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A B S T R A C T   

Bx(CN)y supported cobalt nanoparticles have been synthesized by regulating the ratios of melamine and boric 
acid precursors. The carbonization step is adequate to generate the desired controlled-sized cobalt particles at an 
auto-reduced state that can eliminate the requirement of promotors (e.g., Pt) for the hydrogen-spillover effect. 
The presence of nitrogen in support enhances the dispersion of cobalt particles by providing sites for cobalt to 
nucleate and grow due to the interaction between cobalt and Π electrons from the sp2-N center. Boron in the 
catalyst system significantly stabilizes the catalyst, thus improving its lifetime. However, the excess of boron 
promotes the aggregation of cobalt particles; therefore, optimal boron loading is preferable. Moreover, the 
binding energy calculation of Co6 over the B-doped and undoped C3N4 surface computed through DFT studies 
shows a reduction in metal-support interaction with the addition of boron, which leads to the aggregation of the 
cobalt particles with high boron. Overall, the catalyst with the optimized boron and nitrogen-containing support- 
stabilized cobalt particles is highly efficient in the aqueous phase Fischer-Tropsch synthesis.   

1. Introduction 

Fischer-Tropsch synthesis (FTS) comprises the conversion of CO and 
H2 (syngas) to a wide range of fuels and chemicals through heteroge
neous catalysis, typically using iron and cobalt [1]. The activity of the 
cobalt-based catalysts within the Fischer-Tropsch synthesis depends on 
various factors, including the catalyst composition, choice of promoters, 
support materials, etc. [2]. The catalyst support material, in particular, 
plays a significant role in determining the dispersion and stability of 
cobalt metal particles during reaction [3]. Moreover, the supports pro
vide mechanical and thermal strength to the metallic cobalt, which 
provides an active site in the FT synthesis [4–6]. 

Typical supports used on a commercial scale include SiO2, TiO2, and 
Al2O3 [7]. Recently, carbon [5,8,9] and zeolites have been investigated 
as potential support materials to stabilize cobalt nanoparticles in the 
highly dispersed state [10]. However, the effect of support on catalyst 
performance is still not fully understood [11]. Different factors that 
affect catalyst activity, reducibility, stability, and selectivity are particle 
size, surface area, porosity, electronic properties, metal-support 

interaction, surface acidity, and mass-transfer limitations [6,11,12]. For 
instance, a significant level of metal-support interactions (MSIs) be
tween cobalt and oxidic supports [13] (due to their comparable ionic 
radii) can limit the reducibility of cobalt at lower temperatures, result
ing in a lower metal surface area, and thus a lower number of active 
surface sites available for FTS. 

Inert carbon materials such as carbon spheres (CSs), nanotubes 
(CNTs), and nanofibers (CNFs) have a high surface area and high ther
mal and mechanical strength and have lower metal-support interactions, 
thus are a favorable alternative to conventional oxidic supports for 
cobalt-based FTS catalyst [14–16]. The polarity of carbon supports can 
be tuned by using different hetero atoms such as boron, nitrogen, oxy
gen, phosphorous, and sulfur. It helps to stabilize the metal/metal-oxide 
particles in the support and introduces hydrophilicity to the material 
[17–19]. The addition of hetero atoms can also improve the surface 
polarity, regulate the metal-support interactions, and improve the 
dispersion of cobalt particles on the support surface [20,21]. 

One critical issue that arises while using carbon as a support material 
is the regeneration challenge after reaction-induced carbon deposition 
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(Boudouard reaction). In general, the regeneration typically occurs at a 
higher temperature in an oxygen-rich environment to remove deposited 
carbon. This process results in structural damage to carbon supports 
along with carbon leaching. 

As an alternative, Boron-nitride (BN), a substance with a graphite- 
like structure, is a highly versatile inorganic material that has received 
a lot of attention due to its high thermal conductivity and stability, 
oxidation resistance, non-toxicity, etc. [22,23]. Boron-nitride has been 
shown to promote the high dispersion and stabilization of different 
active components [24,25]. However, the strong ionic character of BN 
makes it intrinsically inert, and hence, practical applications can be 
challenging. In contrast, the doped and defective BN obtained via 
chemical modifications is known to have enhanced chemical reactivity 
due to the increased possibility of the inclusion of metal in the BN 
matrix. 

Zhang et al. [26] studied CO interaction differences between 
graphitic-BN (g-BN) and modified g-BN by DFT studies, where the 
modified g-BN possessed a higher affinity towards CO [26]. Similarly, 
Cao et al. [27] reported enhanced adsorption affinity of atomic 
hydrogen over the surface of hybrid BN-graphene compared to bulk 
graphene and BN. Furthermore, Wu et al. [23] showed that Fe‑bor
on‑carbon‑nitrogen nanosheets (Fe-BCNNs) (prepared via one-pot 
thermal decomposition) exhibited higher activity and 8 times the CO 
conversion at 633 K when compared to Fe/BNNs prepared by incipient 
impregnation method. The encapsulation of Fe particles by BCNNs was 
thought to provide enhanced stability to Fe- nanoparticles at room 
temperature, which further prevents the deactivation of the catalyst 
under high reaction temperature. According to previous studies, boron- 
modified surfaces are more coke-resistance as boron atoms occupy 
carbon adsorption site to reduce the probability of coke formation, 
which can be helpful in designing the novel catalyst for FT synthesis 
[28,29]. 

While BCN heterostructure has been investigated as support within 
the Fischer-Tropsch synthesis [23,26,27], the suitability for aqueous 
phase Fischer-Tropsch synthesis (where partial pressures of water are 
high) has yet to be addressed. Operating the Fischer-Tropsch synthesis in 
an aqueous phase (as opposed to a wax slurry) has several advantages, 
such as easy separation of products from the reaction mixture, high 
dispersion of the catalyst particles in water in the reactor assembly, and 
the thermodynamic advantage of operating at lower temperatures 
(highly exothermic reaction) [30]. Furthermore, high partial pressures 
of water have been shown to enhance FT productivity. Co-adsorption of 
CO and water on the active sites may decrease the energy barrier for CO 
dissociation [31], and the presence of water has been reported to in
crease the concentration of monomeric species on the surface of the 
catalyst, leading to the formation of longer chain hydrocarbon (as 
opposed to methane) [32]. Few of our previous studies have shown that 
the different Co-loaded catalysts are highly active for CO hydrogenation 
at relatively lower temperatures in aqueous media and result in high C5+
hydrocarbon and significantly low amounts of CH4 (<5%) [33–35]. 

Here, we present an investigation into the structure-activity rela
tionship for a Bx(CN)y-supported cobalt catalyst for aqueous phase 
Fischer-Tropsch synthesis. The Bx(CN)y support is synthesized using a 
mixture of melamine and boric acid as precursors with variable com
positions to determine the structural impact of B, C, and N on the sup
port material. Furthermore, the Co-loaded Bx(CN)y is tested for catalytic 
performance within aqueous-phase Fischer- Tropsch synthesis. 

2. Experimental 

2.1. Reagents and materials 

All the reagents were obtained from Sigma Aldrich and used without 
further purification. Mixtures of gases (CO: H2: N2 = 1:2:1/3) were 
procured from Sigma Gas service, having purity up to 99.99%. Double- 
distilled water was used throughout this study. 

2.2. Synthesis of catalyst 

The catalysts were synthesized using a previously reported proced
ure with few modifications [36], where melamine and boric acid were 
used as the precursors for C–N and B, respectively. For the preparation 
of the support system, 0.1 M boric acid solution was prepared at 333 K. A 
specific amount of melamine was added to the solution, and the tem
perature was raised from 333 K to 373 K to obtain a clear solution. The 
solution was allowed to rotate at this temperature for 15 h, followed by 
drying at 363 K. The collected white solid was heated up to 1173 (ramp 
rate 5 K/min) for 4 h under the flowing N2 at 50 mL/min. Various 
supports were prepared using different ratios of boric acid to melamine 
ranging from 1:1, 1:2, 1:4, 2:1, and 4:1. 

The cobalt-loaded catalysts were prepared by adding cobalt precur
sor (cobalt nitrate hexahydrate) after 15 h rotation of the boric acid- 
melamine solution to keep a cobalt loading of 15 wt% and further 
kept for 10 h rotation. For ease of labeling, the different cobalt-loaded 
Bx(CN)y catalysts will be designated as B1M1, B1M2, B1M4, B2M1, 
and B4M1, corresponding to 1:1, 1:2, 1:4, 2:1, and 4:1 ratio of boric acid 
to melamine respectively. Scheme 1 represents the overall formation 
mechanism of Co@Bx(CN)y assembly. 

2.3. Analytical measurements 

XRD was performed at ambient temperature with a Proto Advance X- 
ray diffractometer with a Cu Kα radiation source having a Lynx eye high- 
speed strip detector. The patterns were recorded by 30 kV X-ray in the 
range of 2θ =5◦-80◦ with 0.05◦ step size (dwell time = 1 s). 

To analyze the pore architecture in the synthesized catalyst, N2 
adsorption-desorption isotherms were recorded using Micromeritics 
ASAP 2020. Before each measurement, the catalyst was degassed in a 
vacuum at 623 K. 

The oxidation state of several active metals in the samples was 
measured using Thermo Scientific K-alpha X-ray photoelectron spec
troscopy (XPS). To calibrate the binding energies of each element, the 
binding energy of C 1 s at 284.5 eV was used as a reference. 

JEM 2100 was used to capture transmission electron microscopy 
(TEM) pictures (JEOL, Japan). A small amount of catalyst was sus
pended in ethanol and sonicated for 10–15 min. To capture the images, 
2–3 drops were cast on a Cu grid supported by lacey carbon and allowed 
to dry. 

Temperature programmed reduction (TPR) and CO-temperature 
programmed desorption (TPD) were carried out using Micromeritics 
Auto Chem II 2920 instrument. The catalyst was flushed with helium at 
623 K for 2 h before being cooled to room temperature to get TPR sig
nals. Then, 20% H2 in He was fed over the catalyst while the tempera
ture was raised linearly to 1173 K (heating rate: 10 K/min). A thermal 
conductivity detector (TCD) was used to analyze the change in the H2 
concentration in the effluent. 

The CO-TPD signals were obtained in the same manner, as described 
above, by flushing with He first, followed by reduction at 623 K for 2 h 
using 20% H2 in He. The surface of the catalyst was passivated by the 
flow of CO at 373 K, and the spectra were recorded in the range of 
373–1100 K. 

2.4. Catalytic activity test 

The AFTS catalysts were tested in a high-pressure stainless steel 100 
mL batch reactor (Parr instrument). Before the reaction, 0.5 g of catalyst 
was reduced for 2 h at 623 K with 20% H2 in N2 to reduce surface 
oxidized cobalt species. After reduction, the catalyst was dispersed in 40 
mL of water before being added to the reactor. To avoid contaminants, 
the reactor was purged twice with reaction mixture gas (CO: H2: N2 = 1: 
2: 1/3), then sealed and pressured to 3.0 MPa with reaction gas. At a 
stirring speed of 700 rpm, the CO hydrogenation productivity was 
measured at 453 K. Once the reaction temperature was reached, the 
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reaction was carried out for 20 h for each catalyst. 
When the reaction was completed, the reactor was cooled to room 

temperature, and the gaseous products were examined using an online 
gas analyzer (Agilent 7890B). A Molsieve 5A column was used to 
separate gasses H2, CO2, N2, CH4, CO, and C2-C3 which were subse
quently quantified by a thermal conductivity detector (TCD). An HP- 
PONA column was used to separate gaseous C4 hydrocarbons and 
evaluated using a flame ionization detector (FID). The liquid hydro
carbons were extracted from the autoclave by adding cyclohexane to the 
reaction mixture. The cyclohexane-containing organic layer was dec
anted, and the organic compounds were collected. 

2.5. DFT calculation 

All the experiments were performed using the spin-polarized 
CASTEP DFT method [37] as implemented in Material Studio 8 (Bio
via, San Diego, USA) to understand the effect of boron doping on cobalt 
nanoparticle size for the Bx(CN)y supported Co-catalyst. The OTFG ul
trasoft pseudopotentials were used for electron-core interactions, and 
the generalized gradient approximation (GGA-PBE) [38] was used to 
describe the exchange-correlation function. The electron wave function 
was expanded using plane waves with an energy cut-off of 396 eV. 
Convergence criteria for the DFT calculations were kept at 0.0002 eV, 
0.05 eV/Å, and 0.002 Å concerning energy, force, and atom displace
ment, respectively. The k-points sampling of 1 × 1 × 1 was used for all 
the calculations. The geometry of the C3N4 structure was obtained from 
the Materials Project database (mp-971,684) [39]. The C3N4 (CN) sur
face slab (Fig. S1a, SI) was created having two atomic layers, where the 
bottom layer was kept fixed to their bulk positions, whereas the top layer 
was allowed to relax during the geometry optimizations. The BCN sur
face was modelled by adding four B atoms at the defect site of the C3N4 
surface slab (Fig. S1b, SI). A Co6 nanocluster was made and grafted at 
the CN and BCN surfaces to model the Co-CN and Co-BCN catalyst 
surface. 

3. Results and discussion 

The crystallinity of the catalysts was investigated through XRD 
analysis and depicted in Fig. 1. The peak at 27.90 can be attributed to 

hexagonal boron nitride in the (002) plane, while a broad peak with very 
low intensity at 40–450 can be correlated to the reflections due to (100) 
and (101) plane (JCPDS Card no. 85–1068) [40]. The peak at 14.80 in 
B2M1 and B4M1 can be associated with BN or carbon [23]. Depending 
upon the peak intensity, the nature of crystallinity was found to be 
different for each catalyst. These results show the formation of ternary 
B–C–N structure and successful boron doping in the C–N matrix. The 
increasing amount of melamine during the preparation of the catalyst 
results in the broadening of peaks in carbonized catalyst, accompanied 
by slight shifts to the lower angles. The formation of small-size NPs and 
increased dispersion may result in an enhanced broadening of the XRD 
peaks [41,42]. 

The N2 adsorption-desorption isotherms for Co/Bx(CN)y are depicted 

Scheme 1. The mechanism of formation of Co- Bx(CN)y catalyst assembly from different precursors [23].  

Fig. 1. XRD pattern of cobalt loaded Bx(CN)y prepared using different ratios of 
boric acid to melamine. 
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in Fig. 2, along with their surface areas mentioned in the corresponding 
figure. The BET surface area for cobalt-loaded catalysts was calculated 
to be in the range of 20 - 301m2/g. The sample code with B1M4 pos
sesses a maximum surface area (301m2/g), whereas the B4M1 has the 
lowest surface area (20 m2/g). The metal-support composites have a 
type IV isotherm and an H3 hysteresis loop, typical of a mesoporous 
structure. The bare Bx(CN)y (boron: melamine = 1:1) has a higher sur
face area (832 m2/g) when compared to Co/ Bx(CN)y catalysts (< 300 
m2/g). It is possible that the cobalt particles clogged the microporous on 
the surface of the support, resulting in a significant drop in BET [23]. 

Fourier transform infrared spectroscopy (FTIR) further confirmed 
the chemical structure. Each catalyst showed varying peak intensity due 
to changes in the quantity of B, N, and C, which may impact the inner 
bonding in the interior of the catalyst in Fig. 3, the broad peak ranging 
from 3000 to 3700 cm− 1 could be caused by residually bonded -NH or 
-OH groups [43]. The strong peak at 1390 cm− 1 correlated with the in- 
plane B–N stretching vibration of h-BN, while the sharp peak at 770 
cm− 1 corresponds to the out-of-plane B–N–B bending vibrations. With 
raising the ratio of boric acid to melamine, the sharpness of their bands 
increases accordingly [36,40]. These two peaks are supposed to repre
sent sp2 bond fingerprints within h-BN, which is crucial proof of h-BN 
formation [44]. Additionally, two other small and broad peaks at 1620 
cm− 1 and 1060 cm− 1 are associated with C–N and B–C adsorption 
bands respectively [45]. 

The surface chemical states of the fresh unreduced-metal loaded 
Bx(CN)y materials were investigated using XPS, shown in Fig. 4. As 
identified by XPS, the ratio of boric acid and melamine during synthesis 

appears to affect the different species in the catalyst. For Co 2p (Fig. 4a), 
the deconvoluted peak at 778.5 eV and 793.6 eV corresponds to metallic 
Co 2p3/2 and Co 2p1/2, while the peak at 781.5 eV and 796. 6 eV asso
ciated with Co2+ 2p3/2 and Co2+ 2p1/2 respectively [20]. The two 

Fig. 2. N2 adsorption-desorption plot for Bx(CN)y (Boric acid: melamine = 1:1) along with different cobalt-loaded Bx(CN)y.  

Fig. 3. FTIR plots for prepared support (Bx(CN)y) using different ratio of boric 
acid to melamine. 
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satellite peaks at 786 eV and 803.5 eV could be generated due to the 
interaction of cobalt with oxygen or surface nitrogen [20,34]. In the case 
of B1M1, B1M2, and B1M4 catalysts, the cobalt was found to be in the 
mixed state of metallic and oxide form, while the other two catalysts, 
including B2M1 and B4M1, consist only of cobalt in its oxide state. This 
observation suggests the role of nitrogen in stabilizing the metallic co
balt on the surface of the support. There is a slight shifting of the peak 
position while moving from B1M4 to B4M1, which could be due to the 
change in the possible interaction of cobalt with the support. 

The change in the electronic environment around Co while changing 
the amount of B and N/C in the catalyst can cause a change in its XPS 
spectra. During the carbonization process, the released gases, including 
H2 and CO, behave as reducing agents for cobalt species. However, auto- 
oxidation of surface cobalt particles is typically unavoidable while 
handling the catalyst in a typical atmosphere. As a result, cobalt in a + 2- 
oxidation state has also been observed. The surface of the catalyst with a 

high amount of nitrogen (B1M4) is richest with metallic cobalt. It could 
be possible due to the stabilization caused by Π electrons of sp2-N from 
the support. Additionally, the nitrogen-containing functional groups of 
support can accelerate the conversion of Co3O4 to metallic Co and pre
vent it from aggregating [46]. Here, the effect of reducing gases on the 
surface cobalt particles was almost negligible in the case of the catalyst 
prepared using a high amount of boric acid (B2M1 and B4M1), and the 
surface of the catalysts was observed to be rich with divalent cobalt. 
Although the XRD patterns demonstrated that the bulk of the catalyst 
consists of metallic cobalt, the surface has been decorated with a mixed 
assembly of divalent cobalt and metallic cobalt. The XPS spectra of B1s 
(Fig. 4b) are quite complex. The peak at 193 eV corresponds to -BC2O, 
while the peak at 191.2 eV is associated with the B–N bond [47]. 

A peak at 194 eV corresponds to the B–O bond. The maximum peak 
intensity for B–O spectra was observed in the case of B4M1 catalysts, 
which shows that a significant amount of boron is present as boron oxide 

Fig. 4. The XPS spectra for Co2p, B1s, N1s and C1s in freshly prepared catalysts.  

J. Gahtori et al.                                                                                                                                                                                                                                 



Fuel Processing Technology 244 (2023) 107719

6

in the catalysts even after carbonizing at 1173 K. The red shift in the 
peaks was observed while moving from B1M4 to the B4M1 catalyst, 
possibly due to different bonding originating during carbonization. 

Fig. 4c represents the XPS spectra for N1s species present in the 
catalyst. The peaks at 398.2 and 399.8 eV correspond to pyridinic-N and 
pyrrolic-N, respectively, while a peak at 402.4 eV can be correlated to 
the oxidic [34,47]. The peak area for N1s species in each catalyst shows 
that pyridinic nitrogen is the predominant species. According to reports, 

the N- species are thought to act as essential electron donors during FT 
synthesis to enhance the CO adsorption–dissociation process and are in 
charge of adjusting the selectivity of the resulting products [13]. Simi
larly, the XPS spectra for C1s (Fig. 4d) species show the presence of 
C––C, C–B, and C–O bonds corresponding to the peak that appeared at 
284.4, 285.6, and 287.1 eV, respectively [42]. The TEM and SEM 
analysis were used to examine the morphology and structure of the 
prepared catalyst. The TEM images, along with the cobalt particle size 

Fig. 5. TEM images for Co loaded on different Bx(CN)y supports with the corresponding particle size distribution.  
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distribution, are depicted in Fig. 5. The cobalt nanoparticles over 
Bx(CN)y are evenly dispersed; however, there is a visible increase in the 
particle size with increasing amounts of boric acid. Additionally, the 
formation of CNTs was observed in few of the catalysts (B1M4, B1M2 
and B1M1), having a large amount of C and N, which is likely due to the 
presence of cobalt as a radical centre to grow nanotubes in the catalyst. 
In the case of the B1M4 catalyst, the average particle size of cobalt was 
calculated to be 8–10 nm, which increases with decreasing amount of 
nitrogen in the support matrix. The average particle size of cobalt in the 
case of B4M1 was found to be >60 nm. Due to the strong interaction 
between cobalt and Π electrons, it is assumed that cobalt preferentially 
aggregates on sp2-type nitrogen sites to nucleate and grow. It suggests 
that nitrogen in the carbon support aids in the dispersion and immobi
lization of cobalt species. The cage-like structure of carbon encapsu
lating around the cobalt particles (Fig. 5a) can retard the sintering of the 
particles, their oxidation, and leaching during the reaction. The 
presuming effect of water on the small-size cobalt particles from our 
previous study [34] led us to limit the amount of melamine to the taken 
value. The further increment in melamine (beyond B1M4) can decrease 
the average size of cobalt particles below 6 nm, affecting the catalytic 
activity and selectivity of the required product. 

DFT studies further corroborated the structural changes in the co
balt-Bx(CN)y assembly. Fig. 6(a-b) represents the DFT-optimized geom
etry of Co6-C3N4, where it has been observed that the Co6 nanocluster 
preferentially adsorbs at the defect site of the CN surface, forming a total 
of five bonds with the N-atoms. The Co–N bond lengths were 2.04 Å, 
2.19 Å, 2.04 Å, 2.1 Å, and 2.0 Å, respectively. The Co6 nanocluster binds 
strongly to the CN defect site with a binding energy of − 4.73 eV, indi
cating metal-support solid interaction. The adsorption geometry of Co6 
at the C3N4 surface indicates that the Co6 nanocluster was embedded 
into the C3N4 defect site, which will hinder the diffusion of these 
nanoclusters out of the C3N4 surface defect site. The DFT-optimized 
geometry of Co6 adsorbed at the B-doped C3N4 surface is shown in 
Fig. 6(c-d). 

In the B-doped C3N4 surface, the Co6 nanocluster adsorbs on top at 

the already adsorbed B, as shown in Fig. 6(c). The Co–B bonds distance 
was measured to be 2.0 Å, and the binding energy of Co6 over the B- 
doped C3N4 surface was computed to be − 4.19 eV, which was ~0.54 eV 
lower than that of the binding energy of Co6 over the undoped- C3N4 
surface, indicating a reduction in metal-support interaction. The higher 
metal-support interaction facilitates the stacking of Co nanoparticles on 
the surface of C3N4. In contrast, when B was doped on the C3N4 surface, 
comparatively weaker metal-support interaction led to agglomeration of 
the Co metal nanoclusters, resulting in an increase in the particle size in 
the Co- Bx(CN)y catalyst as also observed experimentally in TEM analysis 
(Fig. 5). The SEM images for B1M4 and B4M1 catalysts are depicted in 
Fig. 7, showing the rod-like morphology of Bx(CN)y supports. The H2- 
TPR plots of Co/CoOx-Bx(CN)y catalysts are depicted in Fig. 8, and the 
amount of absorbed hydrogen is summarized in Table 1. Although the 
amount of absorbed hydrogen is relatively small (probably contributing 
only to the reduction of surface cobalt oxide species), it can help un
derstand the nature and the interaction of the cobalt with the support of 
the different catalysts. 

A total of four regions are observed in the H2 consumption curve, of 
which one can be assigned to the decomposition of residual cobalt ni
trate [48]. At the same time, the other peak area can be correlated to the 
reduction of different cobalt species present in the catalyst. 

Since the auto-oxidation of surface cobalt species may generate 
CoOx, here, the region I can be correlated with the reduction of auto- 
oxidized CoOx supported on the surface of the support. In contrast, re
gion II shows the reduction of CoOx particles, which strongly interacted 
with the support [49]. Region III, relatively at a very high temperature, 
can be linked with the reduction of large CoOx particles, which do not 
interact with the support [49]. Since the area under peak III is highest in 
the case of the B4M1 catalyst, it can be correlated to the reduction of 
large isolated cobalt oxide particles, which are challenging to reduce at 
low temperatures due to their size. 

The five samples have different reduction profiles, indicating that the 
interaction of cobalt particles with the support is different in each 
catalyst. The highest peak area under the curve in region III was 
observed with increasing the amount of boron in the catalyst. In general, 
nitrogen in the catalysts system acts as the nucleation site for cobalt to 
grow by strong interaction between cobalt and Π electrons and immo
bilizing it on the surface of the catalysts [50]. However, the low amount 
of N in the catalysts system decreases the interaction of cobalt with the 
support, which may lead to significant and isolated cobalt particles. The 
observation from TEM images and the TPR plots show that the large 
growing cobalt particles on the surface of catalysts having a low amount 
of nitrogen are challenging to reduce at low temperatures, which 
significantly affects the catalytic activity during AFTS. 

The CO-TPD plots for all the prepared catalysts are depicted in 
Fig. 9a, and the quantitative value is summarized in Table 1. 

This study aimed to analyze the adsorption of CO on the surface of 
the catalyst, which might be affected due to the presence of boron and 
nitrogen in the system. 

The presence of excess boron on the catalyst surface is expected to 
withdraw the electron density from the active cobalt center due to its 
acidic nature and hence decrease the adsorption of CO on the surface. In 
contrast, as an electron donor atom, nitrogen is expected to increase the 
electron density on the cobalt atom and facilitate the adsorption of CO 
on the catalyst surface [51]. In Fig. 9a, the first two desorption peaks 
appear near 400–700 K and 700–900 K, while the high-temperature 
peak appears at 900–1100 K. In the case of the B4M1 catalyst, the 
adsorption of CO on the surface of the catalyst was very low, which can 
be ascribed the presence of excess boron on the catalyst surface, which 
may withdraw electron density from cobalt and make the adsorption of 
CO on the surface of the catalysts as highly unfavorable. Contrary to 
B4M1, in the case of the B1M4 catalyst, the adsorption of CO on the 
surface was highly favorable (Fig. 9a), which is ascribed to the presence 
of nitrogen in the catalyst system, which increases the electron density 
of the cobalt system and thus favors the interaction of Co—C-O bond 

Fig. 6. Optimized geometry of Co6 adsorbed C3N4 (a, b) and B-doped C3N4 (c, 
d). Color code: C (grey), N (blue), Co (pink), and B (green). (For interpretation 
of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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during the reaction. 
The in-situ DRIFTS studies were recorded for each catalyst at 453 K 

with the mixture of CO, H2, and N2 (1:2:1/3) after 5 h. The corre
sponding spectra are depicted in Fig. 9b. A broad band at 2067 cm− 1 

corresponding to a typical CO linear and bridging over metal Co parti
cles [52,53] was observed in the B1M4 catalyst, with the relatively low 
intensity in the case of the B1M2 catalyst. However, in the remaining 
catalyst, this band disappears. A low-intensity band at 2119 cm− 1 can be 
assigned to the physically adsorbed CO [54]. 

The stability of the prepared catalysts was analyzed using thermog
ravimetric analysis in the presence of oxygen. In general, the deposited 
carbon after the FTS reaction over the surface of the catalyst is removed 
by a simple calcination method operated below 800 K [23]. However, 

the method is limited for carbon-based support because the oxidation of 
the surface carbon from the support makes the catalyst unstable during 
regeneration. 

Fig. 10a depicts the TGA curve for the different boron-doped cata
lysts. It shows the stability of the catalysts up to 800 K and beyond 1100 
K in a few of the catalysts in the presence of oxygen, which can help 
regenerate and reuse the catalyst. The presence of boron in the support 
system was found to provide stability against oxidation. As a result, it 
can be an excellent option for using it as an encapsulating material, 
especially in the FTS reaction. In contrast, Fig. 10b shows the TGA plot 
for cobalt-loaded (CN)x catalysts prepared using melamine. Here the 
significant weight loss was observed at 500–600 K due to the oxidation 
of carbon from the support. Hence the regeneration of the catalyst re
quires a stable and oxidation-resistant catalyst. 

The catalytic activity and the product selectivity using different Co- 
loaded catalysts that are composed of different compositions of boron, 
carbon, and nitrogen were analyzed after 20 h reaction in an aqueous 
phase batch reactor at 453 K and 3 MPa with a reaction gas mixture (CO: 
H2: N2 = 1: 2: 1/3). Before loading the catalyst in the reactor system, the 
catalyst was reduced at 623 K for 2 h using 20% H2 in He atmosphere. 
Different parameters, including the effect of the volume of water in the 
reactor and the reaction time, were also studied using the B1M4 catalyst 
having the highest productivity among all the catalysts. These results are 
shown in Fig. 11. 

The effect of boron and nitrogen within AFTS was studied by pre
paring five additional support using different ratios of boric acid to 3 
MPa (CO: H2: N2 = 1:2: 1/3) with 40 mL water in the reactor using 0.4 g 
of catalyst. The CO conversion decreased with an increasing amount of 
boron in the catalyst (Fig. 11a). 

The CO conversion was 93% for B1M4 catalysts, as opposed to 56% 
in the case of B4M1 catalysts after 20 h. The TEM images of B1M4 show 
that the cobalt particles are smaller and highly dispersed over the sur
face of the catalysts and, thus, likely to provide a more significant 
number of active sites. Moreover, it could be speculated that oxidation of 
the cobalt particles by water is limited due to encapsulation caused by 
carbon around the cobalt particles in the case of B1M4 and B1M2. The 
particle size of cobalt increases with decreasing nitrogen and. 

increasing boron, possibly due to the aggregation of the particles. 
Furthermore, XPS indicated that the surface of the boron-rich catalysts 
has high concentrations of cobalt oxide, and H2 -TPR showed that cobalt 
on these supports, including B2M1 and B4M1, is challenging to reduce. 
So, the combined effect of larger crystallite size, sluggish reduction, and 
high concentrations of cobalt oxide for the boron-rich catalysts likely 
caused the lower conversions within the Fischer-Tropsch system. 

Hence, B1M4 (which achieved the highest CO conversion) was 
further used to study the effect of the amount of water, time, and support 
material. The effect of water in the reactor system was studied by 
changing the volume of water from 10 mL to 60 mL while maintaining 
the same reaction conditions as stated in the previous section. The CO 

Fig. 7. SEM images for B1M4 and B4M1 support.  

Fig. 8. H2-TPR profile for different prepared catalysts.  

Table 1 
CO uptake determined from TPD studies and H2 consumption.  

S. No. Catalyst Total CO uptake 
(mmol/g) 

Total H2 consumption (mmol/g) 

1 B1M4 2.60 0.075 
2 B1M2 1.14 0.065 
3 B1M1 0.87 0.035 
4 B2M1 0.44 0.021 
5 B4M1 0.11 0.014  
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conversion, depicted in Fig. 11b, was increased from 45% to 93% by 
increasing the amount of water from 10 mL to 40 mL; however, further 
increasing the volume of water from 40 to 50 mL, the CO conversion 
became almost constant. The effect of water on CO conversion is well 
explained computationally by Bertole et al. [32] In Fischer–Tropsch 
synthesis, adding a limited amount of water to the feed improves cata
lyst activity, where water is thought to increase CO activation, resulting 
in a more significant concentration of propagated monomers [55]. It is 
also reported to cause the selectivity towards methane to decrease with 
the increased partial pressure of water [56–58], an observation 
confirmed in our study. 

Excess water can cause activity loss and a rapid deactivation rate, 
reversible or irreversible, depending on the catalyst formulation [18]. 
Likely, the addition of 40–50 mL of water in the reactor caused a positive 
effect on the CO conversion, while a further increase in the volume of 
water decreased the CO conversion. 

Fig. 11c shows the effect of reaction time on the CO conversion and 
selectivity towards different products. Increasing the reaction time from 
1 h to 5 h, 10 h, 15 h, and 20 h resulted in an increase in CO conversion 
from 22% to 48%, 67%, 81%, and 93%. The selectivity of methane was 
initially 0.6 -C%, which increased to 4.4 -C% after 20 h, which is low 
compared to the Fischer-Tropsch batch systems using cobalt-based cat
alysts [59]. However, the selectivity of the CO2 was elevated compared 
to typical FT synthesis, which could relate to the obtained from TPR 

results presence of water in the system, which may facilitate water gas 
shift reaction. 

The recyclability experiments for the B1M4 catalyst were also con
ducted (Fig. S3), which shows that the catalyst is recyclable up to 5 times 
without any significant loss in its activity. The material characteriza
tions of spent B1M4 catalyst are depicted in the supplementary infor
mation, including XRD, TEM and XPS spectra. The XRD peaks (Fig. S4) 
show that the cobalt is present in a metallic state after the reaction. The 
TEM images show no accumulation of cobalt particles in the spent 
catalyst (Fig. S5). The XPS spectra (Fig. S6b) of spent B1M4 shows the 
presence of both metallic cobalt and CoOx on the surface of catalyst with 
the slight broadening of peaks, which could be related to the enhanced 
interaction of CoOx particles with the support under reaction conditions. 
A comparative study with different catalysts, including 15 wt% cobalt- 
loaded commercial activated carbon (AC), carbon nanotubes (CNTs), 
boron nitride (BNx), and self-synthesized (CN)x are presented in 
Fig. 11d. The metal-loaded AC and CNTs showed very low CO conver
sion, i.e., 25% and 31%, respectively, which can be related to their non- 
polar nature, which results in low stabilization of metal particles on the 
surface of the support and it can lead to leaching of metal particles in 
water. Moreover, due to the non-polarity of the support, the poor 
dispersion of the catalyst particles can eradicate the effect of using water 
as a reaction medium. 

The (BN)x is considered a favorable support material for cobalt-based 

Fig. 9. a) CO-TPD plots and b) in-situ DRIFT studies for different Co-loaded Bx(CN)y catalyst.  

Fig. 10. TGA of a) different prepared catalysts in the presence of oxygen; b) for CNx.  
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Fischer-Tropsch synthesis due to its high stability and resistance to 
oxidation. However, its rigid structure makes metal deposition difficult 
and thus requires the chemical defects generated by carbon in the 
structure to accommodate the metal particles. Chen et al. [36] showed 
that incorporating C in the h-BN enhances the CO2 adsorption capacity. 
In our study, the metal deposited on (BN)x shows low CO conversion 
(42%) compared to our prepared catalysts. 

Similarly, the metal-loaded (CN)x, prepared using melamine as a 
source, shows only 71% CO conversion. The low CO conversion 
compared to B(CN)x can be related to the strong integral Lewis-basic 
interaction effect of B and N, as explained earlier. The catalyst pre
pared using boric acid to melamine in the ratio of 1:4 shows the best 
performance with a CO conversion of 93% and a 76% selectivity towards 
C5+ hydrocarbons. 

The reproducibility studies of the B1M4 catalyst have been con
ducted by performing the reaction 4 times (4 runs). A fresh catalyst is 
used in each run of the reaction. The data in Table 2 indicate the com
parable performance of the B1M4 catalyst in all 4 runs. Further, the 
extent of standard deviation in data has been calculated and depicted in 
Fig. S2. The error bars (in Fig. S2) represent the standard error of the 
average values. The results from these studies support that the B1M4 
catalyst exhibits comparable catalytic performance within the consid
erable limits of standard deviation. However, the possibility that such 
negligible variations are simply the results of instrument and procedure 

errors. 

4. Conclusions 

This work demonstrates a straightforward method to prepare highly 
stable and dispersed cobalt-loaded Bx(CN)y catalysts for aqueous phase 
Fischer Tropsch synthesis. Among the different series of catalysts, the 
catalysts comprise of 1:4 ratio of boric acid, and melamine (B1M4) 
shows a high CO conversion of 93% with 76.5% C5+ hydrocarbon 
selectivity. The catalyst exhibits relatively low methane formation, 
likely due to the aqueous phase (high water partial pressures). The 
highly dispersed cobalt particles and their stabilization from water by 

Fig. 11. Conversion (− ) and selectivity (▪ CO2, ◆ CH4, ▴ C2-C4 and ● C5+) for a) different prepared catalysts; b) influence of water in reactor system; c) effect of 
reaction time; and d) comparative study with different catalysts. 

Table 2 
The representation of deviation in the FTS results for the B1M4 catalyst 
(graphically presented in Fig. S2).   

Repeat runs Average Standard 
Deviation  

Batch 1 Batch 2 Batch 3 Batch 4    

Conversion 93.4 91.6 93.7 90.8 92.4 1.4 
CO2 13.8 13.2 15.6 17.4 14.9 1.9 
CH4 4.4 6.4 6.2 4.4 5.5 0.9 
C2-C4 5.2 0.89 3.16 2.07 2.8 1.8 
C5+ 76.6 79.5 75.0 76.2 76.8 1.9  
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carbon forming an outer coverage around the particles are the probable 
keys to such high CO conversion. The excess amount of boron in the 
support can lead to low CO adsorption due to its highly electron- 
deficient nature. In contrast, the absence of boron affects the stability 
of the catalyst and the catalytic activity. The presence of boron provides 
stability by resisting the support from oxidation during regeneration. Its 
significant amount also enhances the CO conversion by Lewis-acid base 
interaction between O atom from CO with boron from the support. From 
DFT results, the binding energy of Co6 over the B-doped C3N4 surface 
was computed to be − 4.19 eV, which was ~0.54 eV lower than that of 
the binding energy of Co6 over the undoped- C3N4 surface, indicating a 
reduction in metal-support interaction and bigger particles of Co. Hence, 
the reported catalyst with the optimized loading of B and C–N is highly 
efficient in achieving high CO conversion at relatively low temperatures 
and highly stable against oxidation. 
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