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Abstract

CO is the simplest product from CO, electroreduction (CO,R), but the identity and nature of its
rate limiting step remains controversial. Here we investigate the activity of both transition metals
(TMs) and metal-nitrogen doped carbon catalysts (MNCs), and a present unified mechanistic
picture of CO,R to CO for both these classes of catalysts. By consideration of the electronic
structure through a Newns-Andersen model, we find that on MNCs, like TMs, electron transfer to
CO, is facile, such that CO,(g) adsorption is driven by adsorbate dipole-field interactions. Using
density functional theory with explicit consideration of the interfacial field, we find CO,*
adsorption to generally be limiting on TMs, while MNCs can be limited by either CO,* adsorption
or by the proton-electron transfer reaction to form COOH*. We evaluate these computed
mechanisms against pH-dependent experimental activity measurements on CO,R to CO activity

for Au, FeNC, and NiNC. We present a unified activity volcano that, in contrast to previous



analyses, includes the decisive CO,* and COOH* binding strengths as well as the critical adsorbate
dipole-field interactions. We furthermore show that MNC catalysts are tunable towards higher
activity away from transition metal scaling, due to the stabilization of larger adsorbate dipoles
resulting from their discrete and narrow d-states. The analysis suggests two design principles for
ideal catalysts: moderate CO,* and COOH* binding strengths as well as large dipoles on the CO,*
intermediate. We suggest that these principles can be exploited in materials with similar electronic
structure to MNCs, such as supported single-atom catalysts, molecules, and nanoclusters, 2D
materials, and ionic compounds towards higher CO,R activity. This work captures the decisive
impact of adsorbate dipole-field interactions in CO,R to CO and paves the way for computational-

guided design of new catalysts for this reaction.

Introduction

Electrochemical reduction of CO, (CO,R) has the potential to store renewable energy in the form
of high value chemicals.!~* The simplest product obtained during the reduction of CO, is CO, which
can be used as a renewable feedstock for the Fischer-Tropsch reaction.* This process is also the
first CO,R reaction to be realized commercially, with Ag gas-diffusion electrodes that yield up to
300 mAcm of CO towards the production of polymers.®> Nanostructured forms of gold and silver
are currently the state-of-the-art catalysts for this reaction. Aside from their cost, these transition
metal (TM) catalysts also catalyze the competing hydrogen evolution reaction (HER), which
reduces the selectivity to CO. A recently proposed alternative for CO,R to CO is metal and nitrogen
doped carbon (MNC), which is low-cost, earth-abundant.® These catalysts also have the advantage

that they are less selective towards HER than TM catalysts, with Faradaic efficiencies of H, of less



than 20% under typical operating conditions of —0.6 V vs RHE,”® consistent with the scaling of

the H* and CO* binding energies on these materials.®

CO,R to CO requires two proton-electron transfers. In acid:

CO,(g) + 2H* + e~ — CO(g) + H,0(D).
Despite its apparent simplicity, its mechanism remains debated in recent work. Firstly, the rate
limiting step has been proposed to be CO, adsorption on Au,”!° Fe and Ni doped MNC catalysts
(FeNC, NiNC),*!" COOH* formation on noble metals,'?!3 or COOH* to CO(g) on Ag from C — O
bond breaking.'* Tafel slopes of 60 or 120 mV/dec are sometimes taken as indicators of certain

rate-limiting steps;>!?

however, a recent comprehensive analysis of existing data shows silver,
gold, copper, zinc and tin catalysts to have no intrinsic preference for such “cardinal values”,

consistent with models of electron transfer in electrochemistry.!®

Furthermore, the nature of the CO, adsorption step is a source of some controversy. CO,(g)
adsorption was suggested to give rise to a unit-charged CO5 species on both Au'®!” and FeNC
catalysts, not treatable with ground-state DFT methods.!® This hypothesis may originate from the

reduction process of COy(,q) to a CO5(,q) that occurs at extremely negative potentials of —1.9V

vs. SHE," or from homogeneous catalysis.?>?! Solvent reorganization, as first considered through
Marcus theory, has also been hypothesized to be a major contributor to the energetics of CO,

adsorption,!722

Alternatively, it has been proposed that CO,* adsorption is driven by the
interaction of the dipole of CO,* with the interfacial electric field;?*-** given facile electron transfer

on metals, there is no distinct, extra-charged “CO5” species vs. a polarized CO,* adsorbate, no



different from any other surface adsorbate such as CO*, OH*, for example.?> The CO,* dipole has

similarly been described in terms of a partial charge transfer from the metal to adsorbate.!!-*6

In this work, we present a unified mechanistic picture of CO,R to CO on both these classes of
catalysts. By consideration of the width of adsorbate induced density of states, we find that on
MNC s, like TMs, electron transfer to CO, is extremely facile, such that a field-driven, CO,
adsorption step is treatable with standard ground state DFT methods. Using DFT with explicit
consideration of adsorbate-field interactions, we find CO,* formation to generally be limiting on
TMs, while MNCs can be limited by either CO,* adsorption or COOH* formation. We evaluate
these computed mechanisms against pH-dependent activity measurements on CO,R to CO activity
for Au, FeNC, and NiNC. We present a unified kinetic activity volcano with CO,* and COOH*
binding strengths as the descriptors, reflecting how the formation of either can be rate limiting,
and with consideration of the decisive adsorbate-dipole interactions. We furthermore show that
MNC catalysts are tunable towards higher activity away from transition metal scaling, due to the
stabilization of larger CO,* dipoles that result from narrower metal d-states. We discuss the
implications of these findings for catalyst design, i.e. the optimization of the CO,* dipole is a

critical descriptor in addition to the adsorption energies of key intermediates.

Electron transfer is not rate limiting on MNC catalysts

Previous reports have proposed the formation of a CO; state as the rate limiting step for CO,R to

22,27

CO. This step has been suggested to be limited by solvent reorganization*~’ or by electron transfer

to an uncharged CO,* state to give an excited, charged CO; state, which cannot be modelled with



workhorse, ground-state periodic DFT methods.!® Below we show that electron transfer to
adsorbates is not limiting (and therefore adiabatic) on MNC catalysts, which allows us to determine
the CO,R energetics with computing the one and only CO,* state using conventional, periodic

DFT along with the application of a stabilizing surface charge.

As in Ref.? for an Au surface, we determine the rate of electron hopping between the s,p states of
the adsorbate and the states of the surface, k. We compare this rate against concurrent processes
such as adsorbate diffusion to the surface. If the timescale for the electron transfer is very small in
comparison, it will not be rate limiting to species like CO,* and we would only need to consider

the adiabatic pathway for CO, adsorption. In the Newns-Anderson?!

model of chemisorption,
the width of adsorbate induced states is A = X |V, |26(e, — €x), Vgi is the coupling matrix
element between k and individual s, p states, €, are the single particle energies of the adsorbate

s,p states and €, is the energy of the surface states. A can be determined from the projected density
of states (PDOS) onto s,p states of CO,, through the width of the peak at the Fermi level.® We
obtain the rate of electron transfer from Fermi’s Golden Rule, 27” A. To illustrate this idea, Figure
1a shows the rates of electron transfer associated with a range of idealized peaks of different width,
shown in Figure 1b. For a very small width of 0.1 eV, the rate of electron hopping is extremely

fast, greater than 10'#s™!, and is larger with increased broadening. For comparison, an estimate for
g g g p

the diffusion rate of ions in solution is of the order 10'%s™!, shown by the dashed line.*
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Figure 1: a) Rate of electron hopping for different idealized Lorentzian peaks shown in b). Density of states
projected onto CO,, (s,p) states for (c-g) FeNC show short timescale of electron transfer on FeNC; panels

denote select images of a ci-NEB ; red bands indicate estimated width of the of the states at the Fermi level

We now apply this methodology to PDOS obtained from DFT computations. Figure 1(c-g) shows
the PDOS for the reaction path of CO, adsorption on FeNy (a prototype for MNC). The s,p states
of CO, broaden as it approaches the surface, which is expected for adsorption processes in
general.3® At the transition state (TS) and further along the reaction pathway, the peaks at the Fermi
level are greater than 0.1 eV. The corresponding rate of electron transfer is approximately 101*s™1,
which implies a timescale of 107 1*s. This rate is in turn two orders of magnitude greater than
competing processes which implies that it will not be rate limiting on FeN4. Since the states at the

Fermi level on MNC catalysts are typically the s,p states of graphene (see SI Note 2), we expect



this analysis to hold for all MNC catalysts. Thus, only the adiabatic pathway for CO, adsorption
needs to be calculated in order to obtain the energetics for all elementary steps on MNC and TM

catalysts.

We do not exclude the possibility here that solvent reorganization could contribute to the
energetics of the CO, adsorption step, as has been considered in Ref.!”. The magnitude of this
contribution, however, has been estimated to be only ~0.2eV from the timescale of
reorganization.’*3> Recent investigations based on the Marcus-Hush-Chidsey model suggest that

it can be up to 0.6 eV in the presence of certain electrolytes.>®

Field-dependent DFT simulations and pH-dependent measurements show both CO,*

adsorption and COOH* formation can be rate limiting
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Figure 2: Free energy diagram of CO,to CO for a) Au(211)at U = —0.6,—0.8 and —1.0 Vsur b) FeNC
c) NiNC in double vacancies with different nitrogen coordination at U = —0.8Vsye with pH = 2.
Experimental current densities plotted against NHE potential for d) poly-crystalline Au (from Ref) e)
FeNC (from Ref® and Ref®’) f) NiNC (this work)



We now present the mechanism and rate limiting step for Au, FeNC and NiNC determined from
potential-dependent DFT calculations and evaluate them against pH-dependent activity

measurements. We consider the following reaction pathway (written for acid solutions),

CO,(g) + * - CO;

CO3 + H* + e~ —» COOH*

COOH* + H* + e~ » CO* + H,0(g)

CO* — CO(g) + *

We assume here that the barriers associated with all steps are small. As evaluated in Ref.?* for
FeN> and FeNs, the CO, adsorption barrier is well approximated by the adsorption energy
(differences between barrier and reaction energies of at most 0.2 eV), the protonation of CO,* is
facile, and the COOH* to CO* step for CO producing catalysts is generally so downhill that the
corresponding barriers are unlikely to be limiting. The rate limiting step at a given potential is in
this case determined by the state with the highest free energy, AG. Each AG derives its potential
dependence either from the presence of a proton-electron pair as reactants and/or from the
interaction between the dipoles of participating reaction intermediates with the interfacial field.
The energetic response caused by the interaction of a dipole, ¢ with an interfacial field , € is -ué.3®
At reducing potentials, fields set up by the double layer can be as large as 101° V/m, which give
rise a significant stabilization of CO,* on MNCs of 0.75 — 1 eV on MNCs (see SI Note 1 for
detailed information about methodology used). Figure 2a shows the free energy diagram for
Au(211) at —0.6, —0.8 and —1Vsug, at a pH of 2. At —0.6Vsur, COOH* is the intermediate with

the highest AG, while at —0.8Vsug and —1Vsug, it is CO,*. Thus, the computations predict a



change in rate limiting step from COOH* formation to CO,* adsorption, when the overpotential is

increased, in line with previous work.??

We evaluate the rate limiting step with pH dependent measurements. The activity is pH dependent
on an absolute scale (e.g. vs. the SHE or NHE) when COOH* formation is rate limiting, since a
proton-electron transfer is involved. CO,* adsorption, on the other hand, does not involve a proton-
electron transfer, so when it is rate limiting, the activity is pH independent on an absolute scale.
Figure 2d shows the measured current densities vs. potential on an NHE scale. The current
densities show no pH dependence at high potentials (greater than —0.8 Vsug). At lower
overpotentials, the scatter in the points could be indicative of COOH* formation being the rate

limiting step.

With the same arguments, we show that FeNC catalysts are limited by the energetics of CO,*
adsorption while NiNC catalysts are limited by the CO,* — COOH* step. Figure 2b shows the free
energy diagram for FeNC catalysts computed at —0.8Vsue and a pH of 2 for various nitrogen
coordination around the metal center for double vacancies (DV) (metals on single vacancies tend
to overbind CO*, see below). For FeN», FeN3 and FeNa, the computations predict CO,* adsorption
to be rate limiting for potentials more cathodic of —0.8 Vsug, which is in line with the completely
pH independent experimental rates (Figure 2e, Strasser data). The FeNs vacancy configuration
has also been stipulated to be the active site for CO,R based on a comparison of the cyclic
voltammograms and x-ray spectral features with molecular analogues.’® In contrast, FeN is
limited by COOH* formation at this potential, and the lack of pH-dependence in experiments

suggests that its population on the catalyst surface is small. All NiNC catalysts investigated in

10



Figure 2c, except for NiNy, are limited by COOH* formation, consistent with the pH dependence
of experimental rates as shown in Figure 2f (see SI Note 3 for total currents and faradaic
efficiencies). Thus, the combination of simple field-dependent thermodynamic computations and
pH dependent measurements suggests CO,* adsorption to be rate limiting at higher overpotentials

on Au and for all potentials on FeNC, and CO,* — COOH* to be rate limiting on NiNC.

Finally, the experimental Tafel slopes do not show “cardinal values” of 60 or 120mV/dec, as was

shown by a comprehensive study of recent literature.!> These slopes reflect the magnitude of the

1

dipole (slope™ ~ < u , where C is the capacitance )*** and/or the symmetry factor (0< o <1) of
p pe™t ~= p ymmetry

the associated proton-electron transfer and therefore are not constrained to these values. Figure 1e

8,37

shows that different types of FeNC catalysts from Refs.®>’ show different Tafel slopes.

The general activity volcano for CO production is determined by both the COOH* and CO,*

adsorption energies

In this section we consolidate the mechanistic insights into a general kinetic activity volcano for
CO;R to CO determined by two activity descriptors, the free energy of adsorption of CO,, AGco,,
and that of COOH, AG¢qop. Figure 3a shows this unified activity volcano for CO production for
both TM and MNC catalysts corresponding to the energetics in Figure 2. The theoretical

maximum in activity (represented by the turnover frequency, TOF) occurs at intermediate AGco,
and AGcoon ~ 0, i.e. where both CO, and COOH formation steps are facile. The parity line

corresponds to the case where the free energy of COOH* and CO,* are equal, AG¢o, = AGcoon-

The CO adsorption energy generally scales with those of the other two intermediates;* thus, its

11



energetics are included in the volcano through the calculated scaling relationships in the kinetic

model (see SI Note 4).

Figure 3a shows several trends in the binding of CO,R intermediates for TMs and MNCs. Firstly,

the TMs show a scaling line (the dashed black line) between AG¢o, and AG¢oon, while the MNCs
show more scatter. Furthermore, metals doped into single vacancies (SV) tend to bind reaction
intermediates stronger than double vacancies (DV), and are poisoned by CO . Figure 3 (a,b) also
allows us to determine which step is rate limiting in CO,R to CO at any given potential, using
computed CO,*, COOH* and CO* free energies. On Figure 3a, if the point lies below the parity
line, then CO, *— COOH = is the rate limiting step. Meanwhile, if it is above the parity line, CO,
adsorption is rate limiting. At very negative adsorption energies, the surface is poisoned by CO as
shown in Figure 3b, which leads to CO* desorption being rate limiting on TMs such as Pd and Pt.
All TM (211) facets lie above the parity line, indicating that CO, adsorption or CO desorption is
rate limiting at the studied potentials. Some NiNC catalysts lie below the parity line, showing that
CO, *— COOH = is rate limiting, in line with the experimental finding in Figure 2f. Note that our
approach, in contrast to Ref.!3, includes the effects of the adsorbate-field interactions for all
intermediates (see SI Note 1) and the consideration of CO, adsorption as an elementary step, and
these effects are critical to determining the activity trends. SI Note 4 also shows the potential

dependence vs. SHE of the rate map shown in Figure 3a.

We generally do not expect there to be a only single site motif present following the synthesis

procedure for these materials.*'* Temperature programmed desorption experiments (Figure S9

and SI Note 5) shows FeNC, but not NiNC, to have a peak above 300K. This result suggests

12



strong binding sites like those from SV to be present on Fe to a greater extent than NiNC.* Note
that doped SV sites, or other binding sites of similar binding strength that we haven’t considered,

are not active sites for CO,R, as they would be poisoned by CO.
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MNC:s deviate from TM scaling in the direction of higher activity, because they stabilize

larger dipoles on CO,*

We now show that MNCs deviate from TM scaling because they stabilize large dipole moments
on CO,*. Figure 4b shows charge density difference isosurfaces for CO,* on NisNC, which shows
a perturbation of the electron density near the surface upon adsorption. This change in electron
density is captured by the dipole moment, given by u = | pdz, where p is the charge density and
z 1s the axis of integration and is shown in Figure 4a for (211) and (100) TM surfaces as well as
Fe- and Ni- doped MNC catalysts in both single and double vacancies of various N-concentrations
(notation: M(vacancy type, number of coordinating N). The figure shows that the dipole moments
for CO,* are larger than for other adsorbates such as CO* and COOH*. Furthermore, the CO,*
dipoles are significantly higher on MNCs than TMs. MNCs therefore have CO,* adsorption
energies that are stabilized more at reducing potentials where the surface is generally negatively
charged. This electrostatic stabilization caused by the dipole-field interaction gives rise to the

offset of MNCs from TM scaling line shown in Figure 3.
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much narrower on MNCs than on TMs

We rationalize the differences in dipole moments with the PDOS on s,p states of CO,* . The
strength of the adsorbate-surface interaction is determined by both the position and shape of the d-
states, and is reflected in the width of the adsorbate states.*® As shown in Figure 4c¢ for a selected
set of surfaces (in green), the width of the s,p states increases in the order FeN4 and NiN4 , Ag and
Au, and Pd and Pt (metal d-states are shown in purple). In the case of the MNC catalysts and Ag
and Au, the sharper the s,p-states of CO,* mean they resemble those of their molecular counterpart,
which indicates a weak interaction (poor hybridization) with the surface. This poor hybridization
between CO, and the surface means CO,* retains a greater charge polarization between its two
poles, i.e. a larger dipole. Conversely, in the case of Pt and Pd, the broadened states indicate a large

interaction.?” A lower charge polarization results from the mixing of adsorbate states with those
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of the surface and a lower resultant surface dipole. Overall, the trends in the width of the s,p PDOS

of CO,* are consistent with the larger dipole moments of MNC catalysts.

The activity volcano of Figure 3 and electronic structure arguments of Figure 4 gives two simple
design principles. As shown in the TOF of Figure 3, the ideal CO,R catalyst has moderate

AGco, and AGgooy of 0.25—0.5 €V and AGeo > 0 €V (to prevent CO* poisoning). It must,

additionally, be able to stabilize a large dipole moment of CO,*, such that CO, adsorption does
not require a significant overpotential (thereby deviating from the scaling of TMs in the direction
of higher activity, shown in Figure 3). These larger dipole moments are stabilized for MNC

catalysts materials through their narrow d-states. We suggest that other materials that have similar

4748 49.50

discrete and narrow d-states, such as supported single atoms, molecules and clusters, as

well as 2D materials and ionic compounds,®!~>3

could also be active CO,R catalysts, provided that
hydrogen evolution is not competitive or suppressed through a decrease in water activity.>* This

principle could also be relevant for other processes where dipole-field interactions are decisive,

such as in C, product formation.*>>

Conclusion

In summary, we presented a unified picture of the CO,R to CO on both TM and MNC catalysts
that resolves existing controversies on the identity and nature of the rate limiting step. Considering
the widths of projected densities of states of an adsorbing CO,, we showed that, like on TMs,
electron transfer to CO, is not limiting in MNCs, and such that CO, adsorption is driven by
adsorbate dipole-field interactions. With a combination of field-dependent DFT and pH-dependent

activity measurements, we showed that CO,* adsorption is limiting on TMs over relevant

16



potentials, while either CO,* adsorption or COOH* formation is rate limiting on MNCs. We
presented a unified kinetic activity volcano, based on critical COOH* and CO,* binding as
descriptors, that accounts for the decisive adsorbate dipole-field interactions. The volcano shows
that ideal catalysts should have both a moderate binding strength of COOH* and CO,*, as well as
large adsorbate dipoles on CO,*. We furthermore showed that MNCs deviate favorably from TM
scaling through the stabilization of large CO,* dipoles, due to the localized, narrow d-states of

these materials.

These results suggest that MNCs or other materials with similarly narrow d-states such as
supported single atoms, molecules and clusters, as well as 2D materials and ionic compounds can
be optimized for large dipoles and correspondingly higher catalytic activity beyond transition
metal scaling. This principle can be relevant for other processes where adsorbate-field interactions
are decisive. The presented kinetic activity volcano and catalyst design rules should be used as the

basis for computation-guided catalyst development of CO,R to CO catalysts.
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