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ABSTRACT
Carbon dioxide electroreduction offers the possibility of producing hydrocarbon fuels using energy
from renewable sources. Herein, we use density functional theory to analyze the feasibility of
CO2 electroreduction on a Fe(100) surface. Experimentally, iron is nonselective for hydrocarbon formation.
A simplistic analysis of low-coverage reaction intermediate energies for the paths to produce CH4 and
CH3OH from CO2 suggests Fe(100) could be more active than Cu(111), currently the only metallic catalyst
to show selectivity towards hydrocarbon formation. We consider a series of impediments to CO 2
electroreduction on Fe(100) including O*/OH* (* denotes surface bound species) blockage of active surface
sites, competitive adsorption effects of H*, CO* and C*, and iron carbide formation. Our results indicate
that under CO2 electroreduction conditions, Fe(100) is predicted to be covered in C* or CO* species,
blocking any C–H bond formation. Further, bulk Fe is predicted to be unstable relative to FeC x formation
at potentials relevant to CO2 electroreduction conditions.
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Chapter 1
Introduction
Carbon dioxide electroreduction using electrical energy from wind or solar is a renewable method of
producing hydrocarbon-based fuels.1,2 This process has the benefit of producing a dense hydrocarbon
energy storage form. Inefficiencies prevent large-scale application, mainly stemming from a lack of an
effective CO2 electroreduction catalyst. Pure metals3–6 and alloys7–9 have been tested for their Faradaic yield
of hydrocarbon. Currently, the only metallic catalyst to show selectivity towards hydrocarbon production
is copper, which produces methane and ethylene at reasonable current density and efficiency. 3,10 Though
Cu has demonstrated selectivity to hydrocarbon production, the overpotentials required are prohibitively
large. Fe based catalysts are active for hydrocarbon production through thermal reduction of CO (Fischer–
Tropsch catalysis) or CO2 using H2.11–17 However, Fe electrocatalysts are not selective for hydrocarbon
production in the electrochemical reduction process, instead catalyzing mainly the hydrogen evolution
reaction (HER).3,6,10,18 The search for metallic catalysts more active than Cu will require understanding of
the mechanistic limitations of catalysts such as Fe. Herein, we use density functional theory to analyze the
CO2 electroreduction energetics on the Fe(100) surface. We examine the activity in the absence of H 2
evolution, in order to provide insight into the limitations of the CO2 reduction reaction. We also consider
Fe stability relative to iron carbide formation in the electrochemical environment.
Experimentally, Fe is an ineffectual CO2 electroreduction catalyst, despite being active for thermal CO/CO2
reduction catalysis. At reduction overpotentials, the HER dominates and the production of hydrocarbons is
minimal to none. Based on previous voltammetry data, the inclusion of CO2 in the reaction environment
decreases the rate of hydrogen evolution, and high CO2 pressures can lead to production of hydrocarbons
at low selectivity.10,19–23 In thermal CO/CO2 reduction with H2, Fe is quite commonly used as a catalyst.24
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In Fischer–Tropsch synthesis, CO is thermally reduced to liquid hydrocarbons in the presence of H2; Fe is
one of the most common catalysts for this process.25 CO2 can also be thermally reduced to hydrocarbons
on Fe, producing mainly methane and carbon monoxide and slight amounts of secondary hydrocarbons.26,27
It is unclear mechanistically why these thermal processes excel on Fe catalysts, whereas electroreduction
of CO2 fails to produce hydrocarbons.
Density Functional Theory (DFT) methods allow us to examine the reaction energetics of CO2
electroreduction. We initially neglect direct consideration of the HER in order to better understand the
limitations of the CO2 reduction process. On a Cu(111) surface, two main reaction paths have been
identified for CO2 reduction to either methane or methanol.28 In both paths, carbon dioxide is converted to
COOH*, then to CO*, which can then be protonated to form either COH* or CHO* (where * signifies a
surface bound species). Should the carbon atom be protonated to form CHO*, the reaction may proceed to
methanol through three protonation steps, including the intermediate formation of CH2O* and then CH3O*.
If the oxygen of CO* is protonated to form COH*, the reaction proceeds through H–OH bond formation to
deposit a surface C*, which then undergoes four subsequent protonation transfers to form methane. Peterson
et al. concluded, across a number of late transition metal electrocatalysts, that optimal hydrocarbon
production occurs on a catalyst which can balance the ability to reduce CO2* to CO* with the ability to
reduce CO* to either CHO* or COH*.29 Their analysis did not include Fe. We examine the reaction
energetics for the two reaction paths discussed above to determine if, theoretically, Fe can successfully
balance the generation of CO* with its reduction. We consider if this balance is sufficient to explain the
observed inactivity of Fe for CO2 electroreduction.
In this study, DFT methods were used to calculate the potential-dependent reaction free energies for each
intermediate on Fe(100) in both the COH* and CHO* reduction paths. The Fe(100) surface was chosen as
it is the most stable surface plane of bcc Fe.30,31 The results indicate that carbon dioxide reduction to produce
methane is not only thermodynamically viable, but could also occur at overpotentials comparable to or
lower than those required for Cu catalyzed electroreduction. These conclusions directly contradict
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experimental results, indicating that other considerations must explain the lack of CO2 electroreduction
activity on Fe catalysts.
We consider four factors that potentially prevent Fe(100) from reducing carbon dioxide electrochemically.
The first is the possibility of O*/OH* deposition on the surface, blocking all active sites from CO2 reduction
intermediates. The second is that the HER is simply too competitive a reaction, and therefore there can be
no active CO2 reduction species on the surface. However, our analysis of the competitive adsorption of H,
CO, and C on Fe show that at normal overpotentials for CO2 electroreduction, both C* and CO* are more
preferred surface species than H*. This raises a third issue of whether an overabundance of C* and CO*
prevents further C–H bond formation by blocking H access to the surface. The final factor considered is the
possible transformation of the iron electrode to iron carbide under CO2 electroreduction conditions. Our
findings indicate that at the relevant overpotentials, iron carbide formation has a negative free energy, and
therefore is favorable.
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Chapter 2
Computational Methods

Electronic Structure Method
Electronic structure calculations were performed within the framework of DFT, as implemented
in the Vienna ab initio simulation package (VASP), a plane-wave pseudopotential package. 32–35
This program implements Density Functional Theory in order to solve for the lowest energy
conformation of a system of atoms in a periodically repeating geometry. The projector augmented
wave (PAW) approach was used to represent valence states. 36,37 Plane waves with a kinetic energy
cutoff of 450 eV were utilized, and the exchange–correlation energy was calculated using the
Perdew, Burke, and Ernzerhof (PBE) functional within the generalized gradient approximation
(GGA).38,39 Spin polarized calculations were conducted, due to the magnetic nature of Fe. An
optimization criterion of atomic forces less than 0.02 eV Å−1 was used.

Model Construction
Pure bulk iron was optimized using the primitive BCC unit cell, with lattice parameters of a = b =
c = 2.385, and α = β = γ = 109.471°. A Monkhorst–Pack k-point mesh of 11 × 11 × 11 was used in
the bulk optimization.40
For calculations examining the reduction path of CO 2, we used a 36-atom 3 × 3 Fe(100) surface
with four layers of iron and six layers of vacuum (10 Å) between periodic slabs. Selective dynamics
was implemented, and the top two layers of iron were allowed to relax, while the bottom two layers
were held in their bulk positions. The sampling of the Brillouin zone for the 3 × 3 surface cells was
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conducted with a k-point mesh of 5 × 5 × 1 generated automatically using the Monkhorst–Pack
method, which converged the system energy to within 0.03 eV with respect to k-point sampling.40
Intermediates were analyzed in atop, bridge, and hollow sites in order to determine the lowest
energy configuration. All reaction energy calculations utilize the lowest energy conformation of
adsorbates.
Iron carbide structures were optimized in their bulk geometries. The crystal structures of cementite
(Fe3C), the Hägg carbide (Fe 5C2), and the Eckstrom–Adcock iron carbide (Fe 7C3) were analyzed,
and their VASP optimized structures are listed in Table 1. A k-points mesh of 11 × 9 × 13 was used
for all three carbides, chosen based on calculations run previously by de Smit et al.41 and confirmed
to convergence all bulk carbide energies within 0.01 eV with respect to k-point sampling.

Table 1 DFT optimized iron carbide crystal structure parameters and comparison with experimental
parameters
Iron Carbide
ϴ-Fe3C

Space Group
Pnma (62)
Expt.42

χ-Fe5C2

C2/c (15)
Expt.43

Fe7C3

P63mc (186)
Expt.44

Lattice Parameters (Å)
a = 5.092
b = 6.741
c = 4.527
a = 5.054
b = 6.696
c = 4.487
a = 11.588
b = 4.579
c = 5.059
a = 11.482
b = 4.537
c = 5.013
a = b = 6.882
c = 4.540
a = b = 6.829
c = 4.495

Angles (degrees)
α = β = γ = 90o

α = β = 90o
γ = 97.75o

α = β = 90o
γ = 120o
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Elementary Electrochemical Reaction Energies
The geometries of all surface CO 2 reduction intermediates were fully optimized and zero point
vibrational energy corrected. All relative energies presented herein are zero point vibrational energy
(ZPVE) corrected and include a vibrational entropy term. The free energy of an adsorbed
intermediate is calculated as in eqn (1)
𝐺𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒 ∗ = 𝐸𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒 ∗ + 𝐸𝑍𝑃𝑉𝐸 + 𝐸𝑣𝑖𝑏 − 𝑇𝑆𝑣𝑖𝑏

(𝟏)

where Eintermediate* is the DFT optimized energy of the adsorbed intermediate, EZPVE is the zero-point
vibrational energy, Evib is the internal energy stored in vibration at 300 K, and TSvib represents the
vibrational entropy of the adsorbed species at room temperature (300 K).
To analyze the reaction path energetics, the optimized energy of each surface intermediate CO xHy*
was calculated relative to adsorbed CO 2* using the computational hydrogen electrode (CHE)
approach.45 Relative energies represent the reaction energy to form any intermediate from CO 2* via
the reaction
𝐶𝑂2 ∗ + (𝑦 − 2𝑥 + 4)𝐻 + (𝑎𝑞) + (𝑦 − 2𝑥 + 4)𝑒 −  𝐶𝑂𝑥 𝐻𝑦 ∗ + (2 − 𝑥)𝐻2 𝑂(𝑙)
We report relative energies at both 0 V-RHE and −0.5 V-RHE, calculated from eqn (2)
𝑅𝐸(𝑈) = 𝐺 𝐶𝑂𝑥 𝐻𝑦 ∗ − 𝐺𝐶𝑂2 ∗ + (2 − 𝑥)𝐺𝐻2 𝑂 −

𝑦 − 2𝑥 + 4
𝐺𝐻2 + (𝑦 − 2𝑥 + 4)𝑒𝑈 (𝟐)
2

where x is the number of oxygen atoms contained in the adsorbed intermediate, y is the number of
hydrogen atoms contained in the adsorbed intermediate, and eU is the cathode potential on a
reversible hydrogen electrode scale (V-RHE). GCOxHy* is the ZPVE corrected free energy of the
adsorbed intermediate, GCO2 is the free energy of CO2 adsorbed on the surface, and GH2 and GH2O
are the free energies of molecular H 2 and H2O, respectively. The free energies of isolated H 2 and
H2O were obtained from calculations of a single molecule in a cubic unit cell of side length 20 Å
and include statistical mechanics corrections to give the free energy of H 2(g) at 1 atm and the free
energy of H2O(l) at 0.03 atm—the vapor pressure of water at room temperature. The free energy of
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gaseous methane was calculated from the CO 2 free energy and the standard equilibrium potential
(0.17 V-RHE) for CO2 reduction to CH4.

Adsorption Energies
The adsorption energies of surface species were calculated using eqn (3)
𝛥𝐸𝑎𝑑𝑠 = 𝐸𝑠𝑝𝑒𝑐𝑖𝑒𝑠+𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝐸𝑠𝑝𝑒𝑐𝑖𝑒𝑠 − 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒

(𝟑)

where Especies is the energy of the isolated intermediate, Esurface is the energy of the bare surface, and
Especies+surface is the energy of the intermediate adsorbed on the surface. A negative ΔEads corresponds
to a stable adsorbate–surface system. The energy of the isolated adsorbate was calculated using a
single molecule in a cubic unit cell of side length 20 Å.

O*/OH* Deposition Energetics
The reduction free energies of both H 2O* and OH* formation were calculated to examine the
likelihood of O*/OH* deposition on the surface. These relative energies represent the reaction
energy of the reaction below
𝑂∗ + 𝑥 𝐻 + (𝑎𝑞) + 𝑥 𝑒 −  𝑂𝐻𝑥 ∗
The relative energy of each species was calculated from eqn (4)
𝑥
𝑅𝐸(𝑈) = 𝐺𝑂𝐻𝑥 ∗ − 𝐺𝑂∗ − 𝐺𝐻2 + 𝑥 𝑒𝑈
2

(𝟒)

where x is the number of hydrogen atoms in the product surface species and eU is the cathode
potential in V-RHE. GOHx* is the free energy of the adsorbed product species, either OH* or H 2O*,
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and GO* is the free energy of surface adsorbed oxygen. GH2 is calculated in the same manner as in
eqn (2).

Competitive Adsorption Energies
Competitive adsorption effects were analyzed for H*, CO*, and C* to determine which species is
thermodynamically most stable on a Fe(100) surface at CO 2 reduction potentials. The reaction
involving a bare 3 × 3 surface converting to a surface with 1/9 ML of each adsorbed intermediate
was analyzed, summarized in the reactions below
∗ + 𝐻 + (𝑎𝑞) + 𝑒 − → 𝐻 ∗
∗ + 𝐶𝑂2(𝑔) + 2𝐻 + (𝑎𝑞) + 2𝑒 −

→ 𝐶𝑂∗ + 𝐻2 𝑂(𝑙)

∗ + 𝐶𝑂2(𝑔) + 4𝐻 + (𝑎𝑞) + 4𝑒 − → 𝐶 ∗ + 2𝐻2 𝑂(𝑙)

where * represents a bare surface. The free energy of each of these reactions was determined as a
function of potential.
1

𝐻: ∆𝐺𝑎𝑑𝑠 = 𝐺𝐻∗ − 𝐺∗ − 2 𝐺𝐻2 (𝑔) + 𝑒𝑈

(5)

𝐶𝑂: ∆𝐺𝑎𝑑𝑠 = 𝐺𝐶𝑂∗ − 𝐺∗ − 𝐺𝐶𝑂2 (𝑔) − 𝐺𝐻2 (𝑔) + 𝐺𝐻2 𝑂(𝑔) + 2𝑒𝑈 (𝟔)
𝐶: ∆𝐺𝑎𝑑𝑠 = 𝐺𝐶∗ − 𝐺∗ − 𝐺𝐶𝑂2 (𝑔) − 2𝐺𝐻2 (𝑔) + 2𝐺𝐻2 𝑂(𝑔) + 4𝑒𝑈

(𝟕)

The optimized, ZPVE corrected energies of H*, CO*, and C* were used, symbolized by GH*, GCO*,
and GC*, respectively. G* represents the DFT optimized energy of a bare 3 × 3 Fe(100) surface.
GH2O and GH2 were calculated in the same manner as for eqn (2). GCO2 is the free energy of gaseous
CO2 at atmospheric pressure, calculated from the DFT optimized energy of CO 2 in the gas state,
plus a ZPVE correction, and minus the gas phase entropy (multiplied by T = 300 K) of CO2 at room
temperature and pressure (300 K, 1 atm). This approach assumes that the solution phase carbon
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dioxide chemical potential is equilibrated with gas phase CO 2 at 300 K and 1 atm. eU is the cathode
potential on a RHE scale.

Iron Carbide Formation Energies
The free energy of iron carbide formation was analyzed for the conversion of pure bulk iron to bulk
iron carbide FexCy, with gaseous CO2 acting as the C source. This reaction is given as
𝑥𝐹𝑒(𝑏𝑢𝑙𝑘) + 𝑦𝐶𝑂2(𝑔) + 4𝑦𝐻 + (𝑎𝑞) + 4𝑦𝑒 − → 𝐹𝑒𝑥 𝐶𝑦 (𝑏𝑢𝑙𝑘) + 2𝑦𝐻2 𝑂(𝑙)
The free energy of iron carbide formation, defined on a per Fe atom basis, is calculated as in eqn
(8)
∆𝐺𝑐𝑎𝑟𝑏𝑖𝑑𝑒 = 𝐺𝐹𝑒𝑥 𝐶𝑦

(𝑏𝑢𝑙𝑘)

− 𝑥𝐺𝐹𝑒 − 𝑦𝐺𝐶𝑂2 (𝑔) − 2𝑦𝐺𝐻2 (𝑔) + 2𝑦𝐺𝐻2 𝑂(𝑔) + 4𝑦𝑒𝑈 (𝟖)

where GFexCy and GFe are the DFT optimized energies of the bulk solids per formula unit, and x and
y are the number of iron atoms and carbon atoms, respectively, in the iron carbide formula unit.
GCO2, GH2, and GH2O are the same values calculated for eqn (5)–(7) above. eU is the cathode potential
on a RHE scale.
We further considered the free energy of iron carbide reduction to form methane to further delineate
potential ranges over which the iron carbide is stable:
𝐹𝑒𝑥 𝐶𝑦 (𝑏𝑢𝑙𝑘) + 4𝑦𝐻 + (𝑎𝑞) + 4𝑦𝑒 − → 𝑥𝐹𝑒(𝑏𝑢𝑙𝑘) + 𝑦𝐶𝐻4 (𝑔)
The free energy of iron carbide reduction is calculated as
∆𝐺𝐹𝑒𝑥 𝐶𝑦 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝐺𝐹𝑒(𝑏𝑢𝑙𝑘) +

𝐺𝐹𝑒𝑥 𝐶𝑦
4𝑦
2𝑦
4𝑦
(𝑏𝑢𝑙𝑘)
𝐺𝐶𝐻4 (𝑔) −
−
𝐺𝐻2 (𝑔) +
𝑒𝑈 (𝟗)
𝑥
𝑥
𝑥
𝑥
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Chapter 3
CO2 Reduction Energetics on Fe (100)

3.1 Reaction Path
Based on the previous studies by Nie et al.28 and Peterson et al.,29 two proposed reaction paths for
CO2 electroreduction on Fe are considered, summarized in Fig. 1. Two separate products of CO 2
electroreduction result from the proposed pathways: CH 3OH and CH4. Additional formation of
larger hydrocarbons through C–C bond formation may occur along either path, though the
formation of higher hydrocarbons is not considered in this study. Both reactions proceed similarly
through COOH* and CO* intermediates. The divergence point toward methane or methanol occurs
at the protonation of CO*. If oxygen is protonated, COH* is formed, which subsequently reduces
to form water and surface carbon. Surface C* is sequentially protonated four times to form methane.
If the carbon atom of CO* is protonated, CHO* is formed, which is sequentially protonated to
formaldehyde, methoxy, then methanol. We assume the separation of these two paths is possible
based on findings on the Cu(111) surface, 3 and similarly neglect initial reaction steps through
HCOO*. As our goal is to examine whether these paths are feasible on Fe(100) rather than explain
specific experimental results, neglecting other possible paths does not alter the conclusions reached.
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Fig. 1 The proposed reduction paths of CO2 to CH3OH and CH4 on Fe (100). The proton
and electron reactants and water molecule products are not included in the reaction
scheme.
In sections 1.1(a)‒(c), we report the optimal structures for intermediates absorbed on the Fe (100)
surface. In Section 1.2, we use the computed energies of these intermediates to construct a reaction
energy diagram for CO2 reduction on the Fe(100) surface. In section 1.3, we compare the theoretical
effectiveness of Fe(100) as a CO2 reduction catalyst to Cu(111).

3.1(a) Formation of CO* from adsorbed CO2*
The first step of CO2 electroreduction is the adsorption of CO 2 onto the Fe(100) surface. The
adsorption energy of CO 2 on the surface was determined to be −0.25 eV, indicating a stable
adsorbate–surface complex. The adsorption free energy of CO 2 is −0.02 eV. When bound to the
surface, carbon dioxide adopts a bent CO 2δ− state (Fig. 2a) with both oxygen atoms in atop position
and the carbon atom bridged between two iron atoms. The optimized structure has C–O bond
lengths of 1.26 Å compared to 1.16 Å in the gaseous state 46 and an O–C–O bond angle of 135.7°.
COOH* (Fig. 2b), formed by protonation of an oxygen atom of CO 2*, has a lowest energy
conformation with carbon and the non-protonated oxygen parallel to the surface. The O–C–O bond
angle is 114.9°, the C–O–H bond angle is 107.1°, the C–O bond lengths are 1.29 Å and 1.36 Å and
the C–H bond length is 0.99 Å. Finally, CO* (Fig. 2c) has the lowest energy in the hollow position,
with a C–O bond length of 1.25 Å. The adsorption energy of CO* on the surface was determined
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to be −1.51 eV. The structure and binding energy of CO* are similar to those calculated by Stibor,
who reports CO* bound in the hollow conformation with a binding energy of −1.71 eV. 47

Fig. 2 Top and side view of optimized reduction intermediates (a) CO2, (b) COOH,
and (c) CO. Atom species are: Fe (purple), C (grey), O (red) and H (white).

3.1(b) Protonation of CO* to form COH* and subsequent reduction to CH4
Should CO* be protonated to form COH*, a subsequent five-step reduction can occur to produce
methane. COH* (Fig. 3a) prefers the hollow position, with a C–O–H bond angle of 109.3°, a C–O
bond length of 1.42 Å, and an O–H bond length of 0.98 Å. A reduction of the hydroxyl group results
in a desorbed water molecule and a surface adsorbed carbon atom. The C* species (Fig. 3b) remains
in the hollow position. Four subsequent protonation steps result chronologically in CH*, CH 2*,
CH3*, and CH4 (Fig. 3c–f). CH4 does not adsorb strongly to the surface. The C–H bond lengths and
angles are in agreement with those calculated by Govender et al.48
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Fig. 3 Top and side view of optimized reduction intermediates involved in methane
production (a) COH, (b) C, (c) CH, (d) CH 2, (e) CH3 and (f) CH4. Atom species
are: Fe (purple), C (gray), O (red) and H (white).

3.1(c) Protonation of CO* to form CHO* and subsequent reduction to CH3OH
Were the carbon atom of CO* to undergo protonation rather than the oxygen atom, CHO* would
form, and may consequently be reduced in three steps to form methanol. The preferred
conformation for adsorbed CHO* consists of the C–O bond approximately parallel to the surface
(Fig. 4a). The structural parameters include a O–C–H bond angle of 115.6°, a C–O bond length of
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1.29 Å, and a C–H bond length of 1.12 Å. CH 2O* (Fig. 4b) consists of both carbon and oxygen in
bridge positions, while CH 3O* (Fig. 4c) prefers only oxygen attached to the surface, in a bridge
position. CH3OH (Fig. 4d), once formed, absorbs weakly to the surface through the O atom.

Fig. 4 Side and top view of optimized reduction intermediates involved in methanol
production: (a) CHO, (b) CH2O, (c) CH3O and (d) CH3OH. Atom species are: Fe
(purple), C (gray), O (red) and H (white).

3.2 Reaction Energy Analysis
The free energies of reaction intermediates were calculated relative to CO 2* and are simultaneously
depicted at 0 V-RHE (blue) and −0.5 V-RHE (green) in Fig. 5 and 6. As the adsorption free energy
of CO2 gas is −0.02 eV at room temperature and 1 atm, the y-axis of Fig. 5 and 6 is equivalently
relative to CO2 gas. The formation path of methane through a COH* intermediate is shown in Fig.
5 while Fig. 6 illustrates the formation path of methanol through a CHO* intermediate.
The major branching point in the reaction path occurs at the protonation of CO*. A comparison of
the relative energies of CHO* and COH*, the two possible products of CO* protonation, indicates
that COH* is the preferred product by −0.17 eV. We have neglected the solvation of surface
intermediates, which would further stabilize COH* relative to CHO* due to the propensity of the
hydroxyl group to participate in hydrogen bonds. Without the inclusion of activation barriers, this
result indicates that methane is the preferred product of CO 2 electroreduction, were competing
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reactions such as hydrogen evolution ignored. Though at 0 V-RHE the protonation of CO* to COH*
is endergonic, at a potential of −0.5 V-RHE this reduction is energetically downhill by −0.10 eV.
For the production of methane at −0.5 V-RHE, each consecutive step is downhill in energy. While
our calculations indicate that the final protonation of CH 3* to form CH4* is uphill by 0.18 eV, the
free energy of forming the gaseous product (with greater entropy than the surface bound state)
makes this final step preferable. The free energy of the gaseous methane is included in Fig. 5, though
it should be noted that this reflects the value at standard conditions whereas the methane partial
pressure is typically undefined in CO 2 reduction experiments. Both the formation of CO* and its
reduction are thermodynamically viable at −0.5 V-RHE. Carbon deposition on the surface, a
possible deterrent to further C* reduction (as carbon may block hydrogen from adsorbing on the
surface), does not appear probable according to this reaction energy diagram. Though we have
neglected kinetic consideration of transition states, calculated reaction free energies suggest that the
continued reduction of C* to CH* is favorable.
CO2 reduction through CHO* is not favored on the Fe(100) surface, and therefore further reduction
to CH3OH is not expected (Fig. 6). At −0.5 V-RHE, the conversion of CO* to CHO* is uphill in
energy by 0.07 eV. Additionally, the final protonation converting CH 3O* to CH3OH is endergonic
by 0.39 eV, indicating that lower potentials would be needed to reduce methoxy species.
Considering both paths, methoxy appears to be the only stable surface C-containing species at −0.5
V-RHE.
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Fig. 5 Relative free energy diagram for reduction of CO 2 to CH4 on Fe (100) at 0
(▬ blue) and ‒0.5 (▬ green) V-RHE. Numbers indicate the relative energy
change of each reduction step.

Fig. 6 Relative free energy diagram for reduction of CO 2 to CH3OH on Fe (100) at
0 (▬ blue) and ‒0.5 (▬ green) V-RHE. Numbers indicate the relative energy
change of each reduction step.
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3.3 Comparison of CO2 reduction on Fe (100) and Cu (111) Surfaces
Cu(111) has been found experimentally 10 to electrochemically reduce CO 2 to methane and ethylene,
and DFT computed reduction energetics 28 are consistent with experimentally observed activity and
selectivity. According to Nie et al.,28 CO2 reduces to methane through a COH* intermediate via the
same reaction path found dominant in this study. As Cu(111) is currently the most selective catalyst
for CO2 reduction to hydrocarbons, we compare the computed reaction energetics on Fe(100) to
Cu(111). This comparison can indicate whether the presented energetics suggest that Fe(100) could
be active for CO2 reduction based solely on the same analysis used to explain Cu(111) activity, or
if Fe(100) fails at CO2 reduction because it simply requires significantly higher overpotentials for
this path compared to Cu(111). Our analysis of the required overpotentials on each metal shows
that the Fe(100) surface actually requires significantly lower overpotentials than Cu(111) for
important steps in the reaction path, including the initial reduction of CO 2* to COOH* and the
reduction of CO* to COH*. These comparisons are further discussed below; overall, these lower
overpotential requirements indicate that, theoretically and ignoring competing reactions, Fe(100) is
a better CO2 reduction catalyst than Cu(111).

3.3(a) Comparison of Fe (100) and Cu (111) Reduction Potentials
The potential limiting step of CO 2 reduction to CH4 on Fe(100) is the last reduction step, converting
CH3* to CH4*. At 0 V-RHE, the reaction free energy for this reduction is 0.68 eV; thus, at an applied
overpotential of −0.68 V-RHE, the entire CO2 reduction process becomes thermally favorable. On
Cu(111), the thermally limiting step for methane production is the conversion of COH* to C*,
which requires an overpotential of −0.98 V-RHE to achieve a negative reaction free energy. 28 The
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theoretical overpotential required on Cu(111) is 0.30 V greater than that which is required on
Fe(100), considering only elementary reaction free energies.
Elementary reaction energies indicate that CO* formation is more favorable on Fe(100) than on
Cu(111). At 0 V-RHE on Fe(100), COOH* is 0.36 eV higher in energy than CO 2*. To make this
reduction thermodynamically preferable, an overpotential greater than 0.36 V-RHE must be
applied. Once COOH* is formed from CO 2*, the further reduction of COOH* to CO* is preferable
even at 0 V-RHE. On Cu(111), the reaction free energy at 0 V-RHE to produce COOH* from CO 2*
is 0.62 eV.28 Thus, to make this reaction thermodynamically favorable, an overpotential greater than
0.62 V-RHE must be applied, 0.27 eV greater than the overpotential required on Fe(100). Following
this initial reduction step, the formation of CO* on Cu(111) is also energetically feasible at 0 VRHE.
The required overpotentials for CO* reduction on Cu(111) and Fe(100) are relatively similar, with
a slightly lower overpotential required on Fe(100). The reduction of CO* to COH* is the key point
of divergence and a limiting step in the CO2* reduction path and determines whether CO* is
eventually reduced to methane or methanol. The reduction of CO* has been proposed as the rate
limiting step for CO2 reduction on Cu catalysts.28,29 On Fe(100), an overpotential of 0.40 V-RHE is
required to make this reduction step thermodynamically downhill. Should CO* reduction to CHO*
be considered, an overpotential of 0.57 V-RHE would be required to make the reaction free energy
less than zero. While this required overpotential for CO* reduction to CHO* is below that required
for the overall reaction (0.68 V-RHE), the major CO* reduction product will be COH* due to
thermodynamic preference. In comparison, Cu(111) requires overpotentials greater than 0.59 VRHE in order to endergonically convert CO* to COH*. Energetics of this reaction step do not
explain the experimentally observed lack of hydrocarbon production from CO 2 electroreduction on
Fe electrocatalysts.
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3.4 Conclusion of CO2 Reduction Reaction Energetics
Fe catalysts experimentally produce little to no hydrocarbon products under CO 2 electroreduction
conditions.3,6,10 However, an analysis of the DFT reaction free energies for CO 2 reduction to form
CH4 and CH3OH suggests that CH4 can be formed on Fe(100) at lower overpotentials than on
Cu(111). As Fe(100) represents the lowest energy surface of polycrystalline Fe, the fact that little
to no hydrocarbon production is observed experimentally during CO 2 electroreduction on Fe
catalysts suggests this mechanistic analysis is not sufficient. This discrepancy between computation
and experiment will be the focus of the next section. Our considerations do not examine elementary
activation barriers and ignore the possibility that the activation barriers for elementary reduction
steps do not correlate with reaction energetics on Fe(100) and Cu(111) surfaces. That possibility is
left for future consideration.
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Chapter 4
Impediments to CO2 Electroreduction on Fe (100)
In this section, we examine several possible obstructions to CO 2 electroreduction on Fe(100) that
prevent the metal from achieving its theoretical potential as a catalyst for the electroreduction
reaction, as suggested by reaction energetics in the previous section. In Section 2.1, we consider the
possibility of O* or OH* deposition on the surface, as a result of the oxidation of water in the
aqueous environment. In Section 2.2, we examine two possible consequences of the competitive
adsorption effect between H*, CO*, and C*: (a) should hydrogen not be able to adsorb on the
surface due to a high prevalence of C* or CO* and (b) should too much hydrogen adsorb on the
surface, no C-containing intermediates would be able to adsorb on the surface. Both scenarios
prevent the formation of C–H bonds. Section 2.3 considers whether Fe is unstable under CO 2
reduction conditions relative to iron carbide formation.

4.1 O*/OH* Blockage of Active Surface Sites
As CO2 electroreduction is conducted in an aqueous environment, the oxidation of water to surface
adsorbed OH* or O* is possible and may result in a blockage of active surface sites, thus preventing
CO2-derived species from adsorbing to the surface. Due to this possibility, we have examined the
reaction free energies of the conversion of O* to OH* and further to H 2O*. If O* or OH* reduction
is unfavorable at relevant CO 2 electroreduction potentials, these species could potentially block
active surface sites. The energy of each surface species was calculated relative to O* as described
in the methods section.
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As shown in Fig. 7, our calculations indicate that at potentials greater than −0.56 V-RHE, O* is
preferred. At potentials below −0.56 V-RHE, H2O* is the preferred species. This result suggests
that O* and OH* formation are unlikely at relevant CO 2 reduction potentials. Additionally, as we
neglect solvation effects of surface species, we can expect the potential range of poorly solvated O*
will reduce even further compared to H 2O*. Thus, we do not expect O* or OH* formation to account
for the lack of hydrocarbon formation by Fe(100) catalysts.

Fig. 7 Potential dependent free energies of OH*(●) and H 2O*(▲) relative to O*
calculated from eqn (4). The grey area denotes the thermodynamically favorable
potential window for both O* and OH* to reduce to H 2O*.

4.2 Competitive adsorption effects of H*, CO* and C*
Nie et al. concluded that H+ interacts directly with the surface during C–H bond formation
elementary reaction steps. For all elementary C–H bond formation steps considered on the Cu(111)
surface, the minimum energy reaction path proceeds via transition states that include direct H–
surface contact.28 Therefore, should all active Fe(100) surface sites be occupied by other species,
such as C* or CO*, hydrogen will be unable to interact directly with the surface and no further C–
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H formation steps will be possible. We therefore consider the competitive formation of CO*, C*,
and H* on the Fe(100) surface.
The free energies of C*, CO*, and H* formation were calculated as a function of potential using
eqn (5)–(7) and are plotted in Fig. 8. At potentials less than 0.55 V-RHE, H* is the least preferred
of the three species on the Fe(100) surface. Therefore, at potentials under which CO 2 reduction is
generally conducted, H* is not a thermodynamically preferred species on the surface. Instead, both
adsorbed C* and CO* are significantly more thermodynamically favorable than adsorbed H*. The
strong thermodynamic driving force to CO* or C* formation could result in near monolayer
coverage of these species, provided there are kinetically accessible from CO 2 reduction and their
further reduction is limited by slow C–H bond formation. C* and/or CO* adsorption can block
hydrogen from associating with the surface. Though our reaction energy analysis in Section 1
indicates both C* and CO* reduction to form C–H bonds are viable at low overpotentials, the rates
of these elementary steps will be strongly dependent on the coverage of H* (i.e. access of H + to the
surface); a low coverage will limit hydrocarbon formation. These findings also correlate with the
experimental observation that the addition of gaseous CO 2 to Fe(100) under electroreduction
conditions decreases the rate of the HER, 10,19–23 indicating that CO2 intermediates may be blocking
H adsorption sites. Yet while this conclusion presents an explanation for the lack of hydrocarbon
production in CO2 electroreduction, it fails to explain why hydrogen evolution continues under CO 2
reduction conditions. The importance of “over-potential deposited hydrogen” (OPDH) in HER at
overpotentials is well established; 49,50 we speculate that such a non-directly surface associated H*
species may continue to allow for H 2 formation while not having sufficient surface access for C–H
bond formation.
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Fig. 8 The potential-dependent adsorption free energies of H* (●), CO*(■) and
C*(▲) formation during CO 2 electroreduction. The grey area denotes the
thermodynamically favorable potential window for surface C* formation from
CO2.

All analysis to this point considered the monometallic Fe(100) surface. However, our reaction
energy and competitive adsorption analysis have suggested C* may form and potentially reach a
sizeable surface coverage. We consider the possibility that, under CO 2 electroreduction conditions,
Fe catalysts may convert to iron carbides. These considerations are discussed in Section 2.3.

4.3 Iron Carbide Formation
In the previous section, our analysis considered the formation of surface C* species; however, it is
plausible that subsurface C* may lead to bulk iron carbide formation under CO 2 electroreduction
conditions. The formation of iron carbide during Fischer–Tropsch catalysis or CO 2 thermal
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reduction is well known.41,51,52 Under CO2 electroreduction conditions, it is possible that the bulk
of the Fe electrode may convert to a FeC x species as well. If carbide formation is thermodynamically
viable, i.e. if the ΔGcarbide is below zero, then given sufficient time, Fe will convert to iron carbide.
We consider the possible formation of three iron carbide structures: Fe 3C, Fe5C2, and Fe7C3. These
carbides have been considered as stable forms under Fischer–Tropsch synthesis conditions. 41
We calculated the free energy of formation of bulk iron carbide using eqn (8). Fig. 9 displays the
results of these free energy calculations. At potentials less than 0.60 V-RHE, the ΔG of iron carbide
formation is negative, indicating a preferable transformation. Thus, iron carbide formation becomes
thermodynamically viable at potentials well above those of CO 2 reduction, indicating the presence
of a strong driving force to carbide formation during the electroreduction. At potentials above 0.27
V-RHE, Fe3C has the lowest free energy. Between potentials of 0.01 V-RHE and 0.27 V-RHE,
Fe5C2 is the thermodynamically favored iron carbide structure. Finally, at potentials below 0.01 VRHE, Fe7C3 is preferred. At more negative potentials, carbide compositions with greater carbon to
iron ratios become more preferred.
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Fig. 9 The potential-dependent formation free energies (eqn (8)) of Fe3C (blue, solid),
Fe5C2 (orange, short dash) and Fe7C3 (red, long dash) from bulk bcc Fe and reduction
energies (eqn (9)) of Fe3C(●), Fe5C2(■) and Fe7C3(▲). The color bar below the x-axis
indicates the stable phase of FexCy at each electrode potential.
We further considered the reduction free energy of iron carbides to reform metallic Fe and produce
methane, and these free energies are also included in Fig. 9. Below potentials of −0.28 V-RHE,
carbide reduction to produce methane is favorable, indicating that at significant CO 2 reduction
overpotentials, iron carbide is metastable relative to subsequent reduction back to Fe metal. These
results indicate that, though CO 2 reduction to methane on Fe(100) appears preferable and possibly
more viable than on Cu(111), Fe electrodes may be driven to form iron carbide under CO2
electroreduction conditions. If surface C* concentrations become substantial without sufficient H*
to allow for reduction, as suggested by the analysis in Section 2.2, iron carbide formation may
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occur. Despite the thermodynamic driving force to form methane, the iron carbide may remain
metastable under CO2 reduction conditions due to slow formation of C–H bonds on the carbide
surface. The consideration of CO 2 electroreduction on iron carbide catalysts is a topic of interest for
future work since this is the active form of Fe for Fischer–Tropsch and CO2 thermal reduction.41,52
The lower temperature (compared to thermal reduction) electroreduction experiments performed to
date may not have formed carbides due to kinetic limitations..
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Chapter 5
Conclusion
Experiments by Hori et al. demonstrate that iron produces minimal to no hydrocarbons, and instead
the hydrogen evolution reaction dominates 3,10 despite being slowed by the presence of gaseous
CO2.10,19–23 In this study, the low-coverage reaction energetics of the conversion of CO 2 to CH4 were
analyzed using a simplistic DFT based free energy approach to infer that Fe(100) may surpass
Cu(111) as a CO2 electroreduction catalyst. We examined three possible explanations for this
inconsistency: O*/OH* deposition on the surface, C*/CO* blockage of the surface, and iron carbide
formation.
We conclude that O*/OH* deposition does not pose a substantial barrier to CO 2* electroreduction,
as the formation of O* is not thermodynamically preferred at CO2 reduction overpotentials.
However, our analysis revealed a large preference towards adsorbed carbon, which may limit H +
access to the surface and prevent subsequent C–H formation. Additionally, there is a strong
thermodynamic preference for the surface adsorbed carbon to convert to iron carbide. At CO 2
reduction potentials, iron carbide formation is thermodynamically viable, and given enough time
the iron electrode will transform into iron-carbide. This transformation may explain the
ineffectiveness of the iron surface under experimental conditions. Future work will focus on
investigating the two CO2 reduction paths discussed in Section 1 on Fe 7C3, the preferred iron carbide
structure, in order to determine more thoroughly whether iron carbide could be an effective CO2
reduction catalyst.
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