
RESEARCH ARTICLE
www.afm-journal.de

Directed Electron Modulation Stabilizes Iridium Oxide
Clusters for High-Current-Density Oxygen Evolution

Xian He, Jiaqi Tan, Bohan Deng, Wei Zhao, Zhuting Zhang, Zhichuan Zheng, Yufeng Wu,
Chong Yang, Xibo Li,* Ming Lei, Hongyi Liu, Kai Huang,* and Hui Wu*

The rapid advancement of the green hydrogen industry has driven a surge in
demand for devices that operate over a broad range of current density.
Despite this, the development of stable iridium-based catalysts for
high-current-density applications in oxygen evolution reactions remains a
significant challenge. In this study, directed electron modulation (DEM) of
iridium oxide clusters on cobalt hydroxide nanosheets is achieved using a
cyclic Joule heating strategy in pure water. The strategy achieves a rapid
change of environmental energy during electronic modulation through Joule
heating, which ensures strong electronic coupling between IrO2 and Co(OH)2

without significant changes in initial catalyst nanostructure and cluster size.
Directed electron modulation optimizes the reactant adsorption ability of the
active center (IrO2 cluster) and corresponding reaction kinetics are improved,
resulting in the catalyst (DEM-IrO2@Co(OH)2-NF) showing excellent
performance. The DEM-IrO2@Co(OH)2-NF exhibits excellent catalytic activity
in alkaline electrolytes with only 296 mV overpotential up to 1 A cm−2 and no
significant degradation in 1000 h stability test at 1 A cm−2. Additionally, the
anion exchange membrane electrolyzer using DEM-IrO2@Co(OH)2-NF||Pt/C
requires only 1.68 V at 1 A cm−2 and remains stable for 200 h. This work will
provide new directions for optimization of active centers.

1. Introduction

Converting renewable energy into green hydrogen is the corner-
stone of the sustainable development of new energy systems. Wa-
ter electrolysis, which is simple and environmentally friendly, is

X. He, Z. Zheng, Y. Wu, M. Lei, K. Huang
State Key Laboratory of Information Photonics and Optical
Communications
School of Science
Beijing University of Posts and Telecommunications
Beijing 100876, P. R. China
E-mail: huang-kai@bupt.edu.cn
X. He, B. Deng, W. Zhao, Z. Zhang, Z. Zheng, Y. Wu, C. Yang, H. Wu
State Key Laboratory of New Ceramics and Fine Processing
School of Materials Science and Engineering
Tsinghua University
Beijing 100084, P. R. China
E-mail: huiwu@tsinghua.edu.cn

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202416385

DOI: 10.1002/adfm.202416385

considered the most promising method
for green hydrogen production. The oxy-
gen evolution reaction (OER), as one of
the fundamental reactions in water elec-
trolysis, greatly affects the operational
cost and efficiency of water electrolysis.[1]

Consequently, the development of high-
performance OER electrocatalysts remains
a research priority.[2] In electrocatalytic re-
actions, the intrinsic activity and stability of
the active center directly determine overall
catalyst performance.[3] The optimization
and enhancement of active center perfor-
mance have been the focus of catalysis.[4]

Recently, the decisive role of the sur-
rounding local environment on the perfor-
mance of active centers has increasingly
gained recognition from researchers.[5] Pro-
viding appropriate support to the active
center and creating a specific local envi-
ronment to construct supported hierarchi-
cal structures can optimize reaction kinet-
ics through the synergistic effect of load-
ing and support.[6] Meanwhile, this strat-
egy can offer suitable pathways for ion dif-
fusion and charge transfer.[7] For example,

as a representative element for catalyzing OER, Iridium (Ir), Li
et al. utilized the special affinity between manganese and irid-
ium to load stable hexavalent iridium on manganese oxide, which
exhibited excellent OER activity.[8] Additionally, supported cat-
alysts constructed with carbon carriers, transition metal-based
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compounds, and nitrides have been reported.[9] Particularly,
cobalt hydroxide has been extensively studied due to its rich ac-
tive surface and excellent stability.[10] However, most studies are
limited to low current density.[11] With the significant increase in
current density standards for industrial electrolyzers, more strin-
gent requirements are placed on the reaction efficiency and sta-
bility of catalysts.

Regulating the interfacial structure between loading and
support is an effective strategy to further enhance cata-
lyst performance.[12] By directed electron modulation (DEM),
strong electronic coupling between loading and support can
be achieved, which not only optimizes the reactant adsorption
ability to improve catalytic activity but also ensures that the
loading remains fixed on support, preventing detachment un-
der high current density.[13] Previous reports indicate that form-
ing directed electron transfer between loading and support typi-
cally requires a high-energy environment, which is accompanied
by unwanted growth of cluster size and disruption of support
nanostructure.[14]

Herein we have successfully realized directed electronic struc-
ture modulation of iridium oxide cluster on cobalt hydroxide us-
ing cyclic Joule heating (CJH) in pure water. We have utilized
the rapid heating-cooling properties of Joule heating to achieve
strong electronic coupling between cluster and support while en-
suring no significant change in support nanostructure and clus-
ter size. The catalytic electrode (DEM-IrO2@Co(OH)2-NF) con-
structed based on this strategy showed excellent activity and sta-
bility at high current density, reaching 1 A cm−2 at 296 mV over-
potential and remaining stable for 1000 h. The density func-
tional theory (DFT) results and in situ Raman revealed that di-
rected electron modulation optimized the reactant adsorption
ability of the active center improving the reaction kinetics, and
the electron transfer between interfaces stabilized cluster. More-
over, the anion exchange membrane (AEM) electrolyzer using
DEM-IrO2@Co(OH)2-NF||Pt/C required only 1.68 V at 1 A cm−2

and maintained high energy efficiency for 200 h under industrial
operating conditions, demonstrating the potential for industrial
application of DEM-IrO2@Co(OH)2-NF.

2. Results and Discussion

2.1. Synthesis and Characterization of DEM-IrO2@Co(OH)2-NF
Electrode

Due to the porous structure of nickel foam that facilitates mass
transfer and its stability in alkaline solution, nickel foam was se-
lected as the growth substrate for the catalyst.[15] Figure 1a shows
the specific synthesis process. After electrodeposition of Co(OH)2
nanosheets on the nickel foam surface, the precursors were con-
verted to IrO2 cluster loaded on nanosheets (IrO2@Co(OH)2-
NF) using liquid Joule heating (Figure S1, Supporting Informa-
tion). Figures S2 and S3 (Supporting Information) show XPS
and TEM images of IrO2@Co(OH)2-NF electrode, and the re-
sults show that the supported catalyst with cobalt hydroxide as
support and iridium oxide clusters as active center was obtained
using liquid Joule heating. Then, the supported catalysts were di-
rected electron modulation using cyclic Joule heating in pure wa-
ter. Figure S4 (Supporting Information) shows the X-ray diffrac-
tion (XRD) spectra of the catalysts before and after electron

modulation, and the results show that both IrO2@Co(OH)2-NF
and DEM-IrO2@Co(OH)2-NF contain only peaks correspond-
ing to Ni and Co(OH)2, which can be attributed to the low Ir
loading.[16]

The transmission electron microscopy (TEM) images and en-
ergy dispersive X-ray spectroscopy (EDS) elemental maps of
DEM- IrO2@Co(OH)2-NF in Figure 1b show that the directed
electron modulation process didn’t disrupt the 2D layered struc-
ture of Co(OH)2 and the uniform distribution of Ir, Co, and O
elements. It is also confirmed by scanning electron microscopy
(SEM) images of the samples before and after electron modu-
lation, as shown in Figure S6 (Supporting Information), where
the nanosheet morphology was unchanged after electron modu-
lation. In the high-magnification TEM image (Figure 1c), densely
and uniformly distributed clusters of DEM- IrO2@Co(OH)2-
NF are observable with an average size of 1.54 ± 0.30 nm
(Figure S7, Supporting Information), which is close to the before-
modulation size of 1.52 ± 0.30 nm (Figure S8, Supporting Infor-
mation), suggesting that there is no growth of the clusters during
the electron modulation process. According to the results of in-
ductively coupled plasma optical emission (ICP-OES), the irid-
ium loading in DEM- IrO2@Co(OH)2-NF was 0.091 mg cm−2

(Table S1, Supporting Information), which was close to that of
0.098 mg cm−2 in IrO2@Co(OH)2-NF before modulation, in-
dicating that there was no significant iridium loss during the
electron modulation process. As mentioned in the introduction,
electronic modulation is accompanied by a high-energy environ-
ment, which can cause unwanted structural damage. Therefore,
pure water is introduced to cover the electrode surface, forming
a protective layer. During the Joule heating modulation process,
when the electrode temperature becomes too high, the heat is
transferred to the surface pure water. The liquid water heats up,
turns into steam, and evaporates, carrying away the excess heat
from the modulation system, thus ensuring that the electrode
surface structure is not damaged. High-resolution transmis-
sion electron microscopy of DEM-IrO2@Co(OH)2-NF (Figure 1d;
Figure S9, Supporting Information) reveals the uniform embed-
ding of IrO2 clusters into Co(OH) 2, forming an interdigitated
interface between IrO2 and Co(OH)2.[17] Figure 1e presents one
set of doublets in the Ir 4f spectrum at 61.2 and 64.2 eV, attributed
to Ir4+ of IrO2.[18] Figure 1f illustrates that the main peak in the
Co 2p region between 797.8 and 782.0 eV can be attributed to
divalent Co2+.[19] The primary peak in O1s corresponds to metal-
oxygen bonds and surface hydroxyl oxygen (Figure 1g), consis-
tent with the composition of DEM- IrO2@Co(OH)2-NF.[20] The
above results show that electronic modulation process preserved
the nanosheet structure of support and cluster size did not grow
significantly.

2.2. Directed Electron Modulation of Active Center

After confirming that the supported catalyst was successfully
constructed and that the catalyst structure was not destroyed
during electronic modulation, we systematically investigated the
changes in the electronic structure of the active center (IrO2 clus-
ter) during the modulation process. It has been previously men-
tioned that this study utilizes cyclic Joule heating strategy as a
means for electronic modulation of the active center, specifically
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Figure 1. a) The schematic illustration of the synthesis of DEM-IrO2@Co(OH)2-NF electrode. b,c) HAADF-STEM image, Elemental mapping of Ir,
Co, and O elements in DEM-IrO2@Co(OH)2-NF. d) HRTEM images of DEM-IrO2@Co(OH)2-NF. e) XPS spectra of Ir 4f in DEM-IrO2@Co(OH)2-NF.
f) XPS spectra of Co 2p in DEM-IrO2@Co(OH)2-NF. g) XPS spectra of O 1s in DEM-IrO2@Co(OH)2-NF.

the rapid heating-cooling of Joule heating to achieve electron
transfer between loading and support while ensuring the clus-
ter size and support nanostructure. Figure 2a illustrates the tem-
perature variation of the electrode during a single Joule heating
cycle, with a heating duration of 4 s and a cooling duration of
2 s. The temperature is calibrated using a thermocouple. The
electron transfer between support and loading during the mod-
ulation process was elucidated by analyzing the X-ray photoelec-
tron spectroscopy (XPS) spectra of the samples subjected to dif-
ferent treatment cycles. The Ir 4f spectra (Figure 2b) show that
the main peaks of Ir are all shifted toward lower binding en-
ergy as the number of treatment cycles increases. This implies
that directed electron transfer between loading and support oc-
curs during the modulation process, specifically, the transfer of

electrons from Co(OH)2 to Ir, resulting in a decrease in the va-
lence state of Ir.[21] The Co 2p and O 1s spectra (Figure 2c,d) fur-
ther confirmed the above judgment: after the initial loading of
IrO2 clusters, the main peaks of Co and O in Co(OH)2 moved
toward lower binding energies, which was attributed to the intro-
duction of loading resulting in a change on the electronic struc-
ture of support. Subsequently, along with the electronic modu-
lation process, the main peaks of Co and O were shifted toward
higher binding energy, which indicated that electrons transferred
from support to loading, resulting in the elevation of the valence
states of Co and O in support. The above analysis results demon-
strate that the cyclic Joule heating strategy successfully achieves
directed electron modulation, in which electrons are transferred
from support to loading and strong electron coupling is formed
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Figure 2. a) Temperature-time curve of heating and quenching process during cyclic Joule heating in pure water. b) XPS spectra of Ir 4f in initial
IrO2@Co(OH)2-NF, 10 cycles, and 20 cycles. c) XPS spectra of Co 2p in initial IrO2@Co(OH)2-NF, 10 cycles, and 20 cycles. d) XPS spectra of O 1s
in initial IrO2@Co(OH)2-NF, 10 cycles and 20 cycles. e) Polarization curves, (f) Tafel plots curves, and (g) The mass activity curves of IrO2@Co(OH)2-
NF, DEM-10c- IrO2@Co(OH)2-NF and DEM-20c-IrO2@Co(OH)2-NF.

between the two. It is critical to the performance and stability of
the catalyst during high current density operation.

The above results indicate that electrons transfer from the
support to active center in the process of electron modulation
using cyclic Joule heating. The electronic structure of the ac-
tive center determines the adsorption capacity of reactants in
an electrocatalytic reaction, so the catalytic performance of the
electrode is bound to be transformed accordingly along with
electron transfer in the modulation process. Figure 2e shows
the performance of initial IrO2@Co(OH)2-NF and electrodes
with different numbers of cyclic treatments. With the increase
in the number of electrons transferred from support to load-
ing during modulation, the deepening of electronic coupling
between the two resulted in improved electrode performance.
The initial IrO2@Co(OH)2-NF overpotential was 307 mV at
100 mA cm−2, whereas the DEM-20c-IrO2@Co(OH)2-NF (DEM-
IrO2@Co(OH)2-NF) overpotential after directed electron mod-
ulation was reduced by 91 mV, with only 216 mV overpoten-

tial. The Tafel slope analysis (Figure 2f) confirms that the di-
rected electron modulation is accompanied by a decrease in the
Tafel slope of electrodes, suggesting that the optimization of the
electronic structure of the active center enhances the electrode
reaction kinetics. Meanwhile, the mass-activity curves of elec-
trodes (Figure 2g) showed that the mass-activity of electrodes
was enhanced with the modulation process. Without significant
changes in the cluster size, support nanostructure, and Ir load-
ing, the mass activity enhancement indicates that intrinsic cat-
alytic activity of the active center is enhanced during electron
modulation.

2.3. Electrochemical Performance

After clarifying the electron transfer between support and load-
ing during modulation, as well as the correlation between
electron modulation and electrode performance, the directed
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Figure 3. a) Polarization curves, and b) Tafel plots curves, and c) Nyquist plots, d) Cdl by plotting the current density variation of DEM-IrO2@Co(OH)2-
NF, IrO2-NF and Co(OH)2-NF. e) Comparison of required overpotentials to reach the current densities of 1000 mA cm−2 between DEM-IrO2@Co(OH)2-
NF and recently reported advanced OER catalysts. f) The evolution of theoretical oxygen volume and measured with time. g) Long-term durability test.

electron modulation electrode (DEM-IrO2@Co(OH)2-NF) was
systematically characterized and compared with the commer-
cially available IrO2.

The polarization curves in Figure 3a illustrate that under the
same current density, DEM-IrO2@Co(OH)2-NF exhibits the low-
est reaction overpotential.[22a] At a current density of 100 mA
cm−2, the overpotentials for DEM-IrO2@Co(OH)2-NF, electrode-
posited Co(OH)2-NF, and commercial IrO2-NF (with IrO2 load-
ing is 2 mg cm−2) are 216, 376, and 332 mV, respectively. At
a high current density of 1000 mA cm−2, the overpotential
required for DEM-IrO2@Co(OH)2-NF is 296 mV, significantly
lower than that of commercial IrO2-NF (506 mV). The exceptional
catalytic activity of DEM-IrO2@Co(OH)2-NF can be attributed
to the rapid charge transfer between IrO2 and Co(OH)2 due to
strong electronic coupling and the optimized adsorption ability
of reaction intermediates under their synergistic effects. This is
manifested in the Tafel slope and EIS curves, where Figure 3b
shows that DEM-IrO2@Co(OH)2-NF has the smallest Tafel slope,

indicating its kinetic advantage. Figure 3c reveals that DEM-
IrO2@Co(OH)2-NF has the smallest charge transfer resistance,
implying faster charge transfer efficiency at the reaction inter-
face. Further XPS results (Figure S10, Supporting Information)
indicate that IrO2-NF contains Ir(IV) and higher valence states
of Ir, suggesting that the low-valence Ir in DEM-IrO2@Co(OH)2-
NF is crucial for its excellent catalytic performance. By record-
ing cyclic voltammograms, the electrochemical double-layer ca-
pacitance (Cdl) was used to assess the electrochemical active sur-
face area (ECSA) of the electrode (Figure S11, Supporting In-
formation). The results indicate that after loading iridium ox-
ide clusters, the active area of DEM-IrO2@Co(OH)2-NF (5.45
mF cm−2) has significantly increased compared to Co(OH)2-
NF (1.40 mF cm−2), implying that the introduction of iridium
oxide offers abundant active sites (Figure 3d). Furthermore,
the OER activity of DEM-IrO2@Co(OH)2-NF surpasses that of
most reported OER catalysts (Figure 3e; Table S4, Supporting
Information).
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Figure 4. Overall water splitting using the AEM water electrolyzer. a) Structural schematic of the AEM electrolyzer. b)Polarization curves of the DEM-
IrO2@Co(OH)2-NF||Pt/C compared to IrO2-NF||Pt/C. c) Nyquist impedance plots of the AEM electrolyzers at 1.6 V. d) Durability cell voltage-time curve
at 1 A cm−2 of DEM-IrO2@Co(OH)2-NF||Pt/C compared to IrO2-NF||Pt/C. e) Cell voltage and energy conversion efficiency comparison of the cell using
the DEM-IrO2@Co(OH)2-NF||Pt/C with other reported AEM water electrolyzer at 1 A cm−2.

Considering that the complex OER process is often accom-
panied by other side reactions, it is necessary to verify the
Faradaic efficiency of DEM-IrO2@Co(OH)2-NF electrode. The
oxygen generated at DEM-IrO2@Co(OH)2-NF electrode side was
collected at various time intervals, and it was observed to align
well with the theoretical value, indicating the Faradaic efficiency
close to 100% (Figure 3f).[22b] The OER durability was tested
under a constant current of 1000 mA cm−2, revealing that
DEM-IrO2@Co(OH)2-NF displays significantly superior stabil-
ity to iridium oxide over a testing period of 1000 h (Figure 3g;
Figure S12, Supporting Information), with an overall decay rate
of 0.038 mV h−1. TEM images, XPS results, and ICP-OES results
after the stability test showed that the iridium oxide clusters of
DEM-IrO2@Co(OH)2-NF have not obviously detached (Figures
S13–S15 and Table S2, Supporting Information), and the elec-
tronic structure of the catalyst did not change significantly. This
exceptional performance is noteworthy in the context of sup-
ported noble metal catalyst systems, especially at an ultra-high

current density of 1000 mA cm−2. The electrochemical test re-
sults above indicate that DEM-IrO2@Co(OH)2-NF exhibits excel-
lent activity and stability, with the potential for practical device
applications. Furthermore, it confirms that creating strong elec-
tronic coupling between loading and support through the rapid
heating-cooling strategy is essential for constructing a supported
catalyst that operates efficiently and reliably under high current
density.

2.4. Electrolyzer Device Construction and Performance

In order to further verify the operational status of the DEM-
IrO2@Co(OH)2-NF electrode in practical water electrolysis de-
vices, we assembled an anion exchange membrane (AEM) elec-
trolyzer (Figure 4a; Figure S16, Supporting Information) with a
DEM-IrO2@Co(OH)2-NF electrode as the anode and a Pt/C elec-
trode as the cathode, and tested its performance using 1 m KOH
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at 60 °C. Figure 4b demonstrates that the electrolyzer using DEM-
IrO2@Co(OH)2-NF and Pt/C achieves a current density of 1 A
cm−2 at 1.68 V, significantly outperforming the electrolyzer con-
structed by commercial IrO2-NF||Pt/C (1 A cm−2 at 1.88 V). In
the electrochemical impedance spectrum of cells (Figure 4c), the
charge transfer resistance of cells using DEM-IrO2@Co(OH)2-
NF is significantly lower than that of IrO2-NF, which is apparently
attributed to the high activity and rapid charge transfer kinetics
of DEM-IrO2@Co(OH)2-NF catalytic electrode. Stability, as a cru-
cial factor for device integrity, is a prerequisite for electrode tran-
sition from the laboratory to industrial production. A 200-h test
was conducted at 1 A cm−2, and the results indicate no signif-
icant performance deterioration of the electrolyzer using DEM-
IrO2@Co(OH)2-NF as the anode (Figure 4d). The electrolyzer us-
ing commercial IrO2-NF as the anode shows a clear performance
degradation within 25 h. The excellent AEM electrolyzer perfor-
mance and high energy conversion efficiency further confirm the
promising practical application of electrodes with strong elec-
tronic coupling between loading and support (Figure 4e; Table
S5, Supporting Information).

2.5. OER Mechanisms and Simulations

To investigate the effect of DEM-IrO2@Co(OH)2-NF on OER
performance, density functional theory calculations were car-
ried out. DEM-IrO2@Co(OH)2-NF is simulated by loading IrO2
cluster on a two atomic layer (3 × 3) Co(OH)2(001), and the
atomic structures of IrO2(110) and DEM-IrO2@Co(OH)2-NF are
shown in Figure 5a. What should be noted is that the Co(OH)2
slab in our model contains one bottom Co(OH)2 layer and one
top CoOOH layer, as the CoOOH layer will occur during OER
process on Co(OH)2 in the experiment and make stronger ad-
sorption ability of IrO2 cluster on it (Figure S18, Supporting
Information).[23a] According to the calculated free energy changes
of OER in Figure 5b, the intermediates (*OH, *O, and *OOH)
adsorption ability of DEM-IrO2@Co(OH)2-NF are weaker than
those of IrO2(110), and the rate-determining step (RDS) of both
of them is the second step of OER (*OH → *O + H+ + e−).[23b]

As the OER overpotential reduces from 0.66 eV on IrO2(110) to
0.50 eV on IrO2@Co(OH)2-NF, indicating the higher OER activ-
ity of DEM-IrO2@Co(OH)2-NF. In addition, the calculated OER
overpotential value on IrO2(110) is close to previous work.[23c]

The electron gain and loss could unveil the stability and im-
proved OER activity of DEM-IrO2@Co(OH)2-NF. Once the IrO2
cluster adsorbs on Co(OH)2-NF substrate, the electron trans-
fer from Co(OH)2 substrate to IrO2 cluster is calculated to be
1.02 e (Figure 5c), which will produce a strong formation energy
(−10.53 eV, Figure S18, Supporting Information) and a stable
DEM-IrO2@Co(OH)2-NF. Further analysis shows that OER in-
termediate *O will gain more electron on DEM-IrO2@Co(OH)2-
NF than that on IrO2(110), and the gain electron of *O on for-
mer and later ones are 0.50 e and 0.39 e, respectively (Table S8,
Supporting Information). The *OH could form by adsorbing one
hydrogen atom on *O, which is the inverse process of the sec-
ond OER step (*OH → *O + H+ + e−). The more electron inter-
mediate *O gain, the less electron gain of *O from the coming
hydrogen atom further in the process of *O + H+ + e− →*OH,
which will lead to the weaker hydrogen adsorption ability on in-

termediate *O and larger free energy change of this process, or
smaller free energy change of second OER step in other words. As
more electron gain of *O on DEM-IrO2@Co(OH)2-NF than that
on IrO2(110), the free energy change of the second OER step, also
the RDS, is smaller on the former one than that on the latter one.
The smaller free change of RDS leads to smaller overpotential
and improved OER activity on DEM-IrO2@Co(OH)2-NF.

In situ electrochemical Raman spectrum (Figure S19, Support-
ing Information) was further employed to decipher the key role
of directed electron modulation on OER performance of the ac-
tive center. The Raman peaks attributed to Co(OH)2 (the peaks at
457 cm−1 and 517 cm−1)[23a] and IrO2 (the peak at 564 cm−1)[24] in
DEM-IrO2@Co(OH)2-NF at OCP can be observed in Figure 5d.
As voltage is applied, the conversion of Co-OH to Co-OOH occurs
under the action of oxidation potential.[23a] At an applied voltage
of 1.48 V, Ir-O in DEM-IrO2@Co(OH)2-NF is converted to Ir-OH
(the peak at 685 cm−1),[24] which corresponds to RDS of DEM-
IrO2@Co(OH)2-NF in DFT results. Subsequently, the peak of
Ir─OH remained stable with increasing voltage, indicating that
the OER process of DEM-IrO2@Co(OH)2-NF was limited by the
reaction energy barrier of RDS and the RDS reactant accumu-
lated. As shown with the in situ Raman spectrum of IrO2-NF
(Figure 5e), Ir-O (the peak at 553 cm−1) in IrO2-NF is converted to
Ir-OOH (The broad peaks at 502 cm−1 and 841 cm−1)[24] only at an
applied voltage of 1.53 V. Compared with DEM-IrO2@Co(OH)2-
NF, the structural phase transition of IrO2-NF occurs at a higher
voltage, which implies that the reaction kinetics of IrO2-NF is
slower and a higher overpotential is required for OER to occur.
The results of DFT and in situ Raman spectrum indicated that
the directed electron modulation optimizes the adsorption abil-
ity of reaction intermediates in the active center and the reaction
kinetics are enhanced.

3. Conclusion

In this work, we designed the cyclic Joule heating strategy to
achieve directed electronic structure modulation of the active cen-
ter. The strategy utilizes the rapid heating-cooling properties of
Joule heating to achieve strong electronic coupling between clus-
ter and support while maintaining the nanostructure and clus-
ter size of the initial catalyst. Based on the strong electronic cou-
pling between IrO2 and Co(OH)2 as well as abundant active sites
of2D structures, the DEM-IrO2@Co(OH)2-NF exhibited ultra-
high OER catalytic performance, reaching a current density of
1000 mA cm−2 at an overpotential of 296 mV in alkaline elec-
trolyte, and operated stably for 1000 h. This work provides an
effective strategy for the construction and optimization of sup-
ported catalysts suitable for industrial high current density.

4. Experimental Section
Synthesis of the Co(OH)2-NF: Cobalt nitrate hexahydrate

(Co(NO3)2∙6H2O, AR, 99%, Macklin), Sodium nitrate (NaNO3, AR,
99.0%, Aladdin), Nickel foam (Lizhiyuan Co. Ltd.), hydrochloric acid
(HCl, 37%, Sinopharm Chemical Reagent Co., Ltd.) and deionized water
were used as received without any further purification. The nickel foam
(1 cm × 4 cm × 1 mm) was first sonicated in a 3 mol L−1 hydrochloric
acid solution for 10 min, and then treated with ethanol and deionized
water in an ultrasonic bath for 10 min to remove impurities and oil from
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Figure 5. Reaction energy diagrams of alkaline OER over the DEM-IrO2@Co(OH)2-NF site. a) The top and side views of atomic structures of DEM-
IrO2@Co(OH)2-NF and IrO2(110). b) The free energy diagram of OER on DEM-IrO2@Co(OH)2-NF and IrO2(110). All data are in Table S6 (Supporting
Information). c) Charge transfer on *O-adsorbed DEM-IrO2@Co(OH)2-NF. All data are in Table S7 (Supporting Information). In situ Raman spectra of
DEM-IrO2@Co(OH)2-NF d) and IrO2-NF e) in 1 m KOH under different applied potentials.

the surface. The cathodic deposition of Co(OH)2 was carried out on a
CHI660E electrochemical workstation using a two-electrode system in
0.01 m Co(NO3)2 and 0.1 m NaNO3, with the working electrode being
nickel foam and the counter electrode being a carbon rod. The deposition
current density was 10 mA cm−2 and the time was 900 s.

Synthesis of the IrO2@Co(OH)2-NF and DEM-IrO2@Co(OH)2-NF:
Iridium chloride (IV) hydrate (IrCl4·xH2O, Ir 48.0–55.0%, Macklin) and
deionized water were used as received without any further purification.
The Co(OH)2-NF was dipped into the prepared iridium chloride (IV) aque-
ous solution (0.5 mm) until the surface of Co(OH)2-NF was completely
covered with liquid. Then both ends of the Co(OH)2-NF connected to a
DC power supply through copper clamps, and IrO2@Co(OH)2-NF was
prepared by power output of 200 W from the power supply for 20 s. The
loading of Ir in IrO2@Co(OH)2-NF was 0.098 mg cm−2

.

The IrO2@Co(OH)2-NF was completely covered with deionized wa-
ter and then connected to a DC power supply and output 150 W for 4
s. This was one cycle of the electron modulation process using cyclic
Joule heating. Ten cycles of the process yielded DEM-10c-IrO2@Co(OH)2-
NF. Twenty cycles of the process yielded DEM-20c-IrO2@Co(OH)2-NF,
which was also DEM-IrO2@Co(OH)2-NF. The loading of Ir in DEM-
IrO2@Co(OH)2-NF was 0.091 mg cm−2

.
Iridium oxide (IrO2, 99.95%, Sinero). The IrO2-NF was prepared on

nickel foam using ultrasonic spraying method (the loading of IrO2 as 2 mg
cm−1). The IrO2 loading was chosen to follow the common commercial
water electrolysis equipment with an iridium loading of 1–2 mg cm−2

.
Material Characterizations: X-ray diffraction analysis was performed

using a D/max 2500 V diffractometer in reflection mode at 40 kV and
150 mA, and at a scanning speed of 8 °C min-1. Laser ICP analysis of
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Ir was performed using an inductively coupled plasma-optical emission
spectrometer (Vista-MPX). Scanning electron microscopy (SEM) images
were recorded with a scanning electron microscope (LEO-1530, Zeiss, Ger-
many) at an acceleration voltage of 20 kV. HAADF STEM images, TEM im-
ages, and EDX analysis were carried out on a 2100F transmission electron
microscope operated at 200 kV and an aberration correction-transmission
electron microscope (JEM-ARM200F) operated at an accelerating voltage
of 200 kV. XPS measurements were obtained using an X-ray photoelec-
tron spectrometer (Escalab, 250 Xi, Thermo Fisher Scientific, MA, USA)
equipped with an Al K𝛼 radiation source (1487.6 eV) and a hemispherical
analyzer with a pass energy of 30.0 eV and an energy step size of 0.05 eV.
The binding energy of the C 1s peak at 284.8 eV was considered as an in-
ternal reference. The raw curves were fitted with Shirley backgrounds and
Gaussian-Lorentzian functions using XPSPEAK41 software.

Electrochemical Measurement: Electrocatalytic activity tests were per-
formed in a three-electrode system using an electrochemical workstation
(EnergyLab XM + External Booster, Solartron Analytical). The OER perfor-
mance of working electrodes was measured at 25 °C in a three-electrode
system, in which a graphite rod and a Hg/HgO reference electrode were
used as the counter electrode and the reference electrode, respectively. For
three-electrode measurements, the geometric area of the working elec-
trode was 0.4*0.5 cm−2 and the electrolyte was 1 m KOH solution. All
potentials applied in 1.0 m KOH were calibrated to RHE using the fol-
lowing equation: ERHE = EHg/HgO + 0.098 + 0.059 × pH. Polarization
curves were measured by linear sweep voltammetry (LSV) at a scan rate of
5 mV s−1 and compensated using 95% iR compensation. Cyclic voltammo-
grams (CV) were recorded at increasing scan rates (10-50 mV s−1) within
a non-Faradaic potential window to obtain electrochemical surface area
(ECSA). Electrochemical impedance spectroscopy (EIS) was performed in
the frequency range of 105-0.01 Hz with an amplitude of 10 mV. The long-
term stability performance was operated at the current density of 1000 mA
cm−2.

Testing of the AEM Electrolyzer: The AEM electrolyzer was evaluated
using a single-cell test. The cathode was Pt/C prepared on carbon paper
by the ultrasonic spraying method (the loading of Pt was 1.0 mg cm−1).
The cell temperature was maintained at 60 °C under atmospheric pres-
sure, and the active area was 1 cm−2. Preheated reactant (1 m KOH) was
supplied to both sides at a flow rate of 10 mL min−1. The Dioxide Materials
Sustainion X37-50 grade RT was used as a diaphragm. The alkaline elec-
trolyzer performance was evaluated via the voltage sweep method from 1.2
to 2.0 V at a scan rate of 10 mV s−1 using an electrochemical workstation
(EnergyLab XM + External Booster, Solartron Analytical). Electrochemi-
cal impedance spectroscopy (EIS) was performed at a constant voltage of
1.6 V with an amplitude of 10 mV to analyze the resistance of the alkaline
electrolyzer. The durability of the AEM electrolyzer was evaluated using
chronoamperometry at a current density of 1000 mA cm−2. The energy
conversion efficiency was calculated according to the following equations:
1) 𝜂 = E0/V; 2) E0 = -ΔH /nF, where𝜂 is the energy conversion efficiency
and E0 is the theoretical voltage of water splitting (H2O → H2 + 1/2O2).
n is the number of electrons, F is the Faradaic constant (96 485 C mol−1),
V is the measured voltage and ΔH is the change of enthalpy (-285.8 kJ
mol−1) during water electrolysis.

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