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Surface chemical properties of supports have an important influence on active sites and their catalytic
behavior. Here, we fabricated a series of cobalt-based catalysts supported by carbon layer-coated ordered
mesoporous silica (OMS) composites for higher alcohol synthesis (HAS). The carbon layers were derived
from different sources and uniformly coated on the porous surface of OMS. Combined with the
characterization results of carbonized catalysts, it is demonstrated that the carbon layer-coated supports
significantly enhanced the metal dispersion and increased the ratio of Co?* to Co° sites, which further
increased the CO conversion and alcohols selectivity. Moreover, it is found that the catalytic activity
changed in line with the amount of defects and surface oxygenic groups of carbon layers, which resulted
from the different carbon sources. The highest space time yield of C,,OH was 27.5 mmol g.,, ' h™!)
obtained by the catalyst coated with glucose-derived carbon layer. But the carbon source is not the key
factor influencing the distribution of Co-Co?* dual sites and shows little effect on selectivity in HAS. These
results may guide for further design of carbon supported catalysts.
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Higher alcohols are considered as important compounds in
chemical, biological and clean energy industries. Ethanol and iso-
butanol are excellent gasoline additives to raise the octane number
and the combustion efficiency, and long-chain alcohols (Cg-Cy5)
can be used as intermediates to produce surfactants and
detergents [1,2]. All of these facts highlight the promising potential
market for higher alcohol synthesis (HAS). With the gradual
depletion of crude oil reserves and the increasing environmental
issues, the utilization of syngas, which could be derived from coal,
biomass and nature gas, has attracted considerable interest. The
direct conversion of syngas to higher alcohols is recognized as a
promising route with respect to its environmental friendliness and
atom economy [3].

Co-based catalysts have been extensively investigated and used
in Fischer-Tropsch synthesis (FTS) [4]. A lot of studies in HAS
focused on the Cu modified Co-based bimetallic catalysts owing to
their good catalytic performance [5,6]. For Cu-Co based catalysts,
Co is generally accepted to enable the CO dissociative adsorption
and offer a carbon chain growth site, while Cu favors CO adsorption
and insertion. The close contact between Cu and Co species is thus
essential for HAS [7]. However, the bulk Cu-Co is unlikely to exist
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stably because of the low solubility between these two metals. And
the phase separation between Cu and Co elements would result
in the formation of methanol and hydrocarbons [8,9]. Recently, it
is proposed that Co®-Co™ presents an effective synergy as well,
in which Co™ species act as the CO insertion site facilitating
the molecular adsorption of CO [10,11]. Chen et al. [12] obtained
Co/CoOy interface by using the strong metal-support interaction
between CeO, support and Co sites. It is demonstrated that the
formation of Co-CoOy pairs was critical to enhance the alcohol
selectivity in HAS.

Significant researches have reported that the physical and
chemical properties of the supports, such as morphology, porosity,
and surface functional groups have a great influence on the metal
sites and catalytic performance [13,14]. Among all the carriers,
carbon materials have attracted considerable attention due to their
tunable porosity and characteristic surface chemistry [15,16]. A
lot of studies explored the effect of different types of carbon
materials on active species. Zhang and coworkers [17] compared
h-type carbon nanotubes (CNTs) and p-type CNTs supported Cu-Co
based catalysts in HAS. The sample with h-type CNTs showed
better catalytic activity because of its superior capability of
activating H,, which increased the reaction rate of surface hydro-
genation in HAS. Pei et al. [18] deposited Co sites on activated
carbon materials derived from coconut shell (AC1) and almond nut
(AC2). They found that significant amount of Co,C species existed
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in Co/AC1 catalyst, but there is no presence of Co,C observed in
Co/AC2 catalyst. Hence, the modification of carbon supports is a
possible way to provide suitable chemical environments for active
sites in HAS, which may lead to further understandings between
surface properties and catalytic behavior.

In this work, we synthesized a series of cobalt-based catalysts
supported on carbon layer-coated ordered mesoporous silica
(OMS) composites, in which glucose, furfuryl alcohol (FA) and
2,3-dihydroxynaphthalene (DN) were used as carbon sources
respectively. Based on the detailed characterization of composite
support, we investigated the effect of surface properties on the
dispersion of nanoparticles, Co®-Co™ species distribution and the
corresponding catalytic behavior in HAS, which may provide new
thoughts in rational design of catalysts.

OMS was synthesized by hydrothermal treatment according to
the procedure reported by Zhao and coworkers [19]. 10 wt% carbon
layer-coated OMS supports were prepared by the impregnation of
precursors and subsequent carbonization. The detailed informa-
tion of experiments is given in the Supporting information.

The thermal stability and carbon coating amount of x-10C/OMS
supports were analyzed by TG, and the results are given in Fig. S1
(Supporting information). There is no obvious weight loss in the
OMS support, indicating the completely decomposition of P123
after calcination. A rapid weight loss in the range of 450-700 °C can
be observed in x-10C/OMS samples, which corresponds to the
decomposition of carbon in air [20]. Notably, the carbon contents
of Glucose-10C/OMS, FA-10C/OMS and DN-10C/OMS is 9.6 wt%,
9.7 wt% and 9.7 wt% respectively, which were calculated from the
weight loss of TG curves. The results indicate that the carbon
coating contents of all x-10C/OMS samples are similar and in good
agreement with the theoretical value.

N, adsorption-desorption isotherms of the x-10C/OMS supports
are shown in Fig. 1A. All samples exhibit Langmuir type IV
isotherms with an H1 hysteresis loop, corresponding to the typical
mesoporous structure with uniform pore diameter [21]. The pore
size distribution of x-10C/OMS are given in Fig. 1B and Table S1
(Supporting information). All carbon layer-coated samples exhibit
similar pore size (about 5.7 nm), which is smaller than that of OMS
(8.2 nm). It is demonstrated that the carbon layer can be uniformly
coated inside the pores of OMS [22]. Moreover, the similar pore
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size of x-10C/OMS supports indicate that the coating thickness is
basically consistent, which is independent of the different carbon
source. In order to investigate the effect of carbon coating on the
structure of OMS support, low-angle XRD patterns of x-10C/OMS
supports were measured as well. As shown in Fig. 1C, the (100),
(110) and (200) reflection peaks of OMS are clearly observed in all
patterns. It indicates that the well-ordered p6mm symmetry can
be maintained in all carbon layer-coated samples [19], which is
consistent with the N, adsorption-desorption results. In addition,
it is noteworthy that all the three reflection peaks of OMS shifted to
a higher angle after carbon layer coating. This shift is due to the
thermal shrinkage during the heat-treatment step [23,24].

FT-IR spectroscopy was performed to measure the variation of
the functional groups after carbon coating (Fig. S2 in Supporting
information). The OMS sample show characteristic bands at
810cm~! and 1080 cm™! corresponding to the asymmetric and
symmetric stretching vibrations of Si-O-Si, as well as the bands at
950 cm™! and 2600-3800 cm ™! caused by the stretching of Si-O-H
[25]. After the coating of carbon layer, the characteristic bands
assigned to the Si-O-H groups disappeared. Moreover, a new peak
at 1610 cm~! appeared in x-10C/OMS samples, which corresponds
to C=C stretching vibrations [26]. This demonstrates that the
surface of OMS are entirely coated by carbon layer. Nevertheless,
owing to the overlap of the stretching vibrations between Si-O-Si
and C-O band (1000-1500 cm™1) [27], the detailed information
about the carbon surface were unavailable.

The carbon layer derived from different sources may present
different surface properties. Here Raman spectra, zeta-potential and
XPS were measured to investigate the effect of carbon source on the
surface properties. The graphitization degree has been considered as
an important feature of carbon materials, which provides valuable
information about surface defects and graphitic characters [28].
Raman spectroscopy was used to characterize the graphitization
degree of samples. As shown in Fig. S3 (Supporting information) and
Table 1, the Raman spectra of x-10C/OMS supports exhibit two
distinct peaks at 1337 cm~! and 1585 cm™. The peak at 1337 cm ™!
corresponds to the D band, associated with the surface defects and
disordered graphite species. The other peak at 1585 cm™ is assigned
to G band, resulting from the stretching vibration of C=C bond in
typical graphitic layers. Typically, the ratio of the intensity of D band
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Fig. 1. N, adsorption-desorption isotherms (A), pore size distribution (B) and low angle XRD patterns (C) of x-10C/OMS and OMS supports.
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Table 1

Surface properties and relative ratio of Co?*/Co in Co/x-10C/OMS catalysts.
Sample Ip/lc? Zeta-potential (mV) Content of oxygenic groups® (%) Co?*/Co¢
Co/OMS / ~16.9 / 136
Co/Glucose-10C/OMS 1.09 —-28.8 32.0 2.34
Co/FA-10C/OMS 0.95 -23.8 27.6 2.25
Co/DN-10C/OMS 0.86 -20.6 24.0 2.42

2 Determined by the Raman spectra of x-10C/OMS support.
b Calculated from the C 1s XPS spectra of x-10C/OMS support.

¢ The relative ratio of surface Co?* to metallic cobalt calculated by Co 2p XPS spectra.

to G band reflects the defects and disordered degree of carbon
materials [29]. We found that Ip/I¢ ratio changed with the different
carbon sources, and the graphitization degree increased in the order
of Glucose-10C/OMS < FA-10C/OMS < DN-10C/OMS.

The zeta-potential is a physical property to evaluate the
electrical properties of the interfacial layer between materials
and the dispersion agent, which could reflect the functionalization
degree of carbon materials [30]. As presented in Table 1, the surface
of x-10C/OMS supports is negatively charged, which is due to the
presence of the electronegative functional groups [31]. It is
reported that the dissociation of surface acidic groups (COOH —
COO~ + H") would result in a negative zeta potential value. And
zeta potential value is related to the amount of surface functional
groups [27]. Therefore, the amount of surface functional groups of
different samples follows the order of Glucose-10C/OMS > FA-10C/
OMS > DN-10C/OMS.

To further semi-quantitative analysis of the surface carbon
species, XPS was conducted as well [32]. The C 1s spectra of x-10C/
OMS supports are shown in Fig. S4 (Supporting information). The
peaks located at 284.5eV and 285.3 eV are assigned to aromatic
carbon (sp? carbon) and aliphatic carbon (sp> carbon), respectively
[33]. In addition to the C-C groups, the characteristic peaks of
oxygenic functional groups also exhibit in the C 1s spectra. The
peaks at 286.3 eV, 288.0 eV and 289.0 eV belong to C-O (hydroxyl),

200 nm

C=0 (ketone or carboxyl) and O=C-O (carboxyl or esters),
respectively [34]. The relative ratio of different functional groups
calculated from the deconvolution and quantification of the C 1s
spectra are given in Table S2 (Supporting information). Combined
with the zeta-potential characterization, it is demonstrated that
the amount of surface oxygenic functional groups follows the order
of Glucose-10C/OMS > FA-10C/OMS > DN-10C/OMS supports.

It is noteworthy that the amount of functional groups show the
same changing tendency with the graphitization degree obtained
from Raman spectra. As reported that both the surface functional
groups and defects can serve as anchor points of metal sites [35].
Thus, based on the overall analysis of the x-10C/OMS, it is indicated
that the carbon source greatly influenced the surface properties,
which may further influence the dispersion and catalytic behavior
of metal sites.

After successfully fabricated the carbon-layer coated OMS
composite, cobalt species was loaded to the support using incipient
wetness impregnation method. The cobalt loadings of Co/x-10C/
OMS catalysts were determined by ICP-OES. As shown in Table S1, all
catalysts have similar cobalt contents, which are close to the
designed value of 12 wt%. In order to identify the morphology of the
carbonized Co/x-10C/OMS catalysts, TEM images were recorded and
shown in Fig. 2. The highly ordered mesostructured can be observed
in all samples, and most nanoparticles are encapsulated inside the
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Fig. 2. TEM images and particle size distribution of carbonized (A) Co/OMS, (B) Co/Glucose-10C/OMS, (C) Co/FA-10C/OMS, and (D) Co/DN-10C/OMS catalysts.
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Fig. 3. XRD patterns (A) and detailed step scanning patterns (B) of carbonized Co/
OMS and Co/x-10C/OMS catalysts.

channels. Compared to Co/OMS catalyst, the carbon layer coating
promotes a more uniform distribution of the nanoparticles. As
shown in Fig. 2 and Table S1, with a 10 wt% carbon layer-coated
structure, the particle size were decreased from 8.6 nm to about
5 nm. In addition, the grain size of Co/x-10C/OMS catalysts derived
from different sources increased in the order of Co/Glucose-10C/
OMS < Co/FA-10C/OMS < Co/DN-10C/OMS. A lot of researches have
reported that the surface defects and functional groups can act as the
nucleation sites for metal oxide crystallization, which leads to a
higher dispersion of active sites [36,37]. Combined with the above
analysis of surface properties of x-10C/OMS supports, we can
conclude that carbon coating effectively facilitate the dispersion of
Co species. The higher amount of surface functional groups would
lead to a smaller particle size.

XRD patterns of carbonized Co/x-10C/OMS catalysts were
conducted to analyze the crystalline structure of cobalt species.
As given in Fig. 3, the broad peak centered at 22° belongs to
amorphous SiO,. The diffraction peaks at 44.2°, 51.5° and 75.8° are
assigned to metallic Co and the peaks at 41.2°, 42.7° and 45.7°
correspond to Co,C phase. It can be observed that metallic Co and
Co,C exist simultaneously in the carbonized Co/OMS catalyst. But
with the carbon layer-coated support, the intensity of diffraction
peaks ascribed to Co,C increased distinctly, implying that the
carbon coating greatly promoted the formation of Co,C species.
There is no obvious existence of the peaks of metallic Co in
carbonized Co/x-10C/OMS catalysts, which may be resulted from
the high dispersion of metallic Co species. Additionally, the
catalysts with carbon layer-coating derived from different sources
have no remarkable difference on the distribution of metallic Co
and Co,C species.

XPS was used to further identify the surface states of carbonized
Co/x-10C/OMS catalysts. The Co 2p XPS (Fig. S5 in Supporting
information) spectra show two peaks at around 780 and 795 eV,
which are typically attributed to the binding energy of Co 2p3,, and
Co 2p4, respectively. In comparison with Co/DN-10C/OMS, the Co
2ps,2 peaks of Co/FA-10C/OMS and Co/Glucose-10C/OMS shifts to

Table 2

lower binding energies, and the shifting trend is consistent with
the amount of surface functional groups. This is due to the electron
donor effect of surface oxygenic functional groups on cobalt
species [38] Moreover, assuming that Co® atoms and Co?* ions have
the same surface area and identical atomic sensitivity factors, the
surface content ratio of Co?* to Co can be estimated by calculating
the ratio of corresponding fitted peak areas. The binding energy
around 778.2 and 793.3 eV are attributed to metallic Co and those
at about 782.0 and 798.0eV could be assigned to Co?*. The
appearance of two satellite peaks at 787.5 and 803.7 eV further
confirms the existence of Co?* species. As listed in Table 1, the
surface ratio of Co** to Co® remarkably increases from 1.36 to about
2.2 after carbon layer coating. However, there is no significant
change in the ratio of Co?" to Co when the carbon source is
different.

The catalytic performance of Co/OMS and Co/x-10C/OMS
catalysts were shown in Table 2. There is only a small number
of CO, produced, which is attributed to the low water-gas shift
(WGS) activity of cobalt-based catalysts [39]. Notably, Co/x-10C/
OMS catalysts exhibited excellent performance under the GHSV as
high as 10800 mL g, h™! and relatively low reaction temperature
(225 °C). The carbon layer-coated supports significantly improved
the catalytic activity, which could be attributed to the well-
dispersed active sites as demonstrated by XRD and TEM results. In
addition, the CO conversions of Co/x-10C/OMS catalysts coated by
different carbon sources changed following the order of Glu-
cose > FA > DN, which is consistent with the amounts of surface
anchor sites. Given the characterization results of Co/x-10C/OMS,
the surface functional groups and defects play a key role in
promoting the dispersion of active sites, thereby enhancing the
catalytic activity.

Moreover, with the carbon layer coating of Co/OMS catalyst, the
alcohols selectivity increases from 26.7% to about 40%. The alcohols
selectivity among Co/x-10C/OMS catalysts coated by different
carbon sources are similar. According to the results of XRD and
XPS, carbon coating promotes the formation of Co?*, but different
carbon sources have no remarkable influence on the distribution of
cobalt species. As reported by Wen et al. [40], the negative charge
state of iron particles would strongly weaken the CO bond and
promote the carbonization of iron species. In this case, we deduce
that carbon layer acts as an electron donor to promote CO
disassociation on cobalt species, thereby facilitating the formation
of cobalt carbide. A lot of literatures have proposed that the
formation of Co?" species is the key to enhance the alcohols
selectivity. They pointed out that Co?" sites facilitated the CO non-
dissociative adsorption and molecularly insertion, which was
responsible for HAS synthesis [12,18]. Based on the above
investigations, it is demonstrated that the carbon coating of
OMS significantly increased the relative ratio of Co?* to Co® which
further enhanced the alcohols selectivity. The carbon source for
coating influenced the metal dispersion, but it is not the main
factor affecting the distribution of Co®-Co?* species.

In summary, a series of carbon layer-coated OMS composites
using glucose, FA and DN as precursors were prepared and used as
supports for cobalt-based catalysts. The maximum C,.OH space

Catalytic performance of higher alcohol synthesis over Co/OMS and Co/x-10C/OMS catalysts.?

Catalysts Xco (%) STY of C,,OH (mmol gc,' h™") Selectivity (C%) Alcohol distribution (C%)

CO, CHy HGC,-Cg Ce+ ROH MeOH EtOH C3-CsOH Other
Co/OMS 20.1 3.8 1.0 26.4 34.4 114 26.7 41.6 24.8 224 11.2
Co/Glucose-10C/OMS 69.1 275 0.6 19.8 22.4 133 439 31.2 34.9 23.2 10.7
Co/FA-10C/OMS 63.2 23.7 0.4 20.6 25.7 12.0 41.3 30.6 33.2 26.3 9.9
Co/DN-10C/OMS 56.7 22.6 0.4 211 26.1 9.8 42.6 29.2 33.1 26.9 10.8

@ Reaction conditions: T=498 K, P=3 MPa, H,/CO =2, GHSV=10800 mL g.,,' h™.
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time yield (27.5 mmol g.,; ! h™!) was obtained over Co/Glucose-
10C/OMS catalyst. It is found that the carbon layer-coated supports
could significantly enhance the metal dispersion and increase the
ratio of Co?* to Co®, which further enhance the CO conversion and
alcohols selectivity in HAS. Moreover, the surface properties of x-
10C/OMS can be tuned by using different carbon sources. It is
demonstrated that the defects and functional groups could
effectively disperse cobalt species. The catalytic performance
follows the order of Co/Glucose-10C/OMS > Co/FA-10C/OMS > Co/
DN-10C/OMS, which is consistent with the amount of surface
anchor sites. But the carbon source is not the main factor affecting
the distribution of Co-Co?" dual sites, thus has little effect on the
alcohols selectivity. These results may provide new guidance in the
rational design of carbon supported catalysts for HAS.
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