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From Operando Investigations to Implementation of
Ni-MOF-74 Oxygen Evolution Electrocatalysts

Julia Linke, Thomas Rohrbach, Adam Hugh Clark,* Michal Andrzejewski,
Nicola Pietro Maria Casati, Fabian Luca Buchauer, Mikkel Rykær Kraglund,
Christodoulos Chatzichristodoulou, Eibhlin Meade, Marco Ranocchiari,
Thomas Justus Schmidt, and Emiliana Fabbri*

Metal-organic frameworks (MOFs) as electrocatalysts for the alkaline oxygen
evolution reaction (OER) show promising catalytic activity by offering great
variability and high surface areas, enabling performance optimization and
mechanistic studies. However, their stability during reaction and the
structure-performance relationship defining the origin of the high OER
activity, are still vigorously debated. Herein, operando X-ray absorption
spectroscopy and operando X-ray diffraction are applied to unveil the
structural and electronic transformations of Ni-MOF-74 during OER. The
irreversible destruction of the MOF-74 crystal into a highly OER active,
amorphous NiOOH-metal organic compound is identified. Based on these
findings, an amorphous Ni metal organic compound (Ni-MOC*) is proposed
for achieving high current densities both in a three-electrode cell (14 A gNi

−1

at 1.5 VRHE) and in an anion exchange membrane water electrolyzer (AEM-WE)
with a stable AEM-WE performance exceeding 100 h at 500 mA cm−2.
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1. Introduction

Replacing fossil fuels with renewable al-
ternative clean energy carriers is one of
modern society’s most challenging con-
cerns. Thereby, hydrogen is considered a
suitable option due to its high gravimet-
ric energy density and its clean combus-
tion in air.[1] Even though H2 production
by water electrolysis is the more sustain-
able method,[2,3] only 0.1 % of the H2 pro-
duced worldwide originates from water
electrolysis because of its high costs.[4,5] A
significant factor for these high costs are
the slow kinetics of the oxygen evolution
reaction (OER), leading to a high over-
potential and hence resulting in an ener-
getically expensive process.[6] Therefore,
the development of efficient OER elec-
trocatalysts is of great importance.[7] The
recent development of anion exchange

membranes (AEM) has generated a renewed focus on alka-
line/AEM water electrolysis and hence, non-noble metal catalyst
development for alkaline OER.[8–10]

Among various transition metal based catalysts, the interest
in metal-organic framework (MOF) OER catalysts has exponen-
tially increased in recent years due to their structural diversity and
great tunability,[11–13] offering also the possibility of multi-metal
incorporation.[14] MOFs are porous materials that consist of in-
organic building blocks – metal nodes – that are connected by
organic ligands,[11,15] resulting in tailored syntheses of porosity
and conductivity.[16] The applicability of various characterization
techniques to determine the underlying performance descriptors
of MOFs results in key insights for future research on efficient
OER catalysts.[11] However, there is an ongoing discussion about
the stability of MOFs during alkaline water electrolysis and the
possible structural changes that MOFs are subjected to during
OER.[17–23]

As shown by Zhao et al. for Ni0.5Co0.5-MOF-74 using operando
X-ray absorption spectroscopy (XAS),[17] chronoamperometry at
potential steps between 1.1 and 1.5 VRHE leads to a structural
change of the MOF’s Ni metal centers into 𝛾-NiOOH via 𝛽-
Ni(OH)2. Our work expands that study by analyzing electronic
and structural transformations of Ni-MOF-74 during sequential
cyclic voltammetry (CV) presenting over 5000 operando spectra,
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Figure 1. Structural characterization and electrochemical performance of Ni-MOF-74 in 0.1 M KOH. a) Fragment of crystal structure of Ni-MOF-74,
including a zoom into the local environment of a Ni center in the MOF-74 structure. The Ni atoms are depicted in blue, oxygen atoms in orange, carbon
atoms in grey, and hydrogen atoms in black. b) Tafel plot of Ni-MOF-74 extracted from CA measurements using a RDE setup. c) CVs obtained before
conducting CA measurements for Tafel plot analysis of Ni-MOF-74. The potential was cycled from 1 VRHE to 1.7 VRHE with a scan rate of 10 mV s−1. d)
Stability measurement results for Ni-MOF-74; for cycling, the potential was changed stepwise from 1 VRHE to 1.6 VRHE, while applying each potential for
10 s. The blue line is the average and the light blue area indicates the error of 3 stability tests.

focusing on the irreversibility and reversibility of these trans-
formations and unveiling the OER active material. Operando
X-ray diffraction (XRD) is applied in addition to operando
XAS to provide a complete understanding of the Ni-MOF-74
transformation, allowing the determination of OER activity
descriptors. The fundamental understanding derived from
operando XAS/XRD is directly applied to the development of
a novel Ni catalyst material with enhanced OER activity, high-
lighting the importance of a thorough understanding of MOF
operando transformations for catalyst optimization. The pro-
posed Ni metal organic compound (Ni-MOC*) exhibits a promis-
ing performance as an anode in anion-exchange membrane wa-
ter electrolysis during 100 h operation at 500 mA cm−2.

1.1. Structural Characterization and Electrochemical Performance

Ni-MOF-74 was synthesized in a microwave reactor and charac-
terized by several techniques to confirm the successful synthe-
sis of Ni-MOF-74 crystals (Figures S1–S4, Supporting Informa-
tion). As shown in Figure 1a, Ni-MOF-74 consists of hexagonal
1D channels with a diameter of 10 Å formed by metal nodes that
are connected by the 2,5-dioxidoterephthalate linker. The metal
nodes are built as edge-sharing pyramids of Ni2+ metal centers
coordinated to two hydroxyl and three carboxyl groups.[24] The
OER activity of Ni-MOF-74 was studied by rotating disk elec-
trode (RDE) measurements in 0.1 M KOH. After a series of 25
CVs, required to observe a stable OER current, the Tafel plot was

constructed from chronoamperometry in the 1.2-1.7 VRHE range
(Figure 1b), revealing the impressive OER activity of Ni-MOF-
74 with an overpotential of 298 mV at 10 A gNi

−1 and a Tafel
slope of 48 mV dec−1 – outperforming commercial NiO by ap-
prox. 100 mV at 10 A gNi

−1 (cf. Figure S5, Supporting Informa-
tion). During initial CV cycling, Ni-MOF-74 increases its OER
activity with each cycle (Figure 1c) and a similar performance
gain is depicted in the stability test results (Figure 1d). After ≈15
CV cycles and 250 stability test cycles (Figure 1c,d), the OER per-
formance stabilizes at an activity of approximately 50 A gNi

−1 at
1.6 VRHE and does not increase further. During the electrochem-
ical tests, a color change of the yellow pristine Ni-MOF-74 into a
black catalyst material was observed (Figure S6, Supporting In-
formation), similar to previous color change observations of Ni-
based electrocatalysts.[25–27] The increasing OER activity and the
color change after electrochemical tests indicate favorable struc-
tural and/or electronic transformations of the catalyst, necessitat-
ing operando measurement methods to uncover the OER active
catalyst structure.

1.2. Operando XAS and XRD during CV Cycling

To understand the local electronic and structural transformations
resulting in the outstanding OER performance increase of Ni-
MOF-74, time-resolved operando XAS was performed at the Ni
K-edge. X-ray radiation damage of Ni-MOF-74 was excluded by
recording XAS spectra for more than 2.5 h and soaking electrodes
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Figure 2. Operando measurement protocol of Ni-MOF-74 conducted in the flow cell with 0.1 M KOH electrolyte. a) typical CV cycle of Ni-MOF-74
presenting important potentials for the analysis of the operando XAS and XRD results. The redox peak at approx. 1.2 VRHE is related to the Au support,
whereas the redox peak above 1.3 VRHE refers to the Ni metal centers of the electrocatalyst. Below the CV, a sketch of the CV protocol. b) examples of
XANES spectra observed for Ni-MOF-74 during CV cycle 1, 3, and 5. c) colormap representing the XANES spectra recorded during the first 5 CV cycles.

in 0.1 M KOH to differentiate electrolyte- and beam-induced
changes (Figure S7, Supporting Information). XAS was con-
tinuously acquired during thirty consecutive CVs, cycling from
1 VRHE to 1.575 VRHE at a scan rate of 2 mV s−1, yielding a
resolution of 10 mV per XAS spectrum, to reveal all occurring
Ni-MOF-74 transformations during OER for a total of more than
5000 recorded operando XAS spectra. Figure 2 shows a typical Ni-
MOF-74 CV recorded during operando XAS measurements pre-
senting important potentials for the analysis of the operando XAS
and XRD data. In the Ni-MOF-74 CV, the most relevant poten-
tials are the lower and upper potential limits (1 and 1.575 VRHE,
respectively), 1.37 VRHE at which the Ni2+/Ni3+ redox couple and
potentially the onset of the OER start, and 1.47 VRHE before the ca-
thodic Ni2+/Ni3+ redox couple peak. In addition, Figure 2 shows
examples of XANES spectra recorded during CV 1, 3, and 5 as
well as all the recorded XANES spectra over the first 5 CVs as a
colormap. Multivariate curve resolution (MCR) analysis was used
to disentangle the three main components appearing through-
out the whole measurement duration (Figure 3a,b), hereafter re-
ferred to as: initial for the pristine Ni-MOF-74 structure at the
start of the experiment, Ni2.7+ as the component present at the
highest potential (1.575 VRHE), and Ni2.1+ as new catalyst phase
appearing at 1.37 VRHE after 1–2 cycles. Interestingly, the ap-
pearance of the new Ni2.1+ phase coincides with the potential
at which the Ni2+/Ni3+ redox couple starts, and potentially also
the OER (even though it is difficult to estimate the precise OER
onset due to the presence of the redox couple). The average oxi-
dation states of the MCR components were derived with a peak
fitting methodology deconvolving the absorption edge position
from the XANES structure as described in the experimental sec-
tion and Figures S8–S10 (Supporting Information). The X-ray ab-
sorption near edge structure (XANES) results exhibit a similar
quasi-reversible change of the Ni metal center state as described

by Zhao et al.[17] in the first CV cycle. The analysis reveals that the
XANES and extended X-ray absorption fine structure (EXAFS)
spectra of the initial state depicted in Figure 3a,b, which domi-
nates during the first CV cycle, corresponds to the pristine state
of Ni-MOF-74. The formation of a Ni2.7+ species at 1.575 VRHE is
consistent with Zhao et al.’s[17] detection of the formation of the
OER active 𝛾-NiOOH-metal organic compound via 𝛽-Ni(OH)2.
However, returning to 1 VRHE a new Ni2.1+ species is formed with
a distinct spectral signature from the pristine Ni-MOF-74. The
EXAFS of the Ni2.1+ component evidences a different local struc-
ture with enhanced Ni-Ni coordination.

In fact, only during the first CV cycle, the initial Ni metal center
state transformations appear to be quasi-reversible. Considering
the overall progression during several CV cycles, Video VS1 (Sup-
porting Information) unveils unprecedented transformations of
Ni-MOF-74. Figure 3c depicts the initial state of Figure 3a,b in
dark blue, the Ni2.7+ component in blue, and the Ni2.1+ compo-
nent in grey. The derivation of the oxidation states is specified in
Figures S8–S12 (Supporting Information). The initial state cor-
responding to the pristine Ni-MOF-74 vanishes within the first
7 CV cycles, subsequently remaining with approximately zero
concentration, while the Ni2.7+ and Ni2.1+ components dynami-
cally evolve in the first 3–7 CV cycles. After CV 7, the process
stabilizes, and both Ni2.1+ and Ni2.7+ components alternate their
fractions reversibly depending on the applied potential. Figure 3d
provides a closer look into the dynamics of these transforma-
tions: At 1.37 VRHE (onset of the Ni2+/Ni3+ redox couple and po-
tentially OER), the minimal Ni2.7+ component fraction and the
maximal Ni2.1+ fraction are present. Increasing the applied po-
tential into the OER region leads to a steep increase in the Ni2.7+

component concentration and a corresponding decrease of the
Ni2.1+ component. After the maximum potential of 1.575 VRHE
(defined by the bubble formation limit of the XAS measurement
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Figure 3. Operando XAS and XRD characterizations of Ni-MOF-74 conducted in 0.1 M KOH electrolyte. a and b) XANES and Fourier-transformed k2-
weighted EXAFS extracted from MCR analysis of 30 CV cycles. The lack of fit for the MCR component analysis is depicted in Figure S13 (Supporting
Information). c) Scheme to explain the Ni-O and Ni-Ni distances measured in EXAFS, as presented in b. d) Change of component fractions of the three
MCR components from a/b during 30 CV cycles. e) Zoom into the MCR component fraction changes focusing on the reversible transformation rate. f)
Surface plot highlighting the EXAFS transformations during the first 15 CV cycles. g) Transformations of the short and long-range Ni-Ni coordination
numbers obtained from EXAFS fitting. h) Potential-dependent fluctuations of the Debye-Waller factor for the Ni-O bond derived from the EXAFS fit.
EXAFS fitting details are listed in the experimental section and SI (Figures S14-S16, Table ST1, Supporting Information). i) XRD patterns obtained by
operando XRD measurement over 15 CV cycles. The two most distinctive MOF-74 peaks at 2Θ = 2.18° and 2Θ = 3.78° for 𝜆 = 0.49211 Å (synchrotron
radiation) correspond to Cu K𝛼 at 2Θ = 6.8° and 11.8°.[28–30] j) Potential-dependent decrease of MOF-74 peak during the first CV cycle. k) Decrease
of the fitted peak area of the MOF-74 peak shown in j during the first two CV cycles. Example fits of the XRD peak fitting are depicted in Figure S17
(Supporting Information).

Adv. Energy Mater. 2025, 15, 2501401 2501401 (4 of 11) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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setup, cf. Experimental Section) down to approx. 1.47 VRHE (i.e.,
onset of the cathodic Ni2+/Ni3+ redox peak), the Ni2.7+ compo-
nent decreases faster than from 1.47 VRHE to 1 VRHE. In ad-
dition, we note that during the anodic potential increase from
1 VRHE to 1.37 VRHE, the Ni2.7+ component still decreases (while
the Ni2.1+ fraction increases) as long as the potential is kept be-
low the OER onset. This observation highlights that solely in the
anodic scan, when surpassing 1.37 VRHE (i.e., onset of the an-
odic Ni2+/Ni3+ redox peak and close to OER onset), the trans-
formation of Ni active center towards the OER active Ni2.7+ oc-
curs. Focusing on the progression of the EXAFS during succes-
sive CV cycles (Figure 3e–g), we observe the initial transforma-
tion occurring in the first approx. 7 CV cycles: a significantly in-
creased presence of shorter Ni-Ni distances at high applied po-
tential, which is consistent with an electrostatic contraction oc-
curring due to increasing average Ni oxidation state (Figure S10,
Supporting Information). Ni-Ni distances of ≈3 Å are consistent
with a Ni2+ species similar to a Ni(OH)2 type layered structure,
while Ni-Ni distances at ≈2.8 Å are coherent with the Ni-Ni dis-
tances present in a Ni3+ layered NiOOH. Hence, the high poten-
tial species can be attributed toward an amorphous type NiOOH
like structure (cf. EXAFS fitting details in Figures S14–S16 and
Table ST1, Supporting Information). Together with the change
in the observed Ni-Ni distances, the Ni-Ni coordination number
increases with cycle number demonstrating that a clustering of
the metal centers occurs. This clustering is not metallic due to
the longer distance than for metallic Ni, but instead includes a
bridged species. The non-metallic clustering of Ni and increas-
ing presence of Ni2.7+ is concomitant with the enhancement of
the OER performance (Figure 1c), highlighting that this struc-
tural transformation is crucial for OER activity. Furthermore, the
sum of the Ni-Ni coordination numbers maintains below 6 and
is consistent with the expectation as both Ni(OH)2 and NiOOH
form layered structures, in which the Ni centers are sixfold coor-
dinated in the Ni-Ni distances (Figure 3c). In addition, the Debye-
Waller factor for the Ni-O bond environment undergoes periodic
evolution with the potential and indicates a larger distribution of
the bond distance and hence, a distortion of the octahedral Ni-O
environment at higher potentials (Figure 3g).

To extract the long-range structural transformations of Ni-
MOF-74, time-resolved operando XRD measurements were con-
ducted during the same electrochemical protocol (CVs from
1 VRHE to 1.575 VRHE, scan rate 2 mV s−1, cf. Figure 2a). Focus-
ing on the two most distinctive MOF-74 peaks at 2Θ = 2.18° and
2Θ = 3.78° for 𝜆 = 0.49211 Å (synchrotron radiation), the grey
curve in Figure 3h depicts the crystallinity of Ni-MOF-74 at the
start of the experiment, i.e., at 1 VRHE during CV 1. Already dur-
ing CV 1 the intensity of both MOF-74 peaks decreases signifi-
cantly during the potential increase up to 1.575 VRHE (dark blue
graph). After the first CV, the MOF-74 peaks are not recovered
and at 1.575 VRHE during CV 2 (lighter blue) both peaks are sig-
nificantly diminished. After the 3rd to 4th CV cycle, the overall
crystal structure of Ni-MOF-74 is fully collapsed, as indicated by
the disappearance of both MOF-74 peaks in the XRD pattern.[21]

To investigate the process of the MOF-74 decomposition into an
amorphous species in detail, Figure 3i,j depict a zoom into the
second Ni-MOF-74 peak at 2Θ = 3.78°. Both figures show the
potential-dependent decrease of this peak: below an applied po-
tential of ≈1.4 VRHE, the peak intensity does not change, but as

soon as the potential is above 1.4 VRHE (corresponding approx-
imately to the OER onset), the MOF-74 peak decreases signifi-
cantly. This result undoubtedly shows the decomposition of the
MOF-74 crystal structure during OER. Once the potential is cy-
cled back below 1.4 VRHE, the peak intensity stays unchanged un-
til the potential is increased again above the OER onset thresh-
old value, depicting a strong agreement with the operando XAS
observations.

Overall, operando XAS and XRD reveal that the initial Ni metal
centers are irreversibly transformed within the first CV cycles
into Ni2.7+ metal centers with different local structure compared
to the pristine phase. Progressing the experiment, a reversible
transformation between the Ni2.7+ and a new Ni2.1+ state is ob-
served. The overall MOF-74 crystal structure is collapsing during
several CV cycles, resulting in an amorphous Ni catalyst with an
outstanding OER activity, which will now be referred to as acti-
vated Ni-MOF-74 based catalyst (Ni-MOF*).

1.3. Transformations of Ni-MOF* Catalyst During Long-Term
Storage in Air

After successful OER studies, most catalysts are stored in air for
relatively long periods. For MOF catalysts, a recovery of the ma-
terial’s initial state after the OER transformations during storage
in air has been reported and previously referred to as a ″self-
healing phenomenon″17. Changes upon catalyst contact with air
are also important with respect to application, specifically dur-
ing long-term electrolyzer shutdown. In here a detailed analysis
of Ni-MOF-74 transformations after OER and consecutive stor-
age in air is presented. Based solely on the operando XAS re-
sults, a “self-healing” of the MOF-74 catalyst is a valid hypoth-
esis due to the similarity of the XANES spectrum of the initial
state and the stored state of Ni-MOF-74 as shown in Figure 4a
(Figures S9–S11, Supporting Information). However, focusing
on the XRD results shown in Figure 4b, the stored catalyst is
not Ni-MOF-74 but still a MOF-derived, amorphous Ni catalyst
(stored Ni-MOF*). Further investigating the dynamic transfor-
mations of the Ni metal centers during CV cycling (Figure 4c) by
time-resolved operando XAS, we note that similar conclusions
about the operando transformations of Ni-MOF-74 can be also
drawn for the stored Ni-MOF*. However, for the stored Ni-MOF*
the OER active form is acquired significantly faster with remark-
able electrochemical performance, even compared to its pristine
and activated state (Figure 4d). Figure 4e and Figure 4f express
more details of the stored state: The EXAFS exhibits character-
istics similar to the Ni2.7+ active component with the presence
of non-metallic Ni clusters, however with an increased Ni-Ni dis-
tance synonymous with the reduction to Ni2.1+. In summary, the
average oxidation state is similar focusing on the XANES anal-
ysis, but the EXAFS demonstrates that the clustering of the Ni
centers is irreversible with a Ni-Ni approximately sixfold coor-
dinated in the stored state whereas the initial state has a coor-
dination of ≈3 (Figures S14–S16,S19,S20 and Tables ST1-ST2,
Supporting Information). The EXAFS fitting (Figure 4f) reveals a
fast initial transformation within the first 2 CV cycles and a less
significant change in the ratio of long/short Ni-Ni distance coor-
dination numbers compared to the EXAFS of Ni-MOF-74. The
stored catalyst retains the potential-dependent periodic changes

Adv. Energy Mater. 2025, 15, 2501401 2501401 (5 of 11) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. Transformations of activated Ni-MOF* catalyst during storage in air. a) XANES of Ni-MOF-74 based catalyst after storage in air for approx.
2 weeks. b) XRD pattern of the pristine, activated, and stored Ni-MOF-74 based catalyst. c) Change of the component fractions of the three MCR
components from Figure 3a,b during CV cycling of the stored Ni-MOF* based catalyst in the flow cell with 0.1 M KOH electrolyte. d) Performance
increase of the stored Ni-MOF* catalyst (A+S) compared to activated Ni-MOF* (A). e) EXAFS of the stored Ni-MOF* catalyst compared to initial Ni-
MOF-74 and the oxidized state of the Ni-MOF-74 based catalyst. f) Transformations of the short and long-range Ni-Ni coordination numbers during
CV cycling of the stored Ni-MOF* catalyst obtained from EXAFS fitting. Details for the EXAFS fitting are listed in the experimental section and the SI
(Figures S19,S20, Table ST2, Supporting Information).

of the Ni-Ni bond distance as prior observed. Further discussion
of the stored state can be found in the ATR-IR results presented
in Figure S18 (Supporting Information) that additionally support
that the stored state differs from the initial state and the activated
state of the catalyst. The stored Ni-MOF* exhibits enhanced elec-
trochemical performance compared to the pristine Ni-MOF-74(*)
due to the pre-existing presence of non-metallic Ni clusters in the
starting condition leading to a more effective formation of the
highly OER active Ni2.7+ species.

1.4. Novel Ni Metal Organic Compound (Ni-MOC*)
Electrocatalyst

Revealing that the outstanding OER activity observed after the ac-
tivation of the pristine Ni-MOF-74 catalyst is based on an amor-

phization of the MOF-74 framework and favorable irreversible
and reversible transformations of the Ni centers, we developed
a synthesis method to directly synthesize the most OER active
phase, which will now be referred to as Ni-MOC* (metal organic
compound). The definitions of Ni-MOF-74, Ni-MOF* and Ni-
MOC* are clarified in Table 1.

This process avoids the steps of electrochemical decomposi-
tion and restructuring necessary for the Ni-MOF-74 catalysts and
reduces synthesis complexity facilitating scale-up to industrial
application. The PXRD results (Figure 5a) of the synthesized Ni-
MOC* show an amorphous or nanocrystalline species (for BET
and ATR-IR see Figures S21,S22, Supporting Information). The
XANES and EXAFS analysis (Figure 5b; Figure S23, Supporting
Information) proves that a similar configuration of the Ni metal
centers as in the pristine Ni-MOF-74 was obtained. The OER

Table 1. Definitions of Ni-MOF-74, Ni-MOF*, and Ni-MOC*.

Material Definition

Ni-MOF-74 As-synthesized Ni-MOF-74 powder (see Synthesis procedure described below)

Ni-MOF* Post-electrochemistry Ni-MOF-74: the MOF-74 framework is destroyed during electrochemical reaction, resulting in an
amorphous Ni catalyst (Ni-MOF*) with improved OER activity compared to pristine Ni-MOF-74.

Ni-MOC* As-synthesized Ni-MOC* powder (see Synthesis procedure below): Directly synthesized amorphous Ni catalyst, which
is synthesized with the same organic linker as used for Ni-MOF-74 but at lower synthesis temperatures (50 °C instead

of 130 °C) and without a microwave crystallization step.

Adv. Energy Mater. 2025, 15, 2501401 2501401 (6 of 11) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 5. Performance and characterization of Ni-MOC* before and during OER in 0.1 M KOH. a) PXRD of Ni-MOC* and Ni-MOF-74 after successful
synthesis. b) XANES of Ni-MOC* compared to pristine Ni-MOF-74. c) Tafel plot for comparing the OER activity of Ni-MOC* to Ni-MOF-74. d) Stability
test results of Ni-MOC* compared to Ni-MOF-74, obtained by application of the RDE stability test protocol. e) XANES of Ni-MOC* extracted from
MCR analysis of operando XAS measurements during the overall operando CV cycling measurement protocol of 14 CV cycles as depicted in Figure 2a.
Beam- and electrolyte-stability test results, oxidation state determination, and lack of fit of the MCR component analysis are presented in Figures S8–S13
(Supporting Information). f) EXAFS of Ni-MOC* extracted from MCR analysis. g) Transformations of the short and long-range Ni-Ni coordination
numbers during CV cycling of Ni-MOC* obtained from EXAFS fitting. h) Contour plot highlighting the EXAFS transformations during the first 8 CV
cycles of Ni-MOC*. EXAFS fitting details are listed in the experimental section and the SI (Figures S26–S28, Table ST3, Supporting Information).

activity of Ni-MOC* with an overpotential of 210 mV at 10 A g−1

is superior to Ni-MOF-74 with 298 mV at 10 A gNi
−1 (Figure 5c;

Figure S24, Supporting Information). The stability measurement
conducted in RDE (Figure 5d) shows a less significant increase in
activity for Ni-MOC* compared to Ni-MOF-74, which is expected
as the initial MOF amorphization is not necessitated. Hence, the
initial OER activity is already exceeding that of Ni-MOF-74 and

the maximum OER activity is similar to that achieved by the acti-
vated Ni-MOF*. However, the stability of Ni-MOC* seems lower
than for Ni-MOF*, due to the decrease in current density after cy-
cle 500. Operando XAS results (Figure 5e–h) reveal a similar be-
havior of Ni-MOC* to the stored Ni-MOF*: A faster initial trans-
formation is observed (Figure S25, Supporting Information) and
afterwards a reversible cycling between an oxidized and a reduced

Adv. Energy Mater. 2025, 15, 2501401 2501401 (7 of 11) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. Application of Ni-MOC* as anode in AEM-WE with 1 M KOH electrolyte at 60 °C. a,b) Cell voltage and anode potential during constant current
operation at 500 mA cm−2; the breaks indicate polarization curve measurements for which the constant current operation had to be stopped. Compared
to the operation with Ni-MOC* at the anode, the anodic potential of the reference test is ≈5 mV higher initially (1.92 V at 10 h) and gets very unstable
after approx. 60 h, probably due to drying out of the central RHE-RE compartment. c,d) iR-corrected cell voltage and anode potential obtained during
polarization curve measurements on various days in between the constant current operation. After 6 days, the cell voltage required at 500 mA cm−2

increased from 1.77 VRHE, iR corrected to 1.92 VRHE, iR corrected and the anode potential from 1.66 VRHE, iR corrected to 1.82 VRHE, iR corrected.

state occurs. Both states are very similar to the states of the Ni
metal centers in the stored Ni-MOF* but with slightly higher
Ni oxidation states of 2.4+ and 3+ at low and high potential,
respectively. Comparing the EXAFS fitting results of both Ni-
MOF-74 (Ni-MOF*) and Ni-MOC* (Figures 3f and 5g), we sug-
gest that the faster initial transformation, depicted by the rapid
transformation of the Ni-Ni bond environment at high potentials,
is responsible for the impressive OER activity of Ni-MOC*.

1.5. Application of Ni-MOC* as Anode in AEM-WE

To study the performance and stability of Ni-MOC* further, we
conducted AEM-WE tests using this catalyst sprayed on Ni felt
as the anode and a commercial Pt/C cathode. Using a Sustain-
ion X37-50RT anion exchange membrane and 1 M KOH, the cell
was operated at 60 °C and 500 mA cm−2 for more than 100 h. As
a reference test for comparison, the pure Ni felt was used as an
anode and assembled in the same setup. The overall Fe contami-
nation in the test rig was maximal 0.02 ppm, as shown by the ICP
results in Figure S29 (Supporting Information). Still, the decreas-
ing Fe concentration throughout the test indicates an Fe uptake
of the Ni catalyst, that could have enhanced the OER activity mea-
sured compared to the Fe free RDE results shown above. Linke

et al.[31] explored the Fe uptake of Ni-MOF-74 and Ni-MOC* in
detail. In addition, the ICP results show Ni leaching into the elec-
trolyte within the first day. However, the Ni concentration in the
electrolyte decreases after the initial dissolution, indicating a sta-
bilization of the electrode and Ni deposition in the rig.

The electrolysis cell employed is described in detail by Leuaa
et al.[32] and contains a RHE reference electrode (RE) directly at
the membrane in addition to the cathodic and anodic REs in the
respective electrolyte supply channels, discussed as the edge-type
RE setup of Bohn et al.[33] We observe an overall cell voltage of
1.97 V after 10 h of operation that increases to 2.05 V after 100 h
when Ni-MOC* on Ni felt is used as the anode (Figure 6a). In
comparison, the cell operated with bare Ni felt at the anodic side
performed ≈100 mV worse after 10 h and circa 70 mV worse af-
ter 100 h. Focusing on the anode performance, Figure 6b depicts
a more stable performance of the Ni-MOC* anode with an an-
ode potential of 1.87 V after 10 h and 1.91 V after 100 h. The
ohmic resistance (iR) corrected polarization curves for the cell
voltage and the anode potential are depicted in Figure 6c,d as
an average of the up- and downward scan. For more detailed in-
sights, the cathodic polarization curves and the Ni felt reference
test polarization curves, as well as SEM images of the electrodes,
can be found in Figures S30–S32 (Supporting Information). Af-
ter 6 days of continuous operation, the cell voltage required at

Adv. Energy Mater. 2025, 15, 2501401 2501401 (8 of 11) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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500 mA cm−2 and the anode potential at the same current density
increased by circa 150 mV and 100 mV, respectively. This perfor-
mance loss is mostly attributed to the anode, whereby the most
significant potential increase occurs in the first day, correlating
with the loss of Ni detected with ICP-OES (Figure S29, Support-
ing Information). Therefore, an optimization of the electrode to
prevent Ni dissolution could result in a further improved OER
performance and a more stable AEM-WE operation. Overall, this
proof-of-concept test exhibiting a low overpotential and good sta-
bility of the Ni-MOC* anode compared to Ni felt emphasizes an
outstanding performance of the developed Ni-MOC* electrocat-
alyst with a promising stability for more than 100 h.

2. Conclusions

With this comprehensive work we uncover the potential-induced
reconstructions occurring at the Ni nodes within Ni-MOF-74,
resulting in a highly OER active, amorphous NiOOH-metal or-
ganic compound catalyst reversibly being transformed by poten-
tial cycling between 1 and 1.575 VRHE. This is an important ad-
dition to reported MOF-74 transformations recorded during sin-
gle anodic potential steps[17] and concludes ongoing discussions
about MOF-74 stability during alkaline OER.[34–37] Catalyst devel-
opment based on the extracted reaction principle resulted in the
synthesis of a highly OER active Ni-metal organic compound that
shows a promising performance during continuous 100 h AEM-
WE operation at 500 mA cm−2. These findings unveil the details
of MOF-74 amorphization during OER and offer an outstanding
perspective for future OER catalyst development targeting com-
petitive AEM-WE applications.

3. Experimental Section
Chemicals: Dimethylformamide (DMF) was purchased from Fisher

Scientific (HPLC grade, 99.5% purity), ethanol from VWR chemicals
and tert-butyl methyl ether (TBME) from Honeywell (99.5% purity). 2,5-
Dihydroxyterephtalic acid was supplied by Fluorochem (98% purity) and
recrystallized from ethanol:water 1:1. Ni(NO3)2 · 6 H2O and Ni(II)O
were bought from Sigma Aldrich and Ni(acac)2 from Acros Organics
/ Thermo Scientific. 0.1 M KOH and 1 M KOH electrolytes were pre-
pared from 99.99% pure KOH pellets (Sigma Aldrich) and ultrapure Milli-
Q water (18.2 MΩcm). All chemicals were used directly without further
purification.

Synthesis of Ni-MOF-74: Ni-MOF-74 was synthesized by the re-
ported microwave reactor MOF-74 synthesis method with slight
modifications.[24,38] 3002 mg of 2,5-Dihydroxyterephtalic acid was
put in a solution of dimethylformamide (DMF), ethanol and water (1:1:1),
resulting in a stock solution with a molarity of 0.101 mol L−1. 30 mL
of stock solution and 30 ml of solvent solution (DMF/ethanol/water
= 1:1:1) were transferred to a 100 mL EasyPrep vessel and 2731 mg
of Ni(NO3)2 · 6 H2O was added. The reaction mixture was stirred in a
microwave reactor at 130 °C for 1.5 h to give a brown suspension. The
obtained powder was filtered off by a membrane filter using 30 mL of each
of the following solvents: DMF, hot water, ethanol, and tert-butyl methyl
ether (TBME). Then, the Ni-MOF-74 powder was dried overnight at 60 °C
in a vacuum oven yielding ≈1.55 g of yellow powder.

Synthesis of Ni-MOC*: 6.03 g of Ni(acac)2 (23.47 mmol) was dis-
solved in 600 mL ethanol at 50 °C to obtain a green solution. Then,
1500 mg of 2,5-dihydroxyterephtalic acid (7.57 mmol) in 150 mL of ethanol
was added and the reaction mixture was stirred for 60 min at 50 °C,
whereby it turned into a light green suspension. The solid was filtered

by membrane filtration and washed with 150 mL of ethanol at 50 °C and
400 mL of ethanol at room temperature. The yellowy green powder was
dried in a vacuum oven at 60 °C overnight, and afterwards, 2.65 g of brown
powder was obtained.

Electrochemical Measurements: The electrochemical activity and sta-
bility of the as-synthesized catalysts were studied in a 3-electrode cell using
an RDE setup with a modulated speed rotator (Pine Research Instrumenta-
tion) set to 900 rpm and a multichannel potentiostat (VMP-300, BioLogic
Science Instruments). Synthetic air (5.6 purity, PanGas AG Switzerland)
saturated 0.1 M KOH was used as electrolyte and for filling the Hg/HgO
reference electrode (RE61AP, ALS). This RE was calibrated against a poly-
crystalline Pt disc insert in H2-saturated electrolyte. Hence, all RDE mea-
surement results are stated versus RHE and normalized by the catalyst
mass, which is defined by the electrocatalyst ink that is dropcasted as
2×5 μL on a polished glassy carbon disc (SIGRADUR, HTW GmbH, diam-
eter of 5 mm, resulting in a geometric catalyst surface area of 0.785 cm2).
The ink contains 5 mg of catalyst in a solution of 0.5 mL Milli-Q water
and 2 mL isopropanol (99.9%, Sigma Aldrich) with 10 μL Na+-exchanged
Nafion (5 wt.-%, Sigma Aldrich). Ni-MOF-74 containing ink was not son-
icated but only shaken properly to ensure that the pristine MOF-74 struc-
ture is tested,[39,40] whereas the Ni-MOC* containing ink was sonicated
for 1 min before dropcasting. The counter electrode consisted of a flame-
annealed gold mesh. Two different protocols were applied to assess the
OER activity and stability. The OER activity protocol starts with 25 CVs be-
tween 1.0 and 1.7 VRHE conducted with a scan rate of 10 mV s−1 and con-
tinues with 15 chronoamperometric (CA) steps of 60 s from 1.2 VRHE to
1.7 VRHE. Electrochemical impedance spectroscopy (EIS) was conducted
before the CVs and after CA to extract the ohmic drop for iR correction,
which yielded ≈65 Ω on average but was compensated for every test in-
dividually. All OER activity results are plotted mass-normalized and iR-
corrected. For OER stability analysis, EIS was measured at 1.2 VRHE before
and after the following protocol: 3 CVs from 1 VRHE to 1.6 VRHE with a scan
rate of 50 mV s−1 followed by 200 CA steps of 1 VRHE and 1.6 VRHE, ap-
plying each potential for 10 s, respectively. This procedure was repeated
6 times, resulting in a total of 1200 CA steps at 1 VRHE and 1.6 VRHE. As
the result of the stability test, the mass-normalized, iR-corrected, averaged
steady-state current obtained at 1.6 VRHE is plotted against the CA cycling
number. All electrochemical measurements were conducted 3 times and
the average including the standard deviation are depicted in the presented
figures.

Material Characterizations: PXRD was measured with Cu K𝛼 radiation
using a Bruker D8 Advance diffractometer equipped with a Lynxeye XE
detector in Bragg-Brentano geometry. The data was recorded from 4 to
40° 2Θ with a step size of 0.02°. A Micromeritics 3Δ Flex surface charac-
terization instrument was used for the nitrogen adsorption experiments.
Before the measurement, the catalyst was activated at 250 °C for 16 h un-
der vacuum using a Micromeritics VacPrep 061 sample degas system. The
Brunauer-Emmett-Teller (BET) method was used to calculate the gravimet-
ric surface area. A Bruker Vertex70 spectrometer was used to conduct in-
frared spectroscopy experiments of the pristine catalyst powders in the at-
tenuated total reflection mode with a Deuterated alanine doped Tri-Glycine
Sulphate ATR detector by accumulating 32 scans at a spectral resolution
of 4 cm−1. The TEM images were recorded with a cold field emission gun
(FEG) at 200 kV as electron beam source (JEM-ARM200F NEOARM, JEOL,
Japan). The TEM grid (continuous ultrathin carbon film coated lacey car-
bon supported copper grid (LC400-CU-CC-25), Sigma-Aldrich, Germany)
was sputtered with an additional layer of carbon before drop-casting 5 μL
of the catalyst ink (consisting of 5 mg catalyst in 3 mL milli-Q water) onto
it after shaking the ink for 1 min. After the ink was dried on the TEM grid
in air, another carbon layer was sputtered on top of the catalyst layer on
the TEM grid before imaging. Inductively coupled plasma – optical emis-
sion spectrometry (ICP-OES) was used to confirm the Ni metal content
of 35 wt.-% in the synthesized catalyst powders. ICP-OES was performed
using the axial viewing mode of Agilent 5110 ICP-OES. 5 mg of each pow-
der sample was digested with the following steps, while heating and vortex
mixing the solution in between each of the steps: 0.1 mL of 96% H2SO4,
0.1 mL of 65% HNO3, 0.1 mL of 30% HCl, 0.1 mL of milli-Q water. The re-
sulting solution was filled up to a total volume of 5 mL using 0.2 M HNO3.

Adv. Energy Mater. 2025, 15, 2501401 2501401 (9 of 11) © 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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XAS and XRD Data Collection and Analysis: For all operando measure-
ments a homemade flow cell[41] was used in a 3-electrode setup with
a commercial Ag/AgCl RE (3 M NaCl filled, Harvard Apparatus) and a
black pearl carbon (2000 carbon black from Cabot Corporation) sprayed
gold-sputtered carbon-coated Kapton foil counter electrode. Before and
after each operando experiment, the Ag/AgCl RE was measured versus
the Hg/HgO RE described above for conversion to RHE scale. The cata-
lyst samples were sprayed as an ink of Milli-Q water and Na+-exchanged
Nafion onto gold-sputtered carbon-coated Kapton foil to be used as the
working electrode. A syringe pump pulled 0.1 M KOH electrolyte through
the flow cell at a rate of 0.4 mL min−1. X-ray absorptions spectroscopy
(XAS) was conducted at the SuperXAS beamline at the Swiss Light Source
(SLS; PSI, Switzerland). The photon beam originating from a 2.9 T su-
perbend magnet was collimated with a Si-coated mirror at 2.9 mrad and
monochromatized with a liquid nitrogen cooled channel-cut Si(111) crys-
tal oscillating at a frequency of 1 Hz.[42] The beam was focused to a spot
size of 0.2 mm x 1 mm using a Rh-coated toroidal mirror. The samples
were positioned between the first and second ionization chamber and
the Ni reference foil between the second and third ionization chamber
and utilized for continuous energy calibration. Ex Situ XAS of Ni refer-
ence pellets was performed in transmission mode, while all operando
measurements were measured in quick fluorescence mode using a PIPS
detector.[43] The obtained spectra were calibrated, normalized and aver-
aged using the ProQEXAFS software.[44] PyMCR[45] was used for Multi-
variate Curve Resolution (MCR) analysis, while the MCR analysis of the
XAS spectra for Ni-MOF-74 and Ni-MOF* were analyzed together and Ni-
MOC* separately. The lack of fit for both MCR component analyses are
listed in Figure S13 (Supporting Information). Multivariate Curve Resolu-
tion (MCR) is a chemometric technique used to decompose complex two-
dimensional data matrices into constituent pure spectral component and
their concentration profiles. We employ MCR analysis to extract the pure
spectral components present within the large timeseries XAS datasets.
The MCR was initialized using the SIMPLISMA algorithm for the spec-
tral components with iterative least squares refinement until convergence
was achieved. For extracting the average Ni oxidation state during the
operando XAS experiments and the oxidation states of the MCR deter-
mined components, we have employed a peak fitting methodology: It de-
convolves the absorption edge position, modeled as an error function cu-
mulative distribution function, from the XANES structure dependent on
the material being analyzed, modelled as Gaussian peaks on the edge step.
We have presented representative fits in the supplementary information to
give a clear overview of the employed methodology (Figures S8-S12, Sup-
porting Information). The EXAFS fitting of more than 7000 XAS spectra
was undertaken using a custom batch fitting python script utilizing the
X-Ray Larch package[46] and feff8l for scattering path calculations.[47] The
FEFF calculations for the EXAFS fitting were chosen to reflect a reasonable
local environment. A Ni(OH)2 structural input for the Ni-O like pair cor-
relation and Ni-Ni pair correlation at ≈3 Å was applied. A NiOOH phase
was used for the shorter Ni-Ni ≈2.85 Å pair correlation that is formed in
OER conditions. The lack of fit of the EXAFS fitting as well as example
fits and tables presenting fitting parameters of example fits are listed in
Figures S14–S16,S19,S20,S26–S28 and Tables ST1-ST3 (Supporting Infor-
mation). The electrochemical protocol was applied with a Biologic SP300
potentiostat and tailored to reduce bubble formation and accumulation,
minimizing resulting inaccuracies of the measurements.[48] The XRD mea-
surements were conducted in transmission mode at the Materials Science
beamline of the SLS at PSI using a Pilatus 6 M area detector. The detec-
tor position was calibrated via the refinement of the diffraction pattern for
Au of an Au-sputtered polyetherimide electrode positioned in the flow cell
setup. The 25 keV beam (0.49211 Å calibrated with NIST SRM 660a LaB6
standard) with 400 mA current had a diameter of 150 μm (adjusted by the
use of a pinhole). The sample holder of the flow cell described above was
slowly oscillating by 3° at a rate of 1° per second to improve the statis-
tics of the measurement. The time resolution of the measurements was
3 seconds per image over a 2Θ range of 0.8°–50°. The second MOF-74
peak was fitted with a gaussian profile between 3.65° and 3.9° to extract
the peak area and fitting examples are depicted in Figure S17 (Supporting
Information).

AEM-WE Test Setup and Procedure: The AEM-WE single-cell testing
was conducted using a zero-gap flow cell setup described previously by
Leuaa et al.[32] The electrodes were cut to a diameter of 36 mm that re-
sulted in an active electrode area of 10 cm2 in the cell setup. The Ni-MOC*
catalyst was sprayed on 2Ni06-0.20 from NV Bekaert SA as the anode and
a commercial Pt/C cathode (0.4 mgPt cm−2, Johnson Matthey) was em-
ployed. Using a Sustainion X37-50RT anion exchange membrane and 1 M
KOH, the cell was operated at 60 °C (heating in the cell housing behind
the flow fields) and 500 mA cm−2. Before the first polarization curve was
recorded, the cells were conditioned for 60 min at 100 mA cm−2. As a
reference test for comparison, the pure Ni felt without any additional Ni-
MOC* catalyst deposited on it was used as an anode and assembled in
a cell with the same batch of commercial Pt/C cathode and of Sustain-
ion X37-50RT membrane, respectively. Electrolyte was pumped with di-
aphragm pumps through the anode and cathode compartments at a con-
stant flow rate of 25 mL min−1. The electrolysis cell employed contains
an RHE reference electrode directly at the membrane in addition to the
cathodic and anodic REs in the respective electrolyte supply channels, dis-
cussed in detail as the edge-type RE setup of Bohn et al.[33] For the anodic
electrolyte channel position, a Hg/HgO reference electrode (RE-61AP, ALS
Co., Ltd) was inserted, whereas all other reference electrodes in the setup
were reversible hydrogen electrodes (RHE, Mini-HydroFlex, Gaskatel). All
potentials measured versus Hg/HgO were converted into RHE scale us-
ing the anode potential difference measured between RHE and Hg/HgO at
open circuit voltage. The potentiostatic impedance spectroscopy measure-
ments at 1.2 V for iR-correction were conducted using a Biologic SP300
potentiostat.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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