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Microwave-assisted carbon-confined iron
nanoparticles for steering CO, hydrogenation
to heavy hydrocarbonst
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Yasuharu Kugue,® Jiaming Liang,® Weizhe Gao,? Xiaoyu Guo, Jian Sun, (2 *©
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The key to efficient thermocatalytic conversion of CO, lies in the rational design of catalysts. In this work, Fe-
based catalysts supported by different carbon materials (AC, GA, CNF, and MPC) were rapidly synthesized with
the assistance of microwave heating. Compared with other supports, small-sized active precursors are coated by
graphitic carbon layers for GA-supported Fe catalysts, which will slow down the sintering of particles. Small-
sized Fe nanoparticles supported by GA present a benign carburization behavior and water removal ability, which
play an important role in stabilizing active carbides and improving product selectivity. These features make GA a
more promising support material. In addition, for the catalyst obtained by high-temperature calcination, the size
of the active precursor is larger than that obtained by microwave heating, and it is easily coated by amorphous
carbon shells, whereas for the small active phase precursor obtained by microwave heating treatment, it is
encapsulated by graphitic carbons first, and then the amorphous carbon shells gradually appear around the
active carbides with the increase in particle size. The carbon-confined environment provides a stable space for
steering CO, hydrogenation to heavy hydrocarbons. As a result, the rational catalyst exhibits favorable
performance. Under relevant industrial conditions (320 °C, 2.0 MPa, 5 g h mol™), the optimized K—Fe/GA-W-10
catalyst achieves a Cs,. selectivity of 53.2% at CO, conversion of 23.1% and presents a benign stability.

The transformation of CO, into energy-rich fuels and valuable chemicals is a huge challenging and hot research topic. The critical bottleneck of this process lies
in the difficult activation of inert CO, molecules and poor chain growth ability. Efficient catalyst preparation is one of the key strategies to solve this problem
and for potential industrial applications. At present, conventional catalyst synthesis requires high-temperature calcination to obtain the precursor, which

usually consumes a good chunk of time. In addition, high-temperature calcination will also destroy the special structure of the catalyst. To overcome this huge
challenge, we designed microwave-assisted carbon-confined iron nanoparticle catalysts for steering CO, hydrogenation to heavy hydrocarbons. The high-

temperature treatment lasts only a few seconds, and this method promotes the formation of ultra-high dispersion active metal sites. Moreover, the carbon-
confined structure is conducive to CO, conversion, and maintains the active phase stably. Consequently, the tailor-made catalyst presents benign performance.

The present research provides new insights for the rapid fabrication of high-performance catalysts for practical industrial applications in catalytic conversions
of C1 small molecules to high value-added chemicals. More importantly, the unique encapsulation and uniform dispersion of active sites from the microwave

heating technology have good reference significance for other supported catalysts.
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environmental issues related to global warming, ocean acidifi-
cation, etc., whereas thermocatalytic CO, hydrogenation provides
a promising route for CO, elimination and reutilization."™®
Selective hydrogenation of CO,-derived highly valuable pro-
ducts including carbon monoxide (CO), alcohols, alkenes, aro-
matics, oxygenates, and liquid hydrocarbons is necessary.” "
Among them, liquid or long-chain hydrocarbons, as substitu-
table fuels, are one of the most desirable products.'®'>™?

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Recently, significant advances in the selective synthesis of
liquid hydrocarbons from CO, hydrogenation have been
reported by constructing efficient functional catalysts.'®***3
Yet, it remains a huge challenge to directly convert CO, into
liquid hydrocarbons, since CO, molecules are thermodynami-
cally stable and carbon chain propagation needs to overcome
higher energy barriers. In terms of CO, hydrogenation, raw
molecules can be catalyzed to valuable products over modified
metal oxides or multi-site composite functional catalysts.'®™®

Iron as a typical catalyst can in situ form two types of active
sites under CO,/H, conditions, including Fe;O, for reverse
water-gas shift (RWGS) and carbides (Fe,C,) for chain growth,
and they have been widely applied for CO, hydrogenation via
modified Fischer-Tropsch synthesis (FTS). Generally, a single
iron catalyst without any regulation presents a poor catalytic
performance such as low catalytic activity and high light
hydrocarbon selectivity, far from needs and expectations.
To address this issue, a series of tailor-made iron-based cata-
lysts were synthesized by regulating CO, adsorption, electronic
environments of active sites, interaction between active metal
and support materials, etc. A common means is to introduce
electronic promoters in the iron-based system, usually referring
to alkali metals (Li, Na, and K), alkaline-earth metals (Mg, Ca,
and Sr), and transition metals (Cu, Mn, Zn, Zr, Mo, V, and Nb).
Given the excellent promotional effects, K and Na promoters
are widely selected for modifying iron-based catalysts to achieve
benign catalytic performance. The existence of Na or K above
can enhance the surface alkalinity, promoting the adsorption of
CO, molecules.'® With the incorporation of promoters such as
Na, delocalized electrons are transferred from the electronic
promoter to the interface of iron carbides, making the surface
of iron carbides electron rich.*® CO activation on carbides
occurs via Fe-C o-bonding and the simultaneous back-
donation of iron species valence electrons into the 2n* orbital
of CO.2* The enhanced electron density of carbides derived
from electron transfer is able to intensify the Fe-C bond and
weakens the C-O bond.?* Besides, more carbides are formed
with the introduction of alkali metals.”*** Unlike the Na
promoter, it is accepted that K is more suitable for the for-
mation of long-chain hydrocarbons.'***"2”

Apart from the promoter modification, controlling the inter-
action between the active metal and the support is adopted as
another important means.”®*° Conventional oxide supports
such as Al,0;, SiO,, and TiO, have been widely used in
Fe-based catalysts for CO, conversion. However, a strong inter-
action between Fe and the oxide support may form a hardly
reducible iron species (for example, iron silicates) and inhibit
the reduction and carburization of an active Fe phase during
the CO, hydrogenation. Furthermore, various types of carbo-
naceous supports such as carbon nanofibers (CNFs), mesoporous
carbons (MPCs), activated carbons (ACs), and graphenes (GAs)
have been regarded as promising catalytic supports due to their
tunable surface properties, thermal stability, and weak metal-
support interactions.”>?°* Although some advances have been
reported, carbonaceous materials as promising supports have not
yet received enough attention in the process of CO, hydrogenation
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to long-chain hydrocarbons, let along the differences of promo-
tional effects among different carbonaceous supports. Previously,
we have designed supported iron nanoparticles for FTS by
utilizing “microwave dielectric heating” effects, in which iron
species presents benign dispersion.’* Microwave energy, when
incident on a lossy dispersive material, generates heat within
the material via the interactions of the electromagnetic field
with the material’s molecular and electronic structures. Accord-
ing to the Poynting theorem, the total power entering a volume
V through the surface S goes partially into increasing the field
energy stored inside V and is partially lost into heat.>> It can be
judged that the ability of a material to heat up in the presence
of an electromagnetic wave depends on the nature of its
interaction with electric and magnetic components of the field.
Generally, carbonaceous materials (graphite, graphenes, etc.)
are dielectric absorbers having a sp> bonded carbon network,
which contains copious amounts of delocalized n electrons,
which in the presence of an external electric field, start moving
in the direction of the field and generate an electric current.
As the electrons cannot couple to the changes of phase of the
electric field, energy in the form of heat is dissipated. This
process is referred to as interfacial polarization (also known as
the Maxwell-Wagner-Sillars effect).*®~>®

In this work, a series of carbon material (including GA, CNF,
AC, and MPC)-supported iron nanoparticles were prepared for
CO, conversion, where the precursors were treated by rapid
microwave heating (MH). The improved dispersion, carburiza-
tion behavior, and water removal ability are responsible to the
high selectivity of long-chain hydrocarbons. Thereinto, a small-
sized Fe nanoparticle encapsulated in a carbon shell is a key
feature structure, which effectively stabilizes the carbide active
phase and provides a favorable carbon environment. Corre-
spondingly, a GA-supported Fe nanoparticle catalyst reaches
Cs. selectivity as high as 53.2% at CO, conversion of 23.1%
(Scheme 1).

Experimental
Catalyst preparation

Commercial GA, CNF, MPC, and AC were selected as carbonac-
eous supports. Prior to utilization, the carbon supports were
filtered, washed with deionized water and then dried. Subse-
quently, 15 wt% Fe and 5 wt% K were introduced into the
support by an incipient wetness impregnation method. It was
then vacuum dried at 80 °C for 10 h to remove water. The
obtained catalyst was treated with microwave for 10 seconds
under the protection of N, atmosphere (using a 700 W micro-
wave oven). In each experimental synthesis, 0.5 g catalyst
precursor was evenly placed in a Petri dish. Then it was moved
into a microwave oven and placed in the center of the oven. It is
worth noting that the whole microwave oven was placed in a
glove box with nitrogen gas as the protective gas (Fig. S1, ESIt).
Finally, the corresponding catalysts were marked as K-Fe/GA-
W-10, K-Fe/CNF-W-10, K-Fe/AC-W-10, and K-Fe/MPC-W-10,
respectively.
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Scheme 1 Schematic diagram of the synthesis of different catalysts via facile microwave heating treatment.

In addition, in order to investigate the effect of microwave
treatment time, the catalysts treated for different microwave
time periods were prepared, marked as K-Fe/GA-W-t (¢ = 0, 5,
and 15 s). Meanwhile, a K-Fe/GA catalyst was also fabricated via
muffle calcination at different temperatures (T = 550, 700, or
850 °C for 5 h) under the protection of N, atmosphere and
labelled as K-Fe/GA-C-T.

By contrast, a SiO,-supported iron catalyst was also fabri-
cated. Similar to carbon material-supported Fe catalysts, same
contents of Fe and K were introduced into SiO, by the same
method. Considering that microwave heating could not heat
SiO,, the obtained precursor was calcined in a muffle (550 °C
for 5 h) under the protection of N, atmosphere, and the
obtained catalyst was labeled as K-Fe/SiO,-C-550.

Catalyst characterization

Ex situ powder X-ray diffraction (XRD) data were acquired using
a Rigaku RINT 2400 X-ray Diffractometer with Cu Ko radiation
(40 kv, 40 mA). A step size of 0.02° s~ " over a 20 range of 20-80°
was adopted.

In situ XRD data were conducted using an Empyrean-100
PANalytical Empyrean-100 373 diffractometer with Cu Ko irra-
diation. The catalyst was first exposed to a H, atmosphere for
reduction, and the temperature was gradually increased from
room temperature to 400 °C. After reduction at 400 °C for
90 min, the temperature was decreased to 320 °C. Subse-
quently, CO, and H, (H,/CO, = 3) were introduced to the
catalyst with a reaction pressure of 1.0 bar. The XRD patterns
were collected over time.

N, adsorption-desorption curves were measured at —196 °C
using a NOVA 2200e apparatus to determine the specific sur-
face area based on the Brunauer-Emmett-Teller (BET) method.
Before measurement, the catalyst was outgassed under vacuum
at 200 °C for 6 h.

518 | EES Catal., 2023,1, 516-528

A BELCAT-II-T-SP analyser was used to perform the H,-
temperature programmed reduction (H,-TPR) and CO,-
temperature programmed desorption (CO,-TPD). For H,-TPR,
50 mg catalyst was pretreated at 150 °C with Ar for 1 h.
Subsequently, 5 vol% H,/Ar gas mixture was fed into the reactor
when the temperature dropped to 50 °C. Finally, the H,-TPR
trace was recorded from 50 to 800 °C at a heating rate of
10 °C min~". As for CO,-TPD, 50 mg catalyst was reduced at
400 °C for 2 h in flowing 5 vol% H,/Ar. After pretreatment, the
catalyst was flushed in an Ar flow for 30 min. Then, the
temperature was decreased to 50 °C in the Ar flow and saturated
with CO, for 30 min. After flushing in the Ar flow for 30 min,
CO,-TPD signals were recorded from 50 to 800 °C at a heating
rate of 10 °C min~ .

X-ray photoelectron spectroscopy (XPS) analysis was
performed using a Thermo Fisher Scientific ESCALAB 250Xi
multifunctional X-ray photoelectron instrument.

Transmission electron microscopic (TEM) images of cata-
lysts were acquired using a JEOL JEM-3200Fs at an accelerating
voltage of 100 kv.

Raman spectroscopy measurements were taken using a
HORIBA HR Evolution Raman spectrometer with a 2 mW
532 nm excitation laser. The exposure time for each line was
10 s, and the number of exposures was 2.

The static water contact angle was measured using a
DSA100M (Theta Flex) in an environmental chamber saturated
with water vapor under ambient conditions.

Catalyst evaluation

The CO, hydrogenation reaction was carried out in a fixed-
bed reactor with the condition of 320 °C, 2.0 MPa and
4800 mL g.. ' h™'. The catalyst was diluted with SiO,
(1:1 mass ratio of the catalyst:silica). Before the reaction, the
catalyst was reduced by H, at 400 °C for 10 h. After reduction,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the given conditions were adopted to test the performance of
CO, hydrogenation. Gas chromatography (GC) was used to
determine the conversion and product selectivities. The light
hydrocarbons (C;-C;) were analyzed using an online GC with a
flame ionization detector (FID). The outlet gas (Ar, CO, CH, and
CO,) was analyzed using another GC system with a thermal
conductivity detector (TCD). The heavy hydrocarbons (Cs.) were
collected using an ice-trap and analyzed using an off-line GC
with n-dodecane (0.1 g) as an internal standard. The calculation
method for CO, conversion, CO selectivity and hydrocarbon
selectivity has been previously reported in the literature.”**°

Results and discussions

Oriented synthesis of heavy hydrocarbons from CO,
hydrogenation

CO, hydrogenation performances were investigated over differ-
ent material-supported Fe nanoparticles (K-Fe/AC-W-10, K-Fe/
CNF-W-10, K-Fe/GA-W-10, K-Fe/MPC-W-10, and K-Fe/SiO,-C-
550) with a condition of 320 °C, 2.0 MPa, 4800 mL g, ' h™".
The catalytic activities and product distributions are summar-
ized in Table 1. The K-Fe/AC-W-10 catalyst exhibits 16.4%
selectivity to CH,, 44.7% selectivity to Cs. as well as a moderate
CO selectivity (40.2%) at CO, conversion of 26.3%. Thereinto,
unsaturated alkenes, especially long-chain hydrocarbons, are
dominant in hydrocarbon products due to the promotional
effect of the alkaline K promoter (Fig. S2, ESIt).>* Meanwhile,
Cs+ hydrocarbon distribution in liquid products was also
analyzed (Fig. S3, ESIt). However, when the CNF replaces the
AC, although C;. hydrocarbon selectivity increased, the selec-
tivity to by-product CO increased slightly (45.7%). In terms of Fe
supported by MPC supports, it exhibits poor selectivity of Cs.
hydrocarbon and high CO selectivity. In contrast, a Fe-based
catalyst supported by the GA can maintain high Cs, selectivity.
In order to further verify the better performance from the
carbonaceous material-supported Fe catalysts, comparison is
made with a reference K-Fe/SiO,-C-550 catalyst. In addition to
the calcination method, the K-Fe/SiO, catalyst is also subjected

Table 1 CO, conversion and product selectivity from different catalysts
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to a long MH time, and it is found that extending the MH time
is also conducive to the formation of higher hydrocarbons
(Table S1, ESIt). It suggests that MH is also effective for the
metal species carried on the support materials. Notably, Fe
supported by carbonaceous materials is more favorable for the
efficient conversion of CO, to valuable hydrocarbons than inert
SiO,, and the CO, hydrogenation performance depends on the
types of carbon supports evidently. Besides, in terms of K-Fe/
GA-W-10, the effects of the K promoter content on CO, were
also investigated and compared, as given in Table S2 (ESIf).
As shown, with the increase in K promoter content, the selec-
tivity of liquid hydrocarbon is further improved. When the
content of K promoter is 7.5%, Cs, selectivity is as high as
58.6%. In addition, the superfluous K promoter will further
reduce the Cs, selectivity. For K promoters, good interfacial
contact helps to promote iron active species to catalyze CO, to
form valuable hydrocarbons. However, excessive K addition will
lead to the active sites being covered, leading to poor perfor-
mance (Table S2, ESIt). The Cs, product selectivity is compared
with that of typical catalysts reported recently. The corres-
ponding catalysts are simply K promoter-modified Fe catalysts
supported by carbon-based materials. Obviously, the designed
K-Fe/GA-W-10 catalyst shows a high Cs, selectivity compared
with traditional catalysts (Table 1).

In general, the obtained catalysts for the reaction need
heating pre-treatment, such as calcination, to obtain the
desired structure or phase composition. Previous reports have
revealed that long-time high-temperature treatment results in
several undesired transformations including active-phase sin-
tering and structure failure, which will cause poor catalytic
performance, in turn. Previously, it has been reported that the
MH method as a facile operation is able to sharply shorten the
heating time and promote the dispersion of active species.**
As a result, the high-temperature pretreatment time for a given
catalyst was listed and compared in Table 1. Table 1 only lists
the heating processing times above 100 °C. Intuitively, different
from the conventional heating procedure, MH treatment
can effectively shorten the heating time from several hours
to seconds (10 s), which means a shorter preparation cycle and

CO-free HCs Sel. (mol%)

Catalyst HT“ GHSV® H,/CO, P/MPa T/°C CO,Conv. COSel. CH, C,-Cy4 Cs: Yield (Cs,)/%
K-Fe/Si0,-C-550 5 h 4800 2.5 2.0 320 231 46.1 14.8 39.6 45.6 5.7
K-Fe/AC-W-10 10 s 4800 2.5 2.0 320 26.3 40.2 16.4 38.9 44.7 7.1
K-Fe/CNF-W-10  10s 4800 2.5 2.0 320 256 45.7 15.2 33.0 51.8 7.2
K-Fe/GA-W-10 10 s 4800 2.5 2.0 320 231 42.9 13.7 33.1 53.2 7.0
K-Fe/MPC-W-10 10 s 4800 2.5 2.0 320 245 46.2 21.8 37.8 40.4 5.3
K-Fe/Si0,-C-550 >10h 4800 2.5 2.0 320 189 38.7 40.8 31.2 28.0 3.2
FeK/MWNTs? >21h 9000 3.0 2.0 340  43.6 23.4 27.1 38.5 34.4 11.5
FeK/MPC*° >21h 8000 3.0 2.5 300 37.2 8.4 20.0 36.1 43.9 15.0
KFe/NCNT>* >30h 50000 3.0 2.5 360  31.8 74.6 76.1 20.1 3.8 0.3
Fe/C-K,CO;*° >34h 2400 3.0 2.0 320 37.1 11.5 12.9 41.6 45.5 14.9
FeK/C-1EDA** >24h 2400 3.0 1.0 300  20.1 31.7 17.2 43.3 39.5 5.4

All the conversion and selectivity data are collected at a stable 6-8 h on stream. “ Represents the heating time (HT) over 100 °C during catalyst

preparation. ? Unit in mL ge,e * h™%.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Effects of microwave time (0-15 s) and calcination temperature (550-850 °C) on CO, hydrogenation performance: (a) microwave time,
(b) calcination temperature, and (c) catalytic stability. W-0 and C-0 represent the K-Fe/GA sample without any high-temperature treatment, that is,
the sample after vacuum drying. Pink and black spheres stand for CO, conversion and CO selectivity. Reaction conditions: H,/CO,/Ar = 67.6/27.1/5.3,

P = 2.0 MPa, GHSV, 4800 mL geae 1 h ™t

a lower preparation cost. To some extent, the K-Fe/GA-W-10
catalyst obtained by this MH method presents more potential
application values.

Meanwhile, the influences of MH time (0-15 s) and calcina-
tion temperature (550-850 °C) on CO, hydrogenation perfor-
mance over GA-supported Fe catalysts were also investigated
(Fig. 1). As for the K-Fe/GA-W-0 catalyst without any heating
treatment, it presents a poor Cs, hydrocarbon selectivity. With
the prolongation of MH time, the catalytic activity increases
slightly while Cs. hydrocarbon selectivity increases obviously.
When the microwave time reaches 10 seconds, CO, hydro-
genation shows good performance. On the contrary, calcined
catalysts at high temperatures show inferior catalytic hydro-
genation performance. Moreover, calcination at high tempera-
tures (850 °C) is not conducive to the formation of Cs.
hydrocarbon. Catalytic stability is an essential index for the
designed catalyst. As depicted in Fig. 1(c), the K-Fe/GA-W-10
catalyst presents benign stability over 200 h on stream. The Cs.
selectivity stably maintains at 53% throughout the test. These
results further indicate that the catalyst prepared by MH has a
better application prospect than that of the catalyst prepared by
conventional calcination in terms of preparation cost and cycle.

Structural characterization and phase compositions

Fig. S4 and Table S3 (ESIt) depict and summarize the specific
surface areas of different Fe-based catalysts based on N,
physisorption measurement. In Table S3 (ESIt), the specific
surface areas for the different Fe-based catalysts follow the
sequence of K-Fe/AC (375 m* g~ ') > K-Fe/GA-W-10 (91 m* g™ )
> K-Fe/MPC-W-10 (69 m> g ') > K-Fe/Si0,-C-550

520 | EES Catal., 2023, 1, 516-528

(20 m> g7) > K-Fe/CNF-W-10 catalyst (19 m®> g™ '). Fig. S5a
(ESIt) shows the ex situ XRD patterns of the as-prepared
catalysts. For carbon material-supported Fe catalysts, the char-
acteristic diffraction peaks of Fe;O, (JCPDS, 89-0688), an active
phase for RWGS reaction, are detected. By contrast, Fe,O3
(JcpDS, 89-0598) with a high oxidation state rather than
Fe;0, is found in the K-Fe/SiO,-C-550 catalyst. These results
indicate that the carbon-supported Fe catalyst is easier to form
active phase by MH treatment. Fig. S5b (ESIT) shows the ex situ
XRD patterns of the spent catalysts. For K-Fe/SiO, catalysts, the
main phase after 6 h reaction is metallic Fe (JCPDS, 85-1410).
However, the diffraction patterns of Fe,C (JCPDS, 37-0999) and
FesC, (JCPDS, 89-2544) are detected in the used K-Fe/AC-W-10
sample. Single Fes;C, (JCPDS, 89-2544) occurs in the K-Fe/CNF-
W-10 spent sample. In terms of K-Fe/GA-W-10, the peaks of
Fe,C (JCPDS, 37-0999) and Fe;C, (JCPDS, 89-2544) can be also
obviously distinguished. When the support is MPC, the main
phase is single Fe,C (JCPDS, 37-0999). Previously, it has been
reported that Fe,C could be transformed into FesC, during the
FTS reaction at elevated temperatures.*> Obviously, the formed
carbide phases after reaction depend on the type of support
materials and operation conditions. In general, CO, hydroge-
nation forms CO over Fe;O4 and then it is catalyzed to heavy
hydrocarbons over carbide phases via the FTS route.

Fig. 2 and Fig. S6 (ESI{) show the in situ XRD patterns of
different catalysts under the same operating conditions. For
the K-Fe/AC-W-10 catalyst, new iron phases ascribed to FeO
(JCPDS, 74-1886) and metallic Fe (JCPDS, 85-1410) appear
(Fig. 2(a), 400-0). It provides a direct evidence that Fe;0, was
reduced to FeO and then to Fe. As the reduction time expands,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 In situ XRD patterns of different catalysts under given conditions: (a) K-Fe/AC-W-10, (b) K-Fe/CNF-W-10, (c) K-Fe/GA-W-10, and (d) K-Fe/

MPC-W-10. Notes: the reduction temperature was raised from room temperature to 400 °C and reduced for 90 min in a H, atmosphere, then the
reaction gas was switched to reaction and phase changes were in situ detected. In terms of 320-120, 320 represents 320 °C and 120 stands for 120 min

at 320 °C.

the diffraction peak intensity of Fe gradually increases. How-
ever, the intensity of metallic Fe decreases when the reactant
gas is introduced into the system and a new phase corres-
ponding to Fe;O, appears. Fe,C and FesC, appear with the
proceeding of the reaction. Apart from the obvious peaks of
Fe;0,, the peaks of Fe could be clearly distinguished. For K-Fe/
CNF-W-10, the diffraction intensity of Fe changes slightly with
the extension of reduction process, and a new carbide (Fe5C,) is
formed when the reactant gas is introduced. Meanwhile, Fe has
the strongest diffraction intensity than that of other phases.
It is worth noting that when the reaction proceeds to a certain
extent, the change in the diffraction intensity of metallic Fe is
almost negligible (Fig. 2(a) and (b)). As far as K-Fe/GA-W-10 is
concerned, the content of Fe increases continuously with the
proceeding of reduction. However, the diffraction intensity of
Fe is sharply decreased after the introduction of reactant gas,
and Fe,C is formed under the atmosphere. This indicates that

© 2023 The Author(s). Published by the Royal Society of Chemistry

carbides are easier to form in this catalyst. With the reaction
proceeding, the dominant phases are Fe;O, and Fe,C, and
the diffraction intensity of Fe becomes very low. For K-Fe/
MPC-W-10, the diffraction intensity of Fe increases gradually
during the reduction process. When the reactant gas is intro-
duced, Fe is oxidized, resulting in the formation of Fe;0,, and
carbides gradually appear as the reaction proceeds. Different
from the above-mentioned catalysts, the diffraction peak of
Fe;0, increases gradually with the proceeding of the reaction
(Fig. 2(d)). By contrast, the iron species in the K-Fe/SiO,-C-550
catalyst are difficult to be reduced and used for carbonization.
The main phases are also Fe;O0, and Fe,O; (Fig. S6, ESIt).

Influences of supports and heating treatment operations

The TEM images of the as-prepared catalysts are compared to
study the differences in microstructures of active species
(Fig. S7, ESIt). Iron species can be uniformly distributed in
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the catalyst regardless of the types of Fe-based catalyst sup-
ported by carbon materials. Meanwhile, the lattice spacings of
0.253 and 0.296 nm could be attributed to the (311) and (220)
planes of Fe;O, (Fig. S7, ESIt). However, for K-Fe/CNF-W-10
and K-Fe/GA-W-10 samples, iron species are obviously covered
by a graphitic carbon layer (Fig. S7b and c, ESIf). In particular,
K-Fe/GA-W-10 presents a small-size distribution with ca. 5 nm.
The HAADF-TEM images and the corresponding elemental
mapping images indicate that the elements are evenly distrib-
uted without any high-temperature treatment (K-Fe/GA-W-0,
Fig. 3(a)). In contrast, the element distributions in the K-Fe/GA-
W-10 sample after MH treatment are more uniform (K-Fe/GA-
W-10, Fig. 3(b), and Fig. S8, ESIT).

Fig. 3(c)-(f) and Fig. S9, S10 (ESIT) show the TEM images and
the corresponding crystallite sizes of the used samples. After
the reaction, K-Fe/AC-W-10 exhibits a core-shell structure, in
which the shell is a carbon layer and the core is carbides. The
lattice planes of Fe,C (—311) are detected as the main active
phases. The particle size of iron species is about 20 nm
(Fig. 3(a) and Fig. S10a, ESIt). A similar structure also appears
in the K-Fe/CNF-W-10 sample with a larger size (50 nm),
and the main phase is Fe;C, (510). However, for the used

2.65A
Fe,C (-311)
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K-Fe/GA-W-10 sample, there is no core-shell structure. Notably,
iron species present small particle sizes, usually less than 5 nm,
which is different from that of other catalysts. For the remain-
ing catalysts, the particle sizes of iron active species increase
significantly after the reaction (Fig. S7 and S10, ESIY).
In addition, the main phase is Fe,C (121) for K-Fe/GA-W-10.
For the K-Fe/MPC-W-10 catalyst, the core-shell structure also
appears after the reaction, and the particle sizes change from
40 to 100 nm (Fig. 3(d)). Similar to the K-Fe/GA-W-10 sample,
Fe,C (121) remains the dominant phase, which is well consis-
tent with the XRD analysis (Fig. S5, ESIt and Fig. 3(d)). Besides,
based on the XRD data shown in Fig. 2, the particle sizes
of different catalysts in various time periods are compared
and listed in Table S4 (ESIt). Obviously, with the process of
reduction, the particle size of iron species increased gradually,
and then the catalytic particle meditation decreased when
switching to reaction gas. With the extension of the reaction
time, the active phase particles gradually increased and stabi-
lized. Similar to the TEM results, the GA-supported catalyst
had the smallest particle size of iron species. These findings
indicate that the utilization of GA support is conducive to
the carburization of Fe;O,4, producing small particles of active

2054 /
Fe,C (510)

1.61A
Fe,C (121)

Fig. 3 HAADF-TEM images and the corresponding elemental mapping images of (a) K-Fe/GA-W-0 and (b) K-Fe/GA-W-10 catalysts. TEM and HR-TEM
images of spent catalysts: (c) K-Fe/AC-W-10, (d) K-Fe/CNF-W-10, (e) K-Fe/GA-W-10, and (f) K-Fe/MPC-W-10 catalysts.
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phases and providing more contact interfaces between active
sites and feed gases. Moreover, GA-supported Fe nanoparticles
are more conducive to maintaining the small particle size. By
contrast, for the used K-Fe/SiO,-C-550, Fe;0, (220) rather than
carbides as the active phase is detected and the sizes counter at
100 nm, which is also confirmed by XRD results (Fig. S6 and S9,
ESIY).

The reduction and CO, adsorption properties were investi-
gated by H,-TPR and CO,-TPD experiments, respectively (Fig.
S11 and S12, ESIY). Different from the inert SiO, support,
carbon material-supported Fe nanoparticles are easier to be
reduced. Thereinto, the iron species in the K-Fe/AC-W-10
catalyst are more easily reduced, followed by K-Fe/GA-W-10
and K-Fe/MPC-W-10, and finally the K-Fe/CNF-W-10 sample
(Fig. S11, ESIt), which is consistent with the results from in situ
XRD patterns (Fig. 2). As from H,-TPR, improved reduction
behavior can promote the formation of Fe phase and facilitate
the in situ formation of active phase. In general, from CO,-TPD,
the desorption temperature below 650 °C could be assigned to
CO, chemisorbed peaks and physical adsorption peaks, while
the peaks above 650 °C are due to the degradation of carbonac-
eous materials. Correspondingly, according to the results of
CO,-TPD, CO, raw molecules could interact well with iron
species over K-Fe/GA-W-10 and K-Fe/MPC-W-10 catalysts com-
pared to the remaining samples (Fig. S12, ESIf).

The effects of MH time (0-15 s) on the catalyst structures
were investigated (Fig. S13, ESIT). For the sample after vacuum
drying without any MH treatment, it shows large bulk irregular
size structures. With the extension of MH time, bulk structures
become small-sized particles, given that the microwave heating
action is strengthened. When the microwave time exceeds 10 s,
the catalyst particles are obviously reduced and further change
is not obvious (ca. 5 nm), and more graphitic carbon layers
appear around the metal species. This indicates that the
suitable MH time is beneficial for the formation of small-
sized iron species. In addition, TEM was performed on the

View Article Online
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used catalysts treated with different microwave durations
(Fig. S14, ESIY). It can be found that a suitable microwave heat
treatment duration (10 s) can effectively tune the particle size
of active species. The chain growth reaction is a structurally
sensitive reaction, and the smaller particle size is helpful
to improve the catalytic performance. Meanwhile, in order to
further compare the difference between MH and traditional
heating methods such as calcination, the microwave and
calcined samples were compared (Fig. S15, ESIt). Apparently,
high calcination temperatures (700 and 850 °C) render the
formation of large particles (Fig. S15b and c, ESIf). Although
an appropriate low calcination temperature (550 °C) brings
uniform particles, MH treatment is more conducive to the
formation of small-sized iron species with high exposed active
surface. In addition, the samples with various MH time periods
present similar XRD patterns, indicating that MH can effec-
tively promote the uniform dispersion of metal particles
(Fig. S16, ESIf). By contrary, the corresponding precursor
samples (K-Fe/GA-W-0 or K-Fe/GA-C-0) show obvious differences
after the utilization of high-temperature calcination (Fig. S17,
ESItT). With the increase in calcination temperature, metallic Fe
species appear rather than Fe;O, in an inert N, atmosphere.
Previously, similar findings were reported for NiO supported on
graphene, and this phenomenon may be ascribed to the action of
graphitic carbons and hydroxyl groups.**** Clearly, rapid heating
and slow high calcination can induce different process changes in
the catalyst precursor period. It shows that the MH method is not
only fast and efficient, but also more beneficial to the preparation
and synthesis of specific catalysts.

The phase composition and content of surface species were
also investigated by XPS (Fig. 4, Fig. S18-520, and Tables S5-S7,
ESIt). As shown in Fig. S18, the XPS spectrum of the Fe 2p
region of all samples can be fitted with two spin-orbit doublets
corresponding to the Fe 2p;, and Fe 2p;, peaks and
the corresponding satellite peaks of Fe*" and Fe**, which are
typical characteristic peaks of Fe;0,.*> The iron nanoparticles

5 ~ 5 LD
9 ) (a) Carbon supports %c’ : (b) Microwave time %’ : (c) Calcination temperature
= 1 |
£, * *Fe T £
';C: 3 \\ /, E 34 *_-~\\* § 34 *
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§ 2 S . 8 2 \\\ % 2] . e
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Fig. 4 Surface element compositions of the as-prepared catalysts: (a) iron catalysts supported by various carbon materials; (b) K—Fe/GA catalysts treated
by different MH times; (c) K—Fe/GA catalysts treated by different calcination temperatures using a tube furnace; (d) active metal species supported on the
surface of support, e.g. AC and MPC; (e) the active metal encapsulated with appropriate graphitic carbon layers, e.g. W-10 and W-15; and (f) active metal
species encapsulated with more graphitic carbon layers, e.g. C-550, C-700 and C-850.
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supported by GA and CNF have a higher surface Fe(u) content
(Fig. S18, ESIT). As mentioned above, the K promoter promotes
the formation of heavy hydrocarbons.

Encapsulation structure of iron nanoparticles with a carbon
shell or layers

According to Fig. 4 and Table S5 (ESI), the surface contents of
iron species in K-Fe/GA-W-10 and K-Fe/CNF-W-10 samples are
lower than those of K-Fe/AC-W-10 and K-Fe/MPC-W-10. In fact,
the actual surface contents are much lower than the theoretical
level, indicating that large amounts of iron species are encap-
sulated by carbon supports. In addition, with the extension of
MH time, the surface content of iron species on the surface first
decreases and then becomes constant, while the contents of C
show an opposite trend (Table S6, ESIT). Unlike the convenient
MH treatment, the surface content of iron species after calcina-
tion treatment is obviously lower than that of MH (Table S7,
ESIT). Although low calcination temperatures are also condu-
cive to the formation of uniform iron species, the inferior CO
absorption and slightly large size to active Fe phase (Fig. S14
and S21; ESIt data from the difference of encapsulation struc-
tures) are unfavorable to improve the catalytic performance.
These findings clearly reveal that carbon support types and
heating methods can affect the surface contents of active iron
species. Combined with the above-mentioned results, it can be
considered that the metal iron species are encapsulated in the
GA support structures or graphitic carbon layers. Similarly, You
et al. reported that the hexagonal phase of Pd nanomaterials
can be well encapsulated by graphite in terms of graphite
templating effects and size effects.*®

Different from the K-Fe/SiO,-C-550 reference catalyst, the
content of Fe(u) is higher for carbon-supported Fe catalysts
(Fig. S19, ESIT), an active phase for catalyzing CO, molecule
hydrogenation. According to the C 1s and O 1s spectra, there
are more C-C species and low content of C-O/C—=0O species,
indicating that more adsorption species are converted into
hydrocarbon products over K-Fe/GA-W-10 (Fig. S20, ESIT).
Notably, the low intensity of Fe species especially for K-Fe/
GA-W-10 indicates that iron species are encapsulated into the
support or carbon shells (Fig. 3 and Fig. S7, S10, ESI{). This
phenomenon could also be confirmed based on the surface
content analysis of iron species (Table S8, ESIt). As for the
K-Fe/GA-W-10 catalyst, there is no metal species coated by a
carbon shell, thus Fe nanoparticles are more likely to be
encapsulated in the graphene support or graphitic carbon
layers. Based on this discussion, the schematic diagram of
the active iron species in/on the support materials is depicted
(Fig. 4(d)-(f)). For the used samples, the data of K and Fe
surface content were also compared, as shown in Fig. S21
(ESIY). Similar to the samples before the reaction, the samples
after reaction showed the same trend, indicating that the
packaging structure was still obvious in the reaction process,
and gradually appeared for AC- and MPC-supported iron cata-
lysts. As shown in Fig. S22 (ESIt), CO-TPD experiments were
further conducted to investigate the Fe accessibility. Compared
with K-Fe/GA-W-0, the CO adsorption intensity decreases with
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the assistance of microwave heating. By contrast, the catalyst
with calcination treatment presents inferior CO adsorption
at low temperatures. Moreover, the desorption temperature of
CO in the high-temperature region increases further. These
results further support these findings to some extent (Fig. 4).
In addition, the K 2p XPS spectra of used samples were
compared, as shown in Fig. S23 (ESI{). As indicated, with the
increase in K content, the binding energy shifts to a high
binding energy location, indicating that K donates electrons
to iron species. Generally, the change in electronic density
enhances the strength of the Fe-C bond. In addition, the K
promoter can suppress olefin secondary hydrogenation and
then promote the formation of heavy olefin-rich hydrocarbons.
Meanwhile, it is reported that the contact angle of H,O on
graphenes is significantly higher than that on graphite, which
indicates that graphenes have the most hydrophobic surfaces
with very weak interactions with the H,0 molecules.*” Xu et al.
also reported that nanoscale zero-valent iron prepared by
a carbothermal reduction method catalyzed the amorphous
carbon to form hydrophobic graphitic layers.*® Generally, the
presence of H,O molecules can oxidize the active phase and thus
reduce the CO, hydrogenation performance. Quick water removal
from hydrogenation processes plays a crucial role for promoting
COy hydrogenation.>>*° The water contact angle test shows that
the graphene-supported catalyst has benign hydrophobicity, and
the hydrophobicity of K-Fe/GA after MH treatment is enhanced
(Fig. S24, ESIT). However, after the reaction, the hydrophilic and
hydrophobic properties will change with the occurrence of the
reaction. Thus, Fe nanoparticles encapsulated in the hydrophobic
graphene support or graphitic carbon layers could be an ideal
sample for catalyzing CO, hydrogenation.

The differences in the structure of the as-prepared catalysts
with different heating manners were further assessed by
Raman spectroscopy. In terms of the Raman spectra of three
catalysts, two peaks can be clearly seen at around 1580 and
1350 cm ™, which can be attributed to the G band and the D
band, respectively (Fig. S25, ESIT).”>>° Thereinto, the intensity
of the G band is relative to the growth of graphitic carbons,
while the intensity of the D band is a feature for disordered
graphite including defects and sp’-hybridized carbons; then,
the relative intensity (Ip/Ig) of the D band and G band can
reflect the defect sites or graphitization degree. Obviously, the
utilization of different heating methods shows slight influence
on the defect structures of supports (Table S9, ESIT), which also
means that the GA-loaded iron nanoparticles have benign
thermal stability during preparation steps. This finding shows
that the GA-supported iron catalyst has good stability, and the
difference in catalytic performance is mainly due to the for-
mation of the package structure. In addition, the spent K-Fe/
GA-W-10 catalyst obtained after 200 h of reaction was further
characterized by TEM. With the prolongation of reaction time,
the particle size of the catalyst increases obviously (Fig. 2 and
Fig. S26, ESIt). Moreover, the crystalline Fe;C, core is covered
with an amorphous shell, which is distinctly different from the
previous catalyst obtained after 6 h of reaction (Fig. S26, ESIT).
The core (iron species)-shell (carbon) configuration is a typical

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Schematic diagram of the changes in active iron species microenvironment on different catalysts after high-temperature heating treatment and

reaction.

structure for FTS Fe-based catalysts.*®>'~>* Similarly, Kim et al.

also reported this phenomenon for the Na-Fe;O0,/CNT after
24 h of reaction.** Chernyak et al. reported the formation of a
carbide core-amorphous carbon-graphitic carbon structure.>’
Zhang et al. reported that the presence of a graphene shell
could inhibit the sintering and agglomeration of active phases,
and reduce the negative effects of water by blocking the contact
between H,O and active phases.’® It can be inferred that when
the catalyst particle size is small and coated by graphitic carbon
layers, the amorphous carbon is not easily formed on the
surface of active phases (Fig. 2 and Fig. S10, ESI{). However,
when the particle size increases significantly, the catalyst
particles show a tendency to form the amorphous carbon
(Fig. S26, ESIf). The presence of the graphitic carbon or
amorphous carbon can provide a good stable carbon environ-
ment for active carbides, making the catalyst exhibit good
catalytic performance (Fig. 5). Previously, Gupta et al. reported
a carbon-coated core-shell iron nanocatalyst for efficient CO,
hydrogenation, and found that the presence of a carbon shell
could prevent rapid deactivation vig hindering the aggregation
of particles and enhance C,, olefin selectivity.’” Besides, porous
graphene-confined Fe catalysts also presented benign activity
and excellent stability for CO2 hydrogenation to C,. olefins,
which is ascribed to the confinement effect.>®

© 2023 The Author(s). Published by the Royal Society of Chemistry

Conclusions

Compared with AC-, MPC-, and CNF-supported iron catalysts,
the GA-supported catalyst treated by simple MH presents a
relatively small size with high exposed surface of active species
and uniform dispersion. In addition, GA-supported iron also
presents a benign carburization behavior. In terms of GA
support, small-size active precursors are coated by graphitic
carbon layers. With the introduction of reaction gases, an
amorphous carbon shell is formed on the surface of active
carbides for AC-, MPC-, and CNF-supported catalysts. For GA-
supported iron catalysts, the presence of graphitic carbon
layers can slow down the particle sintering during CO, hydro-
genation. By contrast, classic high calcination temperatures
will form large particles of active precursors, which is not
conducive to promote CO, hydrogenation. With the increase
in particle size, these active carbides are coated with the
amorphous carbon (K-Fe/AC-W-10). In this process, the formed
H,0 can keep a distance with the active carbide or is quickly
removed owing to the constant presence of hydrophobic carbon
shells (graphenes, graphitic carbons, and amorphous carbons),
which are helpful to improve the catalytic performance.
Under such a space-confined carbon environment, the active
iron sites are probable to express unique catalytic performance,
which finally results in a favorable performance as we observed.
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When the MH time is 10 s, the K-Fe/GA-W-10 catalyst shows
53.2% Cs, selectivity at a CO, conversion of 23.1%, and the test
of 200 h reaction indicates good stability for CO, hydrogena-
tion. Carbon material-supported iron nanoparticles with the
utilization of rapid MH provide a new and facile strategy for
CO, hydrogenation to produce high value-added products such
as heavy hydrocarbons. Excellent absorbents of microwaves
such as GA act as benign supports for catalyzing CO, hydro-
genation, and MH distinctly shortens the manufacturing cycle
and production cost, which is an important factor in industrial
production.
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