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ARTICLE INFO ABSTRACT

Catalytic performance is sensitive to the catalyst preparation method and type of catalyst precursor. To in-
vestigate the effect of catalyst precursors on physicochemical properties and efficiency of Fischer-Tropsch
synthesis (FTS) process, SiO»-supported Co catalysts were synthesized via an incipient wetness impregnation
method from four different precursors: Co(NO3), (Co-Nit), Co(C5H30-)- (Co-Ace), CoCl, (Co-Chl), and Co(OH),
(Co-Hyd). Our study reveals the type of Co precursor used during synthesis has significant effects on catalyst
dispersion, size, crystalline phase, reducibility, stability, and FTS performance. In particular, catalysts derived
from Co(NO3), and Co(OH), show superior CO conversion and C5+ selectivity than those from Co(C,H305)»
and CoCl,, which is consistent with their reducibility. C5+ selectivity increases in the following order: Co-
Chl < Co-Ace < Co-Nit < Co-Hyd. C5+ product distributions for Co-Ace, Co-Chl and Co-Hyd are mainly in
the diesel range (C1,-Cy7). In stark contrast to Co-Nit that shows a relatively flat product distribution, that of Co-
Hyd is centered on C;s. Prenatal and postmortem characterization of the catalyst reveal sintering and formation
of Co,C in all catalysts except Co-Nit, which may explain the various degrees of deactivation observed. Further,
XANES and EXAFS data confirm the superior structural stability of Co-Hyd and presence of hydroxyl groups even
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after reaction.

1. Introduction

Concerns about dwindling crude-oil reserves and their negative
impact on the environment are forcing researchers to seek new routes
that yield clean fuels and chemicals [1,2]. Fischer-Tropsch synthesis
(FTS) provides a pathway for the transformation of biomass, coal or
natural gas into fuels and chemicals using a transition metal, such as Fe,
Co, or Ru, as a catalyst [3,4]. Among these catalysts, Ru-based types
exhibit the highest activity and C5+ selectivity [5]. However, due to
the high cost of Ru, its widespread use in FTS is limited [6]. Although
Fe is an earth-abundant transition metal, it is plagued by its high water-
gas shift (WGS) reaction activity, thus lowering C5+ selectivity [7,8].
Conversely, Co-based catalysts exhibit relatively higher activity and
selectivity to long-chain paraffins, high resistance to deactivation, and a
low WGS reaction activity [9,10]. Therefore, well-dispersed Co-based
catalysts supported on silica or alumina are generally preferred in FTS.

A number of studies have demonstrated high dependence of cata-
lytic performance on the type of catalyst precursor [11-13] and
synthesis method used [14-16]. Iglesia's group has shown the turnover
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frequency (TOF) of Co catalysts is dependent on the concentration of
active sites and independent of the nature of support and dispersion of
Co catalysts [17-19]. While different precursors have been used to
synthesize Co-based FT catalysts, the most commonly used precursor is
Co(NO3), [3]. Unlike Co catalysts derived from Co(NOs),, those derived
from Co(C>H30,),, as reported by Girardon et al. [20], exhibit low
reducibility; the study also reveals that catalysts derived from Co
(C2H30,), easily form a hard-to-reduce compound during calcination
thereby limiting FTS activity. On the contrary, work by Zhang and
coworkers [21] revealed that y-Al,Os-supported catalysts prepared
from Co(C,H305), tend to form CoO after thermal treatment in No,
which shows higher activity than Co30, prepared from Co(NO3),. SiO,-
supported Co catalysts derived from CoCl,, as reported by Bae et al.
[12], show low FTS activity and C5+ selectivity because the residual
chloride ions (C17) poison the catalyst during FTS reaction. Panpranot
et al. [22] attribute the low FTS performance of Co catalysts prepared
from CoCl, to the blockage of catalytic sites by residual C1™. A series of
Co carbonyl clusters were also used as Co precursors in preparation of
FTS catalysts [23]; the dispersion of Co catalysts prepared from Co
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Table 1

Summary of properties of catalyst support and fresh cobalt catalysts derived from different cobalt precursors.
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Catalysts Name Surface Area (m?/g) Total Pore Volume (cm>/g)  Average Pore Size (A) BET C Constant d(cozoa’(nm) d(c°304)"(nm) Reducibility (%)
Co(NO3)/Si0O, Co-Nit  316.8 0.64 81.5 107.7 3.7 11.4 94.77
Co(CyH405),/5i0,  Co-Ace  336.0 0.70 83.9 101.1 3.0 25.9 88.82
CoCl,/SiO, Co-Chl  331.3 0.72 87.1 97.4 2.8 35.4 64.24
Co(OH),/SiO, Co-Hyd 432.3 0.97 89.9 132.2 4.0 25.7 91.06

SiO, - 457.0 1.02 90.0 123.7 - - -

2 Average catalyst diameter from TEM.
> Average crystallite size from XRD.
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Fig. 1. XRD patterns of fresh silica-supported cobalt catalysts prepared from
different cobalt precursors [Co(NO3),, Co(C2H305)5, CoCl,, and Co(OH),].

10 80

carbonyl clusters exhibits better catalytic activity than those prepared
from Co(NO3),. Unlike FT catalysts derived from traditional precursors,
cobalt carbonyl clusters are able to provide metallic particles in their
zero valent state and, therefore, do not require aggressive reduction
treatment. However, synthesis of Co carbonyl clusters results in cata-
lysts with different surface acidities that affect CO conversion and C5 +
selectivity [23].

In our previous investigation, we showed that cobalt hydroxide is a
promising precursor for synthesis of well-dispersed Co catalysts on
carbon nanotubes (CNTs) via a modified photo-Fenton process [15].
The resulting CNT-supported Co catalyst does not require a calcination
step and is free of possible catalyst inhibitors usually present in con-
ventional catalyst precursors such as nitrates, chlorides, acetates, and
carbonyls; FTS reaction with this catalyst shows high CO conversion
("80%) and outstanding C5+ selectivity ("70%). In all, a number of Co
precursors have been used for synthesis of Co catalysts on SiO, support

[12,20,24-26]; however, some fundamental questions related to how
precursor type affects catalyst reducibility, hydrocarbon product dis-
tribution, and catalyst lifetime remain unanswered. The behavior of
catalysts derived from a green precursor (Co(OH),) and supported on a
conventional substrate such as SiO, or Al,Os3 is, however, noteworthy.

eMotivated by the lack of understanding of the effect of precursor
type (including a novel 'green' precursor) on FTS catalysis, this study
investigates the properties and catalytic performance of SiO,-supported
Co catalysts derived from Co(OH),, Co(NO3),, Co(CoH305)5, and CoCl,
via incipient wetness impregnation. The synthesized catalysts are
characterized using a wide range of techniques including transmission
electron microscopy and spectroscopy (TEM), X-ray diffraction (XRD),
temperature-programmed reduction (TPR), X-ray photoelectron spec-
troscopy (XPS), and X-ray absorption spectroscopy (XAS). In addition,
the catalytic performance (CO conversion, C5+ selectivity, and C5+
product distribution) and stability of the synthesized catalysts during
FTS are evaluated and compared. Further, post-mortem characteriza-
tion of the catalysts are conducted using TEM, XAS, and XRD to elu-
cidate structural and chemical changes. The results illuminate how the
type of cobalt precursor (including cobalt hydroxide) affect catalyst
structure, reducibility, and FTS performance (turnover frequency, sta-
bility and hydrocarbon product distribution).

2. Experimental
2.1. Catalyst preparation

Co/Si0, catalysts were synthesized via conventional incipient wet-
ness impregnation from different Co precursors: Co(NOs3)>6H>0
(Aldrich, =98% purity), Co(CoH30,)>4H,0 (Aldrich, =98% purity),
CoCly6H,0 (Aldrich, =98% purity), and Co(OH), (Strem, =97%
purity). Catalyst solutions were prepared by dissolving each precursor
in water except for Co(OH),, which was dissolved in hydrogen peroxide
(30%), a good solvent for Co(OH), that is free of possible catalyst in-
hibitors. Based on prior studies [27,28], the possibility of Co(OH), and
H,0, reacting to form CoO(OH), under our synthesis conditions, is
unlikely because the mixture was maintained at room temperature in
the absence of NaOH. Silica gel (Aldrich, pore size 60 f\, 100 mesh) was
used as a catalyst support. Impregnation of the prepared catalyst so-
lutions in SiO, resulted in a catalyst loading of ca. 20 wt%. Thereafter,
all freshly synthesized SiO-supported Co catalysts were dried at 120 °C,
followed by calcination at 550 °C for all catalysts except those synthe-
sized from Co(OH),. SiO,-supported Co catalysts prepared using Co
(NO3),, Co(C2H305)2, CoCl,, and Co(OH), are designated as Co-Nit, Co-
Ace, Co-Chl, and Co-Hyd, respectively. Calcined Co-Nit, Co-Ace, and
Co-Chl catalysts, as well as uncalcined Co-Hyd, were used for catalytic
testing, and are hereafter referred to as fresh catalysts.

2.2. Catalyst characterization

Textural properties of the catalysts were determined by Ny physi-
sorption at —196 °C using an Autosorb-1 series system. Prior to phy-
sisorption measurements, all the fresh catalysts were outgassed at
250 °C for 10 h. The Brunauer-Emmet-Teller (BET) method [29] was
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Fig. 2. High-magnification TEM images and corresponding histograms of PSDs with Gaussian analysis fitting of fresh silica-supported catalysts prepared from
different cobalt precursors: Co(NOs3), (a and e), Co(C2H30,), (b and f), CoCl, (c and g), and Co(OH), (d and h).

applied to the adsorption isotherm in the linear range of relative
pressure from 0.02 to 0.35 to determine the specific surface area of each
catalyst. Pore size distribution was determined from the desorption
branch at a relative pressure of 0.95 of the isotherm using the Barrett-
Joyner-Halenda (BJH) model [30].

XRD analyses were conducted to identify atomic and molecular
structures of fresh catalysts. XRD patterns were recorded on a Rigaku
Miniflex II desktop X-ray diffractometer using Cu Ka radiation
(A = 1.54056 A) in the range of 10° < 20 < 80° with a step size of 0.10°
and scan speed of 1.00°/min. The average crystallite size of Co304 in

the fresh catalysts was estimated by the Scherrer equation (Eq. 1) [31],
where dco,0, is average crystallite size, A = 1.54056 A, § is full width at
half maximum (FWHM), and 206 = 36.9°.

dCD304 = %
Bcosb (€D)
The actual Co loading ratio of fresh catalysts was verified by in-
ductively coupled plasma atomic emission spectroscopy (ICP-Varian
720-ES).
The reducibility of fresh catalysts was studied by temperature
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Fig. 3. Ho-TPR profiles of silica-supported cobalt catalysts prepared from dif-
ferent precursors: (a) (Co(NO3),, (b) Co(C2H305),, (¢) CoCl,, and (d) Co(OH),.

programmed reduction (TPR) in an AMI-200 catalyst characterization
system equipped with a thermal conductivity detector. 0.1 g of sample
was put into a U-shaped quartz tube and pre-treated to remove moisture
and impurities under helium flow (30ml/min) at 140°C for 1h.
Thereafter, the sample was cooled to 40 °C and heated again to 900 °C
at a ramping rate of 10 °C/min under a flow of 10% H, in Ar at 30 ml/
min while the hydrogen consumption was measured. The reducibility of
the catalyst (Rc,) was calculated using Eq. 2:

reduced amount of Co
Reo = x 100%
total amount of Co (2)

The steps for calculating the reduced amount of Co from the TPR profile
are presented in the Supplementary Information.

To characterize the catalyst morphology, TEM images were ob-
tained using (FEI Tecnai F20 XT) operating at 200kV. The samples
were dropped on a copper microgrid coated with lacey carbon film.

XPS measurements were performed on a Kratos Ultra XPS system
with a base pressure of 1.0 x 10~ ° Torr. Spectra were acquired with a
monochromatic Al Ka source (hv = 1486.6 €V). The X-ray source was
operated at 10 mA and 12keV (120 W). A charge neutralizer was used
to reduce the effect of charging. Survey (high-resolution) spectra were
acquired at 160 (20) eV pass energy with 1.0 (0.1) eV steps with 100 ms
dwell times. Analysis of XPS spectra was performed using CasaXPS
software. All elemental regions were fit with a Shirley background.
Components in the high-resolution spectra were fit with a combination
of Gaussian and Lorentzian peak shapes. These peaks are represented by
the LA lineshape in CasaXPS. The fitting routine used a
Levenburg-Marquardt routine to minimize . Relative sensitivity fac-
tors were based on Scofield cross sections. Peak positions were initially
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constrained based on previously reported values by Biesinger et al.
[32].

X-ray absorption near-edge structure (XANES) and edge X-ray ab-
sorption fine structure (EXAFS) were performed at the Inner Shell
Spectroscopy beamline at the National Synchrotron Light Source-II.
Samples were diluted with BN and pressed into pellets for measure-
ments in a transmission geometry. Data were collected from “200 eV
below the Co K-edge (7709eV) to "1100 past the Co K-edge. Data
processing and subsequent structure modeling were performed with the
Athena and Artemis data packages, respectively [33], wherein a Sy>
value of 0.812 was used in calculations and obtained from modeling the
EXAFS from a reference Co foil. Known bulk structures for metallic Co,
Co304, CoO, and (-Co(OH), where used in EXAFS modeling when
needed while a computed CoOOH structure from the materials project
was used for certain scattering paths [34].

2.3. Catalytic testing

The activity and product selectivity of catalysts were evaluated
using a stainless steel tubular fixed-bed reactor “2-inch in diameter.
Typically, 2 g of catalyst mixed with 8g of SiC was loaded into the
reactor. SiC is an inert diluent material with high thermal conductivity
(k = 4W/cm K) used to enhance temperature uniformity across the
reaction bed [35]. Prior to FTS reaction, each catalyst was activated at
the optimum reduction temperature determined from TPR data. Co-Nit
and Co-Hyd catalysts were reduced in situ by flowing 100 sccm H, and
100 sccm N, under atmospheric pressure for 12h at 350 °C while Co-
Ace and C-Chl were reduced in situ at 450 °C under similar conditions.
After reduction, the reactor was cooled to 120 °C under flowing N,
followed by increasing the pressure to 150 psi by introducing 100 sccm
H,, 50 sccm CO, and 100 sccm N,. Next, the temperature was slowly
increased to 230 °C at a heating rate of 1 °C/min to prevent instability
associated with the highly exothermic FTS reaction. The reaction was
allowed to run for 30 h. Once steady state was achieved, the reaction
was allowed to proceed for 15h. The stream of effluents from the re-
actor was depressurized to atmospheric pressure through a pressure-
relief valve and passed through a heated line maintained at 150 °C with
a heating tape attached to an online gas chromatograph (GC, SRI-
8610C) equipped with a TCD, FID, and methanizer.

CO conversion was calculated according to Eq. 3, where Fco iy is
inlet CO molar flow rate and F¢o o is outlet CO molar flow rate.

Feo,in — Feo,out

CO conversion (%) =
Feo,in 3

Product selectivity was calculated based on Eq. 4, where n is the
carbon number of product (Cy); Fcn, oue is the outlet molar flow rate of
product C,,.

nF Cp, out

Selectivity (%) = ————
Feo,in — Feo,out (C))

The chain-growth probability (a) was obtained from the
Anderson-Schultz-Flory chain-length statistics equation (Eq. 5) [36],
where W, is the mass fraction of the species with carbon number n.
From the slope of the plot of In (W,,/n) against n, the value of a can be
obtained.

W,
In —") = nlna + const
( n 5)

TOF based on catalyst reducibility data from TPR was determined
from:

—TcoMco
DCoxCO (6)

TOF =

where — 1o is the CO reaction rate, Mc, is atomic weight of Co, x¢, is
the weight ratio of Co in the catalyst, and D¢, is the Co dispersion.
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Fig. 4. XPS spectra of silica-supported cobalt catalysts prepared from different precursors: (a) Co(NO3)2, (b) Co(C2H305)5, (c) CoCl,, and (d) Co(OH),.

Table 2
Catalytic activity and product selectivity of fresh silica-supported cobalt catalysts derived from different precursors obtained at steady state after 15h on stream.
Catalysts Name CO Conversion (%) Hydrocarbon Selectivity (%) FTS Reaction Rate (g HC/h*g-cat.) TOF (10~ *s™) a
CH, C2-C4 C5+
Co(NO5),/Si0 Co-Nit 56 27 17 56 0.53 10.4 0.75
Co(C2H,40,)2/Si0, Co-Ace 12 46 2 52 0.11 1.9 0.91
CoCl,/Si0, Co-Chl 7 52 1 47 0.06 1.5 0.88
Co(OH),/Si0, Co-Hyd 60 38 3 59 0.56 12.7 0.86
100 3. Results and discussion
| —s— Co-Nit
o— Co-Ace 3.1. Catalyst characterization
;\3 80 —a— Co-Chl 3.1.1. Nitrogen adsorption—desorption
~ A I CO-Hyd A summary of the properties of fresh catalysts is presented in
g 60 - Table 1. The BET specific surface area (SAggr) of Co-Nit, Co-Ace, and
@ Co-Chl are 317, 336, and 331 m?/g, respectively. In contrast, Co-Hyd
g 1 exhibits a relatively higher SAggr of 432 m?/g, which is close to that of
c pristine SiO, support. This result suggests the absence of calcination in
8 40 - preparation of Co-Hyd allows SiO, (support material) to preserve its
0O ] structural properties. Total pore volume and pore diameter of the cat-
O alysts increase in the following order: Co-Nit < Co-Ace < Co-Chl <
20 Co-Hyd. The results also show the surface area, total pore volume, and
] pore diameter decrease after Co impregnation, which is in agreement
with previous studies [37,38]. An increase in catalyst pore diameter has
0 r I r I r T I T r I been shown to improve FTS activity [8,39]. It is noteworthy that cat-
0 5 10 15 20 25 30 alysts derived from different precursors exhibit different pore structures

Time on stream (h)

Fig. 5. CO conversion as a function of time on stream using silica-supported
cobalt catalysts prepared from different precursors [(Co(NO3),, Co(C2H305)2,
CoCl,, and Co(OH),].

with Co-Hyd showing the highest pore diameter. Although the standard
incipient wetness impregnation method usually yields catalysts with
decreased surface area and pore diameter [40], the opposite effect is
observed in the case of Co-Hyd, possibly due to the absence of a cal-
cination step that prevents catalyst sintering and unfavorable



X. Li, et al.

Co-Nit

Intensity (a.u.)
i
©
3

e Co,C
ittt §

10 20 30

1 ‘ |
40 50 60 70 80
26 (°)
Fig. 6. XRD patterns of used silica-supported cobalt catalysts prepared from
different precursors [(Co(NO3),, Co(C2H305),, CoCl,, and Co(OH),].

interactions between catalyst support and active phase prior to FTS.

3.1.2. X-ray diffraction

XRD patterns of the freshly prepared catalysts (Co-Nit, Co-Ace, Co-
Chl, and Co-Hyd) are shown in Fig. 1. The wide diffraction peak at 26 of
22.3°, ascribed to SiO, support, is apparent in all diffraction patterns.
Co-Nit, Co-Ace, and Co-Chl show diffraction peaks at 26 of 19.0°, 31.3°,
36.9°, 44.8°, 59.4°, and 65.2° due to the presence of crystalline Co304
spinel (PDF 42-1467) [8]. For Co-Hyd, diffraction peaks at 20 of 19.0°,
32.5°, 37.9°, 51.4°, 57.9°, and 61.5° are indicative of the presence of [3-
Co(OH), (PDF 30-0443) [28]. It can be concluded from the XRD data
that Co exists in the form of Co30, in all fresh catalysts except Co-Hyd,
where the composition is mainly Co(OH),. As shown in Table 1, the
estimated crystallite size obtained from XRD using the Scherrer equa-
tion are in the range of 11-35nm.

3.1.3. Transmission electron microscopy

Fig. 2 shows high-magnification TEM images of freshly prepared Co-
Nit, Co-Ace, Co-Chl, and Co-Hyd, and their corresponding histograms of
particle size distributions (PSDs) with Gaussian analysis fittings. The
high-magnification images reveal small catalyst particles that are well-
dispersed on SiO, support for all fresh catalysts. As the histograms
show, all fresh catalysts have particle sizes and standard deviations that
are rather similar. However, low-magnification images (Fig. S1) of all
fresh catalyst reveal the presence of a small fraction of large particles in
the range of 20-30 nm that are not apparent in the high-magnification
images. The discrepancy in average particle size obtained from XRD
and high-magnification TEM may be due to the limited sensitivity of
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XRD to the presence of very small crystallite particles of cobalt oxides;
in particular, particles "3 nm, the approximate average size of particles
from high-magnification TEM, are poorly detected by XRD [41]. As the
analysis of TEM and XRD data (Table S1) shows, the number density of
small particles are significantly higher than that of large particles by at
least a factor of 15 in all catalysts. Interestingly, a comparison of the
average particle size acquired from low-magnification TEM and XRD,
reveal a trend that is fairly consistent and catalyst sizes that are quite
comparable. This confirms that both low-magnification TEM and XRD
are in fact measuring particles in the same size range. The overall
average particle size of catalysts from low- and high-magnification TEM
images is in the range of 4-5nm, which is quite similar to the range
obtained from the high-magnification images in Fig. 2 (3—4 nm).

In spite of the controversy surrounding the so-called particle-size
effect in FTS, it is generally accepted that catalyst size has a profound
impact on activity and selectivity [9,42-44]. Larger Co particles exhibit
higher selectivity for higher molecular weight hydrocarbons due to the
formation of —CH,- intermediate via dissociative adsorption of CO. As
verified by TEM, the average catalyst size for Co-Nit, Co-Ace, Co-Chl,
and Co-Hyd are in the narrow range of 3-4 nm, which minimizes the
influence of particle size during FTS and allows for meaningful com-
parison and the isolation of the intrinsic role of precursor type and
catalyst properties.

3.1.4. Hydrogen temperature-programmed reduction (H,-TPR)

H,-TPR profiles presented in Fig. 3 show the reduction behavior of
the SiOs-supported cobalt catalysts. Typically, a Co304 undergoes a
two-step reduction process. The first step, which occurs at a relatively
lower temperature, involves reduction of Co304 to CoO while the
second step that occurs at a relatively higher temperature involves re-
duction of CoO to Co° [8,45]. In Fig. 3a, it is clear the reduction of Co-
Nit occurs in two steps, the first at 325°C and the second at 385 °C.
Fig. 3b shows a single peak at 460 °C and a small bump at 365 °C, which
may indicate the presence of mixed oxides (CoO and Co304) for Co-Ace.
The small bump at 365 °C is attributed to the reduction of Co304 to
CoO. Thus, TPR results suggest CoO is the main cobalt phase in Co-Ace
catalyst. In support of our TPR peak assignment, a number of studies
[20,46,47] have shown the presence of only a small fraction of Co
species in the form of Co30,4 in Co catalyst prepared from cobalt
acetate. In our case, we speculate that the dominant CoO particles in
Co-Ace are too small to be detected by XRD; the observed XRD pattern
for Co-Ace is mostly from a small fraction of large Co30,4 particles ob-
served in the low-magnification TEM images (Fig. S1). The absence of a
high-temperature reduction peak (> 600 °C) for Co-Ace indicates rela-
tively weak catalyst-support interactions. Conversely, the small and ill-
defined high-temperature reduction peaks in the profiles of Co-Hyd, Co-
Nit, and Co-Chl are evidence of strong catalyst-support interaction and
possible formation of irreducible compounds. Because calcination, re-
duction, and FTS reaction were conducted at temperatures below
600 °C, the observed catalyst-support interactions is not expected to
contribute to catalyst deactivation. Fig. 3c shows only one broad peak
at 450 °C for Co-Chl that is most likely due to the overlap of the two
reduction peaks associated with Coz04. The TPR profile of Co-Hyd is
shown in Fig. 3d and the peak at 320 °C is the only intense peak with a
distinct shoulder at a higher reduction temperature. As confirmed by
XRD (Fig. 1), Co-Hyd contains mainly Co(OH),. Yang et al. [28] showed
that Co(OH), decomposes at 130°C to form Co3z0,4 via a dehy-
drogenation reaction; this indicates that there is the possibility of si-
multaneous decomposition and reduction during TPR. XRD analysis of
samples annealed in either N, or H, at 300 and 400 °C revealed inter-
esting results (Fig. S2): (1) Co304 is the main product after annealing Co
(OH), in N, at 300 °C, but a small fraction of CoO begins to form at
400 °C; (2) annealing in H, at 300 °C yields mixed Co species (C0304,
CoO and Co metal) while at 400 °C, metallic Co is obtained. Therefore,
TPR of Co(OH), forms Co304 and CoO that are subsequently reduced to
Co metal as reduction progresses. The results also suggest that Co(OH),



X. Li, et al.

Catalysis Today xxx (XXXX) XXX-XXX

0.5 0.5
(e) === Gauss Fit # = == Gauss Fit
304 R?=0.93 304 R?=0.76
2947 ¢=5.2+1.2 nm 2047 ¢=13.0+3.4 nm
b 0.3 b 0.3
w w
202 202,
ke ke
[} © 014
o« 0.1 o« 0.1
Co-Nit
0.0+ : : : T 0.0 .
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Particle Size (nm) Particle Size (nm)
0.5 i Gauss F
= = = Gauss Fit = = = Gauss Fit
> @ R?=0.95 > (h) R?=0.98
8044 4=7.7+1.2 nm 9044 4=14.245 nm
Q (]
> >
031 g3
[T h [T
_g 0.2 h _g 0.2
© ko]
D014 © 01
I 0.1 « 0.1
n Co-Chl Co-Hyd
0.0 T : : 0.0 .
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Particle Size (nm)

Particle Size (nm)

Fig. 7. High-magnification TEM images and corresponding histograms of PSDs with Gaussian analysis fitting of used silica-supported catalysts prepared from
different precursors: Co(NOs), (a and e), Co(C,H305)- (b and f), CoCl, (¢ and g), and Co(OH), (d and h).

is fully reduced at 400 °C in H, irrespective of the decomposition pro-
ducts formed during annealing. The possible existence of Co®* and
Co?* in Co-Hyd is consistent with the broad TPR peak observed.
Moreover, the broad peaks between 600 °C and 800 °C for Co-Nit, Co-
Chl and Co-Hyd correspond to the reduction of Co species with strong
interactions with SiO, support [39,44,48]. Acetate-derived catalysts are
known to readily form hard-to-reduce compounds during annealing; the
absence of high-temperature peaks in Co-Ace may be due to prior for-
mation of silicates during calcination. We emphasize that among the
four catalysts, Co-Hyd exhibits the lowest reduction temperature, and
is, therefore, the most easily activated under FTS reaction conditions.

From Fig. 3, reduction temperatures of Co-Nit and Co-Hyd are
below 400 °C while those of Co-Ace and Co-Chl are higher. As a result,
the two sets of catalysts, those with lower (Co-Nit and Co-Hyd) and
higher reduction temperatures (Co-Ace and Co-Chl), were reduced at
350 °C and 450 °C prior to FTS, respectively. The reducibility of cata-
lysts increases in the following order: Co-Chl (64.2%) < Co-Ace
(88.8%) < Co-Hyd (91.1%) < Co-Nit (94.8%). Basically, this trend is
somewhat consistent with the reduction temperatures of the catalysts as
evidenced by Co-Hyd and Co-Nit that reduce at low temperatures
showing high reducibility (> 90%). Unlike Co-Hyd and Co-Nit, the
relatively low reducibility of Co-Chl (64.24%) indicates the presence of



X. Li, et al.

100 —
(a) = CH, Selectivity
804 e (C2-C4 Selectivity
- A A Cb5+ Selectivity
;S
> 601 M.__‘__‘,A
=
3 40
)]
(0]
Co-Nit
0 .

0 5 10 15 20 25 30
Time on stream (h)

100
(c) = CH, Selectivity
804 e (C2-C4 Selectivity
— A Cb+ Selectivity
X
= 60+
i O
3 40+
)
(%)
20 -
Co-Chl
0+2= - * .

0O 5 10 15 20 25 30
Time on stream (h)

Catalysis Today xxx (XXXX) XXX-XXX

100
(b) = CH, Selectivity
804 ¢ (C2-C4 Selectivity
. A C5+ Selectivity
X
= 60
=
8 40
©
2]
20
Co-Ace
0 seee—e—ss ——

0 5 10 15 20 25 30
Time on Stream (h)

100
(d) ®  CH, Selectivity
804 o (C2-C4 Selectivity
. A 4 C5+ Selectivity
2 S
. 60+ A
=
§ 40+ W__-_.
[}
]
20{=
Co-Hyd

0 5 10 15 20 25 30
Time on stream (h)

Fig. 8. Hydrocarbon selectivity of silica-supported cobalt catalysts prepared by different Co precursors: (a) Co(NO3),, (b) Co(C>H305),, (¢) CoCl,, and (d) Co(OH),.

20
I Co-Nit
B Co-Ace
=151 B cochl
R I Co-Hyd
2 V)
310 g g
© % Y %
3 r
< TN N B
2 il
® 5/ 70 7
iRt 0717110
% % 2 7 V) %
% % % 2 % 7
1N B BB E
0 va 7 % f ‘ é U ‘ %
C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 C16 C17

Products

Fig. 9. C5+ products distributions for silica-supported cobalt catalysts pre-
pared from different cobalt precursors [(Co(NO3),, Co(C2H305),, CoCl,, and Co
(OH).].

a limited amount of active Co species for catalyzing FTS reaction.

3.1.5. X-ray photoelectron spectroscopy

The high-resolution Co 2p XPS spectra of the fresh catalysts in Fig. 4
show the characteristic doublet (Co 2p3,» and 2p,,») with satellite
peaks from spin-orbit splitting. Because both Co 2p3,, and 2p; ,, peaks
qualitatively contain the same information, curve fitting has been re-
stricted to the higher-intensity Co 2p3,, peak. Here an improved curve-
fitting methodology reported by Biesinger et al. [32] is used for inter-
pretation of 2p spectra of Co (details are not provided here to avoid
duplication). The Co 2p3,» peak and shake-up satellite features for Co-
Nit and Co-Chl are centered on 779.3 and 789.0 eV, respectively. Evi-
dently, distinct shake-up satellite features for Co 2p3,» and Co 2p; /, are
present in the spectra from Co-Nit and Co-Chl, and the satellite peak
observed ~789.0eV is used to confirm the presence of Co304
[3,49,50]. The so-called 'shake-up' features are associated with either a
coupling between unpaired electrons in the atom or a multiple-electron
excitation [28]. Also, an intense Co 2p peak accompanied by a satellite
peak of low intensity is associated with formation of Co304 [51]; the

presence of these features in the spectra of Co-Nit and Co-Chl is further
evidence of Co existing as Co304, in agreement with XRD results
(Fig. 1). Co 2p spectrum of Co-Hyd is similar to the standard spectrum
for Co(OH), reported by Biesinger et al. [32], with shake-up satellite
features of Co 2p3,» peak components that shift to lower-binding en-
ergies at 784.9 eV and 788.3 eV [28,32]. Therefore, Co-Hyd is mainly
composed of Co(OH),, in agreement with XRD results (Fig. 1). The
composition of Co-Hyd as revealed by XPS is unsurprising, as it does not
undergo calcination that could have induced thermal decomposition to
its oxide. In the case of Co-Ace, Co 2p3,» and corresponding satellite
peaks are centered around 780.4 and 786.7 eV [32,51], suggesting a
Co®* state that is most likely CoO; interestingly, this is inconsistent
with XRD data (Fig. 1) as peaks from Co-Ace are indexed as Co30,. All
Co 2p3,5 peak components are summarized in the Supplementary In-
formation (Table S2). The discrepancy in the chemical species identi-
fied by XPS and XRD for Co-Ace may be due to the limited sensitivity of
XRD to small particles. Low- and high-magnification TEM analysis re-
veals the presence of a small fraction of large particles in the range of
20-35nm and a large fraction of small particles ~3nm. The con-
sistency observed in the variation of the average particle size obtained
from low-magnification TEM and XRD (Table S1) is evidence of the
selective detection of mainly large particles by XRD. We, therefore,
conclude that Co-Ace is composed of a small fraction of large Co304
particles that are easily detected by XRD and XPS, and a large fraction
of small CoO particles that are only detected by XPS. For all fresh
catalysts, the number density of small particles are significantly higher
than large particles (Table S1); the significance of this result is twofold:
First, the large fraction of small particles are the dominant active sites.
Second, the result explains why XPS spectrum for Co-Ace is consistent
with CoO phase, not Co30,4. The observed formation of CoO in Co-Ace is
supported by the work of Zhang et al. [21] that revealed the suscept-
ibility of Co catalysts derived from cobalt acetate to form CoO.

To further verify our conclusions, the intensity ratio of the Co 2p;,»
satellite to its main peak for fresh catalysts is compared; studies
[49,52,53] have shown this ratio, which is ~0.9 for CoO and ~ 0.3 for
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Co304, can be used to distinguish between the two oxides. The calcu-
lated ratio for Co-Ace, Co-Nit, Co-Chl, and Co-Hyd are 0.5, 0.3, 0.2, and
0.3, respectively. All the samples except for Co-Ace have a ratio that is
0.3, indicating the dominant Co species is present as Co30,4. However,
the ratio for Co-Ace is 0.5, between the values expected for CoO and
Co304, even though the XPS spectrum is consistent with that of CoO.
XRD detects only Coz04 while XPS detects both CoO and Co304. We
hypothesize the ratio is higher for Co-Ace due to the presence of mixed

(a) co-Nit
(b) Co-Ace

(c) Co-chl

(d) Co-Hyd

“eiiges
> -
Fgs =
e

@ Co;0,

D =
— D =
&> =

Co0O @ Co(OH), @ Cosi0,

Catalysis Today xxx (XXXX) XXX-XXX

oxides, with a low fraction of large Co30, particles and a high fraction
of small CoO particles. We conclude from XPS data that the Co phase
formed is sensitive to the Co precursor used during synthesis. The re-
sults reveal the formation of Co304 for Co-Nit and Co-Chl while Co-Hyd
is composed mainly of Co(OH),, in agreement with XRD data (Fig. 1).
On the other hand, Co-Ace yields nanoparticles with a mixed Co phase
that is consistent with TPR data.

3.2. FTS activity and selectivity

3.2.1. Activity of SiO,-supported cobalt catalyst

The catalytic activity and product selectivity of the different cata-
lysts are summarized in Table 2. It is apparent from the results that
catalytic activity is strongly affected by the type of Co precursor used
during synthesis. CO conversions of Co-Nit and Co-Hyd are 56% and
60% respectively, which are significantly higher than those of Co-Ace
(12%) and Co-Chl (7%); these results are consistent with the catalytic
behavior predicted by TPR results (Fig. 3) that show low-reduction
temperatures and high reducibility for Co-Nit and Co-Hyd (Table 1). CO
conversions are consistent with TOF for all catalysts (Table 1) and ac-
tivity decreases in the following order: Co-Hyd > Co-Nit > Co-Ace

> Co-Chl. The relatively low activity of Co-Ace is ascribed to the in-
appropriate electronic states that limit the dissociative adsorption of the
CO molecule as explained by Bae et al. [12]. Also, residual Cl~ present
in Co-Chl has been shown to act as a catalyst poison that lowers the CO
conversion [22]. Our XPS analysis (survey scan and atomic composition
in Fig. S3 and Table S3) confirm the presence of Cl~ impurities in the
Co-Chl catalyst.

FTS reaction rate and CO conversion increase in the following order:
Co-Chl < Co-Ace < Co-Nit < Co-Hyd. A strong correlation exists
between catalytic activity and reducibility obtained from TPR. The
higher activity of Co-Nit and Co-Hyd in comparison to Co-Ace and Co-
Chl is directly related to the reducibility of the catalysts. Plots of CO
conversion as a function of time on stream (TOS) in Fig. 5 show that the
catalysts exhibit different stability patterns during FTS. Co-Nit shows
good stability as CO conversion only dropped from 65% to 55% and the
total CO conversion decreased by only 15%. Co-Hyd also shows high
CO conversion (> 50%), but with a profile that suggests gradual cat-
alyst deactivation with time or requires longer time to reach steady
state. The CO conversion of Co-Ace dropped from 36% to 12% before
reaching a steady state; the total loss of activity in terms of CO con-
version is as high as 67%, which may be attributed, in part, to the low
catalyst stability. Similarly, Co-Chl shows poor CO conversion and
stability as it drops from 17% to 6%. In the case of Co-Chl, the low CO

—

H,/CO

Co ® CI @ sio,

Fig. 11. Schematic illustration of the evolution of cobalt catalysts derived from different precursors during FTS process (activation and reaction).
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conversion could be due to the blockage of the active site by the re-
sidual Cl~ ions [22].

XRD patterns of used Co-Nit, Co-Ace, Co-Chl, and Co-Hyd catalysts
are shown in Fig. 6. Because of the use of crystalline silicon carbide
(SiC) as a diluent, the highly intense peaks from the SiC mask most of
the Co30,4 peaks in the samples. Nevertheless, diffraction peaks at 26 of
41.7° and 45.3° reveal the presence of cobalt carbide (Co,C) in Co-Ace,
Co-Chl, and Co-Hyd catalysts [54,55]. Among the mechanisms pro-
posed to explain catalyst deactivation in FTS reaction, formation of
Co,C is frequently invoked [9,56-58]. We, therefore, speculate that the
deactivation observed in Co-Ace, Co-Chl, and Co-Hyd catalysts may be
associated with the formation of Co,C. However, the absence of Co,C in
the XRD pattern of Co-Nit after reaction demonstrates its good stability.

The high-magnification TEM images of the different catalysts after
FTS reaction for 30 h are shown in Fig. 7. By comparing the catalyst
features of fresh (Fig. 2) and used catalysts (Fig. 7), it is apparent a
distinct change occurs in the catalyst morphology, evidenced in the
broadening of PSD of catalysts and an increase in average particle size.
This could be due to sintering induced by oxidation-reduction cycles on
the catalyst surface as reported by Jacob et al. [59]. The average par-
ticle sizes of Co-Nit, Co-Ace, Co-Chl, and Co-Hyd (before and after FTS)
are (3.7 and 5.2nm), (3.0 and 13.0 nm), (2.8 and 7.7 nm), and (4.0 and
14.2 nm), respectively. While there is evidence of sintering in the cat-
alysts, it decreases in the following order: Co-Ace > Co-Hyd > Co-
Chl > Co-Nit. The stable activity during FTS reaction for Co-Nit is
attributed to the low sintering observed. The loss of activity for Co-Ace,
Co-Chl, and Co-Hyd may be due to a combined effect of sintering and
formation of Co,C.

3.2.2. Selectivity of SiO,-supported cobalt catalysts

Table 2 shows the hydrocarbon product distributions of catalysts
prepared from different precursors. An additional summary showing
the selectivity of the fresh catalysts for the same CO conversion is
presented in Table S4. After the reaction reached steady state, the C5+
selectivity increases in the following order: Co-Chl < Co-Ace < Co-
Nit < Co-Hyd. Variations of hydrocarbon distribution (C5+
lectivity) as a function of TOS for the catalysts are shown in Fig. 8. The
catalysts exhibit different stability patterns. In particular, Co-Nit, Co-
Hyd, and Co-Chl exhibit relatively lower C5+ selectivity loss of 20%,
23%, and 24% after 30 h on stream, respectively; in contrast, Co-Ace
shows a decrease of 32%. Detailed C5+ product distributions for re-
actions on all catalysts are summarized in Fig. 9. C5+ product dis-
tributions for Co-Ace, Co-Chl and Co-Hyd mainly belong to the diesel
range (C;2-C17). In stark contrast to Co-Nit, product distribution ob-
served for Co-Hyd is centered on C;s, indicating that Co-Hyd-catalyzed
FTS reaction is selective for long-chain hydrocarbons. Co-Nit shows a
relatively flat distribution, which means more hydrocarbon products
are in the gasoline range and the average molecular weight is lower
than the other three catalysts. These results are consistent with the
chain-growth probability (o) value. The a value of Co-Nit is 0.75,
which is lower than those of Co-Ace, Co-Chl, and Co-Hyd with a values
of 0.91, 0.88, and 0.86, respectively. Usually, the relationship between
C5+ selectivity and a follows a positive trend [3]; however, due to the
support confinement effect, their correlation with selectivity may vary
[39]. In our case, a positive trend exists between a and C5+ selectivity
as catalysts with a > 0.8 exhibit high selectivity for long-chain hy-
drocarbons in the diesel range. Although both Co-Nit and Co-Hyd ex-
hibit relatively high and stable C5+ selectivity, Co-Nit is selective for a
broad distribution of hydrocarbons that include low- and high-cut hy-
drocarbons while Co-Hyd is mainly selective for a high cut. The hy-
drocarbon selectivity of Co-Hyd is consistent with the high-chain
growth probability and may be due to its high reducibility and rela-
tively larger particles that are formed. Co-Ace that seem to experience
similar growth in particles also exhibit high a and selectivity for high-
cut hydrocarbons. In addition, hydroxyl groups have been reported to
enhance dispersion, reducibility and catalytic activity of Co [41]. We,

se-
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therefore, hypothesize that the hydroxyl groups in Co-Hyd provide an
environment that supports improved FTS performance.

3.2.3. X-ray absorption near-edge structure and near-edge X-ray absorption
fine structure

Fresh and used Co-Nit and Co-Hyd catalysts were studied using XAS
to better understand the influence of precursor and catalytic properties
on the local Co structure. Co-Nit and Co-Hyd were primarily examined
because they exhibit the highest catalytic activity (Fig. 5) and C5+
selectivity accompanied by different catalyst stability (Fig. 8) and C5+
product distribution (Fig. 9). Co K-edge XANES spectrum has three
main regions: pre-edge (A), corresponding to the typically forbidden s—
d transition; absorption edge (B); and a post-edge region (C). In the
fresh Co-Nit catalyst (Fig. 10a, black line), the pre-edge feature at
7708 eV and corresponding XANES features are strongly indicative of
nanoscale Co304, consistent with our characterization results from XPS,
XRD, and TPR. After FTS reaction, a significant shift in Ey to lower
energy can be observed (Fig. 10b, red line) along with an overall
change in XANES profile. The shift to lower E, is indicative of a lower
overall oxidation state, strongly suggesting formation of CoO and per-
haps zerovalent Co. This is consistent with our observations that the
conventional Co(NO3), precursor yields mainly Co30y4; the formation of
CoO after FTS, as shown in the XANES results, may be due to air oxi-
dation of the reduced sample. The fresh Co-Hyd XANES spectrum
(Fig. 10a, blue line) exhibits an Ey more similar to Co?" materials and
profile that would suggest the formation of both a and  Co(OH), [60].
Interestingly, upon undergoing FT reactions for extended periods, the
change in local structure is minimal. Near-identical XANES profiles are
observed (Fig. 10a, magenta line), which exhibit only a slight broad-
ening of the pre-edge feature and shift to lower E,. This likely indicates
only some of the Co atoms are zerovalent after the reaction. For re-
ference, the XANES of a Co foil (Fig. 10a, green line) is also shown,
indicating an overall lack of predominant hcp Co in any of the samples.

The Co K-edge EXAFS are obtained after the data are converted into
k-space (with kz—weighting) and Fourier transformed from 2.8 to
13.2A7! (Fig. 10b). Overall, the EXAFS data re-affirm our observations
from XANES corresponding to the structural changes observed before
and after FTS reaction. Note that all plotted EXAFS distances have not
been phase-corrected as presented (* 0.4 A). The fresh Co-Nit EXAFS
(Fig. 10b, black line) exhibits peaks at 1.47, 2.46, and 2.96 10\, corre-
sponding to the first Co-O coordination sphere and subsequent Co-Co
coordination spheres. After FTS reaction, the Co-Nit EXAFS changes
drastically (Fig. 10b red), with a highest-magnitude feature aligning
with metallic Co at 2.22 A (Fig. 10b green). In addition, major EXAFS
peaks positioned at 1.58 and 2.61 A correspond to Co-O and Co-Co
coordination spheres, respectively, in CoO. The Co-hyd samples, both
before and after FTS reaction (Fig. 10b, blue and magenta lines, re-
spectively), exhibit similar features in EXAFS that correspond to a hy-
droxide structure. The major difference is the appearance of an addi-
tional peak in the post-reaction sample at 2.22 A corresponding to
metallic Co.

To quantify these results, EXAFS modeling was performed as de-
scribed in the experimental section. All fitting results can be found in
the Supplementary Information, and local Co coordination numbers
(CNs) and nearest neighbor distances (NNDs) are summarized in Tables
S5 and S6, respectively. For fresh Co-Nit, three scattering paths were
implemented to produce a quality fit using Co-O and Co-Co scattering
paths from Co30,4 and an additional Co-O path that more closely re-
sembles a theoretical CoOOH structure [34]. Note this inclusion simply
matches features found in the EXAFS but is likely a contribution from
either nanoscale distortions within the Co30,, substrate interactions,
and/or backscattering from nitrate left over from the synthesis. The
reduced Co-Co CN of 6.61 + 0.98 from bulk (12.0) coupled with the
modestly high-second Co-O coordination sphere (CN = 4.28 + 0.67
and NND of 2.87 + 0.01 A) suggest local nanoscale distortion within
these materials. After undergoing FTS, the Co-Nit sample was best
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modelled using Co-O and Co-Co scattering paths from CoO, and Co-Co
from hcp metallic Co, which reaffirms our XANES observations. CoO
local CNs are again significantly reduced from bulk values as expected,
while a Co-Co CN of 2.23 = 0.29 for hcp Co suggests very small
clusters of metallic Co (< 50 atoms) [61]. Co reduction is expected to
occur under FTS conditions and our results suggest that re-oxidation
after exposure to air is somewhat impeded via stabilization by neigh-
boring hydroxyl groups, thereby preserving the reduced Co clusters. Co
synthesized from Co(OH), precursor demonstrated markedly different
EXAFS modelling results. As synthesized, CNs from the first Co-O and
Co-Co coordination spheres are slightly reduced from bulk values
(4.99 = 0.74 and 4.96 = 0.71 vs 6.0 for each, respectively), which is
common in nanoscale materials. A second Co-O is needed for a suffi-
cient quality fit, with a CN of 4.81 * 0.97 and an NND of
2.83 + 0.04 A. After reaction, a small amount of metallic Co can be
modeled, with a Co-Co CN of 1.31 + 0.25 and a NND of
2.50 = 0.01A. Interestingly, the Co-Hyd is maintained with similar
values for Co-O, and Co-Co CNs and NNDs. Unlike Co-Nit, hydroxyl
groups from the precursor in Co-Hyd prevents oxidation of metal Co to
CoO after FTS reaction. Overall, XANES and EXAFS data confirm the
superior structural stability of Co-Hyd and possible presence of hy-
droxyl groups even after reaction. We conclude that the hydroxyl
groups create a basic environment in Co-Hyd that supports stability of
Co.

A schematic representation catalyst evolution during H, reduction
and FTS reaction processes is depicted in Fig. 11. The catalysts are all
composed of a small fraction of large particles and a large fraction of
small particles. The consistent trend in the average particle size of
catalyst obtained from low-magnification TEM and XRD is further
evidence of the inability of XRD to detect a large fraction of the small
particles (Table S2). Complete reduction of Co-Nit occurs during acti-
vation and the catalyst shows mild sintering and high stability, which
accounts for its high resistance to deactivation. Co-Ace has a small
fraction of Co304 particles and a large fraction of CoO particles; and as
shown by Girardon et al. [20], Co-Ace has a high tendency to form
partially reduced Co-Si oxide. Moreover, severe sintering is observed
after FTS reaction for Co-Ace. The presence of Cl~ in Co-Chl results in
blockage of active sites and prevents the interaction of H, with cata-
lysts; therefore, only a small fraction of a Co-Chl catalyst can be re-
duced. Co-Hyd exhibits high reducibility that is comparable to Co-Nit
and the highest TOF, although Co-Hyd appears more prone to sintering
during FTS than Co-Nit.

4. Conclusions

A series of SiO-supported Co catalysts derived from different pre-
cursors via incipient wetness impregnation has been studied. The re-
sulting catalyst particles have sizes in a narrow range of 3—-4 nm and are
well-dispersed on SiO, support. A catalyst derived from Co(OH), (Co-
Hyd) shows relatively higher surface area that is ascribed to the unique
synthesis method that eliminates the calcination step. The Co phase of
the fresh catalyst is sensitive to the Co precursor used during synthesis.
A strong correlation between reducibility and catalytic performance is
observed; catalysts derived from Co(NO3), and Co(OH), show higher
reducibility (hydrogen consumption > 90%) and catalytic performance
(CO conversion and C5 + selectivity) than those from Co(C2H305), and
CoCl,. Sintering and Co,C are observed in Co-Ace, Co-Chl, and Co-Hyd,
catalysts that experience different degrees of deactivation. C5+ se-
lectivity increases in the following order: Co-Chl < Co-Ace < Co-
Nit < Co-Hyd. C5+ product distributions for Co-Ace, Co-Chl, and Co-
Hyd mainly fall in the diesel range (C;2-C;y7), and that for Co-Hyd is
centered on C;5 and is selective for long-chain hydrocarbons; whereas
Co-Nit shows a relatively flat distribution, which means more hydro-
carbon products are in the gasoline range. XANES and EXAFS data
confirm superior structural stability of Co-Hyd and presence of hy-
droxyl groups even after reaction. Unlike Co-Nit, the hydroxyl groups

11

Catalysis Today xxx (XXXX) XXX-XXX

create a basic environment in Co-Hyd that may support high TOF and
C5+ selectivity.
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