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Reporting activities for the oxygen
evolution reaction
Marcel Risch 1✉

The oxygen evolution reaction (OER) is a key enabler of sustainable chemical
energy storage. Here, the author assesses the current status of protocols for
benchmarking the OER in materials- and device-centered investigations and
makes suggestions for more comparable data.

Significance of the oxygen evolution reaction
Sustainable, climate-friendly, alternatives to fossil resources are needed to meet the needs of the
energy and chemical sectors. Precursor feeds of non-potable water1 and in some cases aqueous
nitrogen or carbon dioxide could be electrochemically reacted to sustainably produce many key
fuels and valuable chemicals from renewable sources used in devices such as electrolyzers or
photoelectrochemical cells (Fig. 1). The water oxidation reaction (WOR) or oxygen evolution
reaction (OER) at the anode takes a pivotal role in this approach as it provides the protonated
ions for the reduction of precursors at the cathode to the desired fuel or chemical. Four electrons
and ions need to be transferred to make O2 from 2H2O (or 4OH- in alkaline media), at the cost
of large overpotential at the fuel- or chemical-producing cathode. Additionally, the needed high
potentials to drive the OER may degrade various electrode components2. Therefore, the iden-
tification of stable and active electrocatalysts for the OER has received considerable interest in
the last decades. While stability and activity are both important and usually linked, this Com-
ment focuses on reporting the activity of OER electrocatalysts in the context of the most mature
field of water electrolysis and in particular the issue of comparability among reported activities in
current benchmarking studies.

Benchmarking protocols
Bligaard et al.3 define benchmarking in catalysis as a “community-based and (preferably)
community-driven activity involving consensus-based decisions on how to make reproducible,
fair, and relevant assessments […] between new and standard catalysts”. Building on the latter
definition and previous implementation4, this author proposes that a complete benchmarking
protocol should contain (1) a definition of all relevant test input parameters and environmental
conditions; (2) a protocol of the test procedure, i.e., the sequence of measurements to be per-
formed; (3) a concise definition of the test output parameters and their evaluation criteria; (4) a
well-defined and readily accessible gold standard. The current state toward a complete protocol
is depicted in Fig. 2 for materials-centered research and device-centered research on the OER.

Several protocols have been published for materials-centered investigations of the OER. The
protocol reported by McCrory et al.5 is the most widely used, yet still only by an insignificant
fraction of all OER publications. Other protocols were reported by Spanos et al.6, Burke-Stevens
et al.7, Peugeot et al.8, and Creel et al.9, as well as recommendations by Wei et al.10 (Table 1). The
published protocols and the majority of materials-centered OER studies use potential sweeps
(cyclic or linear sweep voltammetry) for conditioning, surface area determination (note the
pitfalls11), and activity determination. The protocols include either additional current and/or
potential steps for activity determination or alternative current and/or potential steps for this
purpose.
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For device-centered investigations of the OER testing, Malkow
et al.4 published protocols for testing low-temperature water
electrolyzers that employ galvanostatic sweeps or a list of current
density setpoints (Table 1). A similar protocol was used in a
round-robin study12. Higher current densities are included but
the range of current densities overlaps with that of the materials-
centered investigations. Additional definitions and experimental
parameters are published in a series of reports by Tsotridis and
Pilenga13,14 that are partly based on definitions of the Interna-
tional Electrochemical Commission (IEC) such as standard IEC
TS 60050-485:2020.

Assessment of the protocols
The test input parameters are defined in protocols for both
materials and device testing with sufficient detail for reproduc-
tion. More environmental conditions are controlled for device
testing. It will improve materials testing to mandate control of
environmental conditions such as temperature, which is readily
available through jacketed electrochemical cells. In the materials-
centered protocols, it is not specified how the electrochemical
data is sampled, i.e., whether the current/potential reading occurs
at the end of the sampling interval or by integration. This can
drastically affect the contribution of capacitive currents in sweep
measurement or short pulses on (desirable) high surface area
materials, which would lead to an overestimation of activity
metric based on electrochemical current.

The procedures vary for materials-centered testing, where
potential sweeps as well as potential and current holds are per-
formed in various combinations. The author expects that this is
the main issue that reduces comparability among the protocols
because different surfaces can be formed by sweep and potential/
current holds15 and because the range of potential sweeps may
affect the measured currents16. Wei et al.10 and Malkow et al.4

recommend either sweeps or holds. This author recommends
several current holds, i.e., a Tafel plot (note the pitfalls17), with
increasing current density until 2 V is reached and sufficient
duration to ensure a steady state of the double layer and elec-
trocatalyst microstructure (electronic structure, phase, and mor-
phology). Using current holds for both materials- and device-
centered investigations to determine the activity metric(s) can be
a small step towards crossing the gap between fundamental and
applied research.

Output parameters and evaluation criteria are clearly defined in
the previous reports for both materials- and device-centered
investigations. Common activity metrics are various (over)
potentials at fixed current (density) or current (densities) at fixed
(over)potential where the current is normalized by a property of
the used electrocatalyst material (e.g., electrocatalyst mass or
surface area) or a property of the electrode (e.g., electrode area).
In addition to electrochemical data, this author urges to also
report a measure of the evolved oxygen or the Faradaic
efficiency5,6. The focus on specific activity metrics and reporting
recommendations differ in details but several protocols include
Tafel plots as recommended above, from which a desired metric
could be calculated, most readily if the electrochemical data was
published openly and FAIR (findable, accessible, interoperable,
reusable)18 in a data repository.

Importance of standards
To date, gold standard materials for the OER are Ni-Fe oxides in
alkaline and RuO2 as well as IrO2 in acid. Unfortunately, the
outcome of their test evaluation criteria depends strongly on
details of synthesis, possible non-electrochemical post-treatment
steps as well as electrochemical conditioning steps. For Ni-Fe
oxide, a simple synthesis has been reported7. Powders of these
oxides and membrane electrode assemblies (MEA) based on
iridium-ruthenium oxide are also available commercially. Issues
with preparation aside, there is no standard electrocatalyst or
electrode consistently used in all reported protocols. Ideally, the
field would need a benchmark akin to the international prototype
of the kilogram and its exact copies, which would enable to
comparison of the reported protocols. In the field of photo-
voltaics, testing centers such as the European Solar Test Instal-
lation (ETSI) have been established where one sends samples for
standardized tests, thus eliminating the considerable variation
observed in round-robin tests (on electrolyzers)12. A clearly
defined gold standard and standardized testing, especially in
specialized facilities, would significantly improve the reliability of
reported OER activity metrics to benchmark electrocatalysts and
electrodes, identify structure-property relationships, and harness
big data analysis in electrocatalysis.

In summary, the state of standardization of materials-centered
investigations of the OER is less advanced as compared to device-
centered investigations, yet there are no international formalized
standards such as the ones that exist in corrosion science, e.g.,
ASTM G150-18 or DIN EN ISO 17864:2008-07, for either com-
munity. For materials testing, there are additionally no harmo-
nized protocols or no round-robin studies on gold standards.
Furthermore, most reports of highly active materials unfortu-
nately do not follow any of the reported protocols to obtain their
activity metric(s).

Outlook
As pointed out by Bligaard3 benchmarking must be a
community-driven effort. This raises the question of which are
the relevant communities and should we thrive to identify a
universal protocol? This author believes that the conditioning
part of the protocol should be defined by sub-communities, e.g.,
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Fig. 1 Versatile uses of the oxygen evolution reaction (OER) for the
production of fuels and chemicals. The anodic OER provides the ions
needed for the cathodic reduction of precursors such as water, nitrogen, or
carbon dioxide to the desired fuel or chemical.
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Fig. 2 Current state of benchmarking protocols and standardization.
Green (left) indicates sufficient definition, yellow (middle) indicates further
work needed, and red (right) indicates a lack of the criterion.

COMMENT COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-023-01024-y

2 COMMUNICATIONS CHEMISTRY |           (2023) 6:221 | https://doi.org/10.1038/s42004-023-01024-y | www.nature.com/commschem

www.nature.com/commschem


T
ab

le
1
O
ve

rv
ie
w

of
be

nc
hm

ar
ki
ng

pr
ot
oc
ol
s.

P
ro
to
co
l

S
te
p
1

S
te
p
2

S
te
p
3

S
te
p
4

S
te
p
5

S
te
p
6

S
te
p
8

M
cC

ro
ry

20
13

5
C
V

D
L,

10
0
m
V

ra
ng

e
ce
nt
er
ed

ar
ou

nd
O
C
P,

no
ro
ta
tio

n

EI
S,

no
ro
ta
tio

n
C
V

(1
.2
3
to

1.
8
2
V

vs
.
R
H
E)

at
10

m
V
/s
,

16
0
0
rp
m
,O

2

Po
te
nt
ia
l
st
ep

s
(1
.2
3
to

1.
8
2
V

vs
.R

H
E,

30
s)
,

16
0
0
rp
m
,O

2

C
ur
re
nt

st
ep

s
(0

.1
to

20
m
A
/c
m

2 ,
30

s)
,1
6
0
0

rp
m
,O

2

2
h
at

10
m
A
/

cm
2 ,
16
0
0

rp
m
,O

2

n/
a

Sp
an
os

et
al
.

20
17

A
6

O
C
P,

LS
V

to
st
ar
t
po

si
tio

n
of

co
nd

iti
on

in
g

C
on

di
tio

n
th
e
ca
ta
ly
st

EI
S
at

O
C
P,

LS
V

fr
om

O
C
P
to

1.
2
V

vs
.
R
H
E,

5
m
V
/s

LS
V

1.
2
to

1.
7
V

vs
.R

H
E,

5
m
V
/s

Pa
ss
in
g
1C

ch
ar
ge

by
C
P

or
C
A
,
LS
V

O
C
P
to

1.
8
V

vs
.
R
H
E,

5
m
V
/s

2
h
at

10
m
A
/

cm
2
w
ith

IC
P-

O
ES

an
al
ys
is
,

fl
ow

ra
te

of
0
.8
6
m
L/
m
in

R
ep

ea
t

st
ep

s
3–
5

Sp
an
os

et
al
.

20
17

B6
O
C
P,

LS
V

to
st
ar
t
po

si
tio

n
of

co
nd

iti
on

in
g

C
on

di
tio

n
th
e
ca
ta
ly
st

EI
S
at

O
C
P,

LS
V

fr
om

O
C
P
to

1.
2
V

vs
.
R
H
E,

5
m
V
/s

LS
V

1.
2
to

1.
7
V

vs
.R

H
E,

5
m
V
/s

Pa
ss
in
g
1C

ch
ar
ge

by
C
P

or
C
A
,
LS
V

O
C
P
to

1.
8
V

vs
.
R
H
E,

5
m
V
/s

2
h
at

1.
8
V

vs
.R

H
E
w
ith

IC
P-
O
ES

an
al
ys
is
,
fl
ow

ra
te

of
0
.8
6
m
L/
m
in

R
ep

ea
t

st
ep

s
3–
5

Bu
rk
e-
St
ev
en

s
et

al
.2

0
17

7
C
V

(0
.9
3
to

1.
6
8
V

vs
.R

H
E)
,

10
m
V
/s

EI
S
at

1.
53

V
vs
.
R
H
E

cu
rr
en

t
st
ep

s
fr
om

0
.0
1m

A
/

cm
2
to

10
m
A
/2

fo
r
3
m
in

cu
rr
en

t
st
ep

s
fr
om

10
m
A
/2

to
0
.0
1
m
A
/c
m

2

fo
r
3
m
in

R
ep

ea
t
st
ep

s
1–
2

C
A
at

1.
53

fo
r

1h
n/

a

M
al
ko
v
20

18
A

PE
M
W

E4
0
.1
A
/c
m

2 ,
5
m
in

lin
ea
r
cu
rr
en

t
sw

ee
p

fr
om

1m
A
/c
m

2
to

20
0
0
m
A
/c
m

2
at

0
.0
8
0
A
/c
m

2
pe

r
m
in
,

2
V

cu
to
ff

n/
a

n/
a

n/
a

n/
a

n/
a

M
al
ko
v
20

18
A

A
W

E
+
A
EM

W
E4

0
.1
A
/c
m

2 ,
5
m
in

lin
ea
r
cu
rr
en

t
sw

ee
p

fr
om

0
.2
m
A
/c
m

2
to

4
0
0
m
A
/c
m

2
at

0
.0
16

A
/c
m

2
pe

r
m
in
,

2
V

cu
to
ff

n/
a

n/
a

n/
a

n/
a

n/
a

M
al
ko
v
20

18
B

PE
M
W

E4
0
.1
A
/c
m

2 ,
5
m
in

cu
rr
en

t
st
ep

s
fr
om

1m
A
/c
m

2
to

20
0
0
m
A
/

cm
2 ,
w
ith

30
s
dw

el
la
nd

30
s
ac
qu

is
iti
on

pe
r
st
ep

,
2
V

cu
to
ff

n/
a

n/
a

n/
a

n/
a

n/
a

M
al
ko
v
20

18
B

A
W

E
+
A
EM

W
E4

0
.1
A
/c
m

2 ,
5
m
in

cu
rr
en

t
st
ep

s
fr
om

0
.2
m
A
/c
m

2
to

4
0
0
m
A
/c
m

2 ,
w
ith

30
s

dw
el
l
an
d
30

s
ac
qu

is
iti
on

pe
r
st
ep

,2
V

cu
to
ff

n/
a

n/
a

n/
a

n/
a

n/
a

Be
nd

er
et

al
.

20
19

12
0
.2
A
/c
m

2
fo
r

30
m
in
,1

A
/c
m

2

fo
r
30

m
in
,1
.7
V

un
til

va
ri
at
io
n

0
.0

to
0
.1
A
/c
m

2
in

0
.0
2
A
/c
m

2
st
ep

s
an
d

0
.2
A
/c
m

2
st
ep

s
ab
ov
e

un
til

2
V

ar
e

R
ev
er
se

of
st
ep

2
O
pt
io
na
l:
O
C
V

n/
a

n/
a

n/
a

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-023-01024-y COMMENT

COMMUNICATIONS CHEMISTRY |           (2023) 6:221 | https://doi.org/10.1038/s42004-023-01024-y | www.nature.com/commschem 3

www.nature.com/commschem
www.nature.com/commschem


T
ab

le
1
(c
on

ti
nu

ed
)

P
ro
to
co
l

S
te
p
1

S
te
p
2

S
te
p
3

S
te
p
4

S
te
p
5

S
te
p
6

S
te
p
8

le
ss

th
an

1%
pe

r
h

re
ac
he

d,
5
m
in
,
op

tio
na
l:

EI
S
at

al
l
st
ep

s
W

ei
et

al
.

20
19

A
10

O
2
bu

bb
lin
g
fo
r

10
–3
0
m
in

C
V
(1
.0

to
1.
7
V
vs
.R

H
E)

at
10

m
V
/s
,
16
0
0
rp
m
,

O
2

n/
a

n/
a

n/
a

n/
a

n/
a

W
ei

et
al
.

20
19

B1
0

O
2
bu

bb
lin
g
fo
r

10
–3
0
m
in

C
A

w
ith

at
le
as
t
5

po
te
nt
ia
ls
,f
or

w
hi
ch

j<
2.
5
m
A
/c
m

2

n/
a

n/
a

n/
a

n/
a

n/
a

Pe
ug

eo
t
et

al
.

20
21

8
LS
V

at
10

m
V
/s

un
til

a
st
ea
dy

re
sp
on

se

0
,5

,1
0
,
25

,5
0
,

10
0
m
A
/c
m

2
fo
r
5
m
in
,

ex
te
ns
io
n
of

du
ra
tio

n
if

po
te
nt
ia
l
w
as

no
t
st
ab
le

50
m
A
/c
m

2
fo
r

30
m
in

n/
a

n/
a

n/
a

n/
a

C
re
el

20
22

9
C
on

di
tio

n
th
e

ca
ta
ly
st

LS
V

(1
.4

V
to

2.
2
V

vs
.

R
H
E)

at
10

m
V
/s
,
in
er
t

ga
s

EI
S
at

O
C
P,

O
C
P-
50

m
V
,

O
C
P
+
50

m
V

C
V
D
L
(s
te
p
1
of

M
cC

ro
ry

20
13
)

0
m
A

fo
r
3
s,

20
m
A

fo
r
1h

,
0
A

fo
r
1
s

n/
a

n/
a

R
is
ch

20
23

,
th
is

w
or
k

C
on

di
tio

n
th
e

ca
ta
ly
st

ac
co
rd
in
g
to

(s
ub

)
co
m
m
un

ity

0
to

50
m
A
/c
m

2
in

5
m
A
/c
m

2
st
ep

s
w
ith

at
le
as
t
1.
55

V
(v
s.
R
H
E
fo
r

3-
el
ec
tr
od

e
or

co
un

te
r

fo
r
2-
el
ec
tr
od

e)
,

10
0
m
A
/c
m

2
an
d

10
0
m
A
/c
m

2
st
ep

s
ab
ov
e
un

til
2
V

(v
s.
R
H
E

fo
r
3-
el
ec
tr
od

e
or

co
un

te
r
fo
r
2-
el
ec
tr
od

e)
ar
e
re
ac
he

d,
30

s
dw

el
l,

30
s
ac
qu

is
iti
on

,
op

tio
na
l:
EI
S
at

al
l
st
ep

s

re
ve
rs
e
of

st
ep

2
O
pt
io
na
l:
EI
S
or

su
rf
ac
e
ar
ea

m
ea
su
re
m
en

t

O
pt
io
na
l:

de
te
rm

in
e

Fa
ra
da
ic

ef
fi
ci
en

cy
if

no
t
in
cl
ud

ed
in

st
ep

2

n/
a

n/
a

A
,
B,

PE
M
W

E,
A
W

E+
A
EM

W
E
de

no
te

va
ri
an
ts

of
th
e
pr
ot
oc
ol

in
th
e
sa
m
e
re
po

rt
.

COMMENT COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-023-01024-y

4 COMMUNICATIONS CHEMISTRY |           (2023) 6:221 | https://doi.org/10.1038/s42004-023-01024-y | www.nature.com/commschem

www.nature.com/commschem


catalyst ink investigations, epitaxial thin films, alkaline electro-
lyzers, etc. As recommended above, a current step protocol could
better connect Tafel plots in materials- and device-centered OER
investigations. Additional measurements could be performed
after the Tafel plot or on separate samples, e.g., measurements of
the Faradaic efficiency5. These recommendations (Table 1)
should be seen as a seed for the needed discussion in the com-
munity rather than competition with previous protocols. Imple-
menting a harmonized base protocol and gold standard would be
comparably little effort with large gain for the community toward
truly benchmarking the OER being important in many contexts
beyond water electrolysis (Fig. 1).

Received: 31 August 2023; Accepted: 6 October 2023;

References
1. A practical method for splitting seawater into hydrogen fuel. Nature https://

doi.org/10.1038/D41586-022-03601-Y (2022).
2. Risch, M. Upgrading the detection of electrocatalyst degradation during the

oxygen evolution reaction. Curr. Opin. Electrochem. 38, 101247 (2023).
3. Bligaard, T. et al. Toward benchmarking in catalysis science: best practices,

challenges, and opportunities. ACS Catal. 6, 2590–2602 (2016).
4. Malkow, T., Pilenga, A., Tsotridis, G. & De Marco, G. EU Harmonised

Polarisation Curve Test Method for Low-temperature Water Electrolysis.
(Publications Office of the European Union, 2018).

5. McCrory, C. C. L., Jung, S., Peters, J. C. & Jaramillo, T. F. Benchmarking
Heterogeneous Electrocatalysts for the Oxygen Evolution Reaction. J. Am.
Chem. Soc. 135, 16977–16987 (2013).

6. Spanos, I. et al. Standardized benchmarking of water splitting catalysts in a
combined eectrochemical flow cell/inductively coupled plasma-optical
emission spectrometry (ICP-OES) Setup. ACS Catal. 7, 3768–3778 (2017).

7. Stevens, M. B. et al. Measurement techniques for the study of thin film
heterogeneous water oxidation electrocatalysts. Chem. Mater. 29, 120–140
(2017).

8. Peugeot, A. et al. Benchmarking of oxygen evolution catalysts on porous
nickel supports. Joule 5, 1281–1300 (2021).

9. Creel, E. B., Lyu, X., McCool, G., Ouimet, R. J. & Serov, A. Protocol for
screening water oxidation or reduction electrocatalyst activity in a three-
electrode cell for alkaline exchange membrane electrolysis. Front. Energy Res.
10, 871604 (2022).

10. Wei, C. et al. Recommended practices and benchmark activity for hydrogen
and oxygen electrocatalysis in water splitting and fuel cells. Adv. Mater. 31,
1806296 (2019).

11. Morales, D. M. & Risch, M. Seven steps to reliable cyclic voltammetry
measurements for the determination of double layer capacitance. J. Phys.
Energy 3, 034013 (2021).

12. Bender, G. et al. Initial approaches in benchmarking and round robin testing
for proton exchange membrane water electrolyzers. Int. J. Hydrogen Energy
44, 9174–9187 (2019).

13. Tsotridis, G. & Pilenga, A. EU Harmonised Protocols for Testing of Low
Temperature Water Electrolysers. (Publications Office of the European Union,
2021).

14. Pilenga, A. & Tsotridis, G. EU Harmonised Terminology for Low-temperature
Water Electrolysis for Energy-storage Applications. (Joint Research Centre
(European Commission), 2018).

15. May, K. J. et al. Influence of oxygen evolution during water oxidation on the
surface of perovskite oxide catalysts. J. Phys. Chem. Lett. 3, 3264–3270 (2012).

16. Köhler, L., Szabadics, L., Jooss, C. & Risch, M. Peroxide yield of the (001) La
0.6 Sr 0.4 MnO 3 surface as a bfunctional electrocatalyst for the oxygen
reduction reaction and oxygen evolution reaction in akaline media. Batter.
Supercaps 2, 364–372 (2019).

17. Anantharaj, S., Noda, S., Driess, M. & Menezes, P. W. The pitfalls of using
potentiodynamic polarization curves for Tafel analysis in electrocatalytic
water splitting. ACS Energy Lett. 6, 1607–1611 (2021).

18. Wilkinson, M. D. et al. The FAIR guiding principles for scientific data
management and stewardship. Sci. Data 3, 160018 (2016).

Acknowledgements
This project has received funding from the European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation program under grant agree-
ment No. 804092.

Author contributions
M.R. conceived the work, wrote the initial draft, and created the figures.

Competing interests
The author declares no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Marcel Risch.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-023-01024-y COMMENT

COMMUNICATIONS CHEMISTRY |           (2023) 6:221 | https://doi.org/10.1038/s42004-023-01024-y | www.nature.com/commschem 5

https://doi.org/10.1038/D41586-022-03601-Y
https://doi.org/10.1038/D41586-022-03601-Y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commschem
www.nature.com/commschem

	Reporting activities for the oxygen evolution reaction
	Significance of the oxygen evolution reaction
	Benchmarking protocols
	Assessment of the protocols
	Importance of standards
	Outlook
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




