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dDutch-Belgian Beamline (DUBBLE), Europ

Avenue des Martyrs, 38000 Grenoble, Franc
eDepartment of Chemistry, KU Leuven, Cele

Belgium

† Electronic supplementary informa
10.1039/d0sc01600d

Cite this: Chem. Sci., 2020, 11, 6167

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 17th March 2020
Accepted 27th May 2020

DOI: 10.1039/d0sc01600d

rsc.li/chemical-science

This journal is © The Royal Society o
atility of the liquid bismuth
promoter in the working iron catalysts for light
olefin synthesis from syngas†

Bang Gu,a Deizi V. Peron, a Alan J. Barrios, a Mounib Bahri,b Ovidiu Ersen, b

Mykhailo Vorokhta, c Břetislav Šmı́d, c Dipanjan Banerjee,de Mirella Virginie,a

Eric Marceau, a Robert Wojcieszak, a Vitaly V. Ordomsky a

and Andrei Y. Khodakov *a

Liquid metals are a new emerging and rapidly growing class of materials and can be considered as efficient

promoters and active phases for heterogeneous catalysts for sustainable processes. Because of low cost,

high selectivity and flexibility, iron-based catalysts are the catalysts of choice for light olefin synthesis via

Fischer–Tropsch reaction. Promotion of iron catalysts supported by carbon nanotubes with bismuth,

which is liquid under the reaction conditions, results in a several fold increase in the reaction rate and in

a much higher light olefin selectivity. In order to elucidate the spectacular enhancement of the catalytic

performance, we conducted extensive in-depth characterization of the bismuth-promoted iron catalysts

under the reacting gas and reaction temperatures by a combination of cutting-edge in situ techniques:

in situ scanning transmission electron microscopy, near-atmospheric pressure X-ray photoelectron

spectroscopy and in situ X-ray adsorption near edge structure. In situ scanning transmission electron

microscopy conducted under atmospheric pressure of carbon monoxide at the temperature of catalyst

activation showed iron sintering proceeding via the particle migration and coalescence mechanism.

Catalyst activation in carbon monoxide and in syngas leads to liquid bismuth metallic species, which

readily migrate over the catalyst surface with the formation of larger spherical bismuth droplets and

iron–bismuth core–shell structures. In the working catalysts, during Fischer–Tropsch synthesis, metallic

bismuth located at the interface of iron species undergoes continuous oxidation and reduction cycles,

which facilitate carbon monoxide dissociation and result in the substantial increase in the reaction rate.
Introduction

Liquid metals and metal alloys are a new emerging and rapidly
growing class of materials,1,2 which have already found
numerous applications in different elds including exible
electrodes, biosensors, printable conductors, responsive mate-
rials, electronics and microuidics. Use of liquid metals in
heterogeneous catalysis is a genuinely new research eld. These
elements have a number of attractive characteristics for
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catalytic applications such as low melting point, high mobility,
easy recovery and surface energy. Thus, liquid metals can be
considered as a new type of the mobile promoters and active
phases for heterogeneous catalysts. The mobility of active phase
and promoters during the reaction in heterogeneous catalysts
and inuence of this mobility on the catalytic performance have
been only very rarely considered in the literature. Previous
reports have demonstrated that rhodium, gallium and liquid
mixture of gallium and palladium exhibit a high selectivity and
are very active in selective dehydrogenation of alkanes.3–5 An
alloy between nickel and bismuth showed high methane
conversion to hydrogen. In this alloy system, the insoluble
carbon oats to the surface, where it can be skimmed off.6 Other
reports7–9 have addressed migration of alkali ions over the
surface of heterogeneous catalysts in the presence of water.

The growing demand for light olens in the context of
depletion of oil reserves has stimulated development of alter-
native olen manufacturing processes.10,11 Iron-based catalysts
are the catalysts of choice for light olen synthesis via Fischer–
Tropsch (FT) synthesis,11–15 because of low cost, high selectivity
and exibility relative to the use of syngas with different H2/CO
Chem. Sci., 2020, 11, 6167–6182 | 6167
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ratios. Light olen synthesis from syngas occurs on iron carbide
nanoparticles, which form from iron oxides during the catalyst
activation.

Recently, we discovered16–19 strong promoting effects of Bi
and Pb on the catalytic performance of iron FT catalysts. The
reaction rates increased 5–10 times, while the selectivity to light
olens was enhanced by 50%. We have been particularly
interested in the bismuth promoter, because of its lower
toxicity. The melting point of metallic bismuth is 271 �C.
Bismuth can be therefore, liquid at the FT reaction temperature.
In addition, bismuth may have several oxidation states, which
can evolve during the reaction.

Presumable high mobility of the liquid promoter and
versatility of iron catalysts under the conditions of catalyst
activation and reaction are the reasons, why these catalysts
require in situ techniques operating at higher temperatures.
Indeed, only in situ characterization conducted at the reaction
temperature and in the presence of reacting gas can overcome
major impediments of the ex situ techniques, which operate
only in air at ambient conditions, and can provide reliable
information about the catalyst active phase, localization of the
liquid promoters, active sites and reaction mechanism.

X-ray absorption is a powerful technique to follow elec-
tronic structure and coordination of elements in heteroge-
neous catalysts even at high dilution during the catalyst
pretreatment and catalytic reactions.20–24 The in situ X-ray
absorption experiments can be conducted at higher temper-
atures and pressures of several bars with simultaneous
analysis of reaction products. Recently developed cutting-
edge environmental TEM technique is a unique opportunity
for the investigation of catalysts with a high spatial resolu-
tion down to the atomic level. Over the last years, a few new
high pressure/temperature environmental cells for TEM have
been elaborated. They allow in situ observations at pressures
up to 1 atm and in the high temperatures range, up to
1000 �C.25,26 Despite its great potential, high pressure envi-
ronmental TEM has been mostly applied to the study of
rather traditional catalytic systems, such as Pt/SiO2

catalysts.27,28

Catalysis is a surface phenomenon. Due to the metastable
nature of the catalyst surface in particular, during the catalyst
activation and under the reaction conditions, the information
about the catalyst surface gained from ex situ studies cannot
be reliable. Indeed, the catalyst surface is more susceptible to
evolve in presence of gas and higher temperatures than the
catalyst volume. Near atmospheric pressure X-ray photoelec-
tron spectroscopy (NAP-XPS)29–31 has capacities of studying the
surface of a catalyst under semi- or pseudo-catalytic conditions
at the gas pressures of several millibars at higher
temperatures.

In order to elucidate the phenomena responsible for the
spectacular enhancement of the performance of iron catalysts
supported over carbon nanotubes (CNT) aer their promotion
with bismuth, we uncover and investigate in this paper, the
versatility and mobility of bismuth, which is liquid under the
reaction conditions. The unique combination of three comple-
mentary techniques (in situ XANES, in situ STEM and surface-
6168 | Chem. Sci., 2020, 11, 6167–6182
sensitive NAP-XPS) has allowed a comprehensive picture of
the evolution of the FT catalysts under the catalyst activation
and operating conditions of FT synthesis to be developed. The
continuous migration and redox cycles of the bismuth liquid
promoter observed in situ have provided clear interpretation of
the sharply enhanced catalytic performance of the bismuth-
promoted iron catalysts in high temperature FT synthesis.

Results and discussion
In situ STEM observation of catalyst evolution

The monometallic Fe/CNT iron catalyst and iron catalysts sup-
ported by CNT and promoted with bismuth were prepared by
either co-impregnation (FeBi/CNT) or mechanical mixing (Fe/
CNT + Bi/CNT). The catalyst preparation and conventional
characterization are available in ESI.† The iron catalysts were
activated in a ow of pure CO at 350 �C. The activation proce-
dure for iron FT catalysts was optimized in our previous
report.32

First, we investigated the inuence of the temperature,
activation and reaction gas on the structure of iron catalysts
promoted with Bi using in situ environmental STEM. In order to
identify the morphology of the bismuth and iron species, we
measured rst the ex situ STEM images of freshly calcined
monometallic Fe/CNT and Bi/CNT samples. The relevant
images (Fig. S1, ESI†) show the presence of bismuth oxide and
iron oxide nanoparticles located both on the outer surface and
inside the CNT. Indeed, the CNT was pre-treated with concen-
trated HNO3 at 140 �C for 14 h. Previous reports18,33 suggest that
the pretreatment with nitric acid can result in the opening of
CNT. Consequently, some of the metal nanoparticles can be
located outside, but also inside the CNT in the impregnated
samples. Interestingly, the STEM images display bismuth oxide
nanoparticles smaller than 3–5 nm in Bi/CNT, while the iron
oxide nanoparticles are much larger (5–20 nm) in Fe/CNT.

Then, we analyzed by STEM the FeBi/CNT iron catalyst
promoted with bismuth and prepared by impregnation (Fig. 1).
Metal nanoparticles with the sizes from 3 to 15 nm were
detected in the freshly calcined catalyst. The histograms of
metal particle size distributions measured from ex situ STEM
data in the fresh monometallic Fe/CNT, FeBi/CNT prepared by
impregnation and in Fe/CNT + Bi/CNT prepared by mechanical
mixing are shown in Fig. 1a–c. The average iron oxide particles
size was about 6 nm in all the calcined samples and was not
affected by the catalyst preparation method.

The Fe/CNT, FeBi/CNT and Fe/CNT + Bi/CNT catalysts were
exposed aerwards to temperature and carbon monoxide both
in situ in the STEM cell and ex situ in the conventional catalytic
reactor. The temperature procedure is displayed in Fig. S2, ESI.†
The catalyst was rst exposed to argon at 200 �C, then the
temperature was increased in CO to 350 �C and kept at this
temperature for a few hours. The whole in situ STEM experiment
was conducted under atmospheric pressure. The in situ STEM
images of the Fe/CNT + Bi/CNT and FeBi/CNT samples acquired
in both bright and dark elds during the catalyst activation in
CO are shown respectively in Fig. 2, 3, S3 and S4, ESI.† They
clearly show sintering of iron carbide nanoparticles during the
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Ex situ STEM images and histograms of iron particles sizes in freshly calcined, activated and spent iron catalysts: (a) fresh Fe/CNT, (b) fresh
FeBi/CNT, (c) fresh Fe/CNT + Bi/CNT, (d) activated Fe/CNT, (e) activated FeBi/CNT, (f) activated Fe/CNT + Bi/CNT, (g) spent Fe/CNT, (h) spent
FeBi/CNT, (i) spent Fe/CNT + Bi/CNT.
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exposure to CO at 350 �C in both FeBi/CNT and Fe/CNT + Bi/
CNT prepared respectively by co-impregnation and mechan-
ical mixing.
This journal is © The Royal Society of Chemistry 2020
Fig. 1d–f, 3 and Fig. S3–S6, ESI† display STEM images and
histograms of iron nanoparticles sizes calculated from the ex
situ and in situ STEM images of Fe/CNT, FeBi/CNT and Fe/CNT +
Chem. Sci., 2020, 11, 6167–6182 | 6169
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Fig. 2 In situ high-angle annular dark field (HAADF, top) and bright field (BF, bottom) STEM images of the Fe/CNT + Bi/CNT sample acquired in
different atmospheres and temperatures according to the procedure displayed in Fig. S2.†
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Bi/CNT during and aer the activation in CO. Important,
similar particle size distributions were obtained from both the
in situ and ex situ STEM data. The catalyst activation in CO in
the in situ STEM cell is relevant therefore, to the catalyst
pretreatment in the conventional xed bed reactor. Note that
the in situ catalyst characterization by STEM has provided
quantitative information about the variation of iron particle
sizes during the activation in CO as a function of time. The
variation of iron carbide particle size calculated from the in situ
TEM images of FeBi/CNT and Fe/CNT + Bi/CNT as a function of
time is displayed in Fig. 4. The most signicant increase in the
carbide particle size was observed already aer 30 min of the
activation, while further exposure to CO leads to the stabiliza-
tion of the size of iron carbide nanoparticles at around 9–10 nm.
The in situ STEM images clearly demonstrate a progressive
sintering of iron nanoparticles during the catalyst activation in
CO.

We also conducted an evaluation of iron dispersion in the
catalysts aer conducting FT reaction. The ex situ TEM images
and calculated histograms of iron nanoparticle size (Fig. 1g–i)
show a further increase in iron nanoparticle size aer FT reac-
tion from 9–10 nm in the samples activated in CO to about 12–
14 nm in the spent counterparts aer FT reaction. No noticeable
inuence of the promotion with Bi or catalyst preparation
6170 | Chem. Sci., 2020, 11, 6167–6182
method was observed on the iron nanoparticle size in the spent
catalysts.

Sintering behavior of supported catalysts could be repre-
sented using general power law expression (GPLE) for a wide
range of supported metallic catalysts.34,35

�
d
�D

D0

�

dt
¼ Ks

�
D

D0

� Deq

D0

�m

where Ks is the sintering rate constant, D0 is the initial disper-
sion, n is the sintering order and �Deq/D0 is the observed
asymptotic approach of the typical dispersion versus time curve
to a limiting dispersion Deq at innite time. The variation of D/
D0 as a function of time for the FeBi/CNT and Fe/CNT + Bi/CNT
catalysts is shown in Fig. S7, ESI.†

Nanoparticle sintering in heterogeneous catalysts may
usually occur via two mass-transfer mechanisms:35–37 (a) atomic
migration (Ostwald ripening), (b) particle migration and coa-
lescence (PMC). Sintering according to the Ostwald ripening
results in the Lifshitz–Slyozov–Wagner asymmetric particle size
distribution36–38 skewed to the smaller particle sizes.39 Nano-
particle sintering by PMC typically results in rather symmetric
log-normal distribution.35,37 The shape of particle size distri-
bution curves can provide therefore, information about the
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 In situHAADF (top) and BF (bottom) STEM images of a typical area of FeBi/CNTmeasured in argon and CO at high temperature (P¼ 1 bar).

Fig. 4 Variation of iron carbide particle size calculated from the in situ STEM data as a function of activation time in CO for FeBi/CNT and Fe/CNT
+ Bi/CNT catalysts.
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sintering mechanism, which operates during the catalyst acti-
vation or catalytic reaction. The particle distribution histograms
calculated from ex situ and in situ STEM data (Fig. 1, Fig. S5 and
S6, ESI†) for the activated and spent catalysts exhibit symmetric
This journal is © The Royal Society of Chemistry 2020
shape, which could be an argument in favor of higher contri-
bution of PMC to the iron sintering mechanism in FT catalysts.

In GPLE, for most of catalysts, the sintering order is 2, and it
is independent of the operating parameters. A sintering order of
2 suggests particle migration and coalescence as the main
Chem. Sci., 2020, 11, 6167–6182 | 6171
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process for the sintering.40 The measured second order (Fig. S7,
ESI†) could be indicative of the PMC mechanism for the sin-
tering of iron catalysts.
Catalytic performance and bismuth redox cycles

In order to better understand the phenomena occurring with
iron and bismuth species at the conditions of catalyst activation
and FT synthesis, we simultaneously conducted evaluation of
catalytic performance and in situ investigation of catalyst
structure using XANES. The temperature procedure used for in
situ XANES was similar to that in the in situ STEM experiments
(Fig. S2, ESI†).

The experimental X-ray absorption capillary setup at the
ESRF synchrotron (BM26A, DUBBLE beam line) is shown in
Fig. S8, ESI.† The catalytic data obtained during the in situ
XANES measurements either at 10 bar or at atmospheric pres-
sure of syngas are presented in Table 1. Methane, light olens,
light paraffins and higher C5+ hydrocarbons were among the
reaction products. Signicant amounts of carbon dioxide were
also produced. Water gas shi reaction (CO + H2O ¼ CO2 + H2),
which is readily catalyzed by iron catalysts, is one of the reasons
of carbon dioxide production. Higher selectivity to CO2 has
been observed over the Bi-promoted catalysts compared to the
monometallic Fe/CNT counterpart. The promotion of iron
catalyst with Bi results in an important increase in the carbon
monoxide conversion and iron time yield (FTY). Note that the
increase in FT reaction rate on the bismuth promotion differs at
10 bar and atmospheric pressure. On the one hand, the
enhancement of FT reaction rate on the Bi-promotion is more
signicant at atmospheric pressure than at 10 bar. On the other
hand for both the promoted and unpromoted catalysts, higher
pressure (10 bar) results in much higher reaction rate.
Table 1 FT catalytic results over iron catalysts measured in the in situ c

Catalyst P, bar FTY, 10�4 molCO gFe
�1 s�1

CO conv
(%)

Fe/CNT 10 1.21 46.3
1 0.10 3.9

FeBi/CNT 10 1.71 65.7
1 0.56 21.4

Fe/CNT + Bi/CNT 10 1.44 55.3
1 0.32 12.3

a Reduction: CO ow (5 ml min�1), 350 �C 2 h. Reaction condition: H2/CO

Table 2 Bismuth phase evolution of the fresh catalysts, activated cataly
90 min, reaction in syngas at 350 �C for 90 min)

Catalysts

Fresh (%)
CO activation
350 �C (%)

C
to

Bi2O3 Bi2O3 Bi B

FeBi/CNT 100.0 0 100.0 6
Fe/CNT + Bi/CNT 100.0 0 100.0

6172 | Chem. Sci., 2020, 11, 6167–6182
The bismuth promotion also increases the selectivity to light
olens and decreases the selectivity to light paraffins and to the
C5+ hydrocarbons. The Bi promoted iron catalysts present much
more noticeable improvement in the reaction rate than other
traditional promoters (Na, K). The results are summarized in
Table S2, ESI.† Note that a higher FT reaction rate was observed
on the Fe/CNT + Bi/CNT catalyst prepared bymechanical mixing
compared with the monometallic Fe/CNT counterpart. The
effect of the bismuth promotion on the FT reaction rate and
olen selectivity is however, much more signicant in the FeBi/
CNT catalyst prepared by co-impregnation compared to the
mechanical mixture of Fe/CNT and Bi/CNT (Fe/CNT + Bi/CNT).
The CO conversion is slightly higher in the in situ XAS cell
compared with the conventional xed-bed reactor (Table S2,
ESI†), however the selectivity to light olens is somewhat lower.
The catalytic performance of the monometallic and Bi-
promoted catalysts in the in situ capillary cell (Table 1) was
consistent with our previous results.16,18 This conrms relevance
of the catalytic data obtained in the in situ synchrotron-based
capillary setup compared to the conventional laboratory xed
bed reactor. Interestingly, no Bi evaporation occurred during FT
reaction. The ICP analysis shows that the catalyst had the same
Bi content before and aer the reaction (Table S1, ESI†).

Since the promotion with Bi results in the major enhance-
ment of the catalytic performance of iron catalysts, our partic-
ular attention was paid to the evolution of the promoter and
more particularly, the Bi L3-absorption edge during the catalyst
activation and FT reaction. Because of a lower content in the
catalyst (<1 wt%), the coordination and electronic state of the Bi
promoter are more difficult to follow compared to iron. The
XANES spectra at the Bi L3-absorption edge (Fig. S9, ESI†)
measured in situ during catalyst activation in pure CO or syngas
showed gradual reduction of Bi2O3 to metallic Bi in both co-
apillary experimental setup at the ESRF synchrotrona

. CO2 select
(%)

Hydrocarbon selectivity (%)

C2–4
¼/C2–4

0CH4 C2–4
¼ C2–4

0 C5
+

38.2 31.8 30.3 7 20.9 1.78
12.7 33.9 40.3 14 11.8 2.88
47.9 29.1 35.3 15.9 19.7 2.22
40.7 30.8 55.4 10.1 3.7 5.49
45.2 30.4 33.9 15.9 20.0 2.13
36 32.0 49.6 13.1 5.3 3.79

¼ 1/1, 350 �C, P ¼ 10 bar, time ¼ 5 h, GHSV ¼ 4.8 L g�1 h�1.

sts and working catalysts by in situ XANES (CO activation at 350 �C for

ooling under CO
RT (%)

Reaction in syngas
350 �C (%)

Cooling under
syngas to RT (%)

i2O3 Bi Bi2O3 Bi Bi2O3 Bi

4.2 35.8 0 100.0 6.4 93.6
4.1 95.9 0 100.0 3.6 96.4

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Bi L3-absorption edge XANES in the FeBi/CNT catalyst during activation and cooling to RT under different gas.
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impregnated and mechanically mixed catalysts. The bismuth
phase composition in the FeBi/CNT and Fe/CNT + Bi/CNT
catalysts evaluated using linear decomposition of in situ
XANES spectra of reference Bi2O3 and metallic Bi during their
exposure to carbon monoxide and syngas as a function of
temperature is displayed in Fig. S10, ESI† and Table 2.
Fig. 6 Bismuth phase evolution calculated from XANES in the FeBi/CNT
RT under different gas.

This journal is © The Royal Society of Chemistry 2020
Interestingly, the catalyst preparation method (co-
impregnation versus mechanical mixing) does not affect the
temperature of Bi reduction, which occurs in both the FeBi/CNT
and Fe/CNT + Bi/CNT catalysts between 150 and 350 �C and is
completely achieved at 350 �C for both specimens. Thus, in situ
XANES suggests that bismuth reduction during the catalyst
catalyst prepared by co-impregnation during activation and cooling to
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activation in pure CO or syngas is not signicantly affected by
the interaction with iron species. Indeed, bismuth reduction
proceeds similarly in the FeBi/CNT and Fe/CNT + Bi/CNT cata-
lysts prepared by co-impregnation and mechanical mixing.
Bismuth remains in the metallic state aer these two pretreat-
ments in both FeBi/CNT and Fe/CNT + Bi/CNT.

Surprisingly, cooling down activated FeBi/CNT in carbon
monoxide (Table 2, Fig. 5 and 6) results in partial re-oxidation of
the bismuth species. The fraction of Bi3+ in the FeBi/CNT
catalyst increased from 0 to 64% of the total amount of Bi
aer cooling down in CO. Note that re-oxidization of bismuth
species does not occur under the same conditions in the acti-
vated Fe/CNT + Bi/CNT catalyst prepared by mechanical mixing.
Further investigation showed that bismuth re-oxidation in the
activated FeBi/CNT catalyst during cooling depended on the gas
atmosphere (Fig. 6). The most signicant re-oxidation of
bismuth was observed under cooling down the activated cata-
lyst in pure CO. The effect was less important, when the acti-
vated FeBi/CNT catalyst was cooled down in syngas. No bismuth
re-oxidation was observed during cooling the activated FeBi/
CNT catalyst in hydrogen or pure nitrogen (Fig. 6). Subse-
quent heating of the FeBi/CNT catalyst with partially oxidized
bismuth species in CO resulted in reduction of oxidized
bismuth to the metallic state.

It is important to emphasize that no visible re-oxidation of
bismuth in CO at ambient temperature was observed, when the
Fe/CNT + Bi/CNT catalyst prepared by mechanical mixing was
Fig. 7 Bi L3-absorption edge XANES in the Fe/CNT + Bi/CNT mixture ca

6174 | Chem. Sci., 2020, 11, 6167–6182
activated in CO for a relatively short time (�1 h) (Fig. 7). When
the Fe/CNT + Bi/CNT catalyst was activated in carbon monoxide
for a longer time (4 h), bismuth re-oxidation was observed aer
cooling down and exposure to CO at ambient temperature. This
could be indicative of the modications of the structure of the
Fe/CNT + Bi/CNT catalyst during its extended heating in CO.
These modications could be due to the migration of liquid
bismuth species. The bismuth migration during catalyst acti-
vation and FT reaction is discussed below in the manuscript.

The in situ evolution of XANES spectra at the iron K
absorption edge of iron catalysts supported on CNT during their
activation and catalytic reaction was studied in our previous
publication.18 During the carbidization in CO, supported Fe2O3

phase in the calcined iron catalysts is rst converted to Fe3O4

and then to FexCy. The carbidization of Fe3O4 to FexCy is facil-
itated in the presence of Bi. Easy carbidization of iron agrees
with better iron reducibility in the Bi-promoted catalyst.16,18 Iron
remains in the form of iron carbide under the ow of syngas at
the conditions of FT synthesis. No visible iron re-oxidation or
formation of detectible amounts of metallic iron were observed
at a wide ranges of conditions used for FT synthesis at 350 �C.18

One of the initial steps of FT synthesis on iron catalysts is
carbon monoxide direct or assisted dissociative adsorption.41,42

Carbon monoxide dissociation results in formation of surface
carbide and oxygen species (Fig. 8). The adsorbed oxygen can be
removed via its reaction with either hydrogen or carbon
monoxide producing respectively water or carbon dioxide. The
talyst during activation and cooling to RT under different gas.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 CO dissociation over iron carbide nanoparticles promoted with bismuth and bismuth reoxidation cycle.
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surface carbide can be then hydrogenated to the CHx monomer,
which then can initiate or be involved in the FT surface poly-
merization.43 The in situ XANES data measured during cooling
the activated catalyst in the presence of CO show that CO
dissociation over Bi-promoted at ambient temperature involves
oxygen scavenging by metallic bismuth. The oxygen scavenging
results in the formation of oxidized bismuth species detected by
in situ XANES. Subsequent treatment of the catalysts with CO
leads to the removal of oxygen atoms from bismuth oxidized
species with formation of CO2 (Fig. 8). At the same time,
bismuth is reduced again to the metallic state. As expected,
oxygen scavenging and oxygen transfer to bismuth can only take
place when Bi is located in the close proximity to iron carbide.
This situation occurs in the FeBi/CNT sample prepared by co-
impregnation, while no oxidation was observed in the Fe/CNT
+ Bi/CNT catalyst prepared by mixing, which was activated for
a relatively short time (�1 h). Iron and bismuth species are
spatially separated in this mechanically mixed catalyst. The in
situ XANES results are consistent with our previous transient
and isotope-tracing experiments,17 showing that the Bi
promoter can enhance the CO dissociation.

The ex situ STEM-EDX characterization of the activated and
passivated FeBi/CNT catalyst prepared by co-impregnation
showed formation of iron carbide–bismuth core–shell struc-
tures16 with Bi atoms located in the shell and iron in the core
(Fig. S11, ESI†), while, because of a well-dened spatial sepa-
ration of iron and bismuth phases, no apparent core–shell
structures were observed in the Fe/CNT + Bi/CNT catalyst
prepared by mechanical mixture.
This journal is © The Royal Society of Chemistry 2020
Bismuth reduction results in formation of liquid metallic
bismuth, which can diffuse over the catalyst surface. Longer
exposure of the Fe/CNT + Bi/CNT catalysts with liquid bismuth
species to 350 �C leads therefore to the Bi migration and
interaction of bismuth with iron carbide species. That was the
reason, why the Bi re-oxidation during cooling down in CO was
observed in the Fe/CNT + Bi/CNT catalysts activated for a longer
time in CO at 350 �C.

Evolution of surface and sub-surface layer in the promoted
iron catalysts during activation in CO and in syngas

The surface of the catalyst usually is more sensitive to the
conditions of catalyst activation and catalytic reaction than the
catalyst bulk structure. Information about evolution of the
surface and sub-surface layer in the monometallic and bismuth
promoted catalysts in CO or syngas at the activation and reac-
tion temperatures was extracted from the NAP-XPS data. The
experimental procedure (temperature, gas) used for NAP-XPS
experiments is displayed in Fig. S12, ESI.† The freshly
calcined samples were rst loaded into the NAP-XPS spec-
trometer and exposed to CO at 50 �C. Then, the temperature was
increased subsequently from room to 250 �C and to 350 �C.
Aer the exposure to 350 �C in CO, the sample was cooled down
to 50 �C. Aer the subsequent temperature increase to 350 �C,
CO was switched to syngas (H2/CO ¼ 1) at 350 �C. The sample
was maintained in syngas at this temperature and then cooled
back again to 50 �C. At different steps of the in situ catalyst
treatment under about 1 mbar of CO or syngas, the position,
shape and intensity of Fe 2p, C 1s and Bi 4f peaks were thor-
oughly analyzed by XPS.
Chem. Sci., 2020, 11, 6167–6182 | 6175
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Table 3 Relative intensities of NAP-XPS peaks measured in the pres-
ence of carbon monoxide and syngas

Catalyst Gas
Temperature,
�C IFe/IC IBi/IFe

FeBi/CNT CO 50 0.319 0.141
250 0.290 0.085
350 0.389 0.038
50 0.240 0.026
350 0.287 0.025

H2/CO ¼ 1 350 0.306 0.028
50 0.257 0.042

Fe/CNT + Bi/CNT CO 50 0.216 0.165
250 0.177 0.148
350 0.193 0.037
50 0.155 0.064
350 0.172 0.010

H2/CO ¼ 1 350 0.204 0.051
50 0.198 0.040
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The Fe 2p NAP-XPS spectra of the FeBi/CNT and Fe/CNT + Bi/
CNT catalysts are presented in Fig. 9. The spectra of the calcined
catalysts exhibit the Fe 2p peaks at �711.2 eV (Fe 2p3/2) and
�724.6 eV (Fe 2p1/2) with a shakeup satellite peak at �719.2 eV.
The spectra and binding energies distinctly indicate the pres-
ence of Fe3+ species.44

This observation is consistent with the results of other
techniques and indicates the presence of iron oxides in the
fresh samples. Aer the temperature increase in CO to 250 and
then to 350 �C, a broad shoulder with the binding energy of
707.3 eV assignable to iron carbide45,46 was detected. Higher
intensity of this feature and correspondingly higher amount of
iron carbide were observed in syngas (H2/CO ¼ 1) compared to
pure CO. The NAP-XPS results in the Fe 2p region are consistent
with our previous ex situ XPS data for iron catalysts.16,18 Since the
catalysts were supported by CNT, we consider that the intensity
of C 1s peak does not change during the experiments. The C 1s
intensity was used therefore, as a reference in order to evaluate
variation of the relative intensity of Fe 2p XPS peaks during the
treatments in CO and syngas at high temperatures. The relative
intensities (IFe/IC) are shown in Table 3. No noticeable modi-
cation of the intensity of the Fe 2p XPS peaks was observed aer
exposure of both FeBi/CNT and Fe/CNT + Bi/CNT to carbon
monoxide or syngas at 250 �C and 350 �C. Though iron sintering
was observed by both in situ and ex situ STEM in iron catalysts
during catalyst activation and reaction, NAP-XPS does not show
any major increase in iron particle size. Indeed, Table 3 displays
only relatively small variation of the relative iron intensity in the
activated and spent catalysts. Insignicant iron sintering can be
also due to the low gas pressure (1 mbar) used in NAP-XPS
experiments compared to in situ STEM (1 bar) or XANES (1–10
bar).
Fig. 9 Fe 2p NAP-XPS spectra measured in CO and syngas at different

6176 | Chem. Sci., 2020, 11, 6167–6182
The Bi 4f XPS spectra of the bismuth promoted iron catalysts
are shown in Fig. 10. The calcined catalysts exhibit XPS peaks
with binding energies of 158.6 and 165 eV assigned to Bi 4f7/2
and Bi 4f5/2 bands in Bi2O3,47,48 respectively. Catalyst activation
in carbon monoxide at 250 �C leads to the Bi reduction to
metallic state49 with the shi of the characteristic Bi 4f7/2 peak
from 158.6 to 156.9 eV. The bismuth reduction observed by
NAP-XPS at around 250 �C is consistent with in situ XANES
measured at the Bi L3-absorption edge (Fig. S9 and S10, ESI,†
Table 1).

Interestingly, a further temperature increase to 350 �C in the
NAP-XPS experiments results in a major decrease in the inten-
sity of the Bi 4f7/2 and Bi 4f5/2 doublet peaks in both FeBi/CNT
temperatures: (a) FeBi/CNT; (b) Fe/CNT + Bi/CNT.

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Bi 4f NAP-XPS spectra measured in CO and syngas at different temperatures: (a) FeBi/CNT; (b) Fe/CNT + Bi/CNT.
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and Fe/CNT + Bi/CNT (Table 3). This could be indicative of
a major decrease in the bismuth surface and sub-surface
concentrations in both catalysts prepared by co-impregnation
and mechanical mixing, probably because of bismuth sinter-
ing. Note that this major decrease in bismuth surface concen-
trations detected by XPS coincides with the Bi reduction from
oxide to metallic state. Remarkably, different relative localiza-
tion of iron carbide and bismuth in the catalysts prepared by co-
impregnation and mechanical mixing does not affect bismuth
sintering. Minimization of surface area is a major thermody-
namic driving force for sintering of bismuth nanoparticles,
while higher diffusivity of liquid metallic bismuth at tempera-
ture higher or comparable to the Bi melting point signicantly
decreases the kinetic barrier for the migration. Higher diffu-
sivity of liquid bismuth results on one hand, in the major
bismuth sintering and on the other hand, in the formation of
bismuth–iron carbide core–shell structures in the activated and
spent iron catalysts as detected by STEM-EDX (Fig. S11, ESI†).
Low intensity of the bismuth XPS signal aer the pretreatment
in CO and syngas in NAP-XPS experiments was the major
reason, why we did not see Bi reoxidation in CO by XPS at
ambient temperature. The Bi reoxidation in the activated FeBi/
CNT catalyst at ambient temperature in CO was observed by
XANES.

Higher diffusivity and mobility of liquid metallic bismuth at
the conditions of catalyst activation in CO and FT reaction could
also result in the bismuth inltration inside CNT. Indeed,
migration of Bi from outer surface to inside CNT would result in
lower intensity of the Bi XPS signal. In order to provide further
insights into migration of bismuth under activation in CO, we
measured ex situ TEM images of the Bi/CNT sample aer
exposure to CO at 250 and 350 �C (Fig. 11). Small bismuth
nanoparticles of 5–10 nm were detected in the fresh Bi/CNT
This journal is © The Royal Society of Chemistry 2020
calcined in nitrogen (Fig. 11a and S1, ESI†). Slightly larger Bi
nanoparticles were observed in the same sample aer exposure
to CO at 250 �C (Fig. 11b). Further increase in the temperature
during the pretreatment in CO results in a spectacular growth of
Bi nanoparticles (Fig. 11c). The TEM images show the presence
of very large spherical Bi particles (>50 nm) in Bi/CNT exposed
to CO at 350 �C. Exposure of Bi/CNT to CO at 350 �C results in
formation of liquid metallic Bi, which has very high diffusivity
over the CNT support. No bismuth inltration inside CNT was
observed.

Versatility of bismuth-promoted iron catalysts for FT
synthesis

Several promoters such as potassium, copper and manganese
have been previously proposed10,50–53 to improve the perfor-
mance of iron FT catalysts. In our work, we present a new
strategy focused on the improvement of the catalytic perfor-
mance of iron catalysts for FT synthesis, which is based on
mobile and versatile promoters, such as bismuth. In contrast to
the conventional promoters, which are usually considered
immobile and localized over specic catalyst sites, metallic
bismuth is liquid under FT reaction conditions and freely
diffuses on the catalyst surface. The use of this novel liquid
promoter results in major (several-fold) increase in FT reaction
rate and in higher selectivity to light olens over iron catalysts.

The characterization of iron catalysts with extremely mobile
liquid promoters represents however, signicant challenge.
Indeed, because of high mobility during catalyst activation and
under the reaction conditions, this novel type of highly mobile
promoters requires advanced in situ time-resolved character-
ization tools operating at higher temperature and under react-
ing gas, where the promoters are present in liquid state.
Continuous monitoring of evolving bismuth localization over
Chem. Sci., 2020, 11, 6167–6182 | 6177
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Fig. 11 TEM images of Bi/CNT (2 wt%) after calcination in nitrogen (a), after the pretreatments in CO at 250 �C (b) and at 350 �C (c).
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the iron catalysts and switching between different oxidation
states at the reaction temperature and in the presence of
reacting gas is extremely important for elucidation of the
mechanism of bismuth promotion.

A complete picture of the evolution and migration of
bismuth promoters has been developed in this work using
a combination of in situ characterization techniques (Fig. 12). In
situ STEM conducted under atmospheric pressure of reacting
gas is indicative of iron sintering occurring during catalyst
activation and catalytic reaction. The sintering under these
conditions is almost unaffected by the Bi promotion. The
bismuth mobility is sharply enhanced aer the catalyst
pretreatment in carbon monoxide, which results in bismuth
reduction. The melting point of metallic bismuth is situated at
271 �C, while bismuth oxide (Bi2O3) melts at 817 �C. Thus, the
6178 | Chem. Sci., 2020, 11, 6167–6182
bismuth mobility in iron catalysts is signicantly improved
aer the reduction of bismuth oxide and melting of metallic
bismuth at the temperatures of catalyst activation. Bismuth
migration also occurred in the Fe/CNT + Bi/CNT catalysts
prepared by mechanical mixing and resulted in a major
increase of the activity of mechanically mixed catalyst (Table 1)
compared to the reference monometallic Fe/CNT counterpart.

Two phenomena relevant to the bismuth migration were
observed by combination of in situ techniques. First, melting of
metallic bismuth results in formation of relatively large spher-
ical droplets (>50 nm, Fig. 11c). The increase in the Bi droplet
size is driven by the decrease in the bismuth surface energy,
while liquid state of bismuth signicantly reduces the kinetic
barrier for its migration over the catalyst surface. Second,
interaction of the migrating bismuth species with iron results in
This journal is © The Royal Society of Chemistry 2020
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Fig. 12 Bismuth migration during activation of iron catalysts and under the conditions of FT synthesis.
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the formation of iron bismuth core shell species, which were
identied in the activated and spent catalysts by STEM-EDX
cartography (Fig. S11†). Important, ICP analysis (Table S1,
ESI†) shows no bismuth evaporation during FT reaction.

The interaction and proximity of iron carbide and promoter
are extremely important for the Bi oxidation–reduction behavior
during the reaction. Important, the Bi oxidation aer the
contact with CO has been only observed at ambient temperature
(Fig. 5 and 6). It is known that CO dissociation42 can proceed
relatively easily over iron carbide nanoparticles. At ambient
temperature, CO dissociation results into diffusion of adsorbed
oxygen species toward bismuth followed by bismuth oxidation
(Fig. 8 and 12). At higher temperature, oxygen species produced
via CO dissociation over iron carbide and localized over Bi
species are easily reduced by reaction with CO yielding CO2. The
direct observation of Bi oxidation by CO at room temperature
observed by XANES was consistent with previous transient
kinetic experiments.17 The conducted steady-state isotopic
transient kinetic analysis (SSITKA) experiments suggest that the
rates of carbon monoxide adsorption and dissociation are
enhanced over the bismuth promoted iron catalysts. In addi-
tion, the rates of carbon dioxide production via the Boudouard
reaction aer the exposure of the catalyst to CO at 350 �C were
also much higher over the Bi-promoted catalysts in comparison
to the unpromoted counterpart. This suggests that the rates of
oxygen scavenging and its removal via its reaction with carbon
This journal is © The Royal Society of Chemistry 2020
monoxide are signicantly enhanced in the presence of
bismuth. The effect of bismuth on the FT reaction rate is more
pronounced at atmospheric pressure when the rates of CO
adsorption and dissociation are relatively lower.

The new strategy based on the use of liquid metallic
promoters, such as bismuth, has several advantages in
comparison to the conventional immobile promoters for
enhancement of catalytic performance of supported metallic
catalysts. First, the promoting effects of liquid promoters rela-
tive to the immobile counterparts are reinforced by the
promoter migration during the catalyst activation and its pref-
erential localization at the surface of iron carbide nanoparticles
leading to the formation of core–shell structures with the active
phase. Second, the close contact (easily achievable because of
the migration) between the iron active phase and liquid
promoter may result in the promoter direct involvement in the
elementary steps of FT synthesis such as carbon monoxide
dissociation. This results in several fold increase in the intrinsic
activity (TOF). FT synthesis over the promoted iron catalysts can
be conducted with substantial conversion even at atmospheric
pressure. The selectivity to light olens over the catalysts
promoted with liquid metals such as bismuth and lead,17,19 has
been signicantly increased. Third, easy reoxidation and
reduction of bismuth species at the interface with the active
phase may improve the catalyst stability and slow down carbon
deposition. Promising results relevant to the enhanced stability
Chem. Sci., 2020, 11, 6167–6182 | 6179
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in syngas conversion reactions have been recently obtained54 for
cobalt and nickel catalysts promoted with bismuth.

Conclusion

The strategy focused on the use of the bismuth liquid promoter
with extremely high mobility is proposed for enhancement of
the catalytic performance of CNT supported iron catalysts for FT
synthesis. The catalyst evolution has been elucidated using
a combination of the cutting-edge characterization techniques.
Under the conditions of catalyst activation and reaction,
metallic bismuth migrates over the catalyst surface forming
larger spherical bismuth droplets, strongly interacts with iron
carbide species and forms core–shell mixed nanoparticles.

Carbon monoxide activation over the Bi-promoted iron
catalysts is enhanced by oxygen scavenging and reversible
oxidation of bismuth species localized in a close proximity to
iron carbide nanoparticles. The bismuth redox cycles directly
observed by in situ XANES leads to the enhanced performance of
the promoted iron catalysts in FT synthesis.

Sintering of iron carbide species under the catalyst activation
occurred according to particle migration and coalescence
mechanism and was directly observed by in situ STEM operating
under atmospheric pressure of CO at the temperatures of
catalyst activation.

Experimental

The Fe/CNT and Bi/CNT catalyst were prepared by impregnation
with respectively iron and bismuth nitrates. The FeBi/CNT
catalyst was prepared by impregnation using solutions of iron
and bismuth nitrate. The Fe/CNT + Bi/CNT sample was
prepared by mechanical mixing of the Fe/CNT and Bi/CNT
catalysts. The samples were calcined in nitrogen at 400 �C to
decompose relevant nitrates. The CNT treatment and catalyst
preparation details are given in ESI.†

The BET surface area, pore volume and pore diameter were
determined with low temperature N2 adsorption–desorption
experiments performed on a Micromeritics Tristar Model 3020
Surface Area and Porosimetry analyzer. The samples (100 mg)
were degassed under vacuum at 250 �C for 2 h prior to N2

physisorption.
The X-ray diffraction patterns (XRD) were recorded on

a PANalytical Empyrean X-ray diffractometer in Bragg–Brentano
conguration with the 0.02� step size and 1 s step time. The Cu
Ka radiation (40 kV and 30 mA) was used as the X-ray source.
The crystalline phases were identied by comparing the
diffraction patterns with those of the standard powder XRD les
(JCPDS). The crystallite average size was calculated using the
Scherrer equation. In situ XRD measurements were conducted
under H2 (3%)/N2 on a D8 Bruker diffractometer equipped with
an Anton Paar XRK900 reactive chamber. Data were acquired in
the Bragg–Brentano geometry, using the Cu Ka radiation (40 kV,
40 mA). Diffractograms were recorded every 25 �C from 50 to
700 �C.

The Fe and Bi elemental analyses were performed by
inductively coupled plasma-optic emission spectroscopy 720-ES
6180 | Chem. Sci., 2020, 11, 6167–6182
ICP-OES (Agilent) with axially viewing and simultaneous CCD
detection.

The catalyst reduction behavior was studied through the H2

temperature-programmed reduction (H2-TPR), which was
carried out using the AutoChem II 2920 apparatus (Micro-
meritics). In a typical experiment, 100 mg sample was treated
with H2/Ar (5 vol% H2) stream (50 ml min�1) with the temper-
ature raising from room temperature to 900 �C at the rate of
10 �C min�1.

Transmission electron microscopy (TEM) analysis was
carried out on a Jeol 2100F (eld emission gun) microscope
operating at 200 kV equipped with a spherical aberrations STEM
probe corrector and a Centurion EDX detector. Before analysis,
the samples were dispersed in ethanol and deposited on a holey
carbon coated TEM grid. More than 100 particles were counted
to estimate the average Fe particle size and standard deviation
from TEM images. For the in situ environmental gas TEM
analyses, the catalyst powders were crushed, then dispersed in
pure ethanol and drop casted onto the environmental cell
membrane of a Protochips Atmosphere holder. In order to
obtain the highest possible contrast between the particles and
the supports, the scanning TEM with high angle-annular dark
eld imagingmode was preferentially used. Several locations on
the grid were tagged during sample examination at room
temperature. The same regions were further observed aer
heating the sample with different gas (Ar, CO and syngas) at
atmospheric pressure.

NAP-XPS analyses were performed in a custom-built NAP-
XPS (SPECS Surface Nano Analysis, GmbH Germany).31 The
apparatus was equipped with a PHOIBOS 150 Hemispheric
Energy Analyser coupled with a differentially pumped electro-
static pre-lens system for spectra collection and an Al Ka
monochromatic X-ray source of high intensity (excitation energy
of 1486.6 eV). In the XPS analysis chamber, the in situ reaction
cell allowed XPSmeasurements in presence of gas with pressure
up to 10 mbar and at high temperature. The measurements
were performed in presence of CO and syngas (1 mbar) at
temperatures ranging from ambient to 350 �C on samples
pressed into a tungsten mesh that was xed on the sample
holder. The data were analyzed with the CasaXPS soware.

The in situ Bi L3-edge X-ray absorption ne structure (XAFS)
spectra were measured at the beamline BM26A of the ESRF
(Grenoble, France) using a Si (111) double-crystal fast scanning
monochromator. The known amount of catalyst (3–5 mg) was
loaded in the quartz capillary (OD ¼ 1 mm, wall thickness ¼
0.020 mm) and pressed from both sides with quartz wool. The
capillary reactor used for in situ XANES measurements was
attached to the stainless-steel holder using high temperature
epoxy glue. A Cyberstar gas blower was used to control the
capillary reactor temperature. The total pressure in the reactor
(up to 10 bar) was regulated by a back-pressure controller. The
products were analyzed online with gas chromatograph (Bruker
GC-450). The data were analyzed with the Athena soware.

The catalytic performance of CNT-supported iron catalysts
was evaluated in the capillary cell (Fig. S8, ESI†), which was used
for in situ XANES measurements, with a pre-bed reactor. The
catalyst loadings were 100mg for the pre-bed and 3–5mg for the
This journal is © The Royal Society of Chemistry 2020
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capillary reactors, respectively. All the in situ XAS experiments
with simultaneous analysis of the FT reaction products were
performed at the reaction pressure of 10 bar. Aer the XAS
experiment, the pressure was decreased to atmospheric and the
catalytic performance was also evaluated 350 �C under atmo-
spheric pressure. We did not measure XAS at atmospheric
pressure. N2 was used as an internal standard. Analysis of N2,
CO, CO2, and CH4 was performed using CTR-1 column, while
hydrocarbons were separated on Rt-Q-PLOT capillary column.
Iron time yields (FTY) were expressed as moles of CO converted
per gram of total iron per second. The CO2 free hydrocarbon
selectivities are calculated on carbon basis. The carbon balance
was better than 90%.
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