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Hydrogen adsorption on the Fegt- and Feor-terminated Fe3O4(11 1) surfaces has been computed at
the level of density functional theory. At 2/5 monolayer (ML), the most favored hydrogen adsorption on
the Feter1-terminated surface is homolytic and dissociative on surface O atoms, while other adsorption
modes become possible at higher coverages. On the Fe,;-terminated surface at 1/3 ML, hydrogen prefers

to adsorb heterolytically and dissociatively on surface Fe and O atoms, while other adsorption modes

become in close energy at 2/3 and 1 ML. The Fe;-terminated surface is more favored than the Feoco-
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Fe304 of the calculated local density of state.
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1. Introduction

Magnetite (Fe304) has attracted much attention because of
its unique properties and potential applications in electronics,
magneto-recording and heterogeneous catalysis [1-7]. One of the
representative examples is Fe304-catalyzed water-gas shift (WGS)
reaction [8-11]. As iron carbides and iron phases, Fe304 [12-14] is
one active phase in Fischer-Tropsch synthesis (FTS).

Experimental studies on water adsorption on different surfaces
of Fe304 [15-17] indicated the formation of OH and H species
bonded to the iron and oxygen atoms exposed on the topmost
layer of the Fe304(11 1) surface, respectively. Weiss et al. [18-20]
studied the adsorption of ethylbenzene and styrene on different
iron oxide films. Adib et al. [21] studied CCl4 adsorption on the
Fe304(111)-(2 x 2) selvedge of a-Fe;03(0001). Lemire et al. [22]
studied CO adsorption on the Fe304(11 1) films grownonaPt(111)
substrate. It is noted that in FTS and WGS the presence of hydrogen
on a catalyst surface has a pronounced influence on its chemical
and electrical properties as well as catalytic activity and reaction
mechanism [23-25]. However, due to the fact that the standard
methods, such as low-energy electron diffraction, X-ray photo-
electron spectroscopy and Auger electron spectroscopy, are not
sufficiently sensitive for H atom, there are few experimental results
on hydrogen adsorption so far.
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Quantum chemical methods have become new tools for study-
ing the structure of active surfaces and determining reaction
mechanisms. With recent developments, density functional theory
(DFT) is capable of providing qualitative and, in many cases, quan-
titative insights into surface science and catalysis. DFT calculations
on Fe304 structures have been carried out [26-28]. To understand
the catalytic active and surface properties Huang et al. [29] have
studied CO adsorption on the Feetq - and Feycp-terminations. Most
recently, Grillo et al. [30] studied the surface structure and water
adsorption by using spin-density functional theory and found that
initial water adsorption is dissociative and saturates when all Fe
sites are occupied by OH groups and H atoms bind to surface oxygen.
In addition, the energetic aspects of the carburization process of the
Fe304(111) surface have been computed [31]. To our knowledge,
hydrogen adsorption on the Fe304 surface is still lacking. Recently
we have studied hydrogen adsorption on the surfaces of iron and
iron carbides because of their importance in FTS processes on the
basis of DFT calculations [32,33].

In this work, we report a systematic DFT study on hydrogen
adsorption on two different terminations (Feg;- and Fegcea-
termination) of the Fe304(111) surface for understanding the
surface structure and activity, which are essential for the catalytic
mechanism of WGS and FTS processes.

2. Methods and models

All calculations were done with the Cambridge Sequential
Total Energy package (CASTEP) [34]. The Perdew-Burke-Ernzerhof
(PBE) functional [35] within the generalized gradient approxima-
tion (GGA) [36] was used. lonic cores were described by ultrasoft
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pseudopotential [37], and the Kohn-Sham one-electron states were
expanded in a plane wave basis set up to 300eV. The error of the
adsorption energy at the level of cutoff between 300 and 340eV
was within 0.02 eV. A Fermi smearing of 0.1 eV was used. Brillouin
zone integration was approximated by a sum over special k points
chosen using the Monkhorst-Pack scheme [38], and the k point
of 0.05A-! spacing is utilized. The pseudopotential with partial
core was used in spin-polarized calculation to include nonlinear
core corrections [39]. Spin polarization having a major effect on
the adsorption energies for magnetic systems [40] was included
to correctly account the magnetic properties of Fe304. Without
counting the adsorbate, the vacuum between the slabs was set to
span a range of 10A to exclude the interaction of the slabs. The
convergence criteria for the structure optimization and energy cal-
culation were set to (a) a SCF tolerance of 2.0 x 10~6 eV/atom, (b) an
energy tolerance of 2.0 x 10> eV/atom, (c) a maximum force toler-
ance of 0.05eV/A, and (d) a maximum displacement tolerance of
2.0x 1073 A

Since it is technically not possible to perform vibra-
tional frequency calculations with CASTEP for characterizing
the energy minimum structures, we have taken the follow-
ing alternative strategy for making sure that the optimized
structures to be energy minimums: (a) all possible initial ori-
entations were considered; (b) no symmetry constrains were
used; (c) free optimization of all initial positions converges to
the same structure with the same energy; (d) CASTEP uses
BFGS geometry optimization method to locate energy minimum
structure.

Fe304 has a cubic inverse spinel structure with a lattice constant
of 8.396A [41]. Fe304(111) is one predominant natural growth
face and its catalyst activity is higher than that of other surfaces
[42,43]. Cutting the Fe304(111) stacking sequence can generate
six non-equivalent ideal bulk terminations and the termination
with the less number of the dangling bond shows higher stability.
A cleavage through the iron multilayer of the Fe304(111) stack-
ing sequence gives two terminations with the least dangling bonds
[44], i.e.; Feer1 - and Feycp-terminated surface, and they have been
proposed as the most stable terminations [22,26,45]. We choose
them as the models to investigate the hydrogen adsorption. The
very open structures of these two surfaces have exposed iron and
oxygen atoms (Feget; layer: Feger; and O; Fegcry layer: Fegcrn, Fetert
and O). Comparing the influence of the thickness (the error within
10%), we used a model system with eight layers, in which the top
four layers were relaxed, and the bottom layers were fixed in their
bulk position (Fig. 1). For the Fe.;-termination, the top two iron
layers and two oxygen layers (2Fe/20) were relaxed, and the bot-
tom three iron layers and one oxygen layer (3Fe/O) were fixed
(Fig. 1A). For the Feycz-termination, the top three iron layers and
one oxygen layer (3Fe/O) were relaxed, and the bottom three iron
layers and one oxygen layer (3Fe/O) were fixed (Fig. 1B). The iron
atoms of the uppermost layer are labeled as Feer; and Feqcn, and
the oxygen atoms of the second layer are signed as a, b, c and d,
respectively.

For calculating the adsorption energy per Hy, E,q4s = [E(H/slab) —
E(slab) —nE(H3)]/n is utilized. Here, E(H/slab) is the total energy
for the slabs with adsorbed hydrogen, E(slab) is the total energy
of the bare slab of the surface, E(H>) is the total energy of free Hy,
and n is the number of the adsorbed H,. Therefore, the more neg-
ative the E,q, the stronger the adsorption. The H coverage (0y) is
defined as the number of the adsorbed H atoms over the number
of the exposed Fe and O atoms on the surface. In our calcula-
tions, H, was initially oriented parallel to the surface, the initial
parameters of H, atop the iron atoms was set to 1.75 A for H-Fe
bonds (from low-energy electronic diffraction [46]) and that of
the surface oxygen (O-H) was 1.3 A, while the H-H distance was
0.75A.

The supercellof magnetite (Fe;405,)

(B)

Fig. 1. The supercell of magnetite (Fe,403;) and the schematic front (F) and top (T)
views for the Fe1 (a)- and Feorz (b)-terminated surfaces in a p(1x1) unit cell of
Fe304(111)(purple, Fe atom; red, oxygen atom). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the article.)

3. Results and discussion
3.1. Hydrogen adsorption on the Fey-terminated surface

3.11 0y=2/5ML

As shown in Fig. 2, there are six models (1-6) for hydrogen
adsorbed on the Feq;-terminated surface at 2/5 ML, and the com-
puted bond lengths and adsorption energies are also given.

There are two dissociation forms, i.e.; homolytic (1-3) and
heterolytic (4 and 5). In 1-3, H, dissociates homolytically and form
two O-H bonds, while in 4 and 5, H; dissociates heterolytically and
forms one O-H bond and one Fe-H bond. 6 has adsorbed molecular
hydrogen. The most stable adsorption is 3 followed by 2 (—1.62 eV
vs. —1.19 eV), and the least stable adsorption is 6 (—0.21 eV). Com-
pared to 2, the strongest adsorption of 3 can be attributed to the
shortest distances of non-bond electrostatic interaction between
the adsorbed hydrogen and the second nearest neighboring oxygen
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5(=0.98¢V)

6(=021eV)

Fig. 2. Hydrogen adsorption on the Fey; -terminated Fe;04(1 1 1) surface at 2/5 ML
(purple, Fe atom; red, oxygen atom; white, hydrogen atom). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of the article.)

atoms. For example, the distances of the non-bond interaction
between the H and O atoms in 3 are 2.211-2.214 A, while those are
2.298-2.388 A in 2. Therefore, the most stable site may have the
higher coordination. It should be noted, though, that the strength
of an adsorption site is not necessarily related to bond length.

3.1.2. 6y=4/5ML

Fig. 3 shows the hydrogen adsorption modes on the Feet;-
terminated surface at 4/5 ML (7-9) along with the computed bond
lengths and adsorption energies.

In 7 and 8, there are three O-H bonds and one Fe-H bond rep-
resenting one homolytic and one heterolytic H, dissociation, while
there are four O-H bonds in 9 representing two homolytic H, dis-
sociations. 7 can be considered as the superposition of 1 and 4, and
8 as that of 3 and 4. 9 is the combination of 1 and 2. On the basis

of the results, it is to expect that 9 should be thermodynamically
more favorable than 7 and 8. As shown in Fig. 3, 9 is indeed more
stable than 7 and 8, but in much less extent. The difference between
9 and 8 is only 0.06 eV. These rather smaller adsorptions of 7-9 can
be explained by the repulsive effect of the dissociatively adsorbed
hydrogen atoms; for example, the shortest distances among these
hydrogen atoms are 1.926-2.448 A.

3.1.3. Electronic structure

Since 3 and 5 represent the most stable homolytic and
heterolytic dissociation adsorption models at 2/5 ML on the Feet1-
terminated surface, respectively, the local density of states (LDOS)
for the adsorbed H atoms and the surface Fe and O atoms was
calculated to understand the bonding nature between H and
Fe304(1 1 1)

Fig.4a shows the LDOS for the homolytic dissociation adsorption
model (3). The surface Hg, and Hoq have two very weak peaks;
the first one at —9.0eV is the energy level for the 1s orbital, and
the second one at —21.0eV is contributed by the oxygen 2s orbital
[47]. After adsorption, both the 2s and 2p orbitals of the surface
oxygen shift to lower energy levels. For the heterolytic dissociation
adsorption model (5), the LDOS for the O-H bond is approximately
the same as in case of 3, while that of the Fe-H bond is somewhat
complicated. For the surface hydrogen, the energy level has two
peaks, one is the 1s orbital (—3.7 eV) and the second one above the
Fermi level is contributed by the 3d orbital of Fe. For the surface
Fe, significant shifts of the energy level have been found for the 3d
orbital, and that of the 4s orbital is rather weak. It shows clearly
that the 2s and 2p orbitals of oxygen and the 3d orbital of iron are
responsible for the O-H and Fe-H bonding, respectively.

9 (~0.78 ¢V)

Fig. 3. Hydrogen adsorption on the Feye; -terminated Fe;04(1 1 1) surface at 4/5 ML
(purple, Fe atom; red, oxygen atom; white, hydrogen atom). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of the article.)
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Fig. 4. LDOS for adsorbed H and surface Fe/O atoms in 3 (a) and 5 (b) on the Feet;-terminated Fe304(1 1 1) surface at 2/5 ML: Hpeter1 0N the top of Feiet; atom; Hop on the top
of O, atom (solid lines for bands after adsorption, dotted lines for bands before adsorption).

3.2. Hydrogen adsorption on the Fe,.>-terminated surface

321 6y=1/3ML

Fig. 5 shows the adsorption models on the Fey.,-terminated
surface at 1/3 ML (10-13), and the calculated bond lengths and
adsorption energies also are given.

In 10, molecular H, adsorbs on the top of Fey.; and the
computed adsorption energy is —0.66 eV. In 11-13, H; adsorbs dis-
sociatively and heterolytically on surface Fe and O atoms. 11 has the
largest adsorption energy (—1.21 eV), while those of 12 and 13 are
much smaller (—0.55and —0.20eV, respectively). In contrast to 10
and 11, strong surface reconstructions have been found in 12 and
13.

The diagram of the lowest energy molecular orbital of O-H
bond in 3 and Fe-H bond in 11 are given in Fig. 6. Along with
the charge distribution, the O-H and Fe-H bond have polar-
ized and covalent nature. In the homolytic dissociation of 3, H
has the same charge (+0.44 and +0.45), while H has the differ-
ent charge (—0.30 and +0.45) in the heterolytic dissociation of
11.

32.2. Oy=2/3 ML

Fig. 7 shows the adsorption modes on the Fey,-terminated
surface at 2/3 ML (14-20), and the computed bond lengths and
adsorption energies also are displayed.

As shown in Fig. 7, 14-16 have one adsorbed molecular H, and
one dissociatively adsorbed H, in homolytic (16) or heterolytic (14
and 15) forms. They have very close adsorption energies (—0.32 to
—0.37 eV) despite their different structures. Apart from the termi-
nal Fe-H bonds, there is one hydrogen atom bridging bond in 15,

in which the hydrogen atom bridges Feer; and Feyp forming one
Fe—H-Fe bond (1.738 and 1.739 A).

In contrast to 14-16, 17-20 have only dissociatively adsorbed
Hs. In 17 and 18, there are two O-H bonds, as well as one terminal
Fe-H bond and one bridging Fe-H-Fe bonds. In 19, there are three
O-H bonds and one terminal Fe-H bond, while there are three O-H
bonds and one bridging Fe-H-Fe bond in 20. The adsorption energy
(—0.35eV) of 18 is close to those of 14-16, while those of 17, 19 and
20 are somewhat smaller. Compared to 11, the hydrogen adsorption
energies become smaller when increasing the H, coverage.

323. Oy=1ML

There are merely three models for hydrogen adsorbed on the
Feocro-terminated surface at 1 ML. The computed bond lengths and
adsorption energies are displayed in Fig. 8.

As shown in Fig. 8, the constructed structures seem more com-
plicated due to that the Fe atoms and some O atoms leave their
original positions, as compared to Fig. 1. There are activated Hj
adsorbed on Fey, in both 21 and 22. Interestingly, a third H disso-
ciatively adsorbs on Fe,, in 21 with a Fe-H bond length of 1.542 A.
Compared to 22,23 has an H atom bridging Fe,¢; and Feety yielding
the corresponding Feyct;—H-Feter; bond. The computed adsorption
energies of 21-23 are —0.32, —0.30 and —0.24 eV, respectively, and
these energies are close to those of 14-19.

3.2.4. Electronic structure

Fig. 9 shows the LDOS analysis of the adsorbed H atoms on the
Feocrz-terminated Fe304(1 1 1) surface (11). As expected that there
is no difference between those of the O-Hbond in 11 and 3 as well as
5 (Fig. 4). However, there are significant differences between the d
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Fig. 5. Hydrogen adsorption on the Fey,-terminated Fe3O4(11 1) surface at 1/3 ML
(purple, Fe atom; red, oxygen atom; white, hydrogen atom). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of the article.)

orbitals of Feyct; and Fee; centers and also between the s orbital of
hydrogen bonded to Feyy and Feeq. The surface Heeocrz has three
weak peaks; one at —1.3 eV is the energy level of the 1s orbital, the
others at —2.9 and —4.0 eV maybe due to the split iron 3d orbital.

Charge
H +0.45

. 0 -074

(b)
Charge

H -0.30

Fe +0.89

Fig. 6. Schematic diagram of molecular orbital: (a) 3 with homolytic dissociation
(two O-H bonds are shown). (b) 11 with heterolytic dissociation (only Fe-H bonding
is shown, and the O-H bonding is similar with those in(a)).

For surface Feyc, there is obvious change of the 3d orbital respect
to the bare surface, while that of 4s orbital is weak. The O-H and
Fe-H bonds in 11 have the same characteristic as in 3 and 5.
Generally, there are no significant changes of the LDOS for
the same type of bonds upon increasing coverage. Significant
changes are found for different adsorption types, e.g.; chemisorp-
tion and physisorptrion. For considering the coverage effect, we

17 (~ 0.29 eV) 18 (- 0.35 eV)

19 (- 0.25eV)

20(-0.14eV)

Fig. 7. Hydrogen adsorption on the Feycr;-terminated Fe304(11 1) surface at 2/3 ML (purple, Fe atom; red, oxygen atom; white, hydrogen atom). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)
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23 (-0.24 eV)

Fig. 8. Hydrogen adsorption on the Fe,c;-terminated Fe304(11 1) surface at 1 ML
(purple, Fe atom; red, oxygen atom; white, hydrogen atom). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of the article.)

have calculated the LDOS for Fegt1-(a) and Feyp-(b) terminated
Fe304(11 1) surface at low and high coverage, respectively. For the
Fetet1-terminated surface, we choose 3 at 2/5 ML and 9 at 4/5 ML,
while for the Feycy-terminated surface, 10 and 11 at 1/3 ML are
selected for comparing the LDOS of H-Fe and H-O bond with that
of 16 at 2/3 ML, respectively. That is, there is additional dissociated
H, on two surface oxygen atoms in 16 comparing with 10, while
comparing with 11, 16 has one more dissociated H atom on Fe
and O atom, respectively. As shown in Fig. 10, there are little shifts
for all orbital bands at high coverage comparing with the low
coverage.

3.3. Discussion

As shown in Fig. 2, the most stable adsorption of hydrogen
on the Fey-terminated Fe3O4(111) surface at 2/5 ML is the
homolytically dissociatively adsorbed 3 (—1.62eV), while that of
heterolytically dissociatively adsorbed states and molecular hydro-
gen are less stable. With the increase of the hydrogen coverage at
4/5 ML, there are three adsorption modes with both homolytically
and heterolytically adsorbed H or with homolytically adsorbed H
in very close energy, indicating the possibility of the co-existence
and equilibrium of several adsorption modes.

On the Feycp-terminated Fe304(111) surface at 1/3 ML, the
most stable hydrogen adsorption is the heterolytically dissocia-
tively adsorbed 11 (—1.21eV), while that of other heterolytically
dissociatively adsorbed states and molecular hydrogen are less sta-
ble. With the increase of hydrogen the coverages at 2/3 and 1 ML,
both dissociatively adsorbed hydrogen and molecular hydrogen
become possible, and the most interesting aspect is the formation
of bridging hydrogen bond over two Fe centers (Feg; and Fegcty).

Although both terminations of the Fe304(11 1) surface is pro-
posed to be the most stable one in experiment and theory, the
Feier1 -terminated surface has greater hydrogen adsorption energies
than the Fe,t;-terminated one. However, the reverse trend is found
for CO adsorption [29], and CO adsorption on the Fey;-terminated
surface is more stable than on the Fe.;-terminated surface.

Since iron, iron oxides and iron carbides are used as catalysts, it
is interesting to compare the adsorption of hydrogen on the differ-
ent surfaces, as summarized in Table 1. For hydrogen adsorption,
the Fe(110) surface is most active, followed by the Fe(111) and
Fe(100) surfaces, as found both experimentally [51,53,54] and the-
oretically [32,49,50,52].

The hydrogen adsorption energies on the metallic Fe3C(010)
[55] and Fe5C,(100) [33] surfaces are close to that on the Fe(110)
surface, indicating their similarity. However, carbon-containing
surfaces, like Fe5C;(001) and Fe3C(100), are more active for
hydrogen adsorption than metallic surfaces. This reveals that
carbon-containing surfaces of iron carbides have stronger hydro-
gen adsorption ability than pure or metallic iron surfaces in FTS, in
agreement with the observation that TiC(1 1 1) has stronger activa-
tion ability of hydrogen than pure Ti [48].

It is also to note that the Feer;-terminated Fe304(11 1) surface
has the strongest hydrogen adsorption energy, as compared to the
Fe5C,(001) surface, while the Fe(110) has the smallest hydrogen

H -3
Fegera

Density of States

-25 -20 -15 -10 =5 0 5
Energy (eV)

Fig. 9. LDOS for adsorbed H and surface Fe/O atoms in 11 on the Feyc;-terminated
Fe304(111) surface at 1/3 ML: Hgeoerz OnN the top of Feez atom; Hop on the top
of O, atom (solid lines for bands after adsorption, dotted lines for bands before
adsorption).
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Fig. 10. LDOS for the Feet1-(a) and Feocrz-(b) terminated Fes04(1 1 1) surfaces at low and high coverages. (a) Blue lines, 3 at 2/5 ML; red lines, 9 at 4/5 ML; dotted lines, before
adsorption. (b) Blue lines, 10 at 1/3 ML; green lines, 11 at 1/3 ML; red lines, 16 at 2/3 ML; dotted lines, before adsorption. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of the article.)

Table 1
The largest adsorption energies for H, on different surfaces of iron metal (Fe), iron carbides (FesC, and Fe3C) and iron oxide (Fe304) at low coverage.

Site DFT Exp.
Fe(100) 4-fold —0.74 [49]* —0.70 [50]° —-0.74 [51]
Fe(110) 3-fold —1.42 [49]° —-1.39[52]° —1.06 [49]° —1.05 [53]
Fe(111) Top-shallow bridge -1.39[32]2 -1.12 [32]¢ —0.91 [54]
FesC2(100) 3-fold -1.50[33]?
FesC,(001) 3-fold/CH -1.56 [33]*
FesC2(110) 3-fold/CH —1.44[33]2
Fe;C(010) 2-fold —-1.52 [55]° —1.06 [55]¢
Fe;C(100) 3-fold/CH —1.49[55]° —1.20 [55]¢
Fe;C(001) 3-fold/2-fold —1.27 [55]° —0.88 [55]¢
F63 O4tert —1.62d
F83040ct 71.2](1

a Represent the results which are calculated using PBE.

b Represent the results which are calculated using PW91.
¢ Represent the results which are calculated using RPBE.
d This work.

adsorption energy. This indicates the enhanced differences of these
surfaces in the catalytic reactions and also the complexity of iron-
based catalysts.

4. Conclusions

Density functional theory calculations have been carried out to
investigate hydrogen adsorption behaviors on two different termi-
nations (Fegetq- and Feyq-termination) of the Fe304(1 1 1) surface
at a series of coverages.

For hydrogen adsorption on the Fe-terminated Fe304(111)
surface at 2/5 ML, H, homolytically and dissociatively adsorbed
on surface O atoms shows the higher stability, closely followed
by the heterolytically and dissociatively adsorbed states, while the

molecular hydrogen adsorption is not competitive. At higher cov-
erage (4/5 ML), the adsorption mode with homolytically adsorbed
H and that with both homolytically and heterolytically adsorbed
H become close in energy. This rather close energy indicates the
possibility of co-existence or equilibrium among these adsorption
modes.

For hydrogen adsorption on the Fey.,-terminated Fe304(111)
surface at 1/3 ML, atomic H prefers to adsorb on one Fey; and one
O}, atom with the largest adsorption energy. However, several stable
adsorption modes become possible at 2/3 and 1 ML.

Comparing the adsorption on both terminations, H, prefers to
dissociatively adsorb on the Fee;-terminated surface than on the
Fe,cro-terminated surface, and this trend is reversed with the CO
adsorption on the same surfaces. Such different behaviors have
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also been found on the surfaces of iron and iron carbides. These
differences reveal the complexity of iron-based catalysts.
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