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volcano plot: thermodynamic
limits for single-atom catalysts for oxygen
reduction and evolution†

Manuel J. Kolb * and Federico Calle-Vallejo *
Single-atom catalysts (SACs) are a promising route to create highly-

efficient bifunctional catalysts for O2 reduction and evolution. Here,

we show how adsorption-energy scaling relations can be used to build

a Sabatier-type bifunctional volcano plot. The plot helps establish

thermodynamic limits to bifunctional SACs and suggests that high

bifunctional activities are more easily reached by SACs containing

several different species.
In view of the current climate crisis, cost-effective generation,
temporary storage and utilization of renewable energies are of
great interest.1–3 While Li-ion batteries provide a valuable
approach for storing energy for stationary (such as household
buffer or grid-level storage)4 and automotive applications,
energy density requirements for aviation and nautical applica-
tions cannot currently be met.5

An alternative to solve this problem would be the adoption of
a “hydrogen economy”6,7 mainly based on H2/H2O/O2 inter-
conversion. On the one hand, the electrolysis of water (2H2O(l)
/ O2(g) + 2H2(g)), a widely available liquid, would produce
hydrogen gas, which has a desirable energy density. On the
other hand, H2 would then be used in fuel cells to generate
electrical energy when required while simultaneously
producing water (O2(g) + 2H2(g) / 2H2O(l)).

A more localized scheme is the so-called regenerative fuel
cell, in which the forward direction uses stored hydrogen, while
the reverse reaction enables the system to recharge and regen-
erate hydrogen. The implementation of this device, however,
requires high-efficiency bifunctional catalysts, namely, mate-
rials that can catalyse the forward and backward reactions
efficiently.8,9 In particular, substantial overpotentials are found
for half-reactions involving O2, namely the oxygen evolution and
reduction reactions (OER and ORR, respectively represented by
ical Physics, Institute of Theoretical and
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tion (ESI) available. See DOI:

f Chemistry 2022
the following forward and backward reactions: 2H2O(l)% O2(g)
+ 4H+ + 4e�). The analysis in this work is based on the well-
established OER pathway shown in eqn (1)–(4),10,11 the inverse
of which is the associative ORR pathway.12

H2O(l) / *OH + (H+ + e�) (1)

*OH / *O + (H+ + e�) (2)

*O + H2O(l) / *OOH + (H+ + e�) (3)

*OOH / * + O2(g) + (H+ + e�) (4)

Furthermore, if water and proton-electron pairs are used as
the thermodynamic reference for the adsorption energies of the
intermediates *O, *OH and *OOH, the energies of the electro-
chemical steps 1–4 are given by eqn (5)–(8):

DG1 ¼ DGOH (5)

DG2 ¼ DGO � DGOH (6)

DG3 ¼ DGOOH � DGO (7)

DG4 ¼ DGO2
� DGOOH (8)

where DGO2
is equivalent to four times the equilibrium poten-

tial, that is 4.92 eV in experiments, while other values are found
through DFT calculations depending on the exchange-
correlation functional used.13

In computational (electro)catalysis, scaling relations14–16

describe the interconnected adsorption energies of reaction
intermediates with similar surface-bond characteristics.
Specically, for the OER and the ORR catalytic pathways shown
in eqn (1)–(4), they describe the direct, linear proportionality
between DGO, DGOH and DGOOH. Koper17 and Rossmeisl et al.10

pointed out that the scaling relation between *OOH and *OH
has a (near) unity slope and an offset of �3.20 eV, which has
been conrmed in numerous further studies.10,18,19 Since the
equilibrium potential of the OER and the ORR is 1.23 V vs. RHE
J. Mater. Chem. A, 2022, 10, 5937–5941 | 5937
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and eqn (2) and (3) connect *OH and *OOH via two proton-
electron transfers (*OH + H2O(l) / *OOH + 2(H+ + e�)),
ideally, *OOH and *OH should differ only by 1.23 V � 2e� ¼
2.46 eV. This energy mismatch moves the top of the OER and
ORR Sabatier-type activity plots far from the equilibrium
potential, with a minimum overpotential of (3.20–2.46) eV/2e�

¼ 0.37 V.10,11,17,20

This result, for the past ten years, led to a frantic search for
catalysts that break the *OOH vs. *OH scaling relation.20–23

Although ideal catalysts (i.e. those with null OER/ORR calcu-
lated overpotentials) break such a relation,10,13,24 materials that
do it are not necessarily efficient and inducing its breaking can
actually worsen the activity.25–27 In sum, with some caveats, the
scaling relations between *O, *OH, and *OOH enable the
making of Sabatier-type activity plots but might as well limit our
ability to optimize OER and ORR catalysts.

In recent years, single-atom catalysts (SACs) have become
a focus of intense study in view of their versatility, the wide
number of reactions they catalyse,28–30 such as the OER/ORR and
HER, the water-gas-shi or the CO2 electroreduction reaction,
and also owing to the ability to tailor these catalysts by varying
the surrounding (bonding) environment.31 For this reason, the
application of SACs to the eld of bifunctional catalysis is of
great interest.32–37 In the following sections, we will discuss the
impact of scaling relations on the bifunctional performance of
SACs.

To better quantify the performance of bifunctional catalysts,
the bifunctional index (BI) was introduced.38–40 The BI measures
the simultaneous ability of a prospective catalyst to catalyse
a redox couple, such as the OER/ORR, by subtracting the
potentials needed to reach some given current densities for the
forward and backward reactions. This directly implies that
a lower BI would indicate a better bifunctional catalyst and a BI
Fig. 1 Sabatier-type activity plots based on scaling relations for the OE
energetic separation between *OOH and *OH of 3.20 eV, see Sections S1
noted in each case and have been determined statistically13,18 from eqn

5938 | J. Mater. Chem. A, 2022, 10, 5937–5941
of 0 would indicate an ideal catalyst for the reaction couple. For
the ORR/OER couple, it is dened in experiments as the
difference between the potentials for which jORR ¼ �1 mA cm�2

and jOER ¼ 10 mA cm�2.

BI ¼ UjOER¼10 mA cm�2 � UjORR¼�1 mA cm�2 (9)

In practice, it has been shown that the trends in thermody-
namic limiting potentials (calculated as: UL,OER ¼ max(DG1,
DG2, DG3, DG4), UL,ORR ¼ max(DG�1, DG�2, DG�3, DG�4)) pre-
dicted from density functional theory (DFT) calculations are in
close agreement with those obtained at such experimental
current densities.40–44 In addition, the associated overpotentials
(hOER ¼ UL,OER � 1.23 and hORR ¼ 1.23 � UL,ORR) can be directly
compared under some assumptions.41,45 This means that we can
approximate eqn (9) as:

BI z UL,OER � UL,ORR ¼ hOER + hORR (10)

For an ideal bifunctional catalyst, the DFT-calculated BI
would be 0 V, which would signify no overpotential for the OER
and ORR at the same time and indicate 100% round-trip effi-
ciency. We note that because the BI is the sum of two over-
potentials, it is not univocal and can sometimes be misleading.
For instance, a promising value of BI can simultaneously
correspond to a catalyst with a low ORR overpotential and
a high OER overpotential (or vice versa), and a true bifunctional
catalyst with good performance for both reactions.

To illustrate this, Fig. 1 contains the ORR and OER volcano
plots as a function of DGOH. Statistically, the most likely
potential-limiting steps correspond to the reactions *O /

*OOH and *OH / *O for the OER (eqn (2) and (3)), and the
reactions *OH/H2O and O2/ *OOH for the ORR (the reverse
R (right) and ORR (left) as a function of DGOH. They are based on an
and S2 in the ESI.† Themost representative potential-limiting steps are
(1)–(4) for the OER and the reverse equations for the ORR.

This journal is © The Royal Society of Chemistry 2022
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of eqn (1) and (4), denoted as�1 and�4, respectively).11,13 Since
the minimum overpotential for the ORR is located at the
intersection of the lines corresponding to steps �1 and �4, we
invert this volcano plot to arrive at Fig. 1. For further details on
the making of the plot in Fig. 1, see Fig. S1† in the ESI.

As mentioned before, the tops of the volcanoes are located at
�hOER ¼ �hORR ¼ �0.37 V, which can also be deduced by
nding the intersection of the scaling lines, which we show
explicitly in Section S2.† From this evaluation we can also
conclude that the two tops of the volcanoes are located 0.74 eV
apart in the scale of DGOH.

Based on these considerations, we can evaluate two cases: (1)
the bifunctional catalyst has (at least) two non-identical active
sites for the OER and the ORR. Non-identical sites means that
either the catalyst consists of e.g., two different materials that
each catalyse one reaction, or that the active site undergoes
a conformational transition in the range of UL,ORR and UL,OER.
For instance, this can be an increase in the oxidation state of the
metal centre of the SACs and/or the adsorption of an axial
ligand, namely, –O or –OH, on one side of the active site. (2) The
bifunctional catalyst has only one type of active site for the OER
and ORR, and therefore needs to follow all scaling lines shown
in Fig. 1 at the same time.

For case (1), there are two pairs of values for DGO, DGOH and
DGOOH, corresponding to the two different active centres. In
such a case, one of the sites can be active for the ORR and the
other for the OER. This means that the BI will be limited by the
best possible onset potentials, each for the OER and the ORR
volcanoes, namely, the two volcano apices in Fig. 1. Therefore,
the minimum BI is BImin, case1 ¼ 0.37 + 0.37 ¼ 0.74 V. An
extensive experimental and computational survey of ORR/OER
Fig. 2 Sabatier-type bifunctional volcano plot for OER/ORR electrocata
a function of DGOH. Datapoints labelled “Niu et al.” and “FGMs”were taken
this plot appear in Sections S3–S6 in the ESI.†

This journal is © The Royal Society of Chemistry 2022
bifunctional materials shows that 0.74 V is a good limit for
composite materials with more than one type of active site, and
BI values around 0.8–1.0 V typically correspond to good
bifunctional catalysts.38–40

For case (2), there is only one set of values for DGO, DGOH and
DGOOH, such that the BI is governed by the same scaling rela-
tions for steps 1–4 during the OER, and steps �4 to �1 during
the ORR. This allows us to build a bifunctional ORR/OER
activity plot. The functional shape of the BI is shown in Fig. 2.
For a detailed analysis, including all equations for the separate
regions of BI, see Section S3 in the ESI.†

The plot has three main regions, shown in red, green, and
blue in Fig. 2, for which the behaviour of BI is different. In the
region of strong binding, shown in red in Fig. 2 (region I), where
DGOH < 0.86 eV, the overpotentials of the OER and ORR are
governed by the steps �1 and 2, as can be seen in Fig. 1. This
means that, since both functions have a positive slope in region
I in Fig. 2, for increasing DGOH, the BI will decrease.

Region II, shown in green in Fig. 2, where 0.86 eV < DGOH <
1.6 eV, is characterized in Fig. 1 by a negative slope for the ORR
(step �4), and a positive slope for the OER (step 2). The
opposing slopes make the BI independent of DGOH in this range
and approximately equal to 1.48 V.

Lastly, in region III, shown in blue in Fig. 2, where DGOH >
1.6 eV, both volcano lines for the OER (step 3) and ORR (step
�4) have a negative slope in Fig. 1, i.e., are located on the weak-
binding side of both volcanoes, which leads to a negative slope
for �BI in Fig. 2.

In order to showcase this behaviour, we extracted datapoints
from previous publications discussing the ORR and OER
activities of SACs.18,34,46 We corrected the datapoints, tabulated
lysis with the additive inverse of the bifunctional index (�BI) plotted as
from the respective publications.18,34,46 Further details on themaking of

J. Mater. Chem. A, 2022, 10, 5937–5941 | 5939
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in Section S6,† for the differences that arise due to them being
calculated using different exchange-correlation functionals (for
more details, see Section S4†). We show them in Fig. 2 together
with �BI as a function of DGOH along the three regions
mentioned before. As can be seen, the datapoints, with the
exclusion of 4 anomalous points, which deviate benecially
from the *O vs. *OH scaling line (see Section S5†) and belong to
group 9 of the periodic table (Co, Rh, Ir), all follow the general
scaling-based predictions for �BI as a function of DGOH.
Interestingly, departures from the *O vs. *OH scaling relation
have already been shown to enhance the OER activity of
IrO2(110)47 and can be induced by modifying the electrolyte. In
addition, Rh SACs have also been predicted to be highly active
for other reactions.37,48

In summary, the analysis of cases (1) and (2) suggests that for
any bifunctional SAC catalyst with 0.74 V < BI < 1.48 V (bearing
in mind the expected error bars from DFT): (i) there are two
types of active sites, (ii) the active site undergoes a redox tran-
sition in the potential range between the calculated onsets of
the ORR and the OER such that the active sites are different
during the ORR and the OER, or (iii) there is a sizable departure
from a scaling relation.

This suggests that SAC studies need to routinely take into
account the in situ shape of the active sites under ORR and OER
conditions, such as applied potentials and pH, mirroring the
considerations based on surface Pourbaix diagrams applied for
conventional metallic or metal-oxide catalysts.49,50 In addition,
errors inherited by the bifunctional volcano plot from scaling
relations ought to be assessed, and a better descriptor (probably
one involving a subtraction of adsorption energies) for the
bifunctional activity plot which is less dependent on the
exchange-correlation functional used could be found.51
Conclusions

Based on scaling relations, in this work we showed that the
bifunctional index (BI), a metric for ORR/OER bifunctionality,
can be as low as 0.74 V for SACs with several different types of
active sites. We built a Sabatier-type bifunctional volcano plot,
which unlike volcano plots for a single reaction, has a wide
plateau at intermediate binding. The plot shows that SACs with
a single type of active site are generally bound to have BIs of at
least 1.48 V. For SACs with BIs lower than 1.48 V, there is likely
to be sizable departures from the scaling relations between *O
vs. *OH. We note, however, that these values may have wide
associated error bars inherited from scaling relations, so they
should be considered cautiously.

Going forward, further research could be devoted to applying
the concepts in this study to non-SAC catalysts, such as dual-
atom catalysts, transition metals and metal oxides. Further-
more, we would like to stress that modelling efforts should
routinely consider conformational changes at the active sites
caused by changes in potential and pH to accurately model the
performance of bifunctional SACs. Interestingly, deviating from
the *O vs. *OH scaling relation emerges as a means to obtain
high bifunctional OER/ORR activities.
5940 | J. Mater. Chem. A, 2022, 10, 5937–5941
Author contributions

Manuel Kolb: formal analysis, investigation, visualization, and
writing – original dra. Federico Calle-Vallejo: conceptualiza-
tion, formal analysis, writing – review & editing, supervision,
project administration, and funding acquisition.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The grants RTI2018-095460-B-I00, RYC-2015-18996, and MDM-
2017-0767 were funded by MCIN/AEI/10.13039/501100011033
and by the European Union. This work was also partly sup-
ported by Generalitat de Catalunya via the grant 2017SGR13.
The use of supercomputing facilities at SURFsara was spon-
sored by NWO Physical Sciences.

References

1 N. S. Lewis and D. G. Nocera, Proc. Natl. Acad. Sci. U. S. A.,
2006, 103, 15729–15735.

2 R. E. Smalley, MRS Bull., 2005, 30, 412–417.
3 P. C. K. Vesborg and T. F. Jaramillo, RSC Adv., 2012, 2, 7933–
7947.
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