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Abstract 

The hydrogenation of CO2 into high-value fuels is a potentially effective approach to reduce 
anthropogenic dependence on fossil fuels and effects of climate change. In this study, we evaluated 
the hydrogenation of CO2 into CO and CH4 under the electrochemical promotion of catalysis 
(EPOC) effect through experimental and computational studies using Ru nanoparticles. Ru 
nanoparticles (1-2 nm) supported on yttria-stabilized zirconia (YSZ) solid electrolyte were 
evaluated at 250 °C at atmospheric pressure. Under positive polarization, the methanation reaction 
was promoted and the competitive reverse water gas shift (RWGS) reaction was impeded. On the 
other hand, negative polarization resulted in suppressing permanently the methanation reaction 
and minimally affecting the RWGS reaction. To qualitatively rationalize the tuning of selectivity 
via EPOC, Density Functional Theory (DFT) computations were used to model the EPOC effect 
induced on the Ru(0001) surface. DFT computations uncovered that electric field effects together 
with a change in surface electrochemical potential between intermediates are responsible for the 
contrasting influence of EPOC on the CH4 and CO formation over Ru catalysts.  
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1. Introduction 

Due to the importance of carbon dioxide (CO2) in the greenhouse gas effect, the heterogeneous 
catalytic reduction of CO2 with hydrogen (H2) to base chemicals has been extensively studied 
[1,2]. Depending on the catalyst and relative partial pressures, the Reverse Water Gas Shift 
(RWGS) or the methanation reaction is dominant, yielding carbon monoxide (CO) and methane 
(CH4), respectively [2]. Ruthenium (Ru) has been used extensively due to its dual ability of 
activating CO2 and H2, and it is the most economical noble metal [3]. Based on experimental 
Fourier transform infrared (FTIR) spectroscopy and Density Functional Theory (DFT) studies, the 
main reaction pathways of CO2 reduction over Ru catalysts is summarized in Scheme 1 [3–6].  The 
first step consists of adsorbing CO2 and dissociating it into chemisorbed CO and O. The next step 
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is crucial for the selectivity: either CO desorbs or it hydrogenates further to CHO and ultimately 
to CH4. This competition depends on the morphology and the presence of promoters as well as on 
the reaction conditions (temperature and H2/CO2 pressure ratio). Typically, CH4 selectivity is 
favoured by temperatures of 200-300 °C. Above 250 °C the temperature is high enough to enable 
the endothermic formation of CO on Ru nanoparticles, although only at about 500 °C a high 
selectivity was reached in earlier reports [7]. 

 

 

Scheme 1. Schematic mechanism of the CO2 hydrogenation pathway under standard conditions 
on the Ru(0001) surface. 

The activity and selectivity of metal supported catalysts can be tuned by metal-support 
interactions (MSI) [7,8], metal alloying [9,10], addition of alkali promoters [6,11] etc. Another 
strategy is to apply external electrochemical stimuli and exploit the Non-Faradaic Electrochemical 
Modification of Catalytic Activity (NEMCA), also named Electrochemical Promotion of Catalysis 
(EPOC) phenomenon. The setup is schematically represented in Scheme 2. 

 

 

Scheme 2. Schematic representation of the EPOC phenomenon. 

In EPOC, the catalyst is deposited on a solid electrolyte and submitted to a small current 
or potential. Applying an electrochemical potential to the catalyst surface results in an alteration 
of catalytic activity and in some cases reaction selectivity. EPOC refers to the change in reaction 
rate that is not affiliated to an electrochemical reaction. Hence, it does not abide by Faraday’s Law 
[12]. EPOC has been observed for over 100 reactions and catalytic systems [13–15]. When the 
applied potential is switched off, the modification decays and the system typically returns to its 
original catalytic activity, i.e., EPOC allows to reversibly tune the activity and selectivity. Many 
studies were dedicated to rationalize EPOC, leading to general empirical rules [16–18]. According 
to these studies, EPOC allows for the in-situ control of the spillover/backspillover of promotional 
species from a solid electrolyte support towards and away from the metal catalyst through the 
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application of a potential difference between the inert counter electrode and the working-catalyst 
electrode [13,19]. The (back-)spillover effect results in the modification of catalyst work function 
and was evaluated using several surface-sensitive techniques and catalytic reactions [20,21]. 
Nevertheless, a precise atomistic understanding of the origin of the promotional activity is lacking. 
Comprehending the atomistic origin of this process clarifies the role of promotional species, i.e., 
if they act as spectator species or directly participate in the bond formation/scission processes. This 
detailed insight will also improve our understanding of metal-support interactions and chemical 
promotion effects since these phenomena are functionally equivalent [18].  

Previous EPOC studies of CO2 hydrogenation over Ru films of 2 µm thickness, have 
demonstrated that the electrochemical polarization alters the CO to CH4 ratio [22,23], 
independently from the promoting species used, such as O2-, Na+, K+ and H+, associated with yttria-
stabilized zirconia (YSZ), Na-β”-Al2O3, K-β”-Al2O3, and BaZrO0.85Y0.15O3-α (BZY) solid 
electrolytes, respectively [22,23]. This suggests a universal promoting mechanism, which is not 
primarily related to surface coverages of active species such as H and O but rather due to the 
polarization of the electrode and work function modification. 

To elucidate the origin of the contrasting impact of the electrochemical potential of the catalyst 
surface on CH4 and CO production rates, we investigate the competition between CO and CH4 
production over Ru catalysts at moderate temperatures of 250 °C, where EPOC allows to tune the 
competition between the two pathways. We aim at providing qualitative but robust understanding 
of the EPOC effect. Our model of EPOC that includes the polarization at the interface without 
specifying the promoting species predicts trends in the competition that are in line with the 
experimental observations regarding the selectivity of the CO2 reduction. It confirms that when 
using Ru-based catalysts, the selectivity of the reaction is not driven by the nature of the migrating 
species but by the induced polarization. The combination of periodic DFT and experiments shows 
that the relative adsorption energy of CO and CHO as a function of the electrochemical potential 
at the catalyst surface is key for determining the selectivity between CO and CH4 production. 

2. Experimental  

2.1 Catalyst preparation 

The ruthenium (Ru) nanoparticles were synthesized using the polyol synthesis method [9]. 
The method incorporates metal precursors, ethylene glycol (EG) and tetramethylammonium 
hydroxide (TMAOH). The addition of TMAOH serves to stabilize and increase the pH to govern 
the size of the nanoparticles. The Ru colloid was prepared using 0.105 g of ruthenium chloride 
(RuCl3) (anhydrous, Sigma Aldrich) mixed in 15 mL ethylene glycol (Fischer-Scientific certified 
grade) containing 0.15 M TMAOH (Sigma Aldrich, pentahydrate). The solution was then heated 
up until it reached 160 °C and immediately turned off and cooled to room temperature. Initial pH 
of the solution was 12 and dropped to 7 after reflux. The final colloidal solution was black in color 
and stored at room temperature.  
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2.2 Physicochemical characterization 

The size of the free-standing Ru nanoparticles was evaluated using scanning transmission 
electron microscopy (STEM) performed on a FEI Titan3 80-300 TEM operated at 300 keV, 
equipped with a CEOS aberration corrector for the probe-forming lens. Annular Dark Field (ADF) 
images were taken using a Fishione detector to provide a contrast between the nanoparticles and 
support at convergence and collection angles of 17 and 60 mrad, respectively. The Ru colloidal 
sample was sonicated in ethanol and then one-drop was deposited onto a 200 mesh TEM copper 
grid coated with a lacey carbon support film (Ted Pella). The Image J software was used to measure 
the average size of the nanoparticles. X-Ray Diffraction (XRD) patterns did not show peaks for 
the free-standing Ru nanoparticles because they were amorphous.  

2.3 Electrochemical cell and reactor setup 

The electrochemical cell consisted of the ionically conductive support 8 mol% Y2O3-
stabilized ZrO2 (YSZ) (Tosoh) as the solid electrolyte in the form of a disc (diameter = 19 mm and 
thickness = 1 mm) prepared as described elsewhere [24]. Gold (Au) counter and reference 
electrodes were painted using Au paste (C2090428D4, Gwent Group, CAS: 98- 55-5) next to each 
other with a surface area of 1 cm2 and 0.2 cm2, respectively. The Au counter and reference 
electrodes were annealed in air at 500 °C for 1 h. Directly opposing the counter electrode, the 
working catalyst-electrode was deposited in a surface area of 1 cm2. The Ru catalyst was deposited 
as a colloid solution enclosed in a tape mask mold. It was deposited 10 µL at a time with subsequent 
heating at 130 °C for 10 min in between deposits to dry the solution until the desired catalyst 
loading (0.2 mg of Ru free-standing nanoparticles) was achieved.  A gold mesh was mechanically 
pressed on the catalyst-working electrode to act as a current collector, as previously shown [8].  

The total flow rate of 100 mL.min-1 consisted of CO2 (Linde, 99.999%), H2 (Linde, 100%) 
and He (Linde, 100%) balance at 1.5 kPa, 9 kPa and 89.5 kPa, respectively.  These were fed to the 
reactor through three independent mass flow controllers (MFC, MKS Instruments). The catalyst 
was pre-treated in 20 kPa of O2 for 2 h at 200 °C to remove any residue ethylene glycol and 
TMAOH from the surface. The pre-treatment was then followed by He purging for 15 min and 
then H2 (30% in He) for 3 h at 200 °C to reduce the RuO2 surface to Ru. The CO2:H2 ratio of 1:7 
was used since it was observed in all previous EPOC reactions that the this ratio displayed the 
highest selectivity to CH4 with Ru films and additionally allows for CO and CH4 end-products to 
be produced [23]. The high concentration of H2 during reaction conditions ensures a complete 
reduction at 200 °C. These conditions are chosen in order to conveniently determine the influence 
of the electrochemical potential at the catalyst surface on product selectivity. The product gases 
were analyzed using a quadrupole mass spectrometer (QMS, Ametek Proline DM 100), with 
values for CO2, CO, H2O, CH4, He and H2 corresponding to the m/z (mass-to-charge) ratios 44, 
28, 18, 15, 4 and 2, respectively. The electrochemical cell is a modified version of the reactor 
described in Ref. [25]. Three gold wires were used to connect the working, counter and reference 
electrodes to the potentiostat-galvanostat (Arbin Instruments, MSTAT) that supplied the 
application of potential and constant current to the electrochemical cell. 
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The EPOC effect was evaluated through the enhancement ratio (ρ) (eq. 1) and apparent 
Faradaic efficiency (Λ) (eq. 2) defined through the following equations.  

𝜌 =
𝑟
𝑟$
	(1) 

|𝛬| =
𝛥𝑟
𝐼/𝑧𝐹	(2) 

Where ro represents the open circuit catalytic rate (i.e. no polarization) and r represents the 
catalytic rate when potential is applied. The numerator (Dr) in eq. 2, is the difference between r 
and ro. The denominator represents the rate at which the migration species Oδ- travels through the 
triple-phase boundary to the Ru gas exposed surface, where z is the number of electrons transferred 
(2e- for CO and 8e- for CH4), F is Faraday’s constant and I is the applied current.  

2.4 Computational details 

The VASP code (Vienna Ab-initio Simulation Package) was used to perform all DFT 
computations [26]. The dispersion corrected density functional approximation PBE-dDsC was 
applied. This method has been shown to reproduce experimental adsorption energies [26,27]. In 
the absence of experimental insight on the most representative surface sites, the most stable 
Ru(0001) surface was chosen [3,4]. A symmetric p(3x3) unit cell with of 5 metallic layers was 
used. A large (45.2 Å) vacuum layer separates the two surfaces to prevent interactions and provides 
the necessary space of the description of the double layer. [28] The Brillouin zone was integrated 
with a Monkhorst–pack k-point of 5x5x1. The basis-set cutoff was set to 400 eV. All geometries 
have been optimized to forces below 0.02 eV/Å with wave functions converged to 10-6 eV. 
Frequencies were computed with the harmonic approximation to determine the vibrational 
contribution to the enthalpy and entropy. The translational and rotational contributions for the gas 
molecules were computed within the ideal gas approximation and the rigid rotator approximation. 
The linearized Poisson-Boltzmann equation with default parameters as implemented in VASPsol 
module [29] has been used to model the influence of the electrochemical potential at the catalyst 
surface [28,30]. For detailed explanations on the computational model, we refer the reader to ref 
[31], where we have also demonstrated that the precise technical parameters do not considerably 
influence the EPOC results. The investigated reaction pathway follows the proposal by Avanesian 
et al. [3].  

The Gibbs Free Energy (Gads) values for each reactant, intermediate and product adsorbed 
on Ru(0001) were calculated using equation 3.  

 

𝐺234 =
1
2 [𝐺467829:;<$=:96=: −

?𝐺467829: + 2	𝐺<$=:96=:A]	(3) 

 

where Gsurface+molecule is the Gibbs Free Energy of the optimized configuration of the species on the 
surface, Gsurface is the Gibbs Free Energy of the optimized Ru(0001) surface and Gmolecule is the 
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Gibbs Free energy of the molecule optimized in the gas phase. The factor ½ accounts for the use 
of a symmetric slab, which is also the reason for the use of two gas-phase molecules in the 
reference. 
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3. Results & Discussion 

3.1 Characterization of Ru Nanoparticles  

The STEM image displayed in Fig. 1 confirms that the Ru nanoparticles were between 0.5-1 nm 
in diameter, in accordance with the modified polyol method. Additionally, the free-standing (i.e. 
unsupported) nanoparticles were well dispersed and did not display significant agglomeration prior 
to reaction. Supported STEM images were not possible due to the presence of the solid electrolyte, 
which blocks the transmission and SEM does not provide enough resolutions to view the 
nanoparticles. The contrast provided by the ADF image represents the nanoparticles as bright spots 
on the darker background. Here, RuOx (x ≤ 2) are displayed since they are exposed to air; however, 
they were reduced back to metallic Ru during the hydrogenation pre-treatment step.  

 

Fig. 1. STEM image of free-standing Ru nanoparticles and corresponding particle size distribution 
histogram. 

3.2 EPOC performance for Ru nanoparticles 

 To evaluate the EPOC phenomenon for the methanation and RWGS reaction on Ru 
nanoparticles deposited on YSZ, 250 °C was chosen as reaction temperature, since simultaneous 
production of CO and CH4 is observed at this temperature. We show in Fig. 2a a representative 
transient rate response for application of a positive current of 50 µA at 250 °C, which corresponds 
to a potential difference between the catalyst-working and reference electrode (UWR) of about 1 V. 
The open-circuit (O.C.) conditions were maintained for 1 h after reaching a steady-state, followed 
by 3 h polarization and return to open-circuit for 3 h. The duration of each time window was chosen 
to let the system reach a steady-state.  

 At open-circuit conditions, the production rate for CO is greater than for CH4. When a 
positive current of 50 µA is applied, the methanation reaction is promoted, with ρ > 1 and Λ = 34 
(Fig. 2a). Conversely, the RWGS reaction is impeded, with ρ < 1 and a low Faradic efficiency (Λ 
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= 15). When the system is switched back to O.C. conditions, it requires over 2 h to return, in line 
with the slow increase in rate upon positive application. During positive polarization there is a 
continuous supply of oxygen ionic species to the gas-exposed catalyst surface that act as promoters 
for CH4 and inhibitors for CO production. The slow return of CO production rate to O.C. upon 
current interruption indicates that supplied oxygen ions remain on the surface of the catalyst and 
continue acting as inhibitors for CO formation for over 2 h.  A Λ>1 signifies non-Faradaic 
behavior, which improves as the Λ value increases [12]. However, for hydrogenation reactions 
with O2- solid electrolyte as active support, since O2- is not a reactant, the process is non-Faradaic 
when ρ ≠ 1. The kinetic study performed by Theleritis et al. [22], and Kalaitzidou et al.[23], have 
shown that the selectivity to CH4 can be influenced by three factors: H2 partial pressure (7:1 
H2:CO2) in the feed, reaction temperature (< 300 °C) and catalyst loading (>2 mg) under open-
circuit conditions. Since the methanation reaction is positive order in the electron donor (i.e. H2) 
and the application of polarization is equivalent to increasing the partial pressure of H2 in the 
reaction, the CH4 rate is favored. The underlying hypothesis is that the positive surface charge, 
increases the coverage of H and thus the hydrogenation to CH4. Therefore, positive potentials 
induce reducing conditions (i.e. high hydrogen coverage) without having to increase the amount 
of H2. 

Fig. 2b summarizes the EPOC response when varying the current from 50 to 150 µA and 
the corresponding enhancement ratio (ρ). As the current is increased, the CH4 rate increases and 
the CO rate decreases. It is a rather robust behavior since it was also observed on much thicker Ru 
films also deposited on YSZ and on other solid electrolytes (i.e. K-β”-Al2O3, Na- β”-Al2O3, and 
BZY), which generate other promoting ions (K+, Na+, H+) [22,23].   
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Fig. 2. (a) Transient effect for application of 50 µA, and (b) Summary of ρ values under various 
currents at 250 °C for the production of CO and CH4. 0.2 mg catalyst, H2:CO2 7:1 and total flow 
rate 100 mL min-1. 
 

  The effect of negative polarization was investigated with application of a constant current 
of -25 µA (UWR = ~-1 V) for 3 h, displayed in Fig. S1a and b (Electronic Supplementary 
Information) for CH4 and CO rate, respectively. The production rate of CO is barely affected (ρ 
~1) while the one of methane is reduced (ρ = 0.46). Upon current interruption, the open-circuit 
CH4 production rate did not return to its initial values, suggesting that the induced modification 
(reduction) of the surface state under a negative current and a negative potential difference is 
irreversible being maintained when the catalyst is left under open-circuit conditions. This is in line 
with the work by Theleritis et al., [32], where Ru was in a reduced state inhibiting the formation 
of CH4 which is favored by the oxidation state. Additionally, once the CH4 rate reached a new 
steady-state (not shown), negative potential was applied again, which resulted in further decrease 
in CH4 production and minimally affected CO. This provides a way to permanently suppress 
unwanted CH4 production and produce only CO at a temperature as low as 250°C. Producing CO 
clean from CH4 is important when aiming at the production of longer hydrocarbon chains in a 
downstream Fisher-Tropsch process [10].  

3.3 Computational Analysis 
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Given the above reported EPOC effect on the methanation reaction, which is also in line 
with previous experiments, [23,32] let us now turn to the atomistic modeling. Computational 
studies to rationalize the EPOC effect are not very numerous and can be divided into two 
categories: (i) adsorbates are included explicitly [33,34] which results in a significant 
computational complexity, especially when investigating an entire reaction pathway (ii) the EPOC 
phenomenon is modelled by including a uniform electric field [35]. Herein, we rely on our recently 
proposed a third approach, which is to directly model the electrochemical potential at the catalyst 
surface instead of an electric field  [31]. This method was successfully employed to highlight the 
influence of the electrode polarisation on chemical steps involved in electrochemical processes, 
such as the rotation of adsorbed formate in the electro-oxidation of formic acid to CO2 [36]. In 
short, the potential dependence is determined treating the electrons in a grand-canonical ensemble. 
Grand-canonical DFT allows to keep the potential constant from one elementary step to the next 
by varying the number of electrons [37–39]. The linearized Poisson-Boltzmann equation is used 
to model a thermodynamic average for the effective double layer, necessary to neutralize the 
surface charge. The resulting surface polarization is associated with a varying number of electrons 
as a function of the reaction coordinate in order to keep the potential constant and in agreement 
with the experimental setup [31,37,38,40,41].  This approach does not require specifying the 
chemical nature of the promotional species. Note, however, that we have chosen a model Ru(0001) 
surface at a intermediate coverage and in the absence of co-adsorption to qualitatively understand 
the EPOC effect. This approximation prohibits quantitative comparisons to experiments, 
especially ones that assess the influence of the nanoparticle size or differences in promoting 
species. Furthermore, in contrast to simulations with an explicit electrostatic field, the potential 
dependent simulations facilitate the comparison with experiment where the potential is the 
measurable quantity. All computational details follow closely the one of ref [31], where interested 
readers can find details on the approach..  
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Fig. 3. Computed Gibbs Free Energy profile at 250 °C and atmospheric pressure of the CO2 
hydrogenation into CO and CH4 on Ru(0001) in open-circuit conditions. 

To begin with, we considered the hydrogenation pathway in open-circuit conditions over 
Ru(0001), theoretically modeled by steady-state, equilibrium thermodynamics. The formation of 
methane is the thermodynamic product (computed ΔG250°C = -0.74 eV) while CO is the kinetic 
product (computed ΔG250°C = 0.2 eV). A catalytic cycle beginning with the adsorption of CO2 and 
4 H2 was calculated to allow for the formation of CH4. Avanesian et al.  proposed that the formation 
of CO and CH4 over Ru(0001) begins with the direct dissociation of H2 into H*, followed by the 
adsorption of CO2 and its dissociation into CO* and O* [3,4]. Then, to yield CH4, CO* is 
hydrogenated either to CHO* or to COH*. The CHO* pathway was selected since transition states 
conducted by Avanesian et al., show that CHO* is more favorable, even though COH* is 
thermodynamically more stable [3]. The C-O bond can break in the CHO* intermediate, yielding 
CH* that undergoes successive hydrogenations to reach CH4. In parallel, O* is hydrogenated to 
OH* and then H2O. Following this pathway, the open-circuit Gibbs Free energy profile was 
evaluated at 250°C and at standard pressure conditions and displayed in Fig. 3. Desorption of 
close-shell molecules was systematically included when feasible (typically, desorption of water as 
soon as generated along the path). Competitive pathways were also considered, as shown in Figure 
S2. For instance, the hydrogenation of CO2, yielding COOH*, results in an intermediate that is 
less stable than the CO*+O* by at least 1 eV. The dissociation of CO* into C*+O* has been shown 
by Zhang et al., to require a high energy transition state (2.63 eV) when compared to its desorption 
or its hydrogenation into CHO* or COH* and thus was not included in this study [4].  

 CO* is a critical intermediate for the overall selectivity of the hydrogenation of CO2. It can 
either desorb or be further reduced into CHO* and then to CH4 through the sequence shown in 
Fig. 3. With a slightly smaller desorption energy of CO (∆Gdes= 1.10 eV), desorption of CO is 
more likely than its hydrogenation into CHO* (∆G= 1.15 eV). This is in line with our experimental 
results in open circuit (O.C.) conditions, displaying a higher selectivity in CO over CH4 (shown in 
the first hour in Fig. 2a). 
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 Let us now turn to the influence of an applied electrochemical potential at the catalyst 
surface on the selectivity. The reduction of CO into the CHO* was identified to be the selectivity 
determining step. We selected a maximum range of ±1 V since it is the typical experimental range 
evaluated in EPOC reactions [22,23]. The Gibbs free energy values at 250°C are summarized in 
Table S1 for open-circuit and ±1 V and the full profiles are shown in Fig. S3. Additionally, 
geometries are provided in the VASP format. 

 The CO2 chemisorption is improved by the application of a negative potential (from ∆Gads= 
0.63 eV in O.C. conditions to 0.21 eV at -1V). In agreement with previous studies, the CO 
chemisorption is not very much affected at constant potential [42] or constant fields [43], but it is 
still stronger under a negative polarization that favors stronger back-bonding (from ∆Gdes= 1.10 
eV in O.C. conditions to 1.18 eV at -1V). This is in agreement with EPOC rules [19], where CO 
is an electron acceptor and its chemisorption increases upon negative polarization (decrease of 
work function). Because this effect is less pronounced in the present case, where CO is a reaction 
intermediate or product, it may indicate that the effect of polarization on CO adsorption depends 
on the presence of other adsorbed species (electron donor or acceptor) on the Ru surface during 
the RWGS reaction. However, our DFT calculations do not explicitly include co-adsorption; 
therefore, this requires further investigation. H2O is the most impacted, with an opposite behavior: 
the chemisorption is strengthened by a positive polarization, switching from exergonic desorption 
under a negative polarization (∆Gdes= -0.25 eV at -1V) to endergonic desorption (∆Gdes= +0.61 
eV) under a positive polarization while it was athermic under O.C. conditions (∆Gdes= -0.08 eV). 
These general trends are in agreement with empirically established rules of electrochemical 
promotion where the chemisorption of electron acceptor (i.e. CO2) is favored by a negative 
polarization and electron donor (i.e. H2O) by positive polarization [19,22]. The resulting overall 
profiles (shown in Fig. S3 a and b) are hence modulated by the polarization. 

 The influence of polarization on the CO/CH4 selectivity is illustrated in Fig. 4 focusing on 
the branching from CO* to CO and CHO*. As already mentioned, the influence on CO 
chemisorption is rather weak (less than 0.1 eV). The CO*+H* à CHO* is more sensitive with 
variations up to 0.23 eV in the reaction Gibbs energy. As previously seen, under O.C. the 
difference is small between these two competing reactions (0.05 eV), in favor of CO desorption. 
This difference in favor of CO desorption increases under negative polarization (0.15 eV), due to 
a destabilization of the CHO intermediate. This is in line with the decrease in CH4 production 
under a negative polarization which was observed experimentally. Under a positive polarization, 
this branching turns slightly, by 0.03 eV, in favor of the hydrogenation of CO* into CHO*. In 
addition, the steps that follow are less endothermic, overall facilitating CH4 production as seen in 
our experiments (see Fig. 2). However, inferring a quantitative picture on the overall production 
rates of CO and CH4 would require more advanced modeling, including transition states but also 
likely an improved description of the active sites of the Ru nanoparticles and perhaps even the 
effect of co-adsorbed species. 

  



 14 

 

Fig. 4. Branching from the CO*+H* intermediate to CO and to CHO* in function of the 
polarization. Energies are provided in eV. 

 

4. Conclusion 

Our computational model of EPOC that includes the polarization at the interface without 
specifying the promoting species predicts selectivity trends that are qualitatively in line with the 
experimental observations. It confirms that the selectivity of this reaction is not sensitive to the 
type of migrating species but to the change of surface electrochemical potential and the associated 
surface polarization. Hence, we can safely assume that the main EPOC effect stems from the 
electric field in the effective double layer and the varying number of electrons during the reaction 
which keep the potential constant as a function of the reaction coordinate. The combination of 
periodic DFT and experiments shows that the relative energy of CHO as a function of the 
electrochemical potential of the catalyst surface is key for determining the selectivity between CO 
and CH4 production. The computational simplicity of our model allows it to be used in future 
studies to depict the polarization effect for various reactions and catalysts, as well as MSI and other 
promotional phenomena in catalysis.  
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