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Abstract: Zn- and Na-modulated Fe catalysts were fabricated
by a simple coprecipitation/washing method. Zn greatly
changed the size of iron species, serving as the structural
promoter, while the existence of Na on the surface of the Fe
catalyst alters the electronic structure, making the catalyst very
active for CO activation. Most importantly, the electronic
structure of the catalyst surface suppresses the hydrogenation
of double bonds and promotes desorption of products, which
renders the catalyst unexpectedly reactive toward alkenes—
especially Cs, alkenes (with more than 50% selectivity in
hydrocarbons) —while lowering the selectivity for undesired
products. This study enriches C, chemistry and the design of
highly selective new catalysts for high-value chemicals.

Fischer—Tropsch synthesis (FTS), which converts natural
gas/coal/biomass derived syngas (CO and H,) into clean fuels
and valuable chemicals, is of great academic and commercial
importance.l'!l The product distribution of FTS is so complex
(from C; to C,y) that selective control of the reaction for
certain components is a top priority and also the bottleneck of
this process.”! In general, the product contribution relies
heavily on the type of catalyst and the specific reaction
conditions. It is well known that alkenes are very valuable
chemicals that are extensively used in the chemical industry.
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Very recently, Bao et al. reported that a bifunctional catalyst
shows an unexpectedly high selectivity (80% of hydro-
carbons) for lower olefins under 400°C.Pl Later, it was
shown that a combination of ZnZrO, (for methanol synthesis)
and SAPO-34 (for methanol to olefin conversion) catalysts
could dramatically increase the olefin selectivity as well.[¥
However, the reaction window has to be precisely tuned for
two or more reactions with different active phases, leading to
significant challenges in engineering design.

Significantly, de Jong et al. reported that lower olefins can
be selectively produced on S- and Na-modified Fe catalyst."’
Since this report, direct synthesis of olefins from FTS using
Fe-based catalysts has become an increasingly important
research topic in the traditional FTS process.”! Alkali metals
are typically added to Fe-based catalyst as promoters to
improve the catalytic performance by increasing the selectiv-
ity for lower olefins.”! K is the most common promoter for
increasing the hydrogenation barrier of the CH, species and
changing the pathway of methane formation, thereby enhanc-
ing olefin selectivity while suppressing the formation of
methane.®l Moreover, K could enhance the concentration of
active surfaces intermediates,”] atomic oxygen,'” active
facets,'!! or even directly take part in the reaction process
by forming composites with Fe.'”l It is also reported that the
addition of Na is sensitive to olefin production,™ although
the influence of Na on product selectivity is controversial and
the way it functions is still unclear."¥ Moreover, Fe can form
a solid solution or alloy with several different secondary
metals, such as Cu, Mn, Cr, and Mo:™ a bimetallic effect
plays an important role in the multi-component systems.!'"!
The strong interaction between Zn and Fe inhibits the
reduction of iron oxide but enhances the CO adsorption on
the iron surface,!'” therefore making the catalyst favorable for
production of long chain hydrocarbons.™®! However, the
process is restricted by high methane productivity, as well as
the associated water gas shift (WGS) activity, which produces
large quantities of undesired CO,.

Besides lower olefins, higher alkenes are important plat-
form chemicals for producing highly valuable products, such
as aromatic compounds and lubricating oil, as well as alcohols.
However, in most cases the production of higher alkenes is
associated with high CO, selectivity."” The full spectrum of
alkene production is desirable, particularly with relatively low
CO, selectivity. Herein, we report a Na- and Zn-modulated
iron carbide catalyst, Fe-Zn-x Na, which shows an outstanding
activity and high selectivity for alkenes (up to 79%) but
modest CO, selectivity. By combining various in situ charac-
terization approaches with density functional theory (DFT)
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calculations, a rationale for the structural modulation
provided by Zn and the electronic modulation given by Na
ions has been clearly revealed, which is vital for under-
standing complicated multicomponent FTS catalytic systems
and contributes toward the development of highly selective
FTS processes.

Fe-Zn-xNa catalysts were synthesized by a coprecipita-
tion/washing method. Unless otherwise specified, Fe and Zn
have the same concentration on Fe-Zn-xNa catalysts (Na
concentration is described as x%; x=3.4, 0.81, 0.36%;
catalyst without Na (x=0%) is termed Fe-Zn). Catalysts
without Zn were also prepared (Fe-1.2Na, with 1.2%Na).
Calcined Fe-1.2Na catalysts were washed up to 60 times to
generate Fe catalyst (Na-free).

Fe-Zn-xNa catalysts have similar XRD patterns
(Figure 1a), being a mixture of ZnO and ZnFe,O,, although
Fe-Zn-3.4Na presents relatively strong ZnO diffractions.
Other than ZnFe,O,, no additional phases of Fe were
observed, indicating the robustness of interaction between
Zn and Fe. The spinel structure promotes superior intimacy
between Fe and Zn, leading to an alteration in the size of the
crystal. Catalysts with Zn have relatively small crystals (8.4—
13.0 nm with Zn vs. 15.4-19.6 nm without; Supporting Infor-
mation, Table S1). This indicates that Zn changes the size of
the coprecipitated Fe species. We measured the CO uptake of
the reduced catalysts (Supporting Information, Table S2).
The catalyst with Zn has a larger exposed surface than that
without, which is in good agreement with XRD observations.
The elemental mapping results indicated that Fe, Zn, and Na
are nearly uniformly distributed in the calcined sample, but
Zn enriched areas were sometimes observed as well (Sup-
porting Information, Figure S1). XRD patterns show that the
dominant phases are ZnFe,O, and ZnO.

The catalytic performance was evaluated at 340°C
(Table 1). Remarkably, by comparing the Fe-Zn-0.81Na
catalyst with Fe-1.2Na (the two catalysts have a similar Na
content), a drastic increase in CO conversion was observed
(from 48.7 to 77.2%). The difference is clearer when we
compare the mass-specific activity (Figure 1b). The stable
activity of Fe-1.2Na is around 0.72 molco gr. ' h™!, while that
of Fe-Zn-0.81Na is 2.4 molcogr. 'h™', which is three times
higher than the former. However, the selectivity of the two
catalysts was similar. The trend also holds for catalysts
without Na (Table 1, entries 4 and 6). Therefore, in line with
XRD and CO adsorption results, this means that Zn works as
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Figure 1. a) XRD patterns for the calcined catalysts. b) The comparison
of activity vs. time between Fe-Zn-0.81 Na and Fe-1.2 Na catalysts.

c) The activity and product distribution on Fe-Zn-0.81 Na, Fe-Zn, and
Fe catalysts. Reaction conditions: catalysts (20 mg), 340°C, 2.0 MPa,
syngas (CO:H,:CO,:Ar=24:64:8:4; 20 mLmin"). d) The detailed
hydrocarbon product distribution obtained over Fe-Zn-0.81 Na. e) Cata-
lytic activity and o/p molar ratio as a function of Na content.

a structural promoter, the addition of which leads to smaller
Fe crystals and therefore more exposed surface sites. Con-
sequently, the mass-specific activity is dramatically increased.

Table 1: The catalytic performance of various catalysts in the FTS reaction.l!

Entry Catalysts Conv. co, Selectivity o/p® o Activity
[%] (Sel.) [C mol %] [molcogre "h™]
CH, C,C, G,
1 Fe-Zn-3.4Na 63.0 22.5 8.6 22.6 46.3 7.4 0.68 2.2
2 Fe-Zn-0.81 Na 77.2 23.8 9.7 25.9 40.6 7.2 0.69 2.4
3 Fe-Zn-0.36 Na 82.7 259 1.7 26.5 359 6.3 0.67 2.3
4 Fe-Zn 341 33.1 27.1 29.9 9.9 0.8 0.54 0.87
5 Fe-1.2Na 48.7 21.9 7.5 22.8 47.8 8.3 0.71 0.72
6 Fe 32.7 31.2 21.0 28.4 19.4 1.6 0.59 0.51

a] Reaction conditions: catalyst (20 mg), syngas (CO:H,:CO,:Ar=24:64:8:4; 20 mLmin '), 2.0 MPa, 340°C. Pretreated with H,/N, (5%) at 300°C
y g), syng

for 4 h. The data is collected at 40 h. [b] the ratio of olefin to paraffin.
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It is worth noting that most of the Fe-based catalysts for
alkene production have a strong tendency to produce a large
amount of CO,,” and the CO, selectivity of Fe catalyst for
alkene production in previous reports is normally above 36 %
at high temperature.’!! Therefore, the suppression of CO,
formation is a major task for FTS research at high temper-
ature. Significantly, besides the higher activity, Fe-Zn-xNa
catalysts show relatively low selectivity towards CO,
compared to the Fe-Zn catalyst (Table 1, entries 1-4) The
selectivity towards CO, can be suppressed to <25% by
adding 8% CO, into the feed, which means that a larger
proportion of the available carbon resource in syngas has
been fixed into hydrocarbons.

Besides lower CO, selectivity, the formation of saturated
hydrocarbons was almost inhibited and methane was well-
suppressed by the Fe-Zn-0.81 Na catalyst (Figure 1c), with the
dominant product being the desired alkenes. The selectivities
for all alkenes and Cs, alkenes were as high as 79 % (88 % if
methane was not considered) and 51% among all the
hydrocarbons (Figure 1c,d). We noticed that for a catalyst
with a similar Na concentration but without Zn (Fe-1.2Na),
although the activity is much lower than that for the
Fe-Zn-0.81Na catalyst, similar product distributions were
observed (Table 1); that is, sparse C, products and high
selectivity for alkenes. As expected, this means that Na plays
a vital role in selective conversion of syngas into alkenes. A
series of samples with the same Zn content but different Na
loadings ranging from 0-3.4 % were compared. The addition
of Na changed the reduction as well as the carburization
behavior of the catalyst (Supporting Information,
Figures S2-5). Significantly, the dependence of the activity
and olefin/paraffin ratio on the concentration of Na of the
Fe-Zn-xNa catalysts is shown in Figure le. For catalyst
without Na (Fe-Zn), the steady state activity is lowest (that
is, 0.87 moleo gr.~'h™"). Steady state activity increased signifi-
cantly with the addition of Na, passing through a maximum at
a Na concentration of 0.81 % . Upon further increase of the Na
content, a slow decrease of activity was observed. Indeed,
a small amount of Na may act as an electronic donator to Fe
or iron carbide, which facilitates the activation of CO and
leads to a higher FTS activity. Most importantly, there was an
obvious correlation between selectivity of products and Na
concentration (Figure 1e). The olefin/paraffin molar ratio
(o/p ratio) was only 0.8 on Fe-Zn, suggesting that the majority
of hydrocarbons correspond to alkanes when Na is absent
from the catalyst. However, the o/p ratio drastically increased
with an increase of Na concentration; for catalyst with
0.36 % Na the o/p ratio reached 6.3. This ratio goes as high as
7.4 when the loading of Na is 3.4 %. At the same time, the
existence of Na not only suppressed the formation of alkane,
but also inhibited the WGS reaction to some extent, and
subsequently improved the carbon efficiency significantly
(Table 1).

We used STEM/EDX to study the distributions of differ-
ent elements in Fe-Zn-0.81 Na catalyst after 3 h of reaction,
which already reached the best performance in steady-state
FTS (Figure 2). Clearly, phase segregation occurred because
of crystalline phase transformation of the sample from
ZnFe,O, and ZnO, into Fe;C,, Fe;0,, and ZnO; Zn and Fe
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Figure 2. a—d) The elemental mapping of Fe-Zn-0.81 Na catalyst after
reaction for 3 hours. Fe (red), Na (green), Zn (blue). Scale bar: 50 nm.
Reaction conditions: catalyst (20 mg), 340°C, 2.0 MPa, syngas
(CO:H,:CO,:Ar=24:64:8:4), pretreated with H,/N, (5%) at 300°C for
4 h.

species were separated with a clear boundary. To our surprise,
the distribution of Na is very interesting. On ZnO it is
homogeneously distributed both in the surface and the bulk,
but on iron carbide it was only observed on the external
surface of the crystals. As catalytic reactions take place on the
surface of this catalyst, the surface modulation of Na on Fe
species is the key for the altered catalytic behavior. To study
the effect of electronic modulation of Na on Fe catalyst, we
compared the evolution of electronic character in the near-
surface region of Fe-Zn-0.81Na and Fe-Zn catalysts during
the activation/reaction process using insitu X-ray photo-
electron spectroscopy (XPS; Figure 3a,b). The catalysts were
treated in 2.0 MPa syngas at different temperatures (RT, 200,
300, and 340°C). The sample treated at 340°C underwent
a further 150 min heat treatment at 340°C to generate the
340°C-3 h sample. Whereas the R-340°C-3h sample was
generated after reduction of the Fe-Zn catalyst in pure
hydrogen at 400°C for 2 h, followed by reaction with syngas at
340°C for 3 h. After treatment the samples were transferred
to the measurement chamber without exposure to air. Below
300°C, Fe-Zn shows a characteristic Fe™ 2p;, peak at
710.6 eV,*! indicating that most of the Fe present remains
in a ferric oxide form at these temperatures. However, for
Fe-Zn-0.81Na we observed a 0.6 eV shift toward lower
binding energy, although the treatment temperature was the
same, suggesting that charge transfer from Na ions to the
surface iron oxides is possible. When the treatment temper-
ature reached 340°C, the peak shifted toward lower binding
energies that correspond to the formation of Fe' species.
Upon prolongation of the treatment time to 3 h, a new peak at
705.2 eV appeared, which is characteristic of iron carbide in
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Figure 3. Fe 2p XPS spectra of a) Fe-Zn and b) Fe-Zn-0.81 Na treated in
syngas (20 mLmin™") at different temperatures. (a) R-340°C-3 h (blue
line) indicates that the sample was reduced in pure hydrogen

(20 mLmin™") at 400°C for 2 h and then treated in syngas

(20 mLmin~", 2.0 MPa) for 3 hours at 340°C. c,d) Transient response
curves obtained during pulses of 250 pl diluted C;H¢ (7.5% C;Hg,
2.5% Ar, 90% N,) into a flow of pure H, (20 mLmin~") at 340°C, over
Fe-Zn (c) and Fe-Zn-0.81 Na catalysts (d). Before the pulse reaction,
the samples (20 mg) were pretreated with H, (20 mLmin~', 400°C)
and reacted in syngas (20 mLmin~', 2.0 MPa) at 340°C for 20 min.
R=ratio of C3H/C;H; peak area detected by MS.

a zero valent state. However, this peak is more than 1eV
lower (705.2 vs. 706.5eV) than the standard iron carbide
sample,™ suggesting the formation of electron-rich iron
carbide species. By comparison, the iron carbide species
formed on the Fe-Zn catalyst still has a binding energy of
706.4 eV. Indeed, from the plotted charge density difference
based on DFT calculations (Supporting Information,
Figures S6 and S7), it can be seen that delocalized electrons
are transferred from Na to the interface of iron when the Na
ion is distributed on the surface of FesC,, making the surface
iron carbide species electron rich. Furthermore, the electron
transfer can be confirmed by the computed Bader charge of
the Fe atom in FesC, and Na,O/FesC, (4 0.52 vs. +0.34).
Although it has long been speculated that electron transfer
might occur between alkali promoter and iron,”" in the
present study we provide the intuitive evidence experimen-
tally and theoretically.

One of the key factors affecting the o/p ratio is the
weakening of hydrogenation ability of the working catalyst
surface and thus inhibition of hydrogenation of the formed
alkenes on the surface of that catalyst™ To verify our
theoretical hypothesis, we used a pulse experiment to explore
the reactivity of alkenes on the iron carbide with and without
Na modulation (Figure 3c,d). The catalysts were firstly
reacted in syngas at 340°C for 20min to reach a
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steady-state, before switching to a flow of H, (20 mLmin ')
at the same temperature. Propene was pulsed into the reactor
and the effluent (propene and propane) were detected by
mass spectrometer, thereby allowing the percentage of
hydrogenated alkene to be determined. Clearly, a much
narrower pulse width of propene was observed on the
Fe-Zn-0.81Na catalyst than that for Fe-Zn (half width: 7s
vs. 13 s), demonstrating the weaker adsorption, and thus the
faster desorption, of alkenes on the surface of the Na-
modified iron carbide catalyst. More importantly, for Fe-Zn at
least 36% of the propene was hydrogenated to propane,
suggesting that the unmodified iron carbide catalyst promotes
the alkene hydrogenation reaction well. To our surprise, the
formation of propane was almost totally inhibited with
catalyst containing 0.81 % Na (Fe-Zn-0.81Na; see Figure 3d).
This result indicates that Na not only accelerates alkene
desorption on the surface, but also suppresses the secondary
hydrogenation of alkenes. A similar phenomenon was
observed when propylene was replaced by ethylene in this
experiment (Supporting Information, Figure S8). Compared
with propylene, a small amount of ethylene was hydrogenated
to ethane on Fe-Zn-0.81 Na under these condition, which is in
accordance with the fact that propylene is more easily
obtained than ethylene on iron catalyst (Figure 1d).

To understand the dramatic effect of Na on the selectivity
for FTS products, we carried out reaction mechanism
calculations on iron carbide catalysts. Based on the
experimental characterization results, two surface models
(Supporting Information, Figure S6) for FesC,(111) and
Na,O/FesC,(111) were constructed to represent the iron
catalyst without Na or Fe-xNa catalyst. In Figure 4a, the
calculation results showed that the adsorption energy of C;H,
was weakened by Na from —0.82eV (without Na) to
—0.55 eV (with Na) on the same Fe adsorption site, which is
in good agreement with the experimental observations. The
first hydrogenation (C;Hy, H—C;H;) barrier was similar (0.67
vs. 0.66 eV) for both catalysts. Comparably, the hydrogena-
tion barrier was higher than the desorption energy of C;Hg on
Na,O/FesC, (111) (0.66 >0.55eV), indicating that C;Hg is
more easily desorbed from the surface instead of being
hydrogenated. However, desorption of C;H cannot occur on
the clean surface of FesC, (111) because its hydrogenation
barrier is lower than the desorption barrier (0.67 <0.82 eV).
This observation is in line with the prediction of Norskov
etal. for the acetylene hydrogenation reaction.*” From
a frontier orbital point of view, the adsorption of olefins
(C=C) corresponds to a major interaction between the
surface z* band and the m/m,* state, as shown in Figure 4b.
The doping Na breaks the symmetry of such a z* band on the
surface, leading to weakening of the adsorption of olefins. The
DFT calculations suggested that the main effect of Na on iron
carbide was the electronic structure modulation. The exis-
tence of Na would suppress the hydrogenation of olefins by
weakening the adsorption of olefins and further enhancing
the o/p ratio; this hypothesis is confirmed by our experimental
results.
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Figure 4. a) The reaction path for propene hydrogenation into propane
on FesC, (111) (blue line) and Na,O/Fe;C, (111) (red line) surfaces,
the adsorption energies of H, and C;H, include the zero point energy
(ZPE) and entropy correction at 340°C and 2.0 MPa. Atom key: Fe
(blue), C (brown), Na (purple), and O (red); the C atoms of C;H; are
in black for clarity. b) Schematic describing the orbital interactions
between olefins and surfaces, modified from [26].
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