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ABSTRACT: We performed DFT calculations to understand CO activation over a y-Fe,C,
Fischer—Tropsch catalyst. The y-Fe;C, catalyst exhibits unique CO activation behaviors, and
the BEP relation is nearly valid for this system. The physical basis of this relation mainly
originates from the site-dependent charge of the involved surface Fe atoms for the CO
activation. This descriptor is also applicable to describe the CO activation on the y-FesC,
catalyst with more complex surface properties involving K promoter, nonstoichiometric
termination, and/or carbon vacancy. The insights revealed here might guide the rational

catalyst design via surface electronic modification.
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Iron-catalyzed Fischer—Tropsch synthesis (FTS) is of
burgeoning interest in enabling direct conversion of CO-
rich syngas derived from coal and biomass into clean fuels and
lower olefins.'™® It is recognized as a structure-sensitive
reaction,”'’ meaning a dependence of the FTS$ activity on
the particle size of the active phase. Recently, Higg iron
carbide, y-Fe;C,, has been suggested as dominant active phase
for the FTS.""™** A central prerequisite for the knowledge-
based design of the y-Fe;C, catalyst is to understand the nature
of the active sites. However, it remains a substantial challenge
to reveal the origin of the size effects on the FTS activity, which
is complicated by complex/dynamic catalyst surface properties
and crystal phase composition (e.g., iron, iron oxides, and iron
carbides) under the realistic reaction conditions, %! /1219721

CO activation, a key step in the initiation of the FTS, is
usually employed as a probe reaction to understand the
difference in the FTS activities of different catalysts/
surfaces.”*>° The reaction energy and d-band center have
been theoretically suggested as the suitable descriptors of the
CO activation reactivity.””~*' However, these analyses have
been limited to the trends within various transition metal
catalysts with the similar surface geometries. To the best of our
knowledge, it remains an open question whether these two
descriptors can be applicable or other ones can be
discriminated to describe the CO activation on different crystal
facets over the given y-Fe;C, catalyst.

Previous studies showed that the y-Fe;C, catalyst compared
to the monometallic FTS catalysts (e.g, Ru and Co)*>*
exhibits unique exposed crystal facet composition, mainly
consisting of high Miller-index facets such as (510) and
(021).** Unexpectedly, the thermodynamically stable terrace-
like y-Fe;C,(510) surface is more active than the step-like
surfaces (i, y-FesC,(010), (001), and (100)).'***=" This
indicates significantly different CO activation behaviors. In
addition to the stoichiometrically terminated clean y-Fe,C,
surface, the presence of the nonstoichiometric termination,* Bs
site,'™** carbon vacancy,”***" and promoter'**""** (Figure 1)
also affects CO activation. An attempt is therefore necessary to
fully explore the CO activation on different y-Fe,C, catalyst
surfaces, aiming to unravel the nature of the active sites and
then guide the rational design of the catalyst.

To address these unresolved mechanistic details of the CO
activation over the given y-Fe;C, FTS catalyst, we resorted here
to extensive spin-polarized density functional theory (DFT)
calculations (more computational details shown in Supporting
Information (SI), Table S1). The unique CO activation
behaviors and Brensted—Evans—Polanyi (BEP) relation were
unambiguously investigated and rationalized. The physical basis
of this relation mainly originated from the difference in the
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Figure 1. Illustration of the geometric structure of typical y-Fe;C,
surfaice (Fe atoms in blue and C atoms in gray) involving
(non)stoichiometric termination, B site (orange), carbon vacancy
(yellow), and promoter (purple).

electronic properties in terms of the spatially resolved atomic
charge of the involved surface Fe atoms for the CO activation
rather than the work function and d-band center. This
descriptor was also applicable to describe the CO activation
on the y-Fe;C, catalyst with more complex surface properties
involving K promoter, nonstoichiometric termination, and/or
carbon vacancy.

We started with systematic investigations of CO activation
with and without H-assisted (Figure 2a) on six representative y-
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Figure 2. (a) Schematic of three kinds of CO activation mechanisms,
ie, direct CO dissociation, H-assisted CO dissociation via HCO
intermediate, and H-assisted CO dissociation via COH intermediate,
where the empty site (*) is not presented in the elementary steps for
the sake of clarity. (b) Calculated overall barriers of three preferred
CO activation pathways for the three CO activation mechanisms on
the y-Fe,C,(510), (021), (311), (011), (100), and (001) surfaces, in
which the preferred CO activation pathways are marked with yellow
stars for each surface.

Fe,C, surfaces with stoichiometric terminations, ie, two
thermodynamically stable terrace-like (510) and (021)
surfaces,”” three step-like (311), (011), and (100) surfaces
with Bs-like sites,"****" and one step-like (001) surface without
B-like site®® (Figure S1). All the identified stable CO
adsorption configurations, most stable adsorbed intermediates
adsorption, and transition states configurations as well as the
associated structural parameters, adsorption energies, and
activation barriers are listed in SI Tables $2—S3 and Figures

$2—85. It is unexpected that there is no direct relationship of

the structural parameters with the CO adsorption energy as
well as the CO activation barrier. However, it is clearly seen in
Figure 2b that for the preferred CO activation pathway, the
former four surfaces prefer the direct CO dissociation, while the
last two surfaces prefer the H-assisted CO dissociation. More
interestingly, the preferred direct CO dissociation pathways
over the former four surfaces correspond to lower overall
barriers than the preferred H-assisted CO dissociation pathways
over the last two surfaces (Figure 2b). Similar phenomena are
also observed on the CO activation over Co catalyst,’” i.e., the
direct CO dissociation corresponding to lower barrier and thus
higher FTS activity. On the basis of these analyses, the direct
CO dissociation can be used as the model reaction to
fundamentally understand the CO activation on the y-Fe;C,
catalyst and then unravel the nature of the active sites.

Previous studies demonstrated that monometallic FTS
catalyst surfaces with B sites show significant weakening of
the C—O bonds for the CO dissociation precursor state and
thus low CO activation barriers.**~** However, our cases, i.e.,
CO adsorption and activation on the y-Fe;C, surfaces with the
B.-like sites, do not follow similar trends. Specifically, the (011)
surface exhibits the lowest CO activation barrier, but its C—O
bond elongation is not significant compared to those on the
terrace-like (510) and (021) surfaces and the step-like (100)
surface. These results indicate remarkably different CO
activation behaviors on the y-Fe;C, catalyst compared to the
monometallic FTS catalysts,”” * calling for an in-depth
understanding.

In contrast to the monometallic FTS catalysts, the y-Fe,C,
catalyst, classified as the trigonal prismatic carbide, exhibits a
weak surface symmetry due to the existence of the interstitial
carbon atoms between the close-packed iron atoms.”**” This
leads to different local environments of the iron atoms to
activate CO on different crystal facets (Figure S6) and thus a
large complexity in the fundamental understanding of the CO
activation. The solution to reduce the complexity is to develop
a suitable reactivity descriptor from the generality of the scaling
relations.***’

The most successful example of the scaling relations is the
well-known Bronsted—Evans—Polanyi (BEP) relation,™
predicting the activation barrier from the reaction energy
(AE,). Along this line, we studied direct dissociation of CO on
nine typical y-Fe;C, surfaces and then plotted the forward
activation barrier (E, ¢ -a) With the AE,. Apparently, there is a
nearly linear relation (Figure 3a), suggesting that the reaction
energy could be a descriptor for the CO activation on different
x-Fe,C, catalyst surfaces.

To explain and rationalize the above BEP relation, we
employed Hammond’s postulate®*** and compared the stability
of the transition states. It is shown that the energy of the
transition states is close to neither the reactant nor the product
(SI Figure 57). We further plotted the reverse activation barrier
(E, reverse) with the AE, and found that the corresponding linear
relation is slightly worse for the reverse reaction as opposed to
the forward reaction (Figure 3b), indicating that the TSs are
“late” along the reaction coordinate.”** Additionally, the C—O
bond length at the TSs is much longer than that in the
adsorbed CO (Figure 3c), suggesting that the TSs of the CO
activation on the y-Fe;C, catalyst is structurally more product-
like than reactant-like.**** Therefore, it is rationally deduced
that the BEP relation mainly relates to the stability of the
product. This is further evidenced by a slightly better linear
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Figure 3. Plots of (a) the forward barrier (E,g.a) and (b) the
reverse barrier (E, oern) for CO activation against the corresponding
reaction energy (AE,) on the nine typical y-Fe;C, surfaces. (¢) C-0O
bond lengths of the favorably adsorbed CO (cyan) and the TSs (red).
(d) Plots of the forward barrier against the stability of the final states

(Egs)- Linear fits and regression coefficients (R) are given in each case.

relation between the E, f,,,0q and the energy of the final states
(Figure 3d).

To understand the physical basis of the above linear
relations, the electronic structures of the nine y-Fe;C, surfaces,
in principle determining completely the catalytic properties,”’
were analyzed in depth. First, we investigated the possible
trends in the work functions of the different y-Fe;C, surfaces.
However, there is a very poor linear relation between the CO
activation barrier and the work function (SI Figure S8a). This is
most likely because the work function is an average over the
whole catalyst surface and thus an inadequate descriptor to
describe the effects of the local environment of the iron atoms
over the different y-Fe;C, surfaces, which is a local site
property. Subsequently, we plotted the d-band center of the
involved surface Fe atoms for the CO activation with the CO
activation barrier (SI Figure S8b). However, the d-band
model* does not give a good description of the CO
activation barrier for the different y-FesC, surfaces. This could
be explained by the fact that unless the set of metals with the
similar surface environments being screened is restricted, there
would exist a linear relation between the d-band center and the
activation barrier.>'7%

Taking into account that the y-FeC, catalyst consists of
positively charged Fe atoms and negatively charged C atoms,
the typical y-Fe;C,(510) surface was taken as an example to
understand the CO activation by analyzing charge density
difference of the TS. As shown in Figure 4a, the Fe atoms show
decreased electron density (light-blue map), while the surface C
in the (I) region, the TS in the (II) region, and the subsurface
C in the (IIT) region exhibit increased electron density (yellow
map). This indicates a competition of electron withdrawing
capacity from the Fe atoms between the TS and the
(sub)surface carbon of the y-Fe;C, catalyst. In this context,
one could expect that the nine y-Fe;C, surfaces exhibit different
competition due to the different local environment of the
involved surface Fe atoms.

Different from the analyses of the work function and d-band
center, the charge density analysis based on the partition of the
total charge density is an effective method to quantify the
spatially resolved atomic charge of the iron carbides
surfaces.”>*” Here, we employed two popular methods, ie.,
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Figure 4. (a) Configuration and the corresponding charge density
difference of the TS for CO activation on y-Fe;C,(510) surface, where
(1), (11), and (11I) regions represent the surface C, the TS, and the
subsurface C, respectively. Yellow and light-blue isosurfaces represent
accumulation and depletion of electronic density. Trends in the direct
CO dissociation barrier (E,) as a function of the average Bader charge
(gs) (b) and the average Mulliken charge (gy) (c) of the involved
surface Fe atoms for the CO activation. The A, B, and 4 represent
the cases involving K promoter, nonstoichiometric termination, and
carbon vacancy, respectively. Linear fits and the related regression
equations and coefficients (R) are given in each case.

the Bader an:-xlysisﬁo_62 and the Mulliken ;11'1:-11)rsis,m_‘55 to
determine the atomic charge (ie., electron-donating capacity)
of the involved surface Fe atoms on each facet for the CO
activation. Parts b and c of Figure 4 show the CO activation
barrier (E,) as a function of the Bader charge (g;) or Mulliken
charge (qy) of the involved surface Fe atoms for the CO
activation, respectively. We find that both the atomic charges
follow nearly linear relations with the CO activation barrier,
suggesting the atomic charge as a dominant factor for the CO
activation. To understand the linear relations, we further
analyzed the net charges of the C—O atoms and the charge
donations of the involved surface Fe atoms in the TSs. It is
shown in SI Figure S9 that the charge of the involved surface Fe
atoms mainly donates electrons to the TS and thus to affect the
stability of the TS. Therefore, the atomic charge of the involved
surface Fe atoms for the CO activation is suggested as a
dominant factor to describe the CO activation on different y-
Fe,C, catalyst surfaces.

It is also interesting to note from Figure 4b,c as well as SI
Figure S6 that for the nine y-Fe;C, surfaces, different local
environment of the involved surface Fe atoms for the CO
activation gives rise to significantly different atomic charge, ie.,
a different capability to donate electrons for the CO activation.
Apparently, the less positively charged the involved surface Fe
atoms, the easier the CO activation. To test this idea, the
commonly employed K promoter,**"** being an electronic
promoter to donate electrons to the catalyst surface metal
atoms, is employed to make the involved surface Fe atoms
much less positively charged and thus promote the CO
activation. As expected, the CO activation barrier decreases on
the three representative K-promoted y-Fe;C, surfaces com-
pared to their perfect surface, which suggests that the charge of



the involved surface Fe atoms is still the dominant factor for the
CO activation on the promoted y-Fe;C, surfaces.

Furthermore, other representative cases involving the
nonstoichiometric terminations which are theoretically evi-
denced to be stable based on ab initio atomistic thermody-
namics® and carbon vacancy formed by the Mars—van
Krevelen mechanism®”*”* are studied to explore the universal-
ity of the above linear relations, and the results are shown in
Figure 4b,c as well as SI Figure S10. It is found that these
typical cases nearly follow the linear relations. This
demonstrates the universality of the linear relations. In other
words, the atomic charge of the involved surface Fe atoms for
the CO activation is evidenced as a dominant factor for the CO
activation on the y-FeC, catalyst.

On the basis of the above analyses, our results clearly
demonstrate the spatially resolved atomic charge of the
involved surface Fe atoms for the CO activation as a better
descriptor than the d-band center over the y-Fe;C, catalyst.
The weak correlation of the barrier with the d-band center
could arise from another important factor, ie., the distribution
of the d-band,"*®’ not being considered. We expect that the
charge could be a generally dominant factor to determine
reactant activation on nonuniform catalysts such as metal
carbides, nitrides, and sulfides.

To the best of our knowledge, we found for the first time that
the difference in the CO activation activities of different -
FeC, catalyst surfaces mainly originates from the difference in
the atomic charge of the involved surface Fe atoms for the CO
activation. In other words, if the C atoms of the y-Fe,C,
catalyst surfaces withdraw fewer electrons from the involved
surface Fe atoms for the CO activation, the involved surface Fe
atoms have the stronger ability to activate CO. On the basis of
the above analysis, we propose the linear correlation between
the CO activation barrier and the charge of the involved surface
Fe atoms for CO activation as a unifying concept for
understanding the CO activation over the y-Fe;C, catalyst.
Considering the fact that selectivity is another important
parameter for the FTS and a direct relationship between the y-
Fe C, crystal facet and FTS selectivity is still unclear, we will
investigate this relationship in our future work.

In summary, we have theoretically revealed the underlying
nature of unique CO activation behaviors over the y-Fe;C,
Fischer—Tropsch catalyst. The BEP relation is nearly valid for
this system, which is explained and rationalized by the stability
of the product. A local site property, ie., the atomic charge of
the involved surface Fe atoms for the CO activation is
discriminated as a dominant factor to describe the CO
activation on different y-Fe;C, catalyst surfaces. Specifically, a
linear relationship exists between the atomic charge and the CO
activation barrier, which is applicable to more complex cases
involving the K promoter, nonstoichiometric termination, and/
or carbon vacancy. These findings may shed new light on the
rational design of y-Fe;C, FTS catalyst, and the methodology
developed here could be applicable for quantifying the structure
sensitivity of other (iron) carbides catalysts.
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