and 0.85% H. Elemental
analysis data for the other Ni and Zn-based catalysts are summarized in Table S1.
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Figure 3. BET analysis of (a) M/C and (b) Pt@M/C composites.

XPS is the most efficient technique to determine the chemical composition of the Co/C and
Pt@Co/C composites (molar ratios of Co (10), Pt (1), and NaBH, (2.4)). Figure 4a shows the XPS total
survey scan spectrum of Co/C (10:1:2.4) (red line) and Pt@Co/C (10:1:2.4) (black line). The peaks at
284, 530, and 778 eV in the red line correspond to C 1s, O 1s, and Co 2p. The additional peaks at 75 eV
in the black line (Figure 4b) correspond to Pt in the composite. Figure 4b shows the high resolution XPS
spectra of Pt 4f. The two peaks at 71.5 and 75.2 eV correspond to Pt 4f;,, and Pt 4f5/, [38]. The peak at
71.5 eV represents the Pt-C bond, in the case of Pt doped Co/C, whereas the peak at 75.2 eV indicates
the presence of metallic platinum [39]. This result suggests the presence of platinum on the surface of
the composite. Figure 4c shows the Co 2p deconvolution spectra for the Co/C and Pt@Co/C (10:1:2.4)
catalysts. In both cases, the deconvoluted spectra of Co 2p show the two characteristic peaks at 778.5
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and 793.8 eV, which correspond to the Co 2p3,, and Co 2p; ;. In addition, a characteristic satellite
peak at 781.5 eV indicates the presence of Co nanoparticles [40]. Figure 4d shows the high resolution
XPS of N 1s. In both cases, no nitrogen was observed. As a comparison study, both the nickel and
zinc-based catalysts were analyzed by XPS, and the results are shown in Figure S3 and Figure S4.
To understand the morphology of the carbonized cobalt-based catalyst, we performed TEM on both
the platinum doped and undoped materials. Figure 5a,b show dark spherical spots which correspond
to the cobalt oxide nanoparticles (green arrow), and a grey sheet (red arrow) identified as a carbon
layer. The TEM images show that the cobalt nanoparticles are well dispersed on the carbon surface.
The cobalt particles are randomly arranged all over the composite, and have sizes ranging from 5
to 40 nm. The average particles size of the cobalt oxide nanoparticles was calculated from the XRD
data using the Scherrer equation [41] and were found to be approximately 20 nm. The small particles
in Figure 5a,b are HCP phase cobalt, and the large particles are in the FCC phase [37]. In Figure 5c,
the high-resolution transmission electron microscopy (HRTEM) image clearly indicates the presence of
the carbon support (red arrow) covering the surface of the Co nanoparticles. After Pt doping, however,
Figure 5d,e show dark spherical spots, which correspond to the cobalt oxide nanoparticles (green
arrow), a grey sheet (red arrow), identified as a carbon layer, and very fine particles identified as the Pt
nanoparticles (blue arrow), which has been confirmed by elemental mapping.
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Figure 4. XPS analysis of Co/C and Pt@Co/C (10:1:2.4) (a) XPS total survey scan, (b) XPS deconvolution
of Pt 4f, (c) XPS deconvolution of Co 2p and (d) XPS deconvolution of N 1s.

After Pt doping, Figure 5d,e show dark spherical spots, which correspond to the cobalt oxide
nanoparticles (green arrow), a grey sheet (red arrow), identified as a carbon layer, and very fine
particles identified as the Pt nanoparticles (blue arrow), which have been confirmed by elemental
mapping. Moreover, Figure 5f shows that Pt (blue arrow) is present on the surface, while the carbon
layer (red arrow) wraps the Co (green arrow) nanoparticles. The morphology of the cobalt particles
appears hexagonal, in both cases, (Figure 5c,f), which is more clearly shown in the HRTEM image in
Figure 5g, of a HCP-Co Wulff polyhedron [42,43]. Furthermore, the elemental mapping revealed that
the composite is a mixture of C, O, Co, and Pt, as shown in Figure 6.
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Figure 5. (a—c) The TEM and HRTEM images of Co/C and (d—f) Pt@Co/C (10:1:2.4). (g) High-resolution
TEM image of a hexagonally shaped cobalt core carbon shell of Co/C.

CKal_ 2 Co Kal

lpum lpm

Figure 6. STEM elemental mapping of the Pt@Co/C composite.
3. Discussion
3.1. Cobalt Phase Transition

3.1.1. Effect of NaBHy4

The effect of NaBH,4 and the quantity of Pt dopant on the structural phase transition of cobalt
was studied using PXRD (Figure 7). To investigate the role of NaBHj in tailoring the crystal phase,
we carried out experiments using different molar ratios of NaBHy (0.6, 1.2, 2.4). Table 1 shows that as
the amount of NaBHj increases, the structure of cobalt shows increasing HCP character, which was
observed in PXRD measurements (Figure 7c). Moreover, at higher concentrations of NaBH,4, the HCP
phase became predominant. As we can see from Figure 7a—c, with an increase of NaBH,, the HCP
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phase of the cobalt increases, as a sufficient quantity of NaBH4 reduces the platinum, which results in
an increased ratio of the Co HCP phase.
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Figure 7. PXRD data showing the change in cobalt structure under various concentrations (a) 0.6,
(b) 1.2, and (c) 2.4 molar ratio of NaBH, conditions carbonized metal-organic frameworks (MOF).

3.1.2. Effect of temperature

To study the effect of the temperature on the phase of Pt@Co/C(10:1:2.4), several experiments
were performed using different carbonizing temperatures (Table S3). The PXRD spectrum of the
material produced at 500 °C shows a peak at 6 = 44.3°, which corresponds to the (111) diffraction plane
of the cobalt FCC phase.

This peak gradually diminished in intensity as the carbonization temperature increased from
500 °C to 1000 °C, as shown in Figure 8. This trend is due to the conversion of spinal Co30; to
CoO [42,44]. At 1000 °C, all the diffraction peaks appeared a little broad, which may be due to the
formation of carbon at higher temperatures. The diffraction pattern shows three characteristic peaks
corresponding to the (002), (100), and (101) planes, which are attributed to the cobalt HCP phase. From
Figure 8, the HCP phase is predominant at higher temperatures (1000 °C) [45]. However, a small
proportion of the cobalt FCC phase is still present, which was confirmed by a characteristic cubic peak
with a very low intensity at 52.3°, due to the (111) diffraction plane of FCC cobalt. This may be due to
the presence of unreduced cobalt [46,47].

—— Pt@Co,(bdc),dabco-10:1:2.4- 500 |
— Pt@Co,(bdc),dabco-10:1:2.4- 800
——Pt@Co (bdc),dabco-10:1:2.4-1000

simulated HCP
simulated FCC

40 45 50 55 60 65 70
20(degree)

Figure 8. PXRD analysis of Pt@Co/C(10.1.2) at different carbonization temperatures.
In addition, we carried out carbonization studies of Pt@Co/C(10:1:1.2) and Pt@Co/C (20:1:1.2)

composites (Figure S5a,b). In Figure S5a, at 800 °C, there is small peak at 52.3°, which indicates the
presence of a minor FCC phase. This is may be due to the use of less NaBHy.
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3.1.3. Effect of Carbonization Time

To investigate the effect of carbonization time on the structure of Pt@Co/C (10:1:2.4), we carried
out the experiment using a range of carbonization times (4, 6, 9, 12, 18, and 24 h). Figure 9 shows the
PXRD patterns of the samples obtained using different carbonization times, under Ar gas (150 cc/min)
at a constant temperature of 800 °C. The results show a gradual increase in the proportion of the cobalt
FCC phase with time. The detailed experimental conditions are summarized in Table S4. In summary,
we found that the structural phase of the Pt@Co/C composite depends on several conditions. At
higher temperatures, the HCP phase is dominant, whereas as at long carbonization times, the FCC
phase is the predominant phase. Interestingly, the structure of the Pt@Co/C composite can be tuned
using the carbonization conditions.

—— Pt@Co,(bdc),dabco-20:1:0.6- 24h
o Pt@Coz(bdc)zdabco-20:1 :0.6-18h
— Pt@Co,(bdc), dabco-20:1:0.6- 12h
— Pt@Coz(bdc)zdabco-ZOﬂ :0.6-9h
— Pt@Co,(bdc),dabco-20:1:0.6- 6h
Pt@Co,(bdc),dabco-20:1:0.6- 4h

simulated HCP
simulated FCC

Intensity(a.u)

40 45 50 55 60 65 70
20(degree)

Figure 9. PXRD analysis of Pt@Co@C (20:1:0.6) at different carbonization times and a temperature of 800 °C.

3.2. Fisher-Tropsch Reaction Using Cobalt-Based Catalysts

To determine the catalytic behavior of the M/C and Pt@M/C (M = Co, Ni, Zn) catalysts we
applied them to the Fischer-Tropsch synthesis (FTS). It is well known that cobalt catalysts with HCP
structures have superior catalytic activity than those with FCC structures. Therefore, we used the
Pt@Co/C(10:1:2.4) HCP phase for the catalytic reaction. To perform the catalyzed FTS, we used a Parr
autoclave. We maintained a pressure of approximately 10 bar of syngas (CO:H, = 1:2) over 50 mg of
catalyst and heated the system to 250 °C for 100 h. After removing the water, we measured the mass of
the products by gas chromatography (GC). The reduction of the cobalt catalyst and the reduction of CO
for FTS was carried out using an H, atmosphere. Generally, the reduction proceeds via an exothermic
process in which cobalt oxides are reduced to metallic cobalt after the catalysis [48]. To optimize the
heat transfer, minimize the diffusion of hydrogen, and effectively remove the water from the system,
the reduction temperature should be low. If the reduction temperature is high, it can cause sintering and
loss of cobalt surface area. In this system, we propose that the platinum does not directly participate in
the catalytic reaction, but it can act as a promoter which reduces the reduction temperature. Moreover,
the presence of platinum in the nanosized cobalt crystals leads to improved reducibility of the cobalt
oxide and it can increase the number of active sites resulting in the higher activity compared to
un-promoted catalysts [49]. In addition, the platinum also supports cobalt for facile reduction for the
faster hydrogen activation in the system. It can also help to increase the dispersion of the catalyst on
the surface due to the higher rate of nucleation [50]. The reduction-oxidation-reduction cycles can
effectively increase the catalytic performance of cobalt by 30% [51]. The selectivity and catalytic activity
were calculated for 100 h at 250 °C. The rate of FTS catalysis depends on the rate of the formation of
hydrocarbons and waxes, and on the rate of CO conversion (per hour). This implies that the FTS rate
and the conversion of CO are proportional to the surface area of the reduced cobalt particles [45].
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The selectivity and activity of the catalyst is very important in cobalt-based FTS. Due to the
reductive environment of the catalytic environment, no CO, was generated during the catalytic reaction.
From the point of view of selectivity, the production of methane, Cs,, and longer hydrocarbons is
very desirable. We calculated the selectivity and activity of FT catalysis for each catalyst under the
same experimental conditions. The cobalt-based catalysts show very high FTS activity and selectivity
for C;—C4 hydrocarbons as the major product. The selectivity for C;—Cy, Cs,, and white wax (Cyo.)
is lower in the absence of platinum. In the FTS catalytic system, the reverse water gas shift (RWGS)
reaction also takes place. We measured the rate of CO conversion using the amount of water produced
by the system. Since one water molecule is generated per molecule of CO, the conversion rate of
CO can be determined by measuring the amount of water produced. However, the conversion rates
to individual hydrocarbons remain unknown as this method determines the overall CO conversion
rate. To remove the water from the system, it was stored at -24 °C for 2 days and then the mass of
the gaseous products was measured by GC. The following expression represents the rate of the water
gas reaction:

RWGS = RFCO; = g CO, produced /g cat/ h (2

The rate of FT catalysis for the conversion of CO is found to be 35% over the Pt@Co/C(10:1:2.4)
catalyst, whereas the CO conversion rate over the Co/C catalyst is approximately 30% (Figure 10).

40

35

CO Conversion Rate (%)
- b N N w
o (4] o 4] o
1 i 1 " 1 " 1 1

o
1

Co,(bdc),dabco Pt@Co,(bdc),dabco
Figure 10. CO conversion (%) over Co/C and Pt@Co/C(10:1:2.4) in Fischer-Tropsch synthesis (FTS).

To the best of our knowledge, this is one of the highest CO conversion values, under a very
low syngas pressure (1 MPa). It should be noted that the water gas reaction rate increases in the
presence of platinum and the carbon support. The selectivity for the light weight hydrocarbons
was reduced in the presence of the Pt@Co/C(10:1:2.4) catalyst (Figure 11). However, in the case of
Co/C, the proportion of light weight hydrocarbons produced was comparatively high. FT synthesis
reactions were also carried out using carbonized samples of Niy(bdc),(dabco), Pt@Ni;(bdc),(dabco),
Zny(bdc)a(dabco), and Pt@Zn;(bdc)x(dabeco). However, catalytic activity and CO conversion rates
were very low compared to those of the cobalt-based catalysts, and in the cases of Nickel and Zinc
based catalyst, not much catalytic activity was observed. Nickel nanoparticles will also catalyze the
reverse reaction and show undesirably high methane selectivity at various reaction temperatures that
may be due to high hydrogenation activity. This kind of activity is common in nickel-based catalyst
reactions [52]. Therefore, cobalt is the most suitable catalyst in the FTS rather than nickel and zinc.



Catalysts 2019, 9, 156 10 of 17

3.2.1. Study of the FTS Mechanism

The conversion of CO in the presence of Pt@Co/C(10:1:2.4) is higher than that over Co/C and
consequently the ratio of H/CO on the surface decreases. As a result, CO molecules are adsorbed
effectively, which results in reduced adsorption of Hj, leading to the formation of longer hydrocarbon
chains [53]. Figures 5b and 6, showing the TEM and elemental mapping results, suggesting a lower
density of metal defect sites on the Co/C catalyst surface compared to that of Pt@Co/C(10:1:2.4).
This is due to the larger particle size in the case of Co/C than in the corresponding Pt@Co/C(10:1:2.4)
catalyst. Due to the addition of Pt, the particle size of Co decreases and the resulting Pt@Co/C(10:1:2.4)
catalyst has a higher cobalt site density. In addition, Pt@Co/C(10:1:2.4) has a Co-HCP phase, which is
known to contain a higher number of Co defect sites compared with the Co-FCC phase. As a result,
the mobility of cobalt increases, which coupled with a decreasing number of anchoring sites in the
reaction leading to a higher cluster growth rate [45]. Due to the larger number of defect sites in
Pt@Co/C(10:1:2.4), more interaction occurs between the metal surface and the support promoters,
which inhibits the agglomeration of the particles during the catalytic reaction [53].
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Figure 11. Selectivity for the hydrocarbons produced in FTS.

3.2.2. Catalyst Stability Test

Figure 12 shows the results of the PXRD analysis of the structural change in each sample after
catalysis. In the case of Pt@Co/C(10:1:2.4) no structural change was observed, however, in the case of
Co/C, cobalt was oxidized to CoO. This demonstrates the stability of the Pt@Co/C (10:1:2.4) catalyst,
relative to the un-doped catalyst.
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Figure 12. PXRD analysis of (a) Co/C and (b) Pt@Co/C, before and after Fischer-Tropsch reaction.
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To analyze the difference in chemical state before and after, we measured the inductively coupled
plasma atomic emission spectra (ICP-AES). It was found that the contents of cobalt and platinum did
not change significantly (Table S5). Moreover, recycle experiments were conducted to determine the
stability of the catalyst. After three cycles, catalytic efficiency decreased for Co/C (Figure 13) that
occurs as the pores and the surface of the sample became blocked by the wax generated during the
experiment using the high-pressure and temperatures. The blocking of the catalytic sites prohibits
reaction of the syngas at the active metal surface of the cobalt catalyst. This is evident from the TEM
images (Figure 14b,e). In addition, cobalt is no longer able to act as a catalyst for repeated cycles
as it becomes oxidized (Figure 12a). In case of Pt@Co/C (10:1:2.4), however, due to the presence of
platinum, wax formation is reduced. In addition, the carbon deposited around the catalyst metal
surface and the reduced reaction temperature than that used with the un-doped catalyst due to the
presence of platinum allowed better stability for Pt@Co/C.

In the case of Pt@Ni/C, a small new peak appeared near the main peak, as shown in Figure Sé6a.
It was confirmed that the nickel-containing material was not reduced by platinum at low temperatures
and the Ni/C material was not significantly changed by the catalytic process (Figure Séb). In addition,
no changes were observed in Pt@Zn/C and Zn/C before and after catalysis (Figure S7a,b). To confirm
the change during the catalytic reaction, Co/C and Pt@Co/C(10:1:2.4) samples were measured using
TEM (Figure 14) and SEM (Figures S8 and S9). As a result, it was confirmed that cobalt was reduced by
platinum at a low temperature. Based on the elemental distribution (Figure 14g), the platinum particles
occured on the sample surface, and it can be confirmed from the black dots of the TEM. There was no
significant change in the catalyst structure after the catalytic reaction, however, it was confirmed that
the surface was coated with wax.

100

Recyclebility (%)
3 o
1 1

N
o
1

Co,(bdc),dabco Pt@Co,(bdc),dabco
Figure 13. Recyclability test of Co/C and Pt@Co/C (10:1:2.4) relative to catalytic efficiency.

3.3. Comparison with the Literature

In the present study, the cobalt MOF derived FTS catalysts provided much higher total CO
conversions than conventional cobalt-base catalysts. In the case of Co/C, the CO conversion was
approximately 30%, while for Pt@Co/C(10:1:2.4), the conversion was even higher, at 35%, even under a
very low syngas pressure (1 MPa). Santos et al. reported a CO conversion of approximately 14.6% using
an Fe based catalyst [54]. Wezendonk et al. [55] used a Fe-based catalyst to achieve a CO conversion
of up to 33.8%. Cobalt-based FTS catalysts reported by Isaeva et al. [56] and Qiu et al. [57] showed
significantly lower CO conversions of approximately 23.8%, 10%, and 30% respectively. In addition,
the experimental temperature (250 °C) used in this study is lower compared to those used with the
other metal-based catalysts reported by Santos et al. A comparison of CO conversion rates and reaction
temperatures has been summarized in Table Sé6.
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Figure 14. TEM analysis of Co/C (a—c) and of Pt@Co/C(10:1:2.4) (d—f) after the catalytic process,
and (g) the STEM elemental distribution in Pt@Co/C(10:1:2.4).

4. Materials and Methods

4.1. Chemicals and Materials

All chemicals have been used as received without any further purification. Cobalt (II) chloride
hexahydrate, nickel nitrate hexahydrate, and zinc nitrate hexahydrate were purchased from Sigma
Aldrich. Platinum (II) bromide was purchased from Alfa Aesar. 1,4-diazabicyclo{2,2,2}octane (dabco),
and sodium borohydride (NaBHy) were purchased from TCI. Acetonitrile, N,N-dimethylformamide
(DMF) and other solvents were purchased from a local company, Samchun chemicals.

4.2. Instruments and Experimental Conditions

A Pyrotech tube furnace was used for carbonization experiments, using tube type one.
The temperature step was 10 °C/min, and the argon gas flow rate was approximately 150 cc/min.
After completion of carbonization, the sample was cooled under an argon gas flow.

The crystal structures of the samples before and after carbonization were determined using a
powder X-ray diffractometer (Rigaku D/MAX-2200, horizontal type, Hajima, Japan). The sample was
finely ground and placed flat on a glass plate. (Cu K« radiation, at a wavelength of 1.54178 A, 40 kV,
30 mA).

The surface areas of the samples were measured using a Micromeritics ASAP-2020 instrument.
The weight of the samples was in the range of 50-70 mg and the measurements were conducted at
—196 °C, using liquid nitrogen cooling.

X-ray photoelectron spectroscopy (K-alpha, Thermo Scientific, Waltham, MA, USA) was used to
identify the elements in the carbonized samples.

TEM measurements were performed using a JEM-2100F field emission electron microscope
(JEOL Ltd., Tokyo, Japan). SEM measurements were performed using a JSM-7500F field emission
scanning electron microscope (JEOL Ltd, Tokyo, Japan).

To investigate the FTS catalytic reaction, a Parr 4842 high pressure reactor was used. The sample,
weighing approximately 50 mg, was placed in the high-pressure reactor and a pressure of
approximately 10 bar of syngas (CO:H; = 1:2) was applied and maintained as the sample was heated
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to 250 °C for 100 hours. After the removal of water, the mass of the gaseous products was measured by
GC using a GCMS-QP2010 Plus (Shimadzu Corp., Kyoto, Japan). The conversion rate and recyclability
of the samples was measured using a YL6500 GC (YL Instruments, Gyeonggi-do, Korea).

4.3. Synthesis of M(bdc),(dabco)

M, (bdc),(dabco) (M = Co, Ni, Zn) were synthesized using a previously reported method with
slight modifications [58]. Cobalt (II) chloride hexahydrate (1.18 g, 5.0 mmol), nickel nitrate hexahydrate
(1.45 g, 5.0 mmol) and zinc nitrate hexahydrate (1.49 g, 5.0 mmol) were placed in 20 mL vials.
1,4-diazabicyclo{2,2,2}octane (0.28 g, 2.5 mmol) and terephthalic acid (0.83 g, 5.0 mmol) in DMF
(20 mL) were added to each vial, followed by 5 min of sonication to produce clear solutions. 10 mL
of clear solution was removed from each of the 20 mL vials and transferred to a 50 mL Teflon tube
autoclave. (Scheme 1) Next, the autoclave was placed in a preheated hot air oven at 120 °C for 48 h
to obtain the desired products. The precipitated products were washed thoroughly with DMF and
acetonitrile (three times in 10 mL) and soaked in each solution for one day. The products were vacuum
dried at 130 °C for a day with the guest inside.

o+ll o DVF
l

T20°C
Metal
(Ni z‘:aCo) e dabco 48h

M,(bdc),(dabco)

Scheme 1. Typical synthesis of a Mj(bdc),(dabco) catalyst.
4.4. Synthesis of Pt@M,(bdc),(dabco)

In general, Pt@M;(bdc),(dabco) was synthesized by immersing a quantity (0.2 mmol, 0.4 mmol,
or 1 mmol) of My(bdc),(dabco) in a solution of PtBr, in acetonitrile (10 ml, 0.02 mmol) for 24 h,
with gentle stirring. Next, we added a well-dispersed solution of NaBH4 in acetonitrile (1.2 mL, 2.4 mL,
4.8 mL) and continued stirring for 12 h. (Scheme 2) The products were washed with acetonitrile
(3 times 10 mL) and dried under vacuum at 130 °C for one day.

Pt solution

Wash
NaBH,
(0.02 mmol) (0.048 mmol) (acetonitrile),
24 h, 24 h, dry,
stirring stirring carbonization
M,(bdc),(dabco)

Scheme 2. Synthesis of Pt@M/C composites.

4.5. Synthesis of Pt-doped M/C Catalysts

The Pt-doped M/C composites were synthesized by carbonization of Pt@M;(bdc),(dabco)
under a continuous flow of Ar (150 cc/min). Typically, Mp(bdc),(dabco) and Pt@M,(bdc),(dabco)
were loaded into a fixed bed reactor and heated to the chosen temperature (500 °C, 800 °C or
1000 °C) for a given time interval (4, 6, 9, 12, 18, or 24 h). The heating rate was approximately
10 °C per min. The catalysts were designated Pt@Co/C and had cobalt: Platinum weight ratios of 0.1,
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0.05, and 0.2. We designated the catalysts with the corresponding molar ratio (Co:Pt:NaBH4), as e.g.,
Pt@Co/C(10:1:2.4), Pt@Co/C(10:1:1.2),and Pt@Co/C(20:1:1.2) shown in (Table 1).

5. Conclusions

In this study, we controlled the phase of the cobalt catalyst structure using various synthetic
conditions. The experimental results indicated that the structure of cobalt could be tailored using
the quantity of platinum dopant. The HCP structure is formed at high temperatures (up to 1000 °C),
regardless of the sample composition. The transition from the FCC phase to the HCP phase is brought
on by the reduction and carbonization of the Co-based MOF, leading to an increase in metallic Co active
sites on the catalyst surface. We have shown the benefits of cobalt-based metal organic frameworks for
highly effective FT catalysis. Additionally, we have demonstrated that Co/C could be a good candidate
for the preparation of a porous, carbon-supported FT catalyst, which has very good catalytic activity,
a high surface density of metal active sites, and good reproducibility, compared to other nickel and
zinc-based systems. The addition of Pt into the parent MOF significantly increases the catalytic activity
of Pt@Co/C(10:1:2.4). Moreover, this system shows a very good selectivity for hydrocarbons (Cp. and
higher) and solid wax (Cpp.) as major products. The total conversion of CO by Pt@Co/C(10:1:2.4) was
calculated as approximately 35%, whereas for Co/C the conversion was 30%. These values represent
some of the best CO conversion rates reported to date, which is made more remarkable when the fact
that we used a syngas pressure of only 1 MPa is considered. Due to the extremely high active cobalt
sites, this system has potential for industrial application in the Fischer-Tropsch process.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4344/9/2/156/s1,
Figure S1. PXRD analysis of Pt@Ni/C and Ni/C after carbonization at 800 °C, for 4 h, under argon, Figure S2.
PXRD analysis of Pt@Zn/C and Zn/C after carbonization at 800 °C, for 4 h, under argon, Figure S3. XPS analysis
of Ni/C and Pt@Ni/C (a) XPS total survey scan, (b) XPS deconvolution of Pt 4f, (c) XPS deconvolution of Ni 2p
and (d) XPS deconvolution of N 1s, Figure S4. XPS analysis of Zn@C and Pt@Zn/C (a) XPS total survey scan,
(b) XPS deconvolution of Pt 4f, (c) XPS deconvolution of Zn 2p and (d) XPS deconvolution of N 1s, Figure S5.
PXRD analysis of Pt@Co/C(10:1:1.2) and Pt@Co/C(20:1:2.4) at different carbonization temperatures, Figure Sé6.
PXRD analysis of Pt@Ni/C and Ni2@C before and after FTS, Figure S7. PXRD analysis of Pt@Zn/C and Zn/C
before and after FTS, Figure S8. SEM data of Co/C before and after the catalytic reaction, Figure S9. SEM data of
Pt@Co/C (10:1:02.4) before and after the catalytic reaction, Table S1. Elemental analysis of Pt@M/C and M/C
(M = Co, Ni, Zn), Table S2. XPS analysis of Pt@M/C and M/C (M = Co, Ni, Zn), Table S3. Different carbonization
temperatures for Pt@Co/C(10:1:2.4), Table S4. Different carbonization times for Pt@Co/C(10:1:2.4) at a fixed
temperature of 800 °C, Table S5. ICP-AES analysis of Pt@Co/C(10:1:2.4) and Co/C, Table S6: Comparison Table of
the present study with the literature.
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