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ABSTRACT
Supported single-atom catalysts (SACs) have gained increasing attention for improved catalytic activity and selectivity for industrially relevant
reactions. In this study, we explore the hydrogenation of acetylene over single Pt, Ru, Rh, Pd, and Ir atoms supported on the Fe3O4(001)
surface using density functional theory calculations. The thermodynamic profile of H diffusion is significantly modified by the type of single
metal atoms used, suggesting that H spillover from the single atom dopant to the Fe3O4(001) surface is favored and will likely lead to high H
coverages of the functioning catalyst. Correspondingly, as the surface H coverage increases, the important desorption step of ethylene becomes
energetically competitive against the detrimental hydrogenation steps of ethylene to ethane. A kinetic model is employed to explore how the
activity and selectivity of SACs toward ethylene production change as a function of mass of the catalyst loaded into a flow reactor. Overall, we
show that the selectivity of SACs toward ethylene production can be tuned by considering the proper type of metal and controlling the redox
state of the support.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5142748., s

INTRODUCTION

Selective hydrogenation of acetylene to ethylene is an important
class of chemical reactions in the large-scale production of polyethy-
lene.1,2 A generally accepted reaction pathway for acetylene hydro-
genation is the Horiuti–Polanyi mechanism, where adsorbed acety-
lene is sequentially hydrogenated with single hydrogen adatoms.3 In
the Horiuti–Polanyi mechanism, complete acetylene hydrogenation
to ethane competes with ethylene production.3,4 Extensive research
efforts have been devoted to enhancing the reactivity and selectivity
of metal catalysts responsible for acetylene conversion. Some of the
most commonly used catalysts are Pd-based catalysts modified with
the introduction of Ag.5,6 Pd can further be combined with other
metals, including Au, Ga, and Zn, to create active and stable cata-
lysts under different reaction conditions.7–12 Single Pd atoms have
also been embedded with Cu and Ag to create single-atom alloys,
which exhibit enhanced selectivity for hydrogenation reactions

relative to pure Pd catalysts.4,13–15 Non-precious alloys, such as Co–
Ga and Ni–Zn, have been suggested as alternatives over expen-
sive Pd-based catalysts for selective hydrogenation of acetylene.9,16

A wide variety of porous materials, including graphene or metal–
organic frameworks (MOFs), have also been used to support these
metal catalysts.17–21 Overall, it is clear that high ethylene selectivity
and robust catalyst stability under reacting conditions have always
been sought in developing these types of hydrogenation catalyst.

As a particularly promising catalytic system, single metal atoms
are rapidly emerging as a new type of catalyst that demonstrate
remarkable performance toward hydrogenation, water–gas shift,
oxidation, and other types of industrially relevant reactions.22–24

It is well known that metals are extensively involved as heteroge-
neous catalysts in a broad range of industrial applications, includ-
ing fuel cells, solar converters, pharmaceuticals, and automobile
exhausts,25–29 and that the majority of catalytic reactions take
place on the metal surface, with bulk metal atoms going to waste.
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Creating smaller metal particles, finely dispersed on a suitable sup-
port, has accordingly been the go-to method of decreasing the con-
sumption of precious metals.29,30 More interestingly, reducing the
size of the metal particles often introduces improved reactivity and
selectivity through metal–support interactions and quantum size
effects.30–33 Much work has already reported that improved reac-
tivity and selectivity are achieved over subnanometer-sized metal
particles compared to nanometer-sized ones.34

As mentioned, in the C2H2 hydrogenation applications,
numerous single atom alloy catalysts have been investigated,4,14,35

but single metal atoms supported on metal oxides have not been
extensively studied yet to the best of our knowledge. Previous work
has shown that various single metal atoms can be stabilized on
the Fe3O4(001) surface.36–41 A hydrogen spillover onto Fe3O4(001)
with single Pd atom leads to the wide distribution of the resultant
hydroxyl groups on the surface, lifting surface reconstruction and
destabilizing the Pd atom as a consequence.40,42 The presence of
single Pd atoms also lowers the barrier of methanol oxidation in
comparison to Pd clusters supported on Fe3O4(001), showing the
unique nature of single atom catalysts.43 Because of these numerous
experimental and theoretical studies conducted on Fe3O4(001), it is
a suitable surface for a case study. In the present work, we explore
selective hydrogenation of acetylene to ethane over single metal
atoms (Pt, Ru, Rh, Pd, and Ir) supported on the Fe3O4(001) surface
using density functional theory (DFT) calculations. As expected, the
energy profile of H diffusion on Fe3O4(001) varies greatly with the
type of single metal atom present on the surface. In all cases, the dif-
fusion pathways suggest that H spillover is favored, which implies
that H coverages should be quite high depending on H2 exposure
time. Accordingly, for acetylene hydrogenation, we find that the des-
orption of ethylene becomes energetically competitive against the
hydrogenation of ethylene to ethane and the subsequent desorp-
tion of ethane as the surface H coverage increases. Furthermore, a
kinetic model is developed to study the activity and selectivity of sin-
gle metal atoms toward ethylene production as a function of mass of
catalyst loaded into a model flow reactor. We show that the selec-
tivity of single metal catalysts toward ethylene production can be
tuned by a careful control over surface H coverage on the oxide
support.

COMPUTATIONAL METHODOLOGY

We performed DFT calculations using the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional,44 including a
Hubbard-like Ueff interaction,45 as implemented in CP2K.46 The
effective Coulomb repulsion parameter of 4.0 eV was chosen for the
Fe 3d states, similar to the values previously adopted for studying
bulk Fe3O4 and the Fe3O4(001) surfaces.40,42,43,47 Norm-conserving
pseudo-potentials of the Goedecker–Teter–Hutter (GTH) type were
applied to describe the nuclei and core electrons.48 The Gaussian-
plane wave hybrid basis set scheme was employed, where double-ζ
Gaussian MOLOPT basis sets,49 in conjunction with a plane wave
cutoff of 450 Ry, were used. Only the Γ-point was used to sample
the Brillouin zone as the computational unit cells are adequately
large (see below). Geometry optimization was carried out based on
the limited memory BFGS method.50 A correction scheme to the
asymmetric slab surface dipoles was adopted.51

We constructed a slab model of the (2
√

2 × 2
√

2)R45○ unit
cell, consisting of seven layers of O and octahedral Fe and six layers
of tetrahedral Fe, to simulate the reconstructed Fe3O4(001) surface,
based on the model proposed by Bliem et al.52 A vacuum region
of at least 18 Å was placed above the Fe3O4 surface to remove any
spurious interaction between periodic images, with the bottom three
layers being fixed. In this study, the DFT adsorption energy (∆Eads)
of reaction intermediates on single metal atoms over the Fe3O4(001)
surface was calculated as

ΔEads = Esurf -bound − Esurf − Emolecule, (1)

where Esurf-bound represents the energy of surface-bound reaction
intermediates on the single metal atom/Fe3O4(001), while Esurf and
Emolecule defines the energy of the single metal atom on Fe3O4(001)
and the molecule in the gas phase, respectively. Bader charges were
also calculated to understand the charge state of single metal atoms
and the Fe3O4(001) surface.53,54

To estimate Gibbs free energies within the harmonic approx-
imation, vibrational analysis on the surface-bound intermediates
and surface H atoms directly involved in acetylene hydrogena-
tion is carried out using the finite difference method within the
harmonic approximation, as implemented in CP2K. The presence
of low-lying frequencies (<50 cm−1) can introduce non-negligible
errors into the calculations of entropy contribution. Accounting
for anharmonicities and thereby enhancing the numerical accu-
racy of entropy estimation is possible,55–59 but such approaches
require substantial computational effort when considering mul-
tiple configurations of large systems. Thus, the immobile adsor-
bate procedure was adopted where all the low-frequency vibra-
tions were replaced by normal modes of 50 cm−1 for this study.60,61

Using the calculated frequencies, the adsorption entropies (∆Sads),
enthalpies (∆Hads), and zero point energy corrections (∆EZPE) were
estimated,

ΔHads = ΔEads + ΔEZPE + ΔUtrans + ΔUrot + ΔUvib − RT, (2a)

ΔSads = ΔStrans + ΔSrot + ΔSvib, (2b)

where the definition of translational, rotational, and vibrational
enthalpies/entropies can be found in the previous literature.62

Finally, the Gibbs free energies of adsorption were computed at the
operating temperature (T) as

ΔGads = ΔHads − TΔSads. (2c)

To also determine how the systems studied here affect activ-
ity and ethylene selectivity, we have developed a kinetic model to
describe the rates of ethylene and ethane production. This model
presupposes that the net forward elementary reaction steps are only
rate limited by desorption steps. Thus, we expect facile acetylene
hydrogenation relative to desorption such that the effective activa-
tion free energy barriers for ethylene and ethane production are sim-
ply the Gibbs free energy differences between ethylene and ethane
desorbed states and the lowest free energy adsorbed state on the
surface. The rates are then otherwise dependent on stoichiometric
powers of the partial pressures of acetylene and hydrogen. Based on
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these considerations, we have

rC2H4 =
kBT
h

e−βΔGact,C2H4 (
PC2H2

P0 )(
PH2

P0 ), (3a)

rC2H6 =
kBT
h

e−βΔGact,C2H6 (
PC2H2

P0 )(
PH2

P0 )
2
, (3b)

where rC2H4 and rC2H6 are the production rates of ethylene and
ethane, respectively, kB and h are Boltzmann’s constant and Planck’s
constant, respectively, T and β = 1

kBT
are the absolute temperature

and the thermodynamic beta, respectively, PC2H2 and PH2 are the
partial pressures of acetylene and hydrogen, respectively, while P0

is standard pressure (1 atm), and

ΔGact,C2H4 = G
‡
C2H4(g) + G2H∗/Fe3O4 −Gmin, (4a)

ΔGact,C2H6 = G
‡
C2H6(g) + GFe3O4 −Gmin (4b)

are the activation free energies of ethylene and ethane production,
respectively. These activation free energies are defined by Eqs. (4a)
and (4b), where G‡

C2H4(g) and G‡
C2H6(g) are free energies of the tran-

sition state of desorbing ethylene and ethane, respectively, taken to
be that of an ideal gas minus one degree of translational freedom
corresponding to the motion along the reaction path, G2H∗/Fe3O4 and
GFe3O4 are the Gibbs free energies of the Fe3O4(001) surface subse-
quent ethylene and ethane desorption, respectively, and Gmin is the
lowest Gibbs free energy adsorbed state of hydrogenating acetylene.
The turnover frequency (TOF) of each single-atom catalyst (SAC)
is given by the sum of its ethylene and ethane production rates
[Eqs. (3a) and (3b)].

To connect the rates shown in Eqs. (3a) and (3b) to activ-
ity, acetylene conversion, and ethylene selectivity, we devise a flow
reactor model. We assume that some known mass of our SAC
is monodispersed throughout this reactor, which then acts as an
isothermal continuous stirred tank reactor (CSTR)63 operating with
negligible pressure drop. Reactants are fed in at a constant volumet-
ric flow rate of 1.0 m3/s and a constant pressure of 1.0 atm (giving a
total inlet molar flow rate of ∼1.6×1025 molecules/s) but with a vari-
able H2/C2H2 ratio, which we treat as a model parameter. Finally,
we assume that no product gases are present in the inlet stream. The
resulting reactor model is shown in Fig. 1.

Since our rates are on a basis of molecules turned over per sec-
ond per single atom site, we arrive at the following design equations
for the flow reactor:

ṄC2H4 = rC2H4MS, (5a)

ṄC2H6 = rC2H6MS, (5b)

ṄC2H2 = ṅ0 − (rC2H4 + rC2H6)MS, (5c)

ṄH2 = ϕH2 ṅ0 − (rC2H4 + 2rC2H6)MS, (5d)

where each Ṅi is the molar flow rate (in units of molecules per sec-
ond) of species i within (and exiting) the reactor,ṅ0 is the inlet molar
flow rate (same units) of acetylene, ϕH2 is the H2/C2H2 ratio, and MS
is the total number of active sites present within the reactor, related
to mass of catalyst loaded via

MS = mcacρS, (5e)

where mc is the mass of catalyst particles (in grams) loaded into
the reactor, ac is the BET surface area of the catalyst (taken to be

FIG. 1. Schematic and details of the flow reactor model used in this work.
Mathematical quantities are defined within the main text.

100 m2/g here), and ρS is the single atom site density at the surface
of the catalyst particle (taken to be ∼0.36 sites/nm2 based on the size
of the supercell used in this study, which is 2.82 nm2 and contains
precisely one single atom site). We thus have ∼3.6 × 1019sites/gcat in
our model. Assuming that the flowing reactant and product species
behave as ideal gases, we determine that

PC2H4 =
rC2H4MS

(ϕH2 + 1)ṅ0 − (rC2H4 + 2rC2H6)MS
Ptot , (6a)

PC2H6 =
rC2H6MS

(ϕH2 + 1)ṅ0 − (rC2H4 + 2rC2H6)MS
Ptot , (6b)

PC2H2 =
ṅ0 − (rC2H4 + rC2H6)MS

(ϕH2 + 1)ṅ0 − (rC2H4 + 2rC2H6)MS
Ptot , (6c)

PH2 =
ϕH2 ṅ0 − (rC2H4 + 2rC2H6)MS

(ϕH2 + 1)ṅ0 − (rC2H4 + 2rC2H6)MS
Ptot , (6d)

where each Pi is the partial pressure of species i and Ptot is the
total pressure of the gas stream. As designed, all partial pressure
expressions shown in Eqs. (6a)–(6d) sum to Ptot .

To determine the ethylene and ethane production rates and
thus the TOF, Eqs. (6a)–(6d) must be solved self consistently and
then inserted into Eqs. (3a) and (3b). Additionally, acetylene con-
version (XC2H2 ) and ethylene selectivity (sC2H4 ) are found from

XC2H2 =
PC2H2 ,0 − PC2H2

PC2H2 ,0
, (7)

sC2H4 =
PC2H4

PC2H4 + PC2H6

, (8)

where PC2H2 ,0 =
Ptot

ϕH2 +1 is the inlet partial pressure of acetylene. It
should be noted that the partial pressures in Eqs. (7) and (8) are
simply surrogates for molar flow rates—equivalent due to the ideal
gas assumption.
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RESULTS AND DISCUSSIONS

To explore the hydrogenation process of acetylene over SACs,
we considered the single metal atoms of Pt, Ru, Rh, Pd, and Ir
supported on the Fe3O4(001) surface. The bulk-like-open (BLO)
site is chosen for the adsorption site of the single metal atoms,
where the coordination of the metal adatom to two neighboring
surface O atoms is possible due to the stabilization of SACs on
such twofold sites over Fe3O4 surfaces.40,52,64 As already demon-
strated in our previous study on Fe3O4(001), the reaction pathways
of H2 dissociation over SACs can be significantly altered depending
on the type of metal.40 Thus, understanding the initial H spillover
process on the Fe3O4(001) surface is important since the subse-
quent hydrogenation of acetylene will be impacted by its prox-
imity to nearby hydrogen on the surface. The initial H2 dissocia-
tion process, reproduced from our previous study,40 is shown in
Fig. 2(a). It is a thermodynamically downhill process to initially
dissociate the H2 molecule onto the surface for all single metal
atoms [steps 2 and 3, Fig. 2(a)]. Here, the formation of hydroxyl
and hydride groups [step 3, Fig. 2(a)] is preferred on Ru, while the
formation of a hydroxyl–hydroxyl pair [step 4, Fig. 2(a)] is favor-
able for Pt and Pd. There is an energetic competition between the
formation of hydride–hydroxyl and hydroxyl–hydroxyl pairs for
Rh and Ir.

The reaction pathway of subsequent H diffusion on Fe3O4(001)
in the presence of the selected single metal atoms is also shown in

Fig. 2(b). H atom diffusion is assumed to occur along the adjacent
O row, as previously observed from experimental STM images.40,42

Energy changes due to diffusion away from the single metal atom
are shown as reactions steps 5, 6, and 7, with reaction step 5 cor-
responding to the diffusion of H to the third nearest O atom and
7 corresponding to the diffusion to the O atom furthest from the
single metal atom in our model. A slight preference for the third
nearest O atom [step 5, Fig. 2(b)] is observed for Ir. However, all
positions away from the single metal atom [from step 4–7, Fig. 2(b)]
are roughly equivalent. Based on the diffusion profiles of H shown in
Fig. 2, we conclude that H will likely spillover away from the single
metal atom and fill the Fe3O4(001) surface to near-saturation cov-
erages depending on the level of H2 exposure. The only potential
exception is shown in the Rh system, but even at modest tempera-
ture, the energy differences between its H adsorption sites would also
likely be surmountable (a maximum of ∼0.55 eV/H2). Thus, higher
coverages of H in the Rh system cannot be outright excluded from
the realm of possibility. Due to this, we are obliged to consider the
effect of surface H coverage for all single metal atoms in our subse-
quent DFT calculations on the selective hydrogenation of acetylene
to ethylene.

With this in mind, we continue by determining the free ener-
getics of the acetylene hydrogenation reaction pathway at two dif-
ferent H coverages, as shown in Fig. 3. As mentioned, the Horiuti–
Polanyi mechanism is adopted to represent the hydrogenation pro-
cess of acetylene (C2H2) in our study.3 Since the ultimate product

FIG. 2. DFT reaction pathways of (a)
H2 dissociation and (b) H diffusion over
the single metal atom supported on
Fe3O4(001). In the surface model, the
blue, light blue, brown, red, and white
balls represent octahedral Fe, tetrahe-
dral Fe, single metal (Pt, Ru, Rh, Pd,
and Ir), O, and H atom, respectively.
Note that the reference state is defined
as the single metal atoms supported
on Fe3O4(001) with the H2 molecule
in the gas phase. For additional analy-
sis on H2 diffusion, see Sec. S1 of the
supplementary material.
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FIG. 3. Gibbs free energy pathways of
(a) acetylene hydrogenation (at 300 K
and 101.325 kPa) over single metal atom
supported on Fe3O4(001) with H cover-
age of (b) 0.125 ML and (c) 0.75 ML
along with the corresponding surface
H/Fe3O4(001) model (see the caption of
Fig. 2 for the schematic colors of the
surface model). Note that the reference
state is defined as the single metal atoms
supported on H/Fe3O4(001) with C2H2
molecule in the gas phase. For informa-
tion regarding DFT-based reaction path-
ways of acetylene hydrogenation, see
Sec. S3 of the supplementary material.

of acetylene hydrogenation is ethane (C2H6), we consider the entire
pathway to this product through the ethylene intermediate by fol-
lowing the procedure described in Sec. S2 of the supplementary
material. The reference point for the pathway at 0.125 ML of H
coverage [Fig. 3(a)] is acetylene in the gas phase and four H atoms
adsorbed at the O sites proximal to the single metal atom on the
Fe3O4(001) surface. While the lowest energy configuration of H on
this surface would not be at the sites proximal to the single metal
atom (as shown in Fig. 2), we wish to obviate the need for including
diffusion steps from such a configuration to these sites here since it
is the final reaction free energy where actual hydrogenation occurs
that determines favorability. The second step in Fig. 3(a) shows the
adsorption free energy of acetylene onto the single metal atoms with
these four hydroxyl groups still present. All the remaining steps are
hydrogenation steps that follow from this starting configuration (see

Sec. S2 of the supplementary material for additional details on the
adsorption geometry of reaction intermediates).

From the pathways shown in Fig. 3(a), we see that a thermody-
namic driving force toward adsorbed ethylene (C2H4

∗) formation is
present over Ru, Rh, and Ir, while the driving force is toward C2H5

∗

over Pt and Pd. While ethane formation is energetically uphill from
either of these starting points, we can expect that ethane formation
and subsequent desorption will be most competitive with, specifi-
cally, ethylene desorption, which causes a loss in the desired selectiv-
ity toward ethylene. Furthermore, C2H3 is stable relative to acetylene
for Pt, Rh, and Ir, meaning that so long as the reaction barriers con-
necting these states are not limiting, ethylene will be readily formed.
In contrast, for the Ru and Pd systems, the formation of ethylene
and subsequent C2H5 could be slowed by the necessity of forming a
relatively unstable C2H3. Combined with the analysis provided in

J. Chem. Phys. 152, 154703 (2020); doi: 10.1063/1.5142748 152, 154703-5

Published under license by AIP Publishing

https://scitation.org/journal/jcp
https://doi.org/10.1063/1.5142748#suppl
https://doi.org/10.1063/1.5142748#suppl
https://doi.org/10.1063/1.5142748#suppl
https://doi.org/10.1063/1.5142748#suppl


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

the previous paragraph, it can thus be expected that ethylene forma-
tion is most energetically promoted on Rh and Ir since it is preferred
over further hydrogenation steps and is unhindered by the need
to form an unstable intermediate C2H3. However, we also observe
that the production of desorbed ethylene is energetically unfavorable
over hydrogenation of ethylene due to the relatively strong adsorp-
tion free energy of ethylene, especially for Ru, Rh, and Ir. Overall, at
0.125 ML of H, the production of ethylene is potentially energetically
hindered for Pt and Pd due to their preference for further hydro-
genation of C2H4 to C2H5, while Ru, Rh, and Ir primarily suffer from
the overstabilization of ethylene.

Figure 3(b) shows reaction energies with increased H cov-
erage to 0.75 ML. Since a lifted surface reconstruction at the
bare Fe3O4(001) is seen at higher surface H coverages,40 such a
reconstruction-lifted surface is also adopted for representing 0.75
ML of H in this study. Complete hydrogenation to ethylene is ener-
getically favored over its intermediate partial hydrogenation prod-
uct, C2H3, or its subsequent hydrogenation product, C2H5, regard-
less of the metal used, which is in contrast to the energetics shown at
0.125 ML of H [Fig. 3(a)]. However, the relative stability of C2H3
compared to adsorbed acetylene (C2H2) is still metal dependent,
albeit barely: there is an energetic barrier against hydrogenation
to ethylene due to the relative instability of C2H3 for all metals
other than Pt, despite an overall driving force toward ethylene in
all cases. As a result, the performance of these metals will ultimately
come down to the energetic competition between ethylene desorp-
tion and further ethylene hydrogenation to ethane plus subsequent
desorption.

In order to determine which single metal atom provides the
greatest driving force toward ethylene desorption (thus decreases
selectivity toward ethane), we consider the free energy difference
between the desorption states of ethylene and ethane. In principle,
it is required to compare the desorption energy of ethylene against
the desorption energy of ethylene. However, since these two pro-
cesses have the same branching point [adsorbed ethylene (C2H4

∗

+ 2H∗)], comparing the energy difference between the two final
states accomplishes the same thing. We perform these calculations
for both 0.125 ML and 0.75 ML of H and summarize them in Fig. 4,
where a negative value indicates a preference toward desorption of
ethylene over ethane. At low H coverage, the desorption of ethylene
over the desorption of ethane is favored for only Pt and Pd; the C2Hx

ad-species are simply too strongly adsorbed for the other metal
systems, putting the energy state of gaseous ethylene far above
the energy state of C2H5 for Ru, Rh, and Ir. However, increas-
ing the H coverage destabilizes the C2Hx ad-species, decreasing the
energy difference to gaseous ethylene and thus enhancing selec-
tivity toward this desired product. This destabilization occurs for
all systems except Pt and Pd, but the energy differences shown in
Fig. 4 all become negative, favoring desorption of ethylene over
ethane.

We then investigate how this analysis plays out in our reactor
model, which was shown in Fig. 1, using the kinetic model repre-
sented by Equations (3)–(8). To approximate conditions that likely
lead to low H coverages (θH2 = 0.125 ML), we use a H2/C2H2 ratio
(ϕH2 ) of 0.5 so that acetylene is in twofold excess compared to hydro-
gen. We hold the total pressure constant at 1 atm and the tempera-
ture at 300 K. Using these parameters, we compute the SAC activity
and acetylene conversion as a function of catalyst loading (in grams)
and present the result in Fig. 5. As can be seen in Figs. 5(a) and 5(b),
the only systems that are active for acetylene hydrogenation are Pt
and Pd, which have initial TOFs of ∼103 and ∼108 molecules/site/s
compared to initial TOFs of Ir, Rh, and Ru, which are all at or below
10−10 molecules/site/s. As the amount of catalyst in the reactor is
increased, acetylene conversion increases monotonically, with the
Pt SAC achieving ∼15% conversion with 1 kg of catalyst loading
[Fig. 5(c)] and the Pd SAC achieving ∼25% conversion with only
0.2 g catalyst [Fig. 5(d)]. Conversely, Ir, Rh, and Ru are so inactive
that acetylene conversion is essentially zero even up to 1 kg cata-
lyst loading. Regardless of catalyst loading, Pt and Pd show nearly
unity selectivity toward ethylene, while what little product is formed
using Ir, Rh, and Ru is essentially always 100% ethane. Interestingly,
TOFs also decrease as conversion increases with catalyst loading,
while TOFs stay constant if conversion stays constant at ∼0%. It is
important to note that this is not due to the intrinsic kinetics of
the SACs changing but is a direct result of decreasing the partial
pressures of hydrogen and acetylene as they are consumed during
reaction—having the effect of lowering reaction rates according to
Eqs. (3a) and (3b).

The overall low conversions seen in Fig. 5, even for the very
active Pt and Pd, are at least, in part, a result of the excess acetylene
used (needed to maintain congruence with a low H coverage): there
is simply insufficient hydrogen to convert all of the acetylene, the

FIG. 4. Gibbs free energy difference (at
300 K and 101.325 kPa) between des-
orbed ethylene [C2H4 (g) + 2H∗] and
desorbed ethane [C2H6 (g)] over single
metal atom supported on Fe3O4(001) at
0.125 ML and 0.75 ML of H. More nega-
tive values of ∆G(1)−(2) indicate energet-
ically more favorable drive toward ethy-
lene desorption. The associated tables
also indicate the relative energy differ-
ence from step 0 to 1 and from step
0 to 2.
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FIG. 5. [(a)–(b)] Activity (measured as TOF) and [(c)–(d)] acetylene conversion of each SAC studied here as a function of the mass of catalyst particles loaded into our model
flow reactor. Due to the high activity of the Pd SAC, a much smaller amount of catalyst is required to reach 100% conversion, necessitating that its values be plotted on a
different x-axis [panels (b) and (d)]. Selectivities are essentially unity for Pt and Pd and zero for Ir, Rh, and Ru. Ptot = 1atm, T = 300K, ϕH2

= 0.5, and θH2
= 0.125 ML. Colors

used are the same as those used in Figs. 2 and 3.

theoretical maximum being 50% conversion based on stoichiome-
try. Calculated results for a value of ϕH2 of 1 and 10 are shown in the
Figs. S4 and S5 of the supplementary material, where the theoretical
maximum acetylene conversion is 100% based on stoichiometry. For
both ϕH2 = 1 and 10, the Pd SAC achieves nearly 100% conversion
at a catalyst loading of only 4 g and 0.2 g, respectively, while the Pt
SAC achieves ∼35% and 67% acetylene conversion with 1 kg cata-
lyst loading for ϕH2 = 1 and 10, respectively. However, these high
H2/C2H2 ratios would likely lead to higher H coverages than what
our low H coverage model [Fig. 3(a)] reflects, making the values used
for the Gibbs free activation barriers [i.e., ΔGact,C2H4 and ΔGact,C2H6

in Eqs. (3a) and (3b)] incongruent with such ratios. Thus, we set
ϕH2 to 10 and switch to the Gibbs free activation barriers extracted
from the 0.75 ML H coverage model [Fig. 3(b)] to maximize congru-
ence. The newly computed TOFs and acetylene conversions based
on these values are shown in Fig. 6.

While the ratio of ethylene to ethane desorption free energies
is largely skewed toward ethylene production as shown in Fig. 4,
the absolute values themselves result in still quite low TOFs for all
SACs (except for Rh), despite the TOFs increasing by numerous
magnitudes for Ru (∼7 magnitude increase) and Ir (∼6 magnitude
increase) due to the destabilization of adsorbed C2Hx

∗ species seen
in Fig. 3(b). Conversely, Pt and Pd both decrease their TOFs by ∼12
magnitudes and ∼8 magnitudes, respectively. On the other hand, the
TOF for the Rh SAC increases by a remarkable magnitude of 17,
resulting in essentially 100% acetylene conversion with 1 kg catalyst
loading and 100% ethylene selectivity regardless of catalyst loading.

Commensurate with the analysis shown in Fig. 4, the primary prod-
uct formed by all SACs is indeed ethylene (selectivities are unity for
Pt, Pd, Rh, and Ru and ∼0.74 for Ir), although only with the Rh
SAC is the yield appreciable. Calculated results for ϕH2 = 1 and 2
for this high H coverage model are shown in Figs. S6 and S7 of the
supplementary material. For ϕH2 = 1 and 2, the Rh SAC exhibits a
small decrease in acetylene conversion for the Rh SAC to ∼0.8 and
∼0.95, respectively, while the other metals unsurprisingly remain
conversionless.

To determine the source of the aforementioned destabilization
of adsorbed ethylene, we explore how the redox state of single metal
atoms is affected by the change in surface H coverages, and Bader
charges of single Pt, Ru, Rh, Ir, and Pd are obtained for each reac-
tion intermediate of acetylene hydrogenation as a function of surface
H coverage. This is summarized in Fig. S8 of the supplementary
material. The decrease in the positive charge on the single metal
atoms (without adsorbate) is seen with the increase in surface H
coverages except Pt, as already reported in our previous study on
single Pd SAC/Fe3O4(001).40 Such variation in the charge state of
single metal atoms is also reflected in the d states of the metal, where
the change of d band, as well as the number of d electrons, can
clearly be seen especially for Rh and Pd as a function of surface H
coverage (see Table S1 and Fig. S9 of the supplementary material),
mirroring the large changes in activities of these SAC metal atoms
seen in Figs. 5 and 6. The single metal atom more positively charged
upon the adsorption of acetylene. This tendency is sustained as the
hydrogenation reaction proceeds toward the formation of ethane.
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FIG. 6. (a) Activity (measured as TOF) and (b) acetylene conversion of each SAC
studied here as a function of the mass of catalyst particles loaded into our model
flow reactor. While conversion is only appreciable for the Rh SAC, selectivities for
all SACs are essentially unity except for Ir, which maintains ∼74% selectivity at all
catalyst loadings. Ptot = 1atm, T = 300K, ϕH2

= 10, and θH2
= 0.125 ML. Colors

used are the same as those used in Figs. 2, 3, and 5.

Compared to the single metal atom, the averaged change in charges
of first nearest O atoms is relatively small throughout the pro-
cess of hydrogenation reaction (see Figs. S10 of the supplementary
material).

We can analyze these results and develop a physical/chemical
picture of the acetylene hydrogenation process. Acetylene can be
reasonably expected to abstract the H adatoms from their respec-
tive hydroxyls as protons. However, the acetylene is clearly reduced,
meaning that coupled electron transfer must still occur. Combined
with our Bader charge analysis, this suggests that the electron previ-
ously attached to the H adatom must spill into the Fe3O4(001) sur-
face via the deprotonated O atom (a reasonable assertion based on
both O electronegativity and simple proximity). This electron must
then be passed through the O atom completely since its Bader charge
is shown to be essentially unchanged before and after hydrogenation.
The electron must then be passed through the metal adatom com-
pletely as well to ultimately reduce the acetylene. Since the metal
adatoms are, in fact, shown to be partially oxidized, more charge
must then be pushed into the hydrogenated acetylene to explain
the destabilization seen with the increase in oxidation. At low H
coverages, non-hydroxylated O atoms can be expected to partially
scavenge the charge from the abstracted H adatom since under-
coordinated O atoms easily take up excess charge. However, at

high H coverages, the electron cannot be so easily scavenged and
should thus remain largely localized. Based on our Bader charge
analysis, this clearly forces more charge into the newly hydro-
genated acetylene (see Table S2 of the supplementary material for
details), ultimately destabilizing it and promoting the desorption
of the first gas-phase-stable intermediate: ethylene. Such trends in
Bader charges indicate that the single metal atoms supported on
Fe3O4(001) mainly act as a conduit for transferring electrons to the
adsorbate.

CONCLUSIONS

In summary, we have investigated the hydrogenation of acety-
lene over Fe3O4(001) in the presence of single Pt, Ru, Rh, Pd, and
Ir atoms as a function of surface H coverage, using DFT and ther-
mal Gibbs free energy corrections. The initial diffusion profile of
H indicates that the adsorbed H will diffuse away from each of
the single metal atoms, apart possibly from Rh, depending on the
temperature used. Furthermore, at low H coverage, ad ethylene is
overstabilized on the single metal atoms, which promotes the hydro-
genation of adsorbed ethylene toward ethane over the desorption of
adsorbed ethylene to gas phase ethylene. In contrast, at high H cov-
erage, adsorbed ethylene is destabilized, which makes the desorption
of adsorbed ethylene energetically favorable over its hydrogenation
for all metals. We then inserted Gibbs free energetics into a flow
reactor model to examine how these results affect the potential kinet-
ics of these single atom catalysts. This analysis shows that Pt and
Pd are the only active metals at low H coverage. While all metals
destabilize adsorbed ethylene (except Pt) and all metals promote
selectivity to ethylene as H coverage is increased, only Rh shows
high enough activity to achieve reasonable acetylene conversions at
high H coverage. Pt and Pd become less active with the increase in
H coverage, while both Ru and Ir experience a substantial increase
in calculated TOF by many magnitudes, just not enough to become
truly active given our reactor parameters. However, based on these
trends, Pt and Pd can be made more active by decreasing the H cov-
erage or otherwise oxidizing the magnetite surface while Ru, Rh, and
Ir may be tuned toward higher activity by increasing the H coverage
or otherwise reducing the magnetite surface. Bader charge analy-
sis indicates that the single metal atoms mainly act as a conduit
for transferring electrons to the adsorbate during the hydrogenation
process; more of the electron charge is forced into the hydrogenated
species at higher H coverages, thereby destabilizing them and pro-
moting subsequent ethylene desorption over further hydrogenation
and desorption of ethane. Overall, the selectivity toward the produc-
tion of ethylene can be tuned by the choice of metal catalysts and
the redox state of the oxide support, which can be controlled via the
surface H coverage.

SUPPLEMENTARY MATERIAL

See the supplementary material for (S1) convergence of
H2 adsorption energy over single metal atoms supported on
Fe3O4(001), (S2) adsorption procedure of reaction intermediates
over single metal atoms supported on Fe3O4(001), (S3) DFT-based
reaction pathways of C2H2 hydrogenation over single metal atoms
supported on Fe3O4(001), (S4) activities and acetylene conversion of
single metal atoms supported on Fe3O4(001) in a model CSTR, (S5)
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electronic structures of single metal atoms supported on Fe3O4(001),
and (S6) Cartesian coordinates (in Å) of key structures for single
metal atoms/Fe3O4(001) system.

ACKNOWLEDGMENTS
This work was supported by the U.S. Department of Energy,

Office of Science, Office of Basic Energy Sciences, Division of Chem-
ical Sciences, Geosciences, and Biosciences, and was performed
using the Molecular Sciences Computing Facility (MSCF) in the
William R. Wiley Environmental Molecular Sciences Laboratory, a
DOE national scientific user facility sponsored by the DOE’s Office
of Biological and Environmental Research and located at the Pacific
Northwest National Laboratory (PNNL) and the National Energy
Research Scientific Computing Center (NERSC) located at Lawrence
Berkley National Laboratory provided by a user proposal. PNNL is
operated by Battelle for DOE.

REFERENCES
1D. Duca, F. Frusteri, A. Parmaliana, and G. Deganello, Appl. Catal., A 146, 269
(1996).
2F. M. McKenna, L. Mantarosie, R. P. K. Wells, C. Hardacre, and J. A. Anderson,
Catal. Sci. Technol. 2, 632 (2012).
3I. Horiuti and M. Polanyi, Trans. Faraday Soc. 30, 1164 (1934).
4M. Jørgensen and H. Grönbeck, J. Am. Chem. Soc. 141, 8541 (2019).
5C. N. Thanh, B. Didillon, P. Sarrazin, and C. Cameron, U.S. patent 6,054,409
(2000).
6P. A. Sheth, M. Neurock, and C. M. Smith, J. Phys. Chem. B 107, 2009 (2003).
7T. V. Choudhary, C. Sivadinarayana, A. K. Datye, D. Kumar, and D. W.
Goodman, Catal. Lett. 86, 1 (2003).
8P. A. Sheth, M. Neurock, and C. M. Smith, J. Phys. Chem. B 109, 12449 (2005).
9F. Studt, F. Abild-Pedersen, T. Bligaard, R. Z. Sorensen, C. H. Christensen, and
J. K. Norskov, Science 320, 1320 (2008).
10D. Mei, M. Neurock, and C. M. Smith, J. Catal. 268, 181 (2009).
11M. Armbrüster, K. Kovnir, M. Behrens, D. Teschner, Y. Grin, and R. Schlögl,
J. Am. Chem. Soc. 132, 14745 (2010).
12N. López and C. Vargas-Fuentes, Chem. Commun. 48, 1379 (2012).
13G. Kyriakou, M. B. Boucher, A. D. Jewell, E. A. Lewis, T. J. Lawton, A. E. Baber,
H. L. Tierney, M. Flytzani-Stephanopoulos, and E. C. H. Sykes, Science 335, 1209
(2012).
14M. B. Boucher, B. Zugic, G. Cladaras, J. Kammert, M. D. Marcinkowski, T. J.
Lawton, E. C. H. Sykes, and M. Flytzani-Stephanopoulos, Phys. Chem. Chem.
Phys. 15, 12187 (2013).
15G. X. Pei et al., ACS Catal. 5, 3717 (2015).
16B. Yang, R. Burch, C. Hardacre, G. Headdock, and P. Hu, ACS Catal. 2, 1027
(2012).
17S.-C. Xiang et al., Nat. Commun. 2, 204 (2011).
18T.-L. Hu et al., Nat. Commun. 6, 7328 (2015).
19J. Yang, F. Zhang, H. Lu, X. Hong, H. Jiang, Y. Wu, and Y. Li, Angew. Chem.,
Int. Ed. 54, 10889 (2015).
20F. Huang et al., J. Am. Chem. Soc. 140, 13142 (2018).
21M. Hu et al., Adv. Mater. 30, 1801878 (2018).
22B. Qiao, A. Wang, X. Yang, L. F. Allard, Z. Jiang, Y. Cui, J. Liu, J. Li, and
T. Zhang, Nat. Chem. 3, 634 (2011).
23J. Lin et al., J. Am. Chem. Soc. 135, 15314 (2013).
24H. Wei et al., Nat. Commun. 5, 5634 (2014).
25J. T. Kummer, J. Phys. Chem. 90, 4747 (1986).

26D. K. Liguras, D. I. Kondarides, and X. E. Verykios, Appl. Catal., B 43, 345
(2003).
27R. Bashyam and P. Zelenay, Nature 443, 63 (2006).
28R. Othman, A. L. Dicks, and Z. Zhu, Int. J. Hydrogen Energy 37, 357 (2012).
29J. Liu, ACS Catal. 7, 34 (2016).
30X.-F. Yang, A. Wang, B. Qiao, J. Li, J. Liu, and T. Zhang, Acc. Chem. Res. 46,
1740 (2013).
31M. Valden, X. Lai, and D. W. Goodman, Science 281, 1647 (1998).
32P. Claus, A. Brückner, C. Mohr, and H. Hofmeister, J. Am. Chem. Soc. 122,
11430 (2000).
33J. Li, X. Li, H.-J. Zhai, and L.-S. Wang, Science 299, 864 (2003).
34A. A. Herzing, C. J. Kiely, A. F. Carley, P. Landon, and G. J. Hutchings, Science
321, 1331 (2008).
35G. X. Pei, X. Y. Liu, X. Yang, L. Zhang, A. Wang, L. Li, H. Wang, X. Wang, and
T. Zhang, ACS Catal. 7, 1491 (2017).
36Z. Novotný, G. Argentero, Z. Wang, M. Schmid, U. Diebold, and G. S.
Parkinson, Phys. Rev. Lett. 108, 216103 (2012).
37G. S. Parkinson, Z. Novotny, G. Argentero, M. Schmid, J. Pavelec, R. Kosak,
P. Blaha, and U. Diebold, Nat. Mater. 12, 724 (2013).
38R. Bliem et al., ACS Nano 8, 7531 (2014).
39R. Bliem et al., Phys. Rev. B 92, 075440 (2015).
40N. Doudin et al., ACS Catal. 9, 7876 (2019).
41Z. Jakub et al., Angew. Chem. 131, 14099 (2019).
42G. S. Parkinson, N. Mulakaluri, Y. Losovyj, P. Jacobson, R. Pentcheva, and
U. Diebold, Phys. Rev. B 82, 125413 (2010).
43M. D. Marcinkowski, S. F. Yuk, N. Doudin, R. S. Smith, M.-T. Nguyen, B.
D. Kay, V.-A. Glezakou, R. Rousseau, and Z. Dohnálek, ACS Catal. 9, 10977
(2019).
44J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865 (1996).
45S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J. Humphreys, and A. P. Sutton,
Phys. Rev. B 57, 1505 (1998).
46J. VandeVondele, M. Krack, F. Mohamed, M. Parrinello, T. Chassaing, and
J. Hutter, Comput. Phys. Commun. 167, 103 (2005).
47H.-T. Jeng, G. Guo, and D. Huang, Phys. Rev. Lett. 93, 156403 (2004).
48S. Goedecker, M. Teter, and J. Hutter, Phys. Rev. B 54, 1703 (1996).
49J. VandeVondele and J. Hutter, J. Chem. Phys. 127, 114105 (2007).
50J. Nocedal, Math. Comput. 35, 773 (1980).
51L. Bengtsson, Phys. Rev. B 59, 12301 (1999).
52R. Bliem et al., Science 346, 1215 (2014).
53R. Bader and T. Nguyen-Dang, Advances in Quantum Chemistry (Elsevier,
1981), p. 63.
54G. Henkelman, A. Arnaldsson, and H. Jónsson, Comput. Mater. Sci. 36, 354
(2006).
55G. Piccini and J. Sauer, J. Chem. Theory Comput. 10, 2479 (2014).
56G. Piccini, M. Alessio, J. Sauer, Y. Zhi, Y. Liu, R. Kolvenbach, A. Jentys, and J. A.
Lercher, J. Phys. Chem. C 119, 6128 (2015).
57K. Alexopoulos et al., J. Phys. Chem. C 120, 7172 (2016).
58G. Piccini, M. Alessio, and J. Sauer, Phys. Chem. Chem. Phys. 20, 19964 (2018).
59B. C. Bukowski, J. S. Bates, R. Gounder, and J. Greeley, Angew. Chem., Int. Ed.
58, 16422 (2019).
60B. A. De Moor, M.-F. Reyniers, and G. B. Marin, Phys. Chem. Chem. Phys. 11,
2939 (2009).
61K. Alexopoulos, M. John, K. Van der Borght, V. Galvita, M.-F. Reyniers, and
G. B. Marin, J. Catal. 339, 173 (2016).
62C. J. Cramer, Essentials of Computational Chemistry: Theories and Models (John
Wiley & Sons, 2005).
63H. S. Fogler, Essentials of Chemical Reaction Engineering (Pearson Education,
2010).
64M. D. Marcinkowski et al., J. Chem. Phys. 152, 064703 (2020).

J. Chem. Phys. 152, 154703 (2020); doi: 10.1063/1.5142748 152, 154703-9

Published under license by AIP Publishing

https://scitation.org/journal/jcp
https://doi.org/10.1016/s0926-860x(96)00145-7
https://doi.org/10.1039/c2cy00479h
https://doi.org/10.1039/tf9343001164
https://doi.org/10.1021/jacs.9b02132
https://doi.org/10.1021/jp021342p
https://doi.org/10.1023/a:1022694505504
https://doi.org/10.1021/jp050194a
https://doi.org/10.1126/science.1156660
https://doi.org/10.1016/j.jcat.2009.09.004
https://doi.org/10.1021/ja106568t
https://doi.org/10.1039/c1cc14922a
https://doi.org/10.1126/science.1215864
https://doi.org/10.1039/c3cp51538a
https://doi.org/10.1039/c3cp51538a
https://doi.org/10.1021/acscatal.5b00700
https://doi.org/10.1021/cs2006789
https://doi.org/10.1038/ncomms1206
https://doi.org/10.1038/ncomms8328
https://doi.org/10.1002/anie.201504242
https://doi.org/10.1002/anie.201504242
https://doi.org/10.1021/jacs.8b07476
https://doi.org/10.1002/adma.201801878
https://doi.org/10.1038/nchem.1095
https://doi.org/10.1021/ja408574m
https://doi.org/10.1038/ncomms4870
https://doi.org/10.1021/j100411a008
https://doi.org/10.1016/s0926-3373(02)00327-2
https://doi.org/10.1038/nature05118
https://doi.org/10.1016/j.ijhydene.2011.08.095
https://doi.org/10.1021/acscatal.6b01534
https://doi.org/10.1021/ar300361m
https://doi.org/10.1126/science.281.5383.1647
https://doi.org/10.1021/ja0012974
https://doi.org/10.1126/science.1079879
https://doi.org/10.1126/science.1159639
https://doi.org/10.1021/acscatal.6b03293
https://doi.org/10.1103/physrevlett.108.216103
https://doi.org/10.1038/nmat3667
https://doi.org/10.1021/nn502895s
https://doi.org/10.1103/PhysRevB.92.075440
https://doi.org/10.1021/acscatal.9b01425
https://doi.org/10.1002/ange.201907536
https://doi.org/10.1103/physrevb.82.125413
https://doi.org/10.1021/acscatal.9b03891
https://doi.org/10.1103/physrevlett.77.3865
https://doi.org/10.1103/physrevb.57.1505
https://doi.org/10.1016/j.cpc.2004.12.014
https://doi.org/10.1103/physrevlett.93.156403
https://doi.org/10.1103/physrevb.54.1703
https://doi.org/10.1063/1.2770708
https://doi.org/10.1090/s0025-5718-1980-0572855-7
https://doi.org/10.1103/physrevb.59.12301
https://doi.org/10.1126/science.1260556
https://doi.org/10.1016/j.commatsci.2005.04.010
https://doi.org/10.1021/ct500291x
https://doi.org/10.1021/acs.jpcc.5b01739
https://doi.org/10.1021/acs.jpcc.6b00923
https://doi.org/10.1039/c8cp03632b
https://doi.org/10.1002/anie.201908151
https://doi.org/10.1039/b819435c
https://doi.org/10.1016/j.jcat.2016.04.020
https://doi.org/10.1063/1.5139418

