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SUMMARY

Exploiting new carbon supports with adjustable metal-support interaction and
low price is of prime importance to realize the maximum active iron efficiency
and industrial-scale application of Fe-based catalysts for Fischer-Tropsch synthe-
sis (FTS). Herein, a simple, tunable, and scalable biochar support derived from the
sugarcane bagasse was successfully prepared and was first used for FTS. The
metal-support interaction was precisely controlled by functional groups of bio-
sugarcane-based carbon material and different iron species sizes. All catalysts
synthesized displayed high activities, and the iron-time-yield of Fe,/C,;, even
reached 1,198.9 pmol ge. ' s~ . This performance was due to the unique struc-
ture and characteristics of the biosugarcane-based carbon support, which
possessed abundant C-O, C=0 (n'(0) and n%(C, O)) functional groups, thus en-
dowing the moderate metal-support interaction, high dispersion of active iron
species, more active ¢-Fe,C phase, and, most importantly, a high proportion of
Fe,C/Fe,, facilitating the maximum iron efficiency and intrinsic activity of the
catalyst.

INTRODUCTION

Fischer-Tropsch synthesis (FTS) is an essential approach to produce liquid fuels and a variety of value-
added chemicals from non-petroleum carbon resources (Khodakov et al., 2007; Ojeda et al., 2010; West-
strate et al., 2020; Zhang et al., 2020; Wu et al., 2017; Mosayebi and Haghtalab, 2015). With the rising energy
demand and growing concerns about oil depletion, extensive efforts have been devoted to improving the
catalytic performance and slashing the cost of FTS in recent years (Zhang et al., 2010; Phanopoulos et al.,
2020; Kang et al., 2011; Lyu et al., 2020a; Liu et al., 2019). Among several common FTS catalysts (Fe-, Co-,
and Ru-based catalysts), support Fe catalysts are preferentially used in commercial FTS plants because of
their low cost, high activity, wide temperature, and H,/CO ratio adaptability (230-350°C, H,/CO = 0.5-2.5),
which can be operated in a more flexible condition and even suitable for the conversion of the biomass-
derived syngas (Ho/CO = 1) (Liu et al., 2010; Wang and Astruc, 2017; Wang et al., 2018).

Generally, in order to achieve a high CO conversion rate, iron contents in industrial catalysts are usually
maintained at 40-50 wt%(Liu et al., 1997). However, the high metal loading leads to larger particle sizes
of iron species, resulting in a lower iron efficiency (reflected by iron-time-yield (FTY); moles of CO converted
to hydrocarbons per gram of iron per second). But when the low metal loadings are used, owing to the
strong metal-support interaction, part of the iron forms mixed oxides (such as iron silicates and titanates)
that are hardly reducible and not active for FTS, thus suppressing the formation of iron carbides during re-
action processes and still resulting in a low FTY. Therefore, precise control of metal-support interaction to
achieve efficient carburization of iron species with small particle sizes remains a severe challenge that limits
the high utilization of Fe-based FTS catalysts.

To tackle this issue, the prerequisite is to find an appropriate support that provides moderate metal-sup-
portinteraction and tunable surface chemistry. Compared with various oxide support (including TiOy, SiO»,
Al,O3, CeOy, ZrO,), carbon materials are excellent candidates owing to their unique properties of chem-
ically inertness, high specific surface area, weaker metal-support interactions, adjustable texture, and sur-
face chemistry (Gerber and Serp, 2020; Lam and Luong, 2014). In addition, directly introducing the iron on
carbon supports offers an intimate contact between Fe and C, promoting the formation of iron carbides,
which are well known to be the active phase in FTS (Li et al., 2001). To date, a variety of carbonaceous ma-
terials such as activated carbon (AC), carbon nanofibers, carbon nanotubes (CNTs), and carbon
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microspheres have been employed as supports for iron catalysts (Zhang et al., 2018; Tan et al., 2018; Zhu et
al., 2017). These catalysts demonstrated a high FTY and selectivity to Cs, hydrocarbons in FTS owing to the
high dispersion and reducibility of iron species (Chen et al., 2015). However, problems like poor stability,
high price, catalyst agglomeration, and sintering caused by the weak metal-support interaction still remain
and limit the use of carbon supports on an industrial scale (Chernyak et al., 2020; Lin et al., 2017; Cheng
et al., 2016). Hence, exploring new carbon materials with adjustable metal-support interaction and low
price to achieve maximum iron utilization efficiency and attractive FTS performance is of prime importance.

Sugarcane bagasse, a typical agricultural waste, which contains hierarchical pore structure and extensive
functional groups exposed, has been considered as a promising biomass-based carbon precursor (Zou
etal., 2018; Feng et al., 2016; Hao et al., 2014). In addition, it has tempting merits like abundant availability,
environmental friendliness, and low cost (Tao et al., 2015; Foo et al., 2013). Because of these characteristics,
the biochar derived from sugarcane bagasse has been applied in adsorption (Lyu et al., 2018; Noreen et al.,
2020; Lan et al., 2020; Ahmad et al., 2018), gas capture (Guo et al., 2020; Han et al., 2019; Srenscek-Nazzal
et al., 2013), supercapacitor (Deng et al., 2016; Hao et al., 2014; Feng et al., 2016), and other catalytic re-
actions (Park et al., 2018; Li et al., 2017; Liu et al., 2018; Kuo et al., 2020). In this study, a series of bio-
sugarcane-based Fe/C catalysts are synthesized by a simple impregnation method and first used in FTS.
These catalysts showed remarkable FTS performance compared with the reference Fes/AC catalyst
or other reported catalysts. At a low iron loading of 4 wt%, the FTY of Fes/Cp, was as high as
1,198.9 umol gre " s~'. Combining the detailed characterizations of the blank supports and the fresh
and spent catalysts, the structure-performance relationship of the biosugarcane-based Fe/Cy, catalysts
was explored and revealed.

RESULTS AND DISCUSSION
Synthesis and structures of biosugarcane-based carbon support

The sugarcane bagasse used in this study contained 47.2% of carbon, 5.7% of hydrogen, 0.7% of nitrogen,
and a certain amount of trace elements (confirmed by the EA and ICP-OES, Table S1). First, to determine an
appropriate pyrolysis temperature, the thermogravimetry and differential thermogravimetry analysis was
carried out on this biomass-based carbon precursor. It could be seen that, with increasing temperature,
there were two main steps of mass loss occurring at 250°C-300°C and 300°C-400°C (Figure 1A), which
were ascribed to the continuous decomposition of oxygen-containing functional groups from bio-
sugarcane (Yan et al., 2013). After that, a slow carbonization process still happened until 800°C since all
the groups of biosugarcane were eliminated at this temperature. In order to retain a proper amount of func-
tional groups, while removing some active oxygen-containing compounds, pyrolysis of bagasse was car-
ried out at 450°C.

The elements content of Cy,,, after pyrolysis was shown in Table S2. The X-ray diffraction (XRD) pattern of
the sample (Figure 1B) displayed a typical broad peak around 26 = 23.0°, corresponding to the (002) reflec-
tion of the disordered carbon (Liu et al., 2016), which demonstrated that the biosugarcane-based carbon
support was successfully synthesized. Meanwhile, the Raman spectrum in Figure 1C possessed two carbon
characteristic peaks at 1,350 and 1,590 cm also illustrating the formation of carbon materials (Chmiola
et al.,, 2006). Scanning electron microscopy (SEM) analysis showed that the morphology of the bio-
sugarcane-based carbon support (Figures 1D and 1E) was a kind of 3D hierarchical pore structure with
multi-channels, which was preserved from the sugarcane bagasse during the pyrolysis process (Figure S1).
Figure 1D shows a honeycomb porous structure for the Cpjs in cross section, which existed in the large-
lumen vessels, fiber tracheids, and thin cell walls. As shown in Figure 1E, there are also a lot of tiny holes
and pits on the side of the Cy, (Tao et al., 2020). The support with 3D hierarchical pore structure can facil-
itate the dispersion of the iron particles and the transfer of the raw materials and products from both hor-
izontal and vertical directions. The textural properties of this support were depicted in Figure 52 and
Table 1. The specific surface area and average pore volume were 112.0 m? g—1 and 0.43 cm® g—1, respec-
tively. The pore size distribution shows that the Cp;, has abundant meso- and micro-pores owing to its 3D
hierarchical pore structure with multi-channels.

The functional groups of the biosugarcane-based carbon support were detected by Fourier transform
infrared (FTIR, Figure 1F). The characteristic peaks from 803 to 2,923 cm™" were assigned to the carbon-
containing functional groups, including aromatic C—H, C—0O, C=0, C—H, and —CH,—, and the peak at
3,430 cm ™" was attributed to the hydroxyl stretching vibration (Luo et al., 2018). These functional groups
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Figure 1. Characterization of biosugarcane-based carbon support
(A) TG (black) and DTG (blue) curves, (B) XRD pattern, (C) Raman pattern, SEM images (D) in cross section and (E) on the side, and (F) FTIR spectrum of the
blank sample after pyrolysis.

were beneficial for uniform adsorption and dispersion of metal ions and contributed to suppressing the
agglomeration of nanoparticles during the pyrolysis process (Tao et al., 2020). Such a biosugarcane-based
carbon support with 3D hierarchical pore structure and appropriate amount of functional groups was ex-
pected to endow Fe-based catalysts with excellent FTS performance.

Characterization of biosugarcane-based Fe/C,,;, catalysts

As the 1, 4, 8, and 12 wt% of Fe loaded, in addition to the above mentioned XRD diffractions of the carbon
material, additional peaks at 30.2, 35.5, 43.2, 57.1, and 62.7° corresponding to the characteristic of Fe30,
(PDF No. 88-0315) emerged when the Fe loading exceeds 4 wt% (Figure 2A). This phenomenon indicated
that Fe3O, species were highly dispersed at low loadings, whereas they formed crystallites at high load-
ings. The Fe3O, crystallite size in the high Fe content catalysts was estimated using the Debye-Scherrer
equation based on the analysis of the Fe30, (311) plane at 35.5°, and the crystallite sizes of Fe30, species
in the Feg/Cpi, and Fe12/Cpjo were 4.5 and 6.2 nm, respectively, suggesting that larger Fe3O, crystallites
existed in the higher Fe content samples.

The Raman spectra of catalysts were shown in Figure 2B; two bands at 1,350 and 1,590 cm~ reflected the
disordered (D-band) and graphitic (G-band) structures of carbon, respectively (Chmiola et al., 2006). It was
well accepted that the intensity ratio of Ip/lg was a good indicator of the disorder degree of carbon

Table 1. Specific surface area, pore size, and pore volume of the blank sample and as-prepared catalysts

Catalyst Surface area (m? 971) Pore size (nm) Pore volume (cm? 9’1)
Chio 112.0 4.6 0.43
Fe1/Chio 53.7 4.5 0.15
Fea/Cpio 34.3 4.3 0.1
Fes/Chio 27.2 47 0.10
Fe12/Cpio 24.0 5.0 0.14
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Figure 2. Characterization of Fe/Cy;, catalysts.
(A) XRD patterns, (B) Raman pattern, and (C) H,-TPR spectra of the as-prepared catalysts.

materials (Hu et al., 2017). In this study, the Ip/lg values of catalysts upshifted from 0.78 to 0.83 as the iron
content increased, indicating that introduced iron ions might be distributed in the carbon matrix by linking
to surface functional groups, thus inhibiting the generation of graphitized carbon from amorphous carbon
and causing a more disordered structure (Zhang et al., 2014).

To reveal the exact distributing location of iron species in the biosugarcane-based carbon support, FTIR
spectra of the blank support and representative Fe,/Cy,;, catalyst were analyzed and compared. The spe-
cific spectrum was shown in the later part (see Figure 6). It was seen that, after the iron loading, the bands of
surface functional groups including C=0 (1,385 em™ ") and C=0 (1,108 cm~") decreased sharply, demon-
strating that iron species were distributed in the biosugarcane carbon matrix by combining with the surface
C=0 and C—O functional groups.

SEM analysis (Figures 3A-3H) showed that all catalysts displayed analogous 3D hierarchical morphologies
with no obvious changes from the pure support. The energy-dispersive X-ray spectroscopy mapping im-
ages of the low-Fe-content catalysts (Fes/Cpio, Figures 31-3L) revealed that Fe species were highly
dispersed on the biosugarcane-based carbon support, which was consist with the above XRD results
that the diffractions of Fe3O4 were only observed at high Fe loadings. High-resolution transmission elec-
tron microscopy (HRTEM) analysis (Figure 4) indicated that particle sizes of Fe species were quite uniform
with a narrow size distribution, and the average size of Fe species showed an increase from 1.5t0 4.6 nm as
the Fe loading increased from 1 to 12 wt%. In addition, with the adding of Fe content, the specific surface
area of samples presented a decreasing trend (Table 1), which was attributed to part of micropores being
filled or blocked by Fe species (Wang et al., 2019b).

The metal-support interaction of the investigated catalysts was studied by temperature-programmed
reduction in Hy (Ho-TPR). As shown in Figure 2C, all profiles exhibited a broad hydrogen consumption
peak at 300-550°C and a negative peak over 600°C. The first peak was due to the reduction of Fe3O,
(Suo et al., 2012), whereas the high-temperature characteristic peak was attributed to the hydrogenation
and decomposition of the biomass-based carbon support, releasing H, and causing the negative TPR
signal. It was observed that the maximum temperature of the reduction peak shifted gradually toward
lower temperature with the adding of Fe species, suggesting the weakened interaction of Fe304—Cpi, sup-
port and the improved reducibility of catalysts. This could be explained by the fact that, with the increase of
iron content, the particle size of iron species on catalysts increased correspondingly. At the same time, the
dispersion of iron species decreased and larger particles had less interaction with the support, which
tended to be reduced (Mogorosi et al., 2012).

Catalytic performance

The FTS performance of the catalysts was evaluated under an identical weight hourly space velocity
(WHSV = 20,000 mL h™" g’1) and reaction temperature (300°C). First, the blank test of Cp,;, was conducted
to prove that the carbon support had no FTS activity. The detailed evaluation results of the Fe,/Cyj, cat-
alysts were depicted in Table 2 and Figure 5B. It could be seen that the CO conversion of catalysts following
the order Fe /Cpjo (4.9%) < Fes/Chpio (80.9%) < Feg/Cpjo (85.7%) < Fe12/Cpio (90.9%), which was reasonable
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Figure 3. SEM images and EDS images of Fe/C,;, catalysts
SEM images of the (A, E) Fe1/Cpio, (B, F) Fea/Chpio, (C, G) Feg/Chpio, (D, H) Fe12/Cpi, catalysts, and energy-dispersive X-ray spectroscopy element mappings
images of (I) SEM image, (J) Fe, (K) C, and (L) O of the Fe,/Cy, catalysts.

for the increasing of the iron loading. The 4-fold increase of the Fe loading from Fe /Cy,, to Fes/Cyjo and
the upper limit of the reaction conversion might result in such a soaring from Fe1/Cp;, to Fes/Cpio. However,
the FTY of catalysts, which represented the intrinsic catalytic activities, was not equal to each other. When
FTY was plotted as a function of the iron content, a volcano-like curve was obtained with an optimum iron
loading of 4 wt% (Figure 5A). In addition, compared with the various literature catalysts (Table 3), all bio-
sugarcane-based Fe/Cy;, catalysts synthesized in this study displayed significantly higher FTY values,
and the FTY of Fes/Cpis even reached 1,198.9 umol gre ' s~ '. These results indicated that the bio-
sugarcane-based carbon support had great advantages over other reported supports. The reasons for
the outstanding performance of biosugarcane-based Fe/Cy;, catalysts are discussed later.

In addition, all catalysts presented a similar product distribution following the Anderson-Schulz-Flory sta-
tistics. And the calculated chain growth probability a (Figure S3) agreed well with the previous studies.
Furthermore, the stability of the Fe,/Cp;, catalyst was investigated over a time on stream of 150 h. It can
be seen from Figure 5C that Fes/Cp;, exhibited an excellent stability and a sustained product selectivity
throughout the reaction process. This striking performance and the simplicity of the preparation method
demonstrated great potential for the application of biosugarcane-based carbon materials for FTS in a large
scale.

Key reasons for the performance of biosugarcane-based Fe/Cy;, catalysts

The aforementioned results demonstrated that all biosugarcane-based Fe/Cy,, catalysts synthesized in this
study displayed significantly high activities among literature catalysts. Considering that only the simple
impregnation method was used, these results indicated that the biosugarcane-based carbon support
with 3D hierarchical pore structure, which possessed abundant C=0, C—O functional groups and endowed
moderate metal-support interaction and high dispersion of active species, seemed to be the key reason for
the improved catalytic performance. To verify this speculation, we prepared a reference catalyst (denoted
as Fe4/AC) by replacing the biosugarcane support with AC. The FTS performance of Fe4/AC was evaluated
under the same procedure performed on Fes/Cpjo. It was observed that at an identical reaction

iScience 24, 102715, July 23, 2021 5
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Figure 4. HRTEM images of Fe/C,;, catalysts
HRTEM images of the (A) Fe1/Cpo, (B) Feq/Cpjo catalysts, (C) Feg/Cpio, and (D) Feq,/Cp;, catalysts.

temperature (300°C) and WHSV (20,000 mL h=! g’1), the CO conversion of Fe,/AC was low to 12.6% (Table
2), and the FTY was 286.6 umol gr. ™' s~ This was a commonly reported level of AC carrier in the literature
and was far less than the catalysts derived from the biosugarcane-based carbon support in this work. These
results indicated that the biosugarcane-based carbon material was indeed an excellent support for high
FTS performance.

In order to further explore the uniqueness of this biomass support, the FTIR spectra of Cp;, and AC were
compared (Figure 6). Both supports showed the bands at 1,108 and 1,600 cm ™", which corresponded to
the surface C—O and C=0 (n'(C, O) configuration). Nevertheless, AC barely showed the band
(1,385 cm™") corresponding to surface C=0 m3cC, 0) configuration). The n%(C, O) configuration (both C
and O atoms interacting with an intrinsic surface metal) was considered a stronger carbonyl surface
bond than the n'(C, O) configuration (O atoms of carbonyl linearly coordinates with surface metal atoms)
(Sitthisa et al., 2011). These results indicated that Cp;, had more modes of functional groups to interact with
metal nanoparticles than AC.

Moreover, after the iron loading, the bands of C=0 M'(C, O) and B3(C, O) configuration) and C—O func-
tional groups over Cp;, decreased sharply, indicating that iron species were distributed in Cpi, by

Table 2. FTS results of the as-prepared catalysts

CO, and hydrocarbons product selectivity

(mol %) FTY

Catalyst CO conv. (%) CO, CHy Cy,—Cy Cs, pumol gee ' 57
Chio 0 = = = = =

Fer/Chio 4.9 18.3 24.2 42.5 15.0 506.5

Fea/Cpio 80.9 48.6 11.6 22.3 17.5 1,198.9

Fes/Chio 85.7 49.8 14.7 23.9 1.6 611.7
Fe12/Chio 90.9 49.2 15.0 25.4 10.4 411.3

Feq/AC 12.6 21.6 19.6 36.0 22.8 286.6

Catalyst tests performed at 300°C, 2.0 MPa, WHSV = 20,000 mL h=! 971' H,/CO ratio = 1.
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Figure 5. FTS performance of Fe/Cy;, catalysts

(A) FTY, (B) CO conv. % and products selectivity of FTS results of the as-prepared catalysts, and (C) the stability of the Fey/
Chpio catalyst over a time on stream of 150 h.

combining with the surface C=0 and C—O functional groups. While for AC, apart from the lacking C=O
(mA(C, O) configuration) peaks, the intensity of the other two peaks over AC almost did not have any change.
These results revealed that the nanoparticles interacted with Cp,;, via more functional groups than AC. In
addition, the XRD results (Figure S4) showed that the intensity of Fe3O,4 characteristic peak over Fes/Cp;,
was weaker than that over Fe,/AC, indicating that, at the same Fe loadings, Fe4/Cp;, possessed smaller par-
ticle sizes of Fe3O4 species and higher dispersion than Fe,/AC.

The XRD results of the spent Fe, /Cp,, catalysts (Figure 7A) showed that, after the FTS process, the charac-
teristic peaks of Fe30O4 were evidently decreased and the additional peaks at 37.7°, 41.5°, 43.2°, 57.3°, and
68.0° corresponding to the characteristic of e-Fe,C (PDF No. 36-1249) emerged. The HRTEM image and the
corresponding FFT pattern of spent Fe,/Cpi, (Figure S5) also proved that the measured lattice spacings of
0.21 nm corresponded to the (101) planes of e-Fe,C. Recent works (Lyu et al., 2020b; Xu et al., 2014) had
shown that e-Fe,C was a more active phase than -FesC, in FTS and this was another significant reason
for the high performance of biosugarcane-based Fe,/Cy,, catalysts. And the formation of e-Fe,C was
not a coincidence. Previous works had revealed the relationship between metal particle size and the
formed iron carbide phase as well as that e-Fe,C was prone to form with smaller iron particles (Raupp
and Delgass, 1979). As Cp, derived from sugarcane bagasse can offer more active sites, refine the agglom-
eration of metal nanoparticles, and improve further the dispersion of metal nanoparticles, the metal par-
ticle size was very small during FTS, which was conducive to the formation of e-Fe,C. Therefore, a high
FTS activity over the biosugarcane-based Fe,/Cy,;, catalysts might be attributed to the following reasons:
(1) The Cpio support with 3D hierarchical pore structure provided more kinds and modes of functional
groups to interact with metal nanoparticles than the conventional AC, which helped to offer more active
sites, refine the agglomeration of metal nanoparticles, and improve the dispersion of metal nanoparticles.
(2) The formation of e-Fe,C, which was the main iron carbide phase existing in the Fe,/Cp,;, catalysts, pro-
vided more active sites for FTS.

Key factors for the performance enhancement of the low loading Fe,/C,,;, catalyst

Except the advantages of the above Fe, /Cy, catalyst, in order to reveal why the low loading Fes/Cy,, cata-
lyst possessed the highest catalytic activity, the spent catalysts were further studied and discussed. The
XRD results of the spent catalysts (Figure 7A) showed that the peak intensity of e-Fe,C increased gradually
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Table 3. Comparison of the FTY results in FTS

Reaction condition

T P WHSV CO conv. FTY
Catalyst °C MPa H,/CO mlh™'g™" % pmol g ' s™' Reference
Fe1/Cpio 300 2.0 1 20,000 4.9 506.5 This work
Fea/Cpio 300 2.0 1 20,000 80.9 1,198.9
Fes/Chio 300 2.0 1 20,000 85.7 611.7
Fe12/Cpio 300 2.0 1 20,000 90.9 411.3
Fes/AC 300 2.0 1 20,000 12.6 286.6
FeKCa1.0/Al,03 340 1.0 1 9,000 75.1 288 (Wang et al., 2019a)
Fe@C-400 340 2.0 1 30,000 74.0 380 (Wezendonk et al.,

2016)

FesC,@C 320 1.5 1 8,000 96.0 150 (Hong et al., 2015)
25-Fe@C (Fe = 25 wt%) 340 2.0 1 30,000 59.0 490 (Santos et al., 2015)
Fe/NCNT (Fe = 16.1 wt%) 340 2.5 1 50,000 56.5 780 (Chew et al., 2016)
Fe-MIL-88B-NH2/C 300 2.0 1 180,000 27.8 720 (An et al., 2016)
(Fe = 32-34 wt%) 300 20 1 36,000 81.8 320 (An et al., 2016)
Fe/G-C 340 2.0 2 8,000 90.2 292.7 (Wei et al., 2020)
10FeSi50 300 2.0 2 16,200 33.8 203.6 (Cheng et al., 2015)

with the increase of iron loading, suggesting that larger e-Fe,C crystallites existed in the higher-iron-con-
tent catalysts. The H,-TPD results also indicated that the Fes/Cy;, had a highest Fe dispersion of 18.32%
(Table S4). For Fe dispersion of Fe;/Cy,, catalyst, the decline of calculation result may be due to the diffi-
culty of reduction and the partial coverage or embedding of the support by the strong metal-support inter-
action (Tauster et al., 1981; van Deelen et al., 2019; Willinger et al., 2014). And a proper iron loading (Fes/
Chpio) would lead to an appropriate particle size and a moderate metal-support interaction that is beneficial
to improve the intrinsic activity of the catalyst.

The chemical composition and elemental state of the spent catalysts were examined by X-ray photoelec-
tron spectroscopy (XPS). The full XPS spectra (Figure Sé) revealed that all spent Fe/Cy,, catalysts consisted
of the elements Fe, O, and C. In the Fe 2p spectrum (Figure 7C), two obvious peaks observed at 711.7 and
723.8 eV belonged to the binding energy of Fe 2ps,, and Fe 2p;,,, respectively (Yang et al., 2012). Curve
fitting of this Fe 2p spectrum indicated that both Fe?* and Fe* species existed on the surface of catalysts,
which manifested the existence of Fe304 (Tan, 2016). Another peak that assigned to iron carbides arose at
708 eV (Zhao et al., 2018). The ratio of iron carbide to surface iron (Fe,C/Feg ) was determined by calcu-
lating the relative amount of iron carbides and iron. The sequence of Fe,C/Feq, s was Fes/Cp;, (18.5%) >
Feg/Cpio (12.1%) > Fe1/Cpio (11.2%) > Fe12/Cpio (9.8%), which correlated well with the activity trend
observed in the FTS. To provide further evidence for this relationship, the variation of FTY was plotted
as a function of the value of Fe,C/Feq (Figure 7B). It was found that there was a significant positive

CHa C=0 C=0 art::m:!ic
T2 CcH n'(0) n%c,0) % - o .
Fe,/Cpi 2853 2355 1600 1385 c.0 39 CR2 c-o

n'(0) n%c,0) 1108

803
87.5

Transmittance (%)

4000 3000 2000 1000 aE00 1000
Wavenumber (cm™)

Figure 6. FTIR spectrum of the Fe;/Cp;o, Cpios Fes/AC, and AC.
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Figure 7. Characterization of the spent Fe/C,,;, catalysts
(A) XRD patterns, (B) the relationship between FTY and iron carbides ratio, and (C) XPS patterns of Fe 2p of the spent
catalysts after FTS.

correlation between the FTY and the ratio of Fe,C/Fegf, which meant that the proportion of iron carbides
was directly correlated with the reaction activity. And when the iron loading was 4 wt%, the proportion of
iron carbides in the catalyst that really worked was the highest, which explained why the Fe,/Cy,, catalyst
had the highest intrinsic activity.

Overall, the phenomenon that the FTY of catalysts presented a parabolic tendency with the increase of iron
loading was related to the efficiency of converting iron to active sites. As for the low loading of Fe species
(Fe1/Cpio), ithad the characteristics of strong metal-supportinteraction and was relatively difficult to reduce,
so active species would be less correspondingly, leading to a low FTS reactivity. With the increase of the iron
loading, the catalytic activity increased and reached a peak (4 wt% in this study). When the iron loading
increased continually, so did the particle size of iron species. Iron carbides with large particle sizes had a
smaller Fe dispersion and percentage of surface atoms than that of small iron carbides. And then, fewer sur-
face atoms had the probability to contact with reactants during FTS, leading to a gradual decline in catalytic
activity. Therefore, the optimum iron loading for the biosugarcane-based carbon support was 4 wt%.

Conclusion

In conclusion, a kind of biochar support with 3D hierarchical pore structure, which derived from the sugar-
cane bagasse, was successfully prepared and first used for FTS. Although only the simple impregnation
method was used, all synthesized biosugarcane-based Fe/Cy;, catalysts showed excellent FTS perfor-
mance. Especially, the Fe,/Cp, catalyst reached a high catalytic activity (1,198.9 pmol glce’1 s~ ") and excel-
lent stability (TOS = 150 h). The key factors for the superiority of biosugarcane-based Fe/Cy;, catalysts were

Impregnation [
Pyrolysis
Sugar cane Sugar cane bagasse

Scheme 1. The synthesis procedure of Fe,/Cy;, catalysts
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alsoinvestigated and elucidated. These findings demonstrated that the catalytic performance of FTS could
be significantly enhanced by precise control of surface functional groups and the metal-support interaction
and opened up a new avenue to rationally design the high-performance FTS catalysts. Meanwhile, other
biomass wastes with similar properties also have promising prospect to be applied to FTS on a large scale.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Fe(NO3)3-9H,0O Sinopharm Chemical Reagent Co., Ltd. CAS:7782-61-8
Activated carbon Sinopharm Chemical Reagent Co., Ltd. CAS:7440-44-0
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Mingyue Ding (dingmy@whu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability
This study did not generate new datasets.

METHOD DETAILS
1. Catalyst preparation

The biosugarcane-based Fe/Cy,, catalysts with different iron loading were prepared using impregnation
method (Scheme 1). Typically, a certain amount of Fe(NO3)3-9H,0 was added into 200 mL of deionized wa-
ter. Then ~1 mL HNO3 was slowly dropped to make sure the system was under a strong acid condition
(pH<1). After stirring for 20 min, 2.0 g sugarcane bagasse (40—60 mesh) was dispersed into the above so-
lution and stirred for 12 h at room temperature. The obtained solid was then dried at 100 °C overnight and
subsequent pyrolysis at 450 °C (10 °C min~") for 2 h under N2 flow (200 ml min~"). The acquired catalysts
based on the weight loading of Fe were named as Fe,/Cpjo, where 3 =1, 4, 8, or 12.

For comparison, the Fes/AC catalyst was also prepared by the same procedures, except for changing the
biosugarcane support to activated carbon (AC).

2. Catalyst characterization

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) were carried out on
TESCAN MIRA3 operated at 5.0 kV. Transmission electron microscope (TEM) and the high-resolution trans-
mission electron microscopy (HRTEM) were performed on JEOL JEM 2100 operated at 200 kV. All Fe par-
ticles results from HRTEM analysis in our manuscript are calculated more than 100 nanoparticles at different
regions by Nano Measurer 1.2 software. Nitrogen absorption/desorption measurements were conducted
at -196 °C using a JWGB BK-100B to measure the specific surface area and pore size distribution of cata-
lysts. The powder X-ray diffraction (XRD) was determined on a Bruker D8 advance operated at 40 kV and
40 mV, with Cu-Ke radiation (A = 1.5406 A, 26 =10—80°). X-ray photoelectron spectroscopy (XPS) was car-
ried out on a Thermo ESCALAB 250XI with Al Ka. (hv = 1486.6 eV), and the C 1s peak at 284.8 eV was used as
a reference. The Raman spectra of as-prepared catalysts was recorded using a Horiba Evolution with a
532 nm laser beam. Fourier transform infrared spectra (FTIR) were detected using a NICOLET 5700 FTIR
Spectrometer. The reducibility of catalysts was investigated by hydrogen temperature-programmed
reduction (H,-TPR) on a chemisorption analyzer (HUASI DAS-7000). Approximately 50 mg of catalyst
loaded in a quartz tube was dehydrated first in N, (30 mL min~") from 20 to 350°C (5 °C min~ ") and keeping
1 h. After cooling down to the room temperature, the catalyst was reduced in Hy (5% Hz/N3, 30 mL min~")
from 50 to 800 °C (8 °C min~"). H, temperature-programmed desorption (H,-TPD) with mass spectrometry
was carried out using a Bel Ctat Il. About 50 mg of catalyst was used and reduced in Hz (50 mL min™") from
20 to 350 °C (10 °C min~") and keeping 1 h. The catalyst was flushed at the same temperature with Ar gas
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(50 mL/min) for 30 min. After cooling down to 50 °C, H; flow (50 mL/min) was continued for 30 min for
adsorption. The system was then purged with Ar gas (50 mL/min) for 30 min to remove physisorbed H,.
The H,-TPD was conducted from 50 to 800 °C at a rate of 10°C min~"'. Mass change in a sample as a function
of temperature was determined by thermogravimetric analysis (TGA) using a TGA55 operated from room
temperature to 1000 °C with a ramping rate of 10 °C min~" under N; flow. Induced coupled plasma-optical
emission spectrometry (ICP-OES) on an Agilent 720ES was used to determine the iron loading of as-pre-
pared catalysts. The carbon, nitrogen and hydrogen content were conducted by an elemental analyzer
(RARIO EL I1I).

3. Catalyst evaluation

The catalytic performance of catalysts was conducted in a fixed bed reactor. About 100 mg of catalyst,
sieved into 40—60 meshes, was mixed with the same volume of quartz granules (40—60 mesh) and packed
into a stainless reaction tube. The catalyst was reduced in pure H2 at 350 °C, 0.1 MPa, 50 mL min~" for
600 min. After that, the FTS reaction was carried out in syngas (H2/CO/N2 = 47.5/47.5/5.0, molar ratio)
at 300 °C, and 2MPa. The samples were conducted at least for 30 h to reach a stable catalytic performance
and then the catalytic performance results were obtained from the average of ten chromatographic auto-
matic injections every one hour with carbon balance in the range 100 + 5%. Gas products were online
analyzed using a gas chromatograph (FULI GC 97) equipped with a thermal conductivity detector (TCD)
and a flame ionization detector (FID). Porapak Q packed column (I.D = 3 mm) and 5A MolSieve packed
column (I.D = 3 mm) were connected to TCD and RB-PLOT AI203 capillary column (I.D = 0.32 mm) was
connected to FID. Liquid products were collected by cold traps and analyzed off-line using another gas
chromatograph (FULI GC 97) equipped with a flame ionization detector (FID) and a RB-5 capillary column
(I.D =0.32 mm).
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