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ependent lattice oxygen reactivity
and degradation of CoNi oxyhydroxide OER
electrocatalysts: a mechanistic study†

Liuyuan Ran,‡a Kai Zhao, ‡a Xiaoyi Jiang‡a and Ning Yan *ab

The development of efficient catalysts is crucial for generating green hydrogen via water electrolysis.

Nanostructured electrodes are promising candidates which enjoy a high surface area and abundant

active area, affording high current density with low polarization loss. Yet, they are often less stable than

the bulk counterpart, which suffers from structural disintegration and performance degradation during

the longevity test. Herein, to understand the mechanism of such instability, we prepared a series of CoNi

oxyhydroxide nanostructures as model catalysts for the oxygen evolution reaction (OER) and examined

their structural degradation mechanism under operando conditions. The nanorod with a lower height

showed faster performance degradation rate and severe structure disintegration, whereas the nanosheet

is rather stable during the OER. Interestingly, in the examination of lattice oxygen reactivity using

differential electrochemical mass spectrometry coupled with 18O isotopic labeling, the

tetramethylammonium cation (TMA+) probe molecule and proton reaction order plot, we found that the

OER pathway differed among these nanostructures, showing a prominent structure-dependent lattice

oxygen reactivity which is strongly correlated with the structural stability of model catalysts. Our finite

element analysis also indicated that the high local reaction rates at the tip of the nanorod with a large

curvature exacerbated the electrode corrosion. This work reveals the structure-dependent lattice oxygen

reactivity in oxyhydroxide OER catalysts, offering guidelines for developing robust electrocatalysts for

real-life applications.
1. Introduction

The global overconsumption of fossil fuels has led to energy
shortages and severe environmental damage, necessitating the
urgent development of alternative energy technologies and
a reduction in fossil fuel dependence.1–4 In this context, green
hydrogen, which is produced via water electrolysis using
renewable energy, becomes an ideal energy carrier. Due to the
sluggish kinetics of the oxygen evolution half-reaction (OER) at
the anode, it remains critical to employ high-performance
electrocatalysts such as precious metals in order to achieve
high efficiency. Recently, cobalt-, nickel-, and iron-based elec-
trocatalysts have garnered signicant attention due to their
high activity, low cost, and earth abundance.5,6 Defect-rich
nanostructured designs in these materials can provide abun-
dant active sites, enhance the catalytic surface area, and
improve the overall electrochemical performance.7–9 However,
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a critical challenge persists: nanostructures oen collapse easily
under operando conditions through various ways, including
elemental leaching, phase transition and corrosion.10,11 This
inevitably causes rapid catalyst deactivation, precluding their
large-scale application in practice.

Investigating the causes of electrocatalyst deactivation is
a critical focus in current research, as understanding these
mechanisms is essential for designing catalysts that balance
activity and stability.12,13 Electrocatalyst deactivation occurs in
both acidic and alkaline environments, although studies under
acidic conditions are more extensive.14,15 In acidic media,
deactivation mechanisms are well-documented and primarily
attributed to the H+-induced corrosion where proton attack
leads to severe metal dissolution and structural disintegra-
tion.14 Besides, the reconstruction can cause phase and/or
morphological changes, leading to the decrease of a number
of active sites.16,17 In some cases, the acidic media can also
passivate the catalyst surface, generating an inert surface with
impaired catalytic activity.18 Under alkaline conditions, catalyst
deactivation predominantly stems from the progressive leach-
ing of metallic species at elevated potentials, ultimately
compromising catalytic stability.13 This phenomenon is partic-
ularly pronounced in electrocatalysts with reactive lattice
oxygens during the catalysis. The irreversible structural
J. Mater. Chem. A
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reconstruction—triggered by lattice oxygen exchange—induces
sustained metal depletion, thereby accelerating durability
degradation.19,20 For instance, Schmidt et al. elucidated the
inherent instability of metal oxides during the OER in alkaline
media, attributing this behavior to the synergistic effects of high
anodic potentials and corrosive electrolyte interactions. Under
such conditions, oxidative dissolution is markedly intensied,
driving dynamic yet irreversible catalyst reconstruction through
concurrent oxidation, dissolution, and redeposition
processes.21 Crucially, the evolution of lattice oxygen generates
abundant oxygen vacancies, which precipitate structural
collapse and perpetuate metal leaching, culminating in
progressive catalyst deactivation.22,23 These mechanistic
insights are pivotal for guiding the rational design of stable and
active electrocatalysts.

In this work, we prepared a series of CoNi oxyhydroxide
nanorod OER catalysts with different aspect ratios as the model
systems and examined their structural degradation mechanism
under operando conditions. The catalyst with a higher aspect
ratio showed faster performance degradation rate and severe
structure disintegration during the OER at a constant current
density, whereas the nanosheet control with an aspect ratio of
∼1 shows essentially no performance/structural change. Inter-
estingly, in the examination of lattice oxygen reactivity using
differential electrochemical mass spectrometry (DEMS) coupled
with 18O isotopic labeling, the tetramethylammonium cation
(TMA+) probe molecule and proton reaction order plot, we
found that the OER pathway differed among the nano-
structures, showing a prominent structure-dependent lattice
oxygen reactivity which is strongly correlated with the structural
stability of model catalysts. Our nite element analysis (FEA)
also indicated that the high local reaction rates at the tip of the
nanorod exacerbated the electrode corrosion.

2. Experimental
2.1. Sample preparation

All model catalysts were deposited onto the nickel foam via
a hydrothermal synthesis method. The nickel foam was rst cut
into 2 × 2 cm2 pieces and placed into a beaker. An appropriate
amount of deionized water (DIW) was added, followed by a few
drops of concentrated hydrochloric acid. The beaker was then
sealed and subjected to ultrasonic treatment for 30 minutes.
Aerward, the solution was discarded, and the obtained nickel
was rinsed with DIW. Then, anhydrous ethanol was added into
the beaker for another 15 minutes of ultrasonic cleaning. The
cleaned nickel foam was nally rinsed with deionized water
under ultrasonic treatment for 15 minutes and then dried in an
oven.

The CoNi model catalysts (the molar ratio of Co : Ni was 2 : 1)
were synthesized by a one-step hydrothermal synthesis method.
All chemicals were analytically pure and used without further
purication. First, 0.522 g of Co(NO3)2$6H2O, 0.261 g of
Ni(NO3)2$6H2O and 0.504 g of urea were added into the beaker
and dissolved in 30 ml DWI. The solution was thoroughly stir-
red for 30 min with a magnetic stirrer until a clear light-pink
solution was formed. The solution was then transferred into
J. Mater. Chem. A
a 50 ml Teon lined stainless steel autoclave where a piece of
pretreated nickel foam was added. To obtain different nano-
structures, the hydrothermal reaction was carried out at
different temperatures for varied durations of time following an
established procedure which was reported previously.24 Aer
the hydrothermal reaction, the nickel foam, which was covered
by nanostructured CoNi carbonate hydroxides, was retrieved
and then rinsed with DIW several times. The conversion of
hydroxide to oxyhydroxide was performed under operando
conditions during the electrochemical test.
2.2. Materials characterization

The morphology of CoNi catalysts was characterized using
a Carl Zeiss GeminiSEM 500 scanning electron microscope with
a resolution of 0.5 nm@15 kV. The transmission electron
microscopy (TEM) study was carried out using a JEM-F200
microscope. X-ray diffraction (XRD) was performed via
a Rigaku SmartLab X diffractometer. The radiation source was
a copper target and the X-ray wavelength was l = 0.154 nm. The
X-ray photoelectron spectroscopy (XPS) analysis was carried out
using a K-Alpha spectrometer from the Thermo Fisher Scien-
tic, where the Al ka (hn = 1486.6 eV) X-rays were used to excite
the photoelectrons. The 18O isotopic labeling coupled with
DEMS was performed with a DEMS instrument which consists
of a PrismaPlus quadrupole mass spectrometer from Pfeiffer
Vacuum and a custom-built Swagelok cell. The system is
equipped with a turbo vacuum pump (HiPace® 80, Pfeiffer) and
a condenser to remove water vapor. In the customized DEMS
cell, the model catalyst coated Ni foams were used as the
working electrode directly.25 The assembled WE was placed on
a piece of PTFE which separates the electrolyte from the vacuum
environment. A Hg/HgO electrode was used as the reference
electrode (RE). Both the counter electrode (CE) and the RE were
positioned above the WE within the same compartment.
2.3. Electrochemical tests

All electrochemical tests in this work were carried out using
a CHI 760E electrochemical workstation (Shanghai Chenhua
Instrumentation Co., Ltd). Linear scanning voltammetry (LSV),
cyclic voltammetry (CV), and electrochemical impedance spec-
troscopy (EIS) were performed on the model electrocatalysts.
The scan rate in the voltametric test was set at 1 mV s−1. In the
3-electrode setup, a Hg/HgO electrode and a platinum sheet
were used as the working electrode and counter electrode,
respectively. Other than specied, the electrolyte was 1 M KOH
aqueous solution maintained at 25 °C. All reported potentials
were versus the reversible hydrogen electrode (RHE) which was
converted using the equation below:

ERHE = E(Hg/HgO) + 0.0591 × pH (1)

For all reported potentials in this work, post-iR compensa-
tion was applied at 95% value of the solution resistance, which
was obtained from the EIS:

Ecompensated = Emeasured − iR (2)
This journal is © The Royal Society of Chemistry 2025
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3. Results and discussion
3.1. Distinct behaviors of nanostructured OER catalysts

The schematic illustration in Fig. 1a shows nanostructured
CoNi based model catalysts with different aspect ratios. They
are denoted as CoNi-500-50, CoNi-650-50, CoNi-750-50, and
CoNi-900-800, respectively. The rst digit shows the height in
nanometer, whereas the last digit shows the width at the bottom
of the nanostructure in nanometer. The aspect ratios are 0.10,
0.07, 0.06 and 0.9, respectively. These model catalysts are sub-
jected to the OER test, where the catalytic activity and stability
together with the post-test structural integrity are examined. To
probe the degradation mechanism, we also used various
approaches to investigate the reactivity of lattice oxygen among
the catalysts.

Fig. 1b–e show the SEM images of model catalysts with
various aspect ratios. The Ni foam is fully covered by CoNi
carbonate hydroxide nanorods aer the hydrothermal
synthesis. With the gradual increase of the reaction time under
controlled temperature conditions, both the length and the
width of the nanorods grow, yet the growth rate of crystals along
the length direction is much faster where preferred crystal
orientation presents.26,27 When the reaction time reaches 12 h,
the crystal growth along the length direction is suppressed, and
a nanosheet structure (CoNi-900-800) is formed. In the TEM
micrographs shown in Fig. S1,† the nanorod structure is also
clearly visible. The diameter of the rod is approximately 50 nm.
Themeasured d-spacing is 0.264 nm, corresponding to the (221)
plane of Co(OH)(CO3)0.5, the readily formed pre-catalyst during
the hydrothermal synthesis. Besides, the energy dispersive X-ray
spectroscopy analysis in Fig. S2† conrms the uniform distri-
bution of Co and Ni species.

We then evaluated the OER performance of these model
catalysts using the standard 3-electrode system in 1MKOH. The
anodic oxidation bumps starting at approximately 1.3 V (vs.
Fig. 1 (a) The schematic illustration of model catalysts with different
nanostructures; (b–e) the SEM images of all model catalysts.

This journal is © The Royal Society of Chemistry 2025
RHE and hereaer) in the linear sweep voltammograms (LSVs)
in Fig. 2a correspond to the oxidation of Co2+ species. Among
them, CoNi-750-50 shows the optimal OER performance with
the lowest overpotential of 228 mV at the benchmark 10 mA
cm−2 (h). In comparison, CoNi-900-800 shows the highest h of
251 mV. The activity trend aligns with the electrochemical
impedance spectroscopy (EIS) measurement recorded at 1.5 V.
In the Nyquist plots shown in Fig. 2b, CoNi-750-50 also
demonstrates the lowest charge-transfer resistance, thanks to
the fast reaction at the electrode–electrolyte interface.

To understand the origin of activity among the model cata-
lysts, we measured the electrochemical active surface area
(ECSA) based on determining the double layer capacitance in
the potential range where no faradaic processes occur (see
Fig. 2c). This method is frequently applied to nanostructured
materials in the literature using cyclic voltammetry (CV, see all
plots in Fig. S3†). Not surprisingly, CoNi-750-50 shows the
largest ECSA due to its large aspect ratio. CoNi-650-50 and CoNi-
900-800 have a similar ECSA despite their rather distinctive
nanostructures. The important electrochemical performance
indicators are summarized in Fig. 2d.

We then performed the longevity test in a two-electrode
system under a constant current. Indeed, all model catalysts
show performance degradation during the OER (see Fig. 3a).
CoNi-500-50 was completely deactivated aer 200 h. The sudden
voltage rise is attributable to the loss of electrode materials due
to dissolution and delamination. This speculation is supported
by the SEM image in the inset, showing that the spent catalyst
suffers from severe dissolution and structural collapse, and no
nanorods can be identied. The overpotential at 10 mA cm−2

increases dramatically to >350 mV (see Fig. 3b). Similar
performance and structural deterioration, although slightly
gentle, are also notable in CoNi-650-50. CoNi-750-50 is more
robust, which shows relatively stable voltage during the rst
300 h of operation. The tip of the nanorod dissolves, yet the
bottom structure remains, intact as shown in the SEM image.
The OER overpotential at 10 mA cm−2 increases to 289 mV aer
the longevity test. Conversely, both the activity and structure of
CoNi-900-800 are stable during the 500 h test. The nanosheet
structure is completely preserved despite the minor dissolution
at the edge. The overpotential at 10 mA cm−2 becomes 277 mV,
which is the lowest among all spent catalysts. A detailed
comparison of the overpotential change is shown in Fig. 3b.

We then characterized the spent catalysts in detail. Fig. 3c
shows the XRD patterns of all model catalysts, retrieved from
the electrode, aer the stability test. Cobalt carbonate hydroxide
is identied in all samples, which pertains to the presence of
a pre-catalyst that has not been reconstructed under operando
conditions to form the (CoNi)OOH active phase (see the
Experimental for details). They are encapsulated by the oxy-
hydroxide lm on the surface and are inaccessible by the elec-
trolyte. We cannot nd the presence of oxyhydroxide from the
patterns, possibly due to its thin-lm nature on the surface of
the nanostructure. This inference is further supported by the
XPS investigation in which the Co 2p core-level spectra of all
spent catalysts show the presence of plenty of oxyhydroxide
moieties.
J. Mater. Chem. A
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Fig. 2 (a) Linear sweep voltammograms, (b) Nyquist plots at 1.5 V vs. RHE, (c) double layer capacitance plots and (d) comparison of key elec-
trochemical performance indicators of all model catalysts.

Fig. 3 (a) The longevity test at 200 mA cm−2 of different model catalysts and the SEM image of the spent catalysts; (b) comparison of the OER
overpotential at 10 mA cm−2 for pristine and spent catalysts; (c) XRD patterns of the spent catalysts.
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3.2. Understanding the nanostructure-dependent
degradation

On the basis of the above results, we found that the nano-
structures with identical chemical composition exhibit rather
distinct degradation behaviors during the OER. To fundamen-
tally understand the difference, we rst performed nite
element analysis (FEA) of different nanostructures during the
OER. It simulates the Helmholtz layer based on the Nernst–
Planck equation, Butler–Volmer equation and Gouy–Chapman–
Stern model. The current density distribution in the nano-
structure is illustrated in Fig. 4a–d. At the tip of the nanorod,
the current density is nearly two orders of magnitude higher
than that at the bottom region. Similar effect is also obvious at
the top of the nanosheet structure and in the literature.28,29 This
inhomogeneity reects the fact that the top region of the
nanostructure is operated at much heavier loads. Thus, the
dissolution and collapse might be initiated from the top and
then propagate to the bottom region.

This geometric effect is also observed in the local OH− ion
concentration as shown by Fig. 4e–h. The region with a higher
curvature induces ion migration and concentrates OH− ions
due to the electric eld and possibly facilitated by the faster
reaction rate and the resulting mass diffusion/convection. This
ion aggregation does not necessarily mean the local pH value at
the tip is higher since the consumption of OH− during the OER
might proceed at an even higher rate. This speculation is sup-
ported by the fact that the local OH− ion concentration is less
than 10 times higher at the tip where the reaction rate can be 20
times higher (cf. local current density in Fig. 4a). In this
scenario, the lower local pH destabilizes the oxyhydroxide at
high anodic potentials, promoting the dissolution of metal
ions. Remarkably, such ion aggregation is not signicant in
CoNi-900-800 where the distribution of OH− is roughly uniform
across the surface.

Such FEA partially explains the tendency that the tip region
is prone to dissolution due to the harsher reaction environ-
ment. Yet, it remains unclear why these model catalysts, all with
Fig. 4 (a–d) Local current density distribution and (e–h) local OH− ion

This journal is © The Royal Society of Chemistry 2025
tip/top regions, show contrasting structural stability. In fact,
cobalt oxyhydroxide catalysts oen feature reactive lattice
oxygens (LOs) during the OER, which thus follows the lattice
oxygen mechanism (LOM).30,31 Compared with the conventional
adsorbate evolution mechanism (AEM), this pathway enjoys
favored OER kinetics due to the circumvention of thermody-
namic constraints brought by the scaling relationship, yet is
notorious for the detrimental effect of metal center dissolution
due to the fast LO exchange.32 We thus explored whether the LO
reactivity is affected by the nanostructure, which eventually
causes the stability difference.

In the LOM, the peroxo (*O2
2−) ligand on the surface is the

key intermediate which differs from the commonly observed
superoxo (*O2−) ligand in the AEM. It is formed through the
combination of lattice oxygen and the adsorbed oxygen atom,
which is thermodynamically more stable than the superoxo
ligand (see Fig. 5a). Previous studies show that the tetrame-
thylammonium ion (TMA+) in the electrolyte can strongly bind
the peroxo group during the OER process, inhibiting the
subsequent diatomic oxygen release and LO relling. Thus, the
OER kinetics is greatly impaired. Such effect is not prominent
with the superoxo (*O2−) ligand in the AEM.We thus used TMA+

cations as the probe to evaluate the LO reactivity among the
model catalysts. Fig. 5b shows the LSVs obtained in 1 M KOH
with and without 1 M tetramethylammonium hydroxide
(TMAOH). Interestingly, the voltammograms of CoNi-900-800 in
both electrolytes are essentially identical, whereas those of
CoNi-750-50 shows apparent difference. This indicates that the
LOM pathway prevails in the CoNi-750-50 catalyst.

To further validate the distinct LO reactivities among various
nanostructures, we explored the proton–electron transfer
kinetics by evaluating the OER activity in electrolytes with
different pH values. Such pH-dependent OER activity is oen
used to determine the reaction order with respect to proton
activity. To avoid the use of buffers and additives, which
maintain a stable local pH on the catalyst surface during the
OER or keep the ionic strength constant, we selected the pH
concentration distribution among various model catalysts.

J. Mater. Chem. A

https://doi.org/10.1039/d5ta03380b


Fig. 5 (a) The schematic mechanism of the TMA+ probe study of lattice oxygen reactivity in the OER; (b) LSV plots of model catalysts obtained in
1 M KOH with and without 1 M TMA+; (c–e) pH dependence and proton reaction order of model catalysts.
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range in the strong alkaline domain (pH = 14, 13.6, 13.3, and
13). This is because the additional electrolyte components
might not be sufficiently inert and interfere with the accurate
determination of the intrinsic OER activity of our model cata-
lysts.33 The proton reaction order is then obtained by measuring
the current density at a xed potential as a function of pH using
vlog(j)/vpH, as shown in eqn (3) below on an RHE scale.

rRHE = vlog(j)/vpH (3)

As shown in Fig. 5c, the OER performance of CoNi-750-50
varies substantially in different electrolytes, the calculated
proton reaction order reaches 0.98, implying the that the LOM
might dominate in the reaction. While CoNi-900-800 also shows
pH-dependent OER performance in Fig. 5d, the proton reaction
order is 0.65, indicative of the prevailing role of AEM. A
summary of the reaction order is shown in Fig. 5e, which
demonstrates that all the nanorod model catalysts feature
highly reactive LOs, contrasting that of the nanosheet structure,
during the OER. This causes dramatic structural disintegration
of the nanorod during the longevity test.

To quantitatively study the LO reactivity of all model catalysts
during the OER, we nally carried out a differential electro-
chemical mass spectrometric (DEMS) study coupled with 18O
isotopic labeling (see Fig. 6a). All catalysts are initially subjected
to a high anodic potential in 1 M KOH using H2

18O as the
solvent. This enables the oxygen exchange, if any, with the
lattice where the 18O isotope is incorporated on the surface.34

These labeled catalysts are then tested in the DEMS setup in 1M
KOH using H2

16O as the solvent where the evolution of different
isotopic diatomic oxygens is monitored under operando condi-
tions.35 Fig. 6b and c compare the ionic signals at m/z = 32 and
J. Mater. Chem. A
34 corresponding to 32O2 and
34O2, respectively, of CoNi-750-50

and CoNi-900-800. CoNi-750-50 shows strong signals of both
32O2 and

34O2. The
34O2/

32O2 ratio reaches 17.26%, conrming
the substantial involvement of lattice oxygen during the OER.
Inversely, a strong signal of 32O2 is recorded, while that of 34O2

is negligible in CoNi-900-800. The 34O2/
32O2 ratio is only 0.16%,

close to the natural abundance of 18O, reecting the inert nature
of lattice during the OER.

Since a higher 34O2/
32O2 ratio indicates more surface lattice

oxygens participate in the OER, or a higher LO exchange rate
during the reaction, we thus used the 34O2/

32O2 ratio as the
descriptor of LO reactivity in the OER. Fig. 6d compares this
value among different catalysts. Indeed, all nanorod structures
demonstrate notable LO reactivity and LOM in the OER, as
evidenced by the high 34O2/

32O2 ratio. The value of this ratio
follows the order of NiCo-500-50 > NiCo-650-50 > NiCo-750-50,
suggesting that the LO reactivity follows the same order. We
then can conclude that all carbonate hydroxide pre-catalysts,
irrespective of the nanostructures, are reconstructed to oxy-
hydroxides during the OER. Because of the distinct nano-
structures which might feature different surface chemistries
such as defects, facet orientation and metal–oxygen covalency,36

these resulting oxyhydroxides show nanostructure-dependent
LO reactivity. The high LO reactivity in NiCo-500-50 promotes
metal dissolution and causes rapid structural disintegration.
NiCo-750-50, however, is more robust and suffers dissolution at
the tip due to lower LO reactivity. Although NiCo-900-800 shares
the identical chemical composition with the nanorod counter-
parts, yet shows little LO reactivity. It is thus the most stable
catalyst during the OER. Therefore, such nanostructure-
dependent LO reactivity correlates well with the trend of struc-
tural degradation.
This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) The schematic illustration of the DEMS cell to probe the isotopically labeled OER model catalyst on Ni foam; (b and c) the DEMS signal
comparison during the OER; (d) comparison of the 34O2/

32O2 ratio among model catalysts.
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4. Conclusion

Using a series of nanostructured model electrocatalysts with
different aspect ratios and various operando characterization
approaches, we show the structure-dependent lattice oxygen
reactivity and the strongly correlated degree of structural
degradation during the OER process. Finite element analysis
indicates that a high curvature structure leads to high local
current density, resulting in a hasher reaction environment that
exacerbates the electrode corrosion. In the future, more work
should be examined to understand if such structure-dependent
lattice oxygen reactivity in also applicable in other OER cata-
lysts. Our results reveal a possible degradation pathway for
nanostructured electrocatalysts, offering guidelines for devel-
oping robust nanomaterials for real-life applications.
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