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Abstract

Accelerating the discovery of oxygen-evolution reaction (OER) catalysts requires high-
throughput screening strategies combining descriptor-based frameworks with dedicated
mechanistic analyses. In this study, we present a unified methodology using the example of
doped Co304 in the OER by developing a mechanistically resolved, potential-dependent
volcano approach that accounts for the uncertainty of adsorption free energies when analyzing
activity trends. We evaluate the influence of different dopants (Cr, Mn, Fe, Ni, Cu, and V) on
the OER activity by selectively substituting octahedral Co sites on the (001) facet of Co3;O4
using density functional theory calculations (DFT). We identify Cr, Fe, Ni, and V as promising
dopants as they exhibit increased OER activity compared to undoped Co304, while Cr shows
the strongest promoting effect among all dopants considered in this study. We compare our
theoretical predictions with two different series of synthesized Co30O4 nanoparticle catalysts
and find good agreement regarding the qualitative trends of OER activity. To validate the
strong promoting effect of Cr, we synthesize surface-enriched, Cr-doped Co3O4 nanoparticles,
which confirms the theoretical prediction of increased OER activity. The theoretical model
developed in this work is a transferable framework that can be equally applied to other
materials and electrocatalytic processes for quantifying dopant effects by considering
uncertainty and promoting effects when analyzing activity trends.
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1 Introduction

Rapid identification of efficient electrocatalysts for oxygen evolution reaction (OER) — 2 H>O
2> 02 +4 H +4 e, Uorr = 1.23 V vs. RHE (reversible hydrogen electrode) — calls for
screening strategies that traverse large compositional spaces while preserving mechanistic
fidelity.['! Descriptor-based frameworks and volcano plots have emerged as powerful tools for
high-throughput screening of OER catalysts using adsorption free energies.!>¥ It is a unifying
consensus that the adsorption free energies of the key OER intermediates, *OH, *O, and
*QOH, are intrinsically coupled.[** These correlations manifest as linear scaling relationships,
typically expressed as AG+o vs AG+on and AG+oon vs AG+on, which reduce dimensionality but
also impose intrinsic constraints on catalyst optimization.[! As a result, activity trends are often
summarized by relying on the AG+oon vs AG~on relation in the form of a volcano plot that

5781 This approach has

projects materials’ performance onto a single binding-energy axis.!
gained cult status in the community based on the ease of testing catalytic materials in silico

using thermodynamic considerations.!

Most work in the OER literature use the mononuclear pathway,!'”) which consists of the
sequential formation of the *OH, *O, and *OOH adsorbates, to describe the proton-coupled
electron transfer steps culminating into the formation of gaseous oxygen at a single active

[5,10

sitel>19, Real oxide surfaces, especially doped ones, can access dual-site and multi-site

routes.[11:12

I Dopants may act as the active centers or as promoters that modulate the
electrocatalytic activity of active sites through electronic and geometric effects.['3] Such
cooperative behavior enables bifunctional, binuclear, Walden-type, and oxide-mediated
mechanisms, which can compete with or surpass the mononuclear description depending on
the local environment.['*1¢] However, screening frameworks that allow for the inclusion of

mechanistic diversity while relying on effective descriptors using the concept of adsorption

free energies are lacking in the literature.

Substitutional doping is a particularly effective lever to enhance the electrocatalytic activity:
introducing 3d transition metals (TM) into a robust oxide host can tune electronic structure,
modulate metal-oxygen covalency, reshape adsorption energetics, and stabilize reactive
surface states. Several works in the literature have addressed doping effects for spinel cobalt
oxide (Co304) for OER,['731 although detailed atomic-level insights explaining the targeted
doping are lacking. This requires theoretical considerations analyzed with volcano-based

approaches that go beyond the mononuclear pathway and a single active site to carefully scan
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the vast parameter space of doped Co3O4 structures accessible to OER. On the other hand,
electrocatalysts identified based on computational high-throughput screening often cannot be
directly compared with experimentally synthesized catalysts due to the obvious length gap

between atomic-scale models and nanoscale catalytic materials.

In the present work, we close the outlined knowledge gaps by introducing a universal
methodology for TM-doped Co0304 (dopants: Cr, Mn, Fe, Ni, Cu, V) to solve the impact of
dopants on OER activity by analyzing promoting effects. In addition to a variety of different
mechanistic descriptions, the scaling relationship AG+o vs AG+on, a potential-dependent

31321 and multiple active site configurations

activity assessment using the Gmax(U) descriptor,!
are considered in the analysis of adsorption free energies for OER. Our theoretical framework
is then coupled with different series of doped Co3O4 catalysts, which are experimentally tested
for OER activity. While our calculations suggest that Cr as a dopant at the Co3O4 surface has
the main promoting effect for OER, we validate our theoretical prediction by the synthesis and
experimental characterization of a surface-enriched, Cr-doped Co0304 nanocube using linear

sweep voltammetry. [33-37]

2 Theoretical Model

All calculations were carried out within the framework of spin-polarized density functional
theory (DFT) using the projector-augmented-wave formalism and the PBE exchange-
correlation functional. On-site Coulomb interactions were treated with PBE+U for Co and the
3d transition metal dopants, with element-specific U values listed in the supporting information

(SI). All further computational details are provided in section S1 of the SI.
2.1 Surface Models and Doping Schemes

The spinel structure of Co3O4 was adopted with a 2x2 (001) termination-B slab exposing four
surface octahedral Co,c cations (cf. Figure S1). Under OER conditions, the undercoordinated
Cooct surface sites are fully capped by *OH adsorbates, as evident from the construction of ab
initio Pourbaix diagrams in previous works.['618:38 Therefore, we select the 2x2 C0304(001)-
4*0OH configuration (cf. Figure 1a) as a starting point for the investigation of dopant effects
in the OER. Note that the use of Cooc surface sites as the active site for OER is consistent with
experimental and theoretical studies on this topic,**#?! although it should be emphasized that

neighboring Cooc sites can serve as auxiliary sites (cf. Figure 1a) during the elementary steps
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by acting as Bronsted acid or base.*¥! By considering neighboring sites, we extend
conventional models based on a single active site to an ensemble of different configurations

for investigating the elementary steps for OER.

Substitutional doping is introduced by replacing Cooc: surface sites with a 3d transition metal
(TM), namely V, Cr, Mn, Fe, Ni, or Cu (cf. Figure 1b). Doping is restricted to the outer
octahedral layer that hosts OER intermediates; subsurface tetrahedral cations remain Co. The
surface contains four exposed Co sites per cell, and we replace either one or two of them, which
corresponds to a surface dopant fraction of 25% (1/4) or 50% (2/4), respectively. Across the
entire slab, there are 28 Co atoms in total, so that the total dopant concentration is 3.6% (1/28)
or 7.1% (2/28), which is on the order of magnitude of experimental studies on doped
C0304.127:2843-471 All doped slabs are fully relaxed while retaining the same 4*OH arrangement

to isolate the effect of cation substitution from changes in surface coverage.

( a) Co;0,(001)-4*OH (b) Doped TM atoms
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Figure 1. Schematic illustration of transition-metal (TM) doping for the thermodynamically stable Co3O4 (001)-
4*0OH surface. (a) Representative surface model highlighting the Co304(001) termination, with selected TM
dopants (yellow) incorporated into surface Co sites. The structural motif shows the local environment of dopants
and the TM-TM spacing (=2.83 A) relevant for catalytic activity. The auxiliary and active sites correspond to
octahedrally coordinated cobalt sites (Cooct). (b) Electronic configurations of the considered TM 3d dopants (V,
Cr, Mn, Fe, Ni, Cu), depicted as atomic orbitals with valence electron distributions (3d",4s™). (c) Dopant
configurations summarized as single-atom doping (TM and Co are located at either the active or auxiliary sites)
and double-atom doping (2TM refers to TM at the active site and auxiliary site both).

Three configurations are considered to separate intrinsic activity at the binding site from

promotional effects of a neighbor (cf. Figure 1c¢):
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e Active site TM, Auxiliary site Co (label “TM”): the active site is replaced by a dopant
(cf. Figure 1b), and the auxiliary site remains Co.

e Active site Co, Auxiliary site TM (label “Co”): the active site remains Co, and the
auxiliary site is replaced by a dopant.

e Active site TM, Auxiliary site TM (label “2TM”): both sites are replaced by the same
dopant.

2.2 Computational workflow and analysis framework

Although the catalytic activity of electrocatalytic processes is determined by the kinetics
(transition states) in the free-energy diagram along the reaction coordinate, there is consensus
in the theoretical electrocatalysis community to rely on the determination of Gibbs free-energy
changes (AG) for the elementary reaction steps of OER.[*>1% The main reason for this approach
is that the calculation of transition states for proton-coupled electron transfer steps is
computationally intensive and associated with significant errors,*®#1 making this strategy

(301 To this end, we apply the computational

unsuitable for heuristic materials screening.
hydrogen electrode (CHE) approachP®!! to determine potential-dependent AG(U) values for
seven different OER mechanisms, which are summarized in section S2 of the SI. Further
computational details on the determination of AG values by incorporating zero-point and
entropy corrections for adsorbates and gas molecules, implicit solvation,?! and the application
of gas-phase error corrections!®-* to overcome the DFT bias leading to incorrect prediction of
reaction energies are given in section S1 of the SI. The potential-dependent AG(U) values for
the different OER pathways are used to determine the electrocatalytic activity using the
Gmax(U) descriptor,!32] which links thermodynamics to kinetics through a free-energy span

model using the Brensted-Evans-Polanyi relationship.%! For a given reaction mechanism, the

descriptor Gmax(U) is defined as:

Gmax(U) = MaX1<p<qs<N+1 [Gq W) - Gp (U)] = MaXi1<p<qsN+1 ZZ;;} AG,(U) (1)
In equation (1), N corresponds to the number of elementary steps (states indexed as 1, ..., N+1);
p and g are indices of two intermediate states (with the respective Gibbs free energy, G), which
need to adhere to the condition p < g; k is a running index that ensures that all free-energy spans
between the intermediate states are systematically evaluated. Typically, N = 4 for the four
proton-coupled electron transfer steps in OER (thus, p, ¢ € {1, ..., 5 }). In case certain
mechanistic pathways include a chemical step in the description (cf. section S2 of the SI), then

N=5andp,q € {1, ..., 6}.
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Based on the Gmax(U) values for the different mechanistic pathways, we can extract the
energetically preferred description by referring to the lowest values; this descriptor is shown
on the y axis of a volcano plot. In addition, the free-energy change between the *O and *OH
intermediates is used as a descriptor on the x axis of a volcano plot based on previous work on
the topic, although these works omitted the potential dependence of the OER volcano
curve, 1836581 which is considered here. The trend line in the volcano plot is determined by a
dedicated evaluation of the scaling relationships AG+o vs AG+on and AG+oon vs AG+on, as

further described in section S4 of the SI.

3 Results & Discussion

3.1 OER Mechanisms for Doped Co0304(001) Systems

We investigate seven OER pathways on the pristine and TM-doped Co304(001)-4*OH surface
using the active-site motifs in Figure 1. Free-energy diagrams at U = 1.37 V vs RHE are
provided in section S3 of the SI (cf. Figures S3—S8). We choose U = 1.37 V vs RHE (yoEr =
0.14 V) as the target electrode potential for the energetic analysis to keep the free-energy spans
(cf. equation (1)) meaningful and to exclude cases where Gmax(U) is negative. Figure 2a
compiles these results by extracting for each composition and site motif the smallest Gmax(U)
value among the seven OER pathways at U = 1.23 V and 1.37 V vs RHE. On the other hand,
Figure 2b shows how the dopant placement (cf. Figure 1c¢) controls the electrocatalytic

activity at U= 1.37 V vs RHE.

Across compositions, Walden-type mechanisms% often reveal the smallest value of the
Gmax(U) descriptor, although they are not captured by the traditional screening framework,
which relies on the energetics of the mononuclear description. The mononuclear mechanism
could serve as a proxy for direction substitution of the active site (TM), consistent with direct
tuning of the metal-adsorbate bond strength, although this mechanistic pathway is often not
preferred for auxiliary site doping (Co) or the case of dual doping (2TM). Several systems
achieve equal or lower spans when the dopant is placed at the neighboring auxiliary site (Co),
suggesting a promoting effect through local hydrogen bond rearrangements and efficient proton
removal during the proton-coupled electron transfer steps via bifunctional mechanisms. The
dual-dopant case (2TM) does often not result in an enhanced catalytic activity; in some

compositions, it matches the best single-site configuration, while in others, it deteriorates the
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thermodynamic free-energy changes. This finding suggests that short-range TM—TM coupling
can overstabilize certain intermediates. Raising the potential from 1.23 V to 1.37 V vs RHE
generally lowers Gmax but leaves the qualitative ranking largely unchanged, with oxide and
binuclear pathways remaining comparatively less favorable on the doped Co304(001)-4*OH

surface.
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Figure 2. (a) Heatmap of Gma(U) for Co304(001) and TM-doped variants (cf. Figure 1) across seven
mechanisms. Rows list mechanisms; columns list catalyst systems. Each cell reports the lowest Gmax(U) among
the different dopant configurations (TM/Co/2TM); purple and blue numbers correspond to U= 1.23 V and 1.37
V vs RHE, respectively. The color bar indicates Gmax(U) in eV. (b) Heatmap of Gmax(U) at U= 1.37 V vs RHE by
differentiating between the different dopant configurations (TM/Co/2TM) in dependence on the mechanistic
pathway. Note that a lower Gmax(U) value corresponds to higher OER activity.

In summary, the observed trends point to a simple design rule based on Figure 2: optimal
performance is most often achieved by a single, judiciously placed dopant that either directly
tunes the binding site or promotes it from the nearest neighbor, while the use of dual-dopant
motifs (2TM) is generally not a great advantage given the present hydroxyl coverage of C0304
during OER.
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Knowledge of the electrocatalytic activity based on the Gmax(U) descriptor allows us to
compare the effect of each dopant on the OER performance. While we provide a detailed
analysis in section S3 of the SI (cf. Figure S9), we summarize here that Cr, Fe, Ni, V, and Cu
as dopants enhance OER activity, while Mn-doped Co0304 leads to a decrease in OER activity.
A comparison of this result with experimental works on the topic is provided in sections 3.4 —

3.6.
3.2 Promoting Effect of Dopants on OER Activity

Typically, dopants are added to a material in low concentrations (less than 10%) to improve its
catalytic properties. Considering that the majority of active sites retain the chemical nature of
the original material, dopants can have two types of influence on catalytic activity: on the one
hand, the dopants change the electronic structure of the active center due to their proximity,
which is consistent with the case of auxiliary site doping (Co; cf. Figure 1c). On the other
hand, the dopants can serve as an active center and form a minority species of active sites with
a significantly higher electrocatalytic activity compared to the main active site. This scenario
relates to the case of active site doping (TM; cf. Figure 1¢). With increasing dopant
concentration, the dopants can occupy both the active site and auxiliary site (2TM; cf. Figure

1¢), which could further promote the activity of the electrocatalyst.

Based on the activity analysis in Figure 2, we evaluate the impact of the promoting effects of
the selected dopants on the OER activity of Co304(001). This is achieved by quantifying
AGmax(U), which is a measure of the change in electrocatalytic activity upon TM doping. This

descriptor is defined as:

AGingy (U) = Grax(U) = Ghhax(U) 2
In equation (2), the different states A and B of the Gmax(U) descriptor refer to undoped-Co30a4,
Co, TM, or 2TM (cf. Figure 1c). We inspect the transitions of undoped-Co30s—Co, undoped-
C0304—TM, Co—TM, and TM—2TM and quantify the corresponding change in
electrocatalytic activity. Note that for each state, we use the GX,.(U) value, which is the
minimum over all reaction mechanisms for the Co304(001)—4*OH model evaluated at U=1.37
V vs RHE (cf. Figure 2). A negative AGAZ2 (U) transition indicates an improvement of the

OER activity in the transition from A to B, which is related to a promoting effect of the dopant.
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Figure 3. Change in the limiting free-energy span (AGmax(U), cf. equation (2)) at U= 1.37 V vs RHE for undoped
and different TM-doped Co3O4 systems (cf. Figure 1c¢). Bars represent the effect of different doping
configurations: Undoped-Co304+—Co (gold), Undoped-Co3;0s—TM (turquoise), Co—>TM (blue) and TM—2TM
(orange). Negative values correspond to a reduction in Gmax(U), which indicates a promoting effect of the
respective dopant. Stars highlight the most favorable site configurations for each dopant.

Figure 3 illustrates that for Fe, Ni, and V doping, the undoped-Co3Os—Co transition is
negative and corresponds to the minimum value of AGmax(U), indicating that these dopants are
mainly suited as auxiliary promoters adjacent to a Co active site. These dopants also increase
the OER activity when serving as the active site (AGmax(U) < 0 for undoped-Co3;04—TM),
although the effect is less pronounced compared to the case of the auxiliary site, assisted by a
positive Co—TM transition. Increasing the local dopant concentration by inspecting the
TM—2TM transition has little effect for both Ni and V, while it is expected to have a
detrimental effect on Fe doping due to a positive AGmax(U) value. Therefore, we conclude that
Fe, Ni, and V should be added mainly in small concentrations to the Co3zO4 catalyst to activate

active octahedral Co sites through electronic effects.

Mn doping is not preferential for Co3O4 in the OER, considering that the undoped-Co304—Co
and undoped-Co304—TM transitions are positive. We note that the activity of Mn-doped
C0304 increases if Mn switches from the auxiliary to the active site (AGmax(U) < 0 for
Co—TM), although we emphasize that the resulting electrocatalytic activity is still lower than

that of undoped Co0304 (cf. Figure S9 in section S3 of the SI).

Cu doping has a small effect on the OER activity of Co3Os, considering that the AGmax(U)
values for the undoped-Co30s—Co and undoped-Co30s—TM transitions are close to zero.
Despite this, the Cu-doped Co304 is the only catalyst where the dopant as the active site
corresponds to the preferential configuration for improved OER activity. Considering that at

typical dopant concentrations of less than 10% there are not many active Cu sites on the Co3O4
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surface, we conclude that Cu doping has a smaller positive effect on the OER activity compared

to the dopants Fe, Ni, and V.

Finally, we recognize the strong promoting effect of Cr on the OER activity of Co304, which
is qualitatively comparable to previous experimental studies in the literature.[*3-3% Notably, all
four AGmax(U) values are smaller than zero, indicating that Cr acts as a promoter of OER
activity at the auxiliary site, at the active site, and at higher dopant concentrations in the 2TM
state. This finding suggests enrichment of the Co3;O4 surface with Cr sites to enhance OER

activity. Our theoretical prediction is experimentally verified below (cf. section 3.6).

3.3 Scaling Relations and Volcano Plot for Doped C0304(001) Systems

OER activity is inherently limited due to scaling relations, and the main reason for the low
activity of electrocatalysts under anodic polarization was attributed to the scaling relationship
AGxoon vs AG+on in previous work.’! This well-accepted paradigm was challenged in a recent
contribution by Sokolov and Exner!”], pointing out that the OER volcano plot is more sensitive
to the scaling relationship AG+o vs AG+on than to AG+oon vs AG+on. For this purpose, it is
imperative to investigate the scaling relationships between all OER adsorbates (that is, *OH,
*0, and *OOH) and use these scaling correlations to derive potential-dependent volcano plots

to comprehend trends in OER activity.
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Figure 4. Linear scaling relationships between the OER intermediates (*OH, *O, and *OOH) for pristine and
TM-doped Co30s. (a) AG+on vs AG+ooH, (b) AG+o vs AG+on and (¢). AG+oon vs AG+o. Each data point corresponds
to a specific dopant atom (Fe, Ni, Cr, Mn, Cu, V, or undoped Co30s) and an active site type (TM, Co, and 2TM
sites; cf. Figure 1¢). The fitted regression lines are shown with confidence intervals (shaded regions), along with
the slope, intercept, and coefficient of determination (R?).

Figure 4 shows linear scaling relationships between the adsorption free energies of *OH, *O,

and *OOH on Co0304 across the different dopants and site roles (TM, Co, 2TM). Although a

10
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certain degree of scatter can be observed in all three plots, they are still sufficiently linear based
on the evaluation of the coefficient of determination. The scaling relationships in Figure 4 are
then used to construct a potential-dependent OER volcano diagram, the details of which are

discussed in section S4 of the SI.

Figure 5 shows a mechanistically resolved OER volcano plot at U = 1.37 V vs RHE as a
function of the descriptor AG+o — AG+on, while the solid line (“volcano line”’) corresponds to
v

the minimum free-energy span (envelope G.;5(U = 1.37)) across the seven reaction

mechanisms, which is defined pointwise as

G (U, AG) = min G (U, AG,) 3)

In equation (3), m refers to the respective mechanistic pathway, and AG> = AG+o — AG+on.

Further details on the construction of the G;/4x (U = 1.37) envelope is provided in Figure S2

(cf. section S2.4 of the SI).
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Figure 5. Volcano plot for the oxygen evolution reaction on doped Co304(001) models with additional
information on the preferred reaction mechanism (marked in blue) as derived from the scaling relationships
AG~oon vs AG+on and AG+o vs AG+on at an applied electrode potential of U= 1.37 V vs RHE. The solid line with
shaded bands represents the predicted activity trends based on the scaling relationships, and the shaded area
indicates uncertainty of the trend line based on the error bars of the scaling relationships. The vertical dashed lines
mark transitions in the energetically favored reaction mechanism, and the preferred mechanistic description is
given in each AG+o — AG+on regime. Note that the symbols correspond to the DFT data (cf. Figure 2) for the
different dopants (Cr, Fe, Ni, Mn, Cu, V, and undoped Co304) at different active sites (cf. Figure 1c).

It is important to note that Figure 5 quantifies the uncertainty in the mechanistically resolved

volcano plot by adding a narrow sensitivity band around the volcano trend line. This band
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results from the error bars of the scaling relationships in Figure 4. It is remarkable that of the
19 different configurations (three per dopant and undoped Co304), 17 fall within the band, and
only two outliers (2TM-site of Fe doping and TM-site of Mn doping) are observed. This finding
supports the suitability of our methodology to categorize electrocatalysts into active or inactive
materials compared to a reference structure (i. e., undoped Co0304) using an advanced volcano

approach.

Figure 5 allows quantifying trends in OER activity for the different dopants: while Cr, Fe, Ni,
Cu, and V improve the OER activity compared to undoped Co3O4 due to a smaller Gmax(U)
value of the doped systems, which is supported by data points closer to the volcano apex, Mn
deteriorates the OER performance. These trends are consistent with the analysis presented in

Figure S9 in section S3 of the SI.

Finally, we comment on the progress of our method compared to conventional volcano
analyses. The traditional OER volcano plot is derived based on the scaling relationship AG+oon
vs AGxon, assuming a slope of unity and an offset of 3.20 eV, whereas the scaling relationship
AG+o vs AG+on is omitted from the analysis.’! Activity predictions are rendered by applying
the thermodynamic overpotential, 1, instead of the span model of Gmax(U), although the n4p
descriptor does not allow for potential-dependent activity analyses. Only the mononuclear
mechanism on a single active site is evaluated, while other pathways are ignored. Figure S11
in section S4 of the SI shows that the conventional volcano approach captures some of the
activity trends observed in the volcano plot of Figure 5, such as the high activity of Cr-doped
C0304. On the other hand, it should be noted that almost 40% of the data points are not within
the sensitivity band around the volcano trend line. In addition, several data points in the volcano
in Figure S11 are located above the volcano apex. This observation is usually attributed to a

broken scaling AG+oon vs AG+on and thus to an improved OER performance.]

We attribute the differences between the conventional volcano approach and the
mechanistically resolved volcano diagram in Figure 5 to the omission of potential effects
(assessment of activity trends under equilibrium conditions rather than OER conditions), the
lack of mechanistic diversity (only use of the mononuclear mechanism), and a single active site
in the traditional framework. Indeed, observing data points above the volcano apex and
interpreting a broken scaling is erroneous, since our analysis (cf. Figure 4) reveals that the
scaling relationship AG+oon vs AG+on remains intact despite the introduction of dopants.

Figure S clarifies that none of the doped Co304 models reveal activity above the volcano limit
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given by the GELY envelope, and multiple mechanisms govern the OER volcano apex,!>®! a

situation not observed in the traditional approach (cf. Figure S11). Therefore, we conclude that
mechanistically resolved trend studies under applied bias are needed to advance catalyst
development in OER and avoid false claims of broken scaling relationships. The approach
presented in this work can be extended to other OER material classes or electrocatalytic

reactions of interest.
3.4 Comparison with Bulk-Doped Co0304

Several experimental works in the literature have investigated doping effects in the OER over
C0304.127:2842746] 1t {5 often challenging to map these investigations to theoretically calculated
volcano plots based on DFT, since most experimental studies are based on polycrystalline
samples rather than single-crystal electrodes. Among the various works, we highlight the
contribution by Wei et al®*l who showed, based on a combination of experiment and theory,
that V doping enhances OER activity of Co3;O4. This finding can be explained by the auxiliary
site function of the V dopant on the (001) facet of Co3zO4 (cf. Figure 3).

A different situation is encountered with the nanoparticle series reported in a recent work by
Schulz and co-workers.[?’! There, the authors examined MxCo3.xOs with M = Al, V, Cr, Mn,
Fe, and Ni at comparable size and morphology with dopant concentrations of 1.6 at%, 3.3 at%,
and 6.7 at%. Given that this series of nanoparticles might expose the (001) facet of Co3O4 to
the same extent per material and the dopant concentration is in the same order of magnitude as
in our theoretical framework, a qualitative comparison of our theoretical results with the

2729371 The authors observed increased

experimental data of Schulz and co-workers is useful.!
OER activity for V, Cr, Fe, and Ni as dopants, while OER activity decreased for Mn. Note that
Cu as a dopant wasn’t investigated in this series, whereas Al as a dopant showed reduced OER
activity. Among the dopants with a positive catalytic effect on OER activity, the activity trends

for these spherical particles at a dopant concentration of 3.3% are V > Cr > Fe > Ni.

We find that the qualitative activity trends of the V, Cr, Fe, Ni, and Mn dopants on the OER
activity of Co30s, based on the experimental datal?’l are consistent with our theoretical
prediction. On the other hand, the volcano plot of Figure S (or Figure S9 in section S3 of the
SI) predicts a quantitative ranking of Cr > V > Ni > Fe. This illustrates that the quantitative
trend in OER activity is not entirely reproduced by DFT calculations. We relate these minor
deviations to the finding that the nanoparticle series of Schulz and co-workers is based on bulk

doping, whereas our atomic-scale models rely on surface doping (cf. Figure 1c¢). To further
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quantify the predictive nature of our theoretical model, we compare the trends of OER activity
with surface-doped Co3O4 samples subjected to pulsed laser treatment (cf. section 3.5) and
quantify the promoting effect of Cr doping by synthesizing surface-enriched Cr-Co3O4 (cf.

section 3.6).
3.5 Comparison with Pulse-Optimized Samples of Surface-Doped Co0304

Surface-doped Co304 nanoparticles were prepared via pulsed laser defect engineering in liquids
(PUDEL,; further details are available in section S6 of the SI).I%) V, Cr, Ni, and Fe were
introduced from aqueous metal-salt precursor solutions by applying defined numbers of laser
pulses to the Co304 catalyst dispersion in liquid flow. Increasing the pulse number promoted
deeper incorporation of dopants into the subsurface, reaching penetration depths of
approximately 1.25nm and 1.50 nm for two and three pulses per volume, respectively.B"
Dopant concentrations were optimized individually to maximize the promotional effect per
element. X-ray fluorescence (XRF) analysis revealed higher cation incorporation for iron

(3.7 %) and vanadium (2.77 %) compared to chromium (0.16 %) and nickel (below detection

limit), likely reflecting differences in incorporation kinetics as well as steric or valence effects.

All doped samples exhibited improved electrocatalytic performance in the OER compared to
undoped Co304, confirming the positive effect of these transition metals on OER activity. In
rotating disk electrode measurements at 1.70 V vs RHE for drop-casted catalysts, the activity
trend was V >Fe> Cr> Ni, which is possibly linked to variable ion incorporation into the
spinel lattice (cf. Figure 6a-b). Small additions of Ni and Cr led to at most modest changes,
which remain within experimental uncertainty at higher electrode potentials. For catalysts with
higher dopant contents, deviations from the undoped baseline become apparent at 1.60 V vs
RHE. We note that the activity trend of the laser-treated surface-doped Co3O4 nanoparticles
differs from the bulk-doped Co3O4 samples discussed in section 3.4. This result is relevant for
comparing theoretical studies on dopant effects with experimentally tested materials, since a
thorough investigation of bulk-doped materials is beyond the scope of conventional DFT
models due to the limitation to a few hundred atoms; rather, surface-doped electrocatalysts can
be described reasonably well by theoretical models such as the one used in this study (cf.

Figure 1).

Given that PUDEL enables controlled surface doping to depths of about 1.50 nm, we compare
the surface-doped Co3;O4 nanoparticles to our theoretical predictions (cf. Figure 5). We find

that theory correctly predicts that all dopants lead to improved OER activity, although the
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specific ranking cannot be fully reproduced. While differences between experiment and theory
may also be due to the obvious size gap in the systems studied (cf. Figure S13), it cannot be
ruled out that PUDEL leads to penetration of the dopants into deeper layers than the surface.
Therefore, we conclude that an unambiguous comparison of experiment and theory should
follow different principles, and we propose to quantify the promoting effects of dopants, as
discussed in section 3.2, rather than dopant activity trends, which may depend on many

different factors.
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Figure 6. Electrocatalytic OER performance of doped Co30a4. (a) Linear sweep voltammograms (LSVs) in the
OER potential range scanned with a rate of 5 mV s™'. Dopants were introduced by laser pulse treatment: 3 pulses
per volume (PPV) for Cr, Ni, and V, and 2 PPV for Fe. Electrocatalytic measurements were performed in 1 M
KOH with a rotating disk electrode (RDE), Pt/C as the counter electrode, and Ag/AgCl (3 M KCl) as the reference
electrode. (b) Current density at 1.70 V vs RHE. (c) LSVs (iR-compensated) obtained for Co3O4, Cro.1C02.904, and
Cr0.1C02.904-calc catalysts in 1.0 M KOH solution at a scan rate of 5 mV s™! and under 1600 rpm rotation of the
rotating disc electrode, adapted from our ChemRxiv preprint’*” and (d) Corresponding measured current density
for the three electrodes as well as the respective TOF values obtained at 1.7 V vs RHE; Inset shows EDX elemental
mapping of Cr-doped samples.
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3.6 Experimental verification of the promoted OER activity of Cr-Doped Co0304

Figure 3 indicates that Cr-doped Co30Oj4 reveals the main promoting effect in the OER,
particularly if the dopant concentration is increased. This theoretical prediction is verified by
synthesizing a Cr-doped, surface-enriched Co304 nanocube using a hydrothermal method.[*”)
Details on synthesis and characterization can be found in section S7 of the SI. Particles of well-
defined Co0304 and Cr-doped Cro1C02904 nanocubes were microscopically and
spectroscopically characterized and showed the same well-defined cubic shape and size (ca.
250 nm edge length), as shown in Figure S15 (cf. section S7 of the SI). Cr content in the bulk
(from EDX) is 4.4% for both pristine and calcinated Cro.1C02.904, whilst the surface Cr content
(from XPS) was 36% and 46% for Cro.1C02904 and calcined Cro.1C02.904, respectively.l’”! The
linear sweep voltammetry (LSV) curves in Figure 6¢ show that Cro.1C02.904 exhibits a much
higher OER current than undoped Co304, confirming that the incorporation of Cr into the
surface of Co304 substantially enhances the catalytic performance. After calcination of the
pristine Cro.1C02904 nanocubes, the Cro.1C02904-calc sample maintains its cubic shape and
shows Cr enrichment at the nanoparticle surface than in the bulk, as evidenced from TEM-
EDX elemental mapping and line-scan analysis (cf. Figure S16). Quantitative analysis of the
EDX datal®*”! revealed that the Cr/(Co+Cr) ratio reached up to 40-50% at the cube edges,
compared to only 3% in the bulk. This composition mirrors the surface model used for the
computations (cf. Figure 1), where 50% Cr doping on the C0304 surface was predicted to
increase the OER activity by several orders of magnitude due to a reduction in the AGpax value

(cf. Figure 3).

As shown in Figure 6d, the current density at 1.70 V vs RHE increased by about five and 25
times for Cro.1C02.904 and Cro.1C02.90s-calc compared to undoped Co30O4, respectively. The
corresponding turnover frequency (TOF) values, calculated assuming that only surface Co
atoms on the five cube facets are active,l*”) also follow this trend: Cr-doped samples exhibit a
significantly higher TOF than Co3O4. Based on our XPS analysis,*”! the observed enhancement
is attributed to Cr-induced modulation of the surface electronic structure, which promotes the
formation of more Co?" species readily, which can be easily converted to the active
oxyhydroxide phase with octahedral Co** sites under OER conditions.[°!-¢2] The experimental
results demonstrate that surface doping of Co3O4 by Cr enhances the intrinsic activity by
modulating the surface and electronic structure in a manner favorable for OER, thus confirming

the theoretical prediction (cf. Figure 3).
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4 Conclusion

In the present manuscript, we present a theoretical framework based on electronic structure
theory calculations using density functional theory to understand dopant effects in the OER
over Co304. By further developing the concept of volcano plots toward mechanistically
resolved volcano diagrams that consider multiple scaling relationships, multiple configurations
of active sites, and potential-dependent activity quantification (cf. Figure 5), we find that the
dopants V, Cr, Fe, and Ni improve the OER activity of Co3Os, while doping with Mn or Cu
leads to a reduction in OER performance or a negligible contribution, respectively. In contrast
to previous theoretical works on this topic, we analyze the promoting effects of the different
foreign metals and identify Cr as the most promising dopant (cf. Figure 3), since Cr efficiently
enhances the electrocatalytic activity at the auxiliary site, the active site, and at higher dopant

concentrations.

To benchmark our theoretical calculations, we compare the predicted trends of OER activity
of the doped Co304 models with two different series of Co3O4 nanoparticles. One of the series
is based on the bulk doping of Co304,[>”] while the other considers surface doping followed by
laser treatment(®”l. We find that our theoretical framework accurately captures the qualitative
impact of dopants on OER activity, while the quantitative trends are not fully reproduced. We
attribute this finding to the obvious size gap between atomic-scale models and experimental
Co0304 catalysts at the nanoscale. We experimentally validate the theoretical prediction of the
promoting effect of Cr-doped Co30O4 by synthesizing a well-defined surface-enriched, Cr-
doped Co304 nanocube that significantly enhances the OER activity compared to undoped
Co304. Even at far smaller dopant concentrations, surface doping of Cr into Co0304

nanoparticles by laser pulsing yielded measurable enhancement.

The implications of our work are two-fold: first, the reported approach for quantifying activity
trends of doped Co30O4 models is a transferable framework that can be equally applied to other
materials and electrocatalytic processes. In particular, the potential-dependent volcano plot
accounts for the uncertainty in the analysis of adsorption free energies and, compared to the
conventional approach, avoids the assertion of broken scaling relationships, which could lead
to erroneous interpretation of the OER performance. Second, we argue that inspecting the
promoting effects of dopants is a suitable approach to bridge the size gap between atomic-scale
models and experimental catalysts and claim that this may be a better way to unambiguously

compare theoretical predictions with experimental data. Our work could therefore pave the way
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for next-generation theoretical models aimed at catalyst screening in energy conversion and
storage, using uncertainty control in volcano plots and promoting effects as levers for the

development of advanced catalytic materials.
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