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Without the constraints of a bulk lattice, monolayer 
nanosheets could provide an additional degree of 
freedom to tailor their atomic structures, electronic 

structures and thus their catalytic properties1–6. For example, the 
layer-number-dependent electronic properties of layered transition 
metal dichalcogenides have attracted intense interest in fundamen-
tal studies and for a new generation of atomically thin electronic 
and optoelectronic devices7–9. Layered double hydroxides (LDHs) 
represent tunable catalysts, especially for the oxygen evolution 
reaction (OER)10–12. The OER plays a key role in diverse electro-
chemical energy conversion processes, such as water splitting, 
fuel cells and metal–air batteries13,14. A variety of OER catalysts, 
from noble metal oxides to first-row 3d transition metal LDHs, 
perovskites and polyoxometalates, have been explored to tackle 
the sluggish kinetics of the four-electron transfer process15–18. The 
activity of the OER has been suggested to be highly dependent on 
the high valence state of metal sites, arising from the preceding 
dehydrogenation process19,20. Additionally, lattice oxygen atoms 
also play a critical role in the OER during bond-breaking/forma-
tion processes21–23. An atomistic understanding of the hydrogen 
and oxygen release processes is a fundamental prerequisite for 
OER activity, but it remains a persistent challenge to identify the 
generation and evolution of active sites from both experimental 
and theoretical perspectives, due to the complicated atom- and 
charge-transfer processes in typical LDHs.

The OER is mainly limited to the near-surface region of a cata-
lyst24, and an in-depth understanding of the roles of surface metallic 
sites and lattice oxygen atoms is essential for the rational design of 
high-performance OER catalysts. In this regard, monolayer LDH 
nanosheets represent an attractive platform for exploring correla-
tions between atomic environment, electronic structure and intrin-
sic electrocatalytic properties. Although considerable progress has 

been made in producing monolayer materials25–28, the true activity 
of the monolayer on an electrode is difficult to achieve because of 
the restacking of monolayer LDHs during preserving or loading on 
the electrode. Monolayer inorganic hydroxides dispersed in solu-
tion are generally highly prone to aggregation or restacking and 
require highly polar solvents or excessive surfactants to ensure a 
stable dispersion of the monolayer material29–32, which would inevi-
tably block the surface sites for catalytic reactions. Additionally, it is 
also generally difficult to prevent the as-prepared nanosheets from 
restacking to form multilayers when loading them onto an electrode 
for electrochemical reactions33,34.

Here, we report the direct preparation of monolayer amorphous 
Ni(OH)2 on electrodes through an in situ electrochemical conver-
sion of monolayer nickel acetylacetonate (Ni(acac)2) molecular 
crystals. By avoiding the sluggish diffusion of atoms in their mul-
tilayer counterparts, the formation of monolayer materials read-
ily facilitates the dehydrogenation process and subsequent oxygen 
release in Ni(OH)2 to produce the oxygen vacancies (Ov) that are 
critical for the OER process. The introduction of Co dopants fur-
ther tunes the electronic structure of the monolayer material to pro-
mote Ov formation at a lower potential, leading to superior OER 
activity in monolayer NiCo hydroxide.

Result and discussion
Ni(acac)2·2H2O is a typical layered molecular crystal, constructed by 
weak intermolecular hydrogen bonds (HBs) between H2O and CH3 
(Fig. 1a). By removing the water of crystallization, all the methyl 
groups point outwards to form the surface of the Ni(acac)2 monolayer 
molecular crystal. First-principles molecular dynamics confirmed 
that the monolayer structure is thermodynamically stable at finite 
temperature (Supplementary Fig. 1). Thus, a simple experiment was 
proposed in which bulk Ni(acac)2·2H2O was dispersed in an inert 
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organic solvent, such as anisole, diphenyl ether or dibutyl ether,  
then heated at the dehydration temperature (Supplementary  
Fig. 2) to remove intermolecular water (Supplementary Fig. 3).  
Thus, due to the destruction of the interlayer HBs, bulk 
Ni(acac)2·2H2O micro-rods (Supplementary Fig. 4) could be exfoli-
ated to yield Ni(acac)2 nanosheets (Fig. 1b). Infrared spectroscopy 
showed that all the organic groups were retained in the exfoliated 
nanosheets, with no apparent signal from hydroxy groups, indicat-
ing the removal of H2O (Supplementary Figs. 5 and 6).

Low-voltage spherical aberration-corrected transmission 
electron microscopy (TEM) at a very low electron beam current 
clearly revealed the crystalline nature of monolayer Ni(acac)2 
(Fig. 1c,d). The experimental powder X-ray diffraction pattern 
of the as-prepared nanosheets was similar to the simulated pat-
tern (Supplementary Fig. 7). Atomic force microscopy (AFM) was 
employed to confirm the monolayer nature of Ni(acac)2 on a dis-
mountable glassy carbon electrode (Supplementary Fig. 8), and 
height measurement revealed a monolayer thickness of 1.1 ± 0.4 nm 
(Fig. 1e,f), in agreement with the absolute theoretical monolayer 
thickness of 0.76 nm, excluding the van der Waals radius between 
the substrate and sample, determined by first-principles calcula-
tions. Because of the repulsive force between the organic groups of 
Ni(acac)2, the monolayer Ni(acac)2 nanosheets do not restack into 
multilayers in inert organic solvent.

Monolayer Ni(acac)2 nanosheets dispersed in ethanol solution 
were then dropcast on a glassy carbon (GC) electrode. By precisely 
controlling the concentration of the monolayer Ni(acac)2 nanosheets 
in the liquid dispersion, the monolayer Ni(acac)2 nanosheets could 
be deposited on the electrode without restacking (Supplementary 
Fig. 9). The monolayer Ni(acac)2 was then converted into monolayer 
Ni(OH)2 by an in situ electrochemical conversion process through 
repeated cycles of linear sweep voltammetry (LSV) between 1.22 
and 1.82 V versus the reversible hydrogen electrode (RHE) in 1 M 
KOH solution (Fig. 1g). With repeated LSV cycles, the Ni(II) redox 
peak35 emerged after the 12th LSV cycle. In situ Raman study of 
the same sample position indicated that the initial organic Ni(acac)2 
gradually evolved into inorganic Ni(OH)2 during this activation 
process (Fig. 1h and Supplementary Fig. 10), which was also verified 
by synchrotron X-ray absorption fine structure (XAFS) character-
ization and X-ray photoelectron spectroscopy (XPS; Supplementary 
Figs. 11 and 12). A similar electrochemical conversion process can 
be readily used to convert bulk Ni(acac)2 into multilayer Ni(OH)2 
(Supplementary Fig. 13). TEM and electron energy loss spectros-
copy (EELS) of the as-converted monolayer Ni(OH)2 also confirmed 
the typical features of amorphous Ni(OH)2 (Supplementary Fig. 14). 
Unambiguously characterizing the in situ conversion of a monolayer 
material with atomic thickness during in-liquid electrocatalysis is 
challenging. AFM indicated that the thickness is reduced by 0.3 nm 
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Fig. 1 | schematic of the conversion from molecular crystal to monolayer hydroxide and structure characterization. a, Schematic illustration of the whole 
monolayer fabrication process, from the bulk organic molecular crystal of Ni(acac)2·2H2O to the monolayer molecular crystal and monolayer inorganic 
Ni(OH)2. The corresponding atomic structures and theoretical thicknesses at each stage of the process are shown. b, TEM image of monolayer Ni(acac)2. 
c,d, High-angle annular dark-field scanning transmission electron microscopy image (c) and the corresponding fast Fourier transform pattern (d) of 
monolayer Ni(acac)2, showing the ordered crystal structure of the Ni(acac)2 molecule. e,f, AFM image (e) and height profile (f) of monolayer Ni(acac)2 
nanosheets. g, Repeated LSV cycles of the exfoliated Ni(acac)2 illustrate regular activation of the material. The inset shows a magnification of the LSV 
curves in the range 1.25–1.45 V, revealing the emergence of the oxidation peak. h, In situ Raman spectra demonstrating the structural changes along 
with the electrochemical decomposition that occur during the different stages of the fabrication process. Note, in all figures, monolayer and multilayer 
substrates are abbreviated to, for example, Mono-NiO2 and Multi-NiO2. i,j, AFM image (i) and height profile (j) of monolayer Ni(OH)2 nanosheets.
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(from 1.1 ± 0.4 to 0.8 ± 0.4 nm) after the electrochemical conversion 
process (Fig. 1i,j), consistent with the thickness difference expected 
between monolayer Ni(acac)2 (0.76 nm) and monolayer Ni(OH)2 
(0.46 nm). In situ AFM showed that monolayer Ni(OH)2 is firmly 
anchored on the electrode without movement or restacking dur-
ing and after the electrochemical conversion process, which rep-
resents an essential feature of our in situ conversion approach to 
achieving monolayer materials on electrodes (Supplementary Fig. 
15). First-principles calculations indicated that monolayer Ni(OH)2 
nanosheets interact favourably with GC electrodes to ensure stable 
anchoring to the electrode surface without lifting off or restacking 
in solution (Supplementary Fig. 16).

To probe the evolution of the atomic and electronic structures in 
the electrochemical processes, we conducted in operando XAFS to 
investigate the valence state of Ni in mono- and multilayer Ni(OH)2 
at various electrochemical potentials; multilayer Ni(OH)2 was syn-
thesized as a control sample (Supplementary Fig. 17) and studied 
for comparison. The Ni K-edge X-ray absorption spectroscopy 
(XAS) main peak (white line peak) at ~8,344 eV can be attributed 
to the electronic transition from 1s to the unoccupied 4p orbital. 
Because a higher oxidation state typically leads to a higher binding 
energy, the Ni K-edge XAS main peak related to the Ni 1s bind-
ing energy normally shifts to a higher absorption energy with a 
higher oxidation state, as widely reported in the literature36–38. With 
increasing anodic potential from 1.30 to 1.50 V, the Ni K-edge 
of monolayer Ni(OH)2 progressively shifted to a higher energy  
(Fig. 2a). In contrast, the Ni K-edge of multilayer Ni(OH)2 did 
not show any significant change until reaching a high potential of 
>1.55 V (Fig. 2b). By using Ni(OH)2 and LaNiO3 as reference posi-
tions of Ni(II) and Ni(III), respectively (Supplementary Figs. 18 and 
19)36, we further quantified the change in valence state as a func-
tion of anodic potential. Notably, monolayer Ni(OH)2 crossed to 
the Ni(III) state at a potential as low as 1.35 V (Fig. 2c), starting to 
generate the high-valence state Ni(IV), whereas multilayer Ni(OH)2 
showed a constant low-valence state below Ni(III) at potentials 
of <1.50 V. It is noted that its average valence state did not reach 
Ni(III) until a potential of >1.55 V, and no Ni(IV) was observed 
within our potential sweep range (Fig. 2c). Thus, the monolayer 
material reached oxidation states Ni(III) and Ni(IV) at lower poten-
tials, which is beneficial for the OER process24,39,40.

The increased valence state of Ni in Ni(OH)2 is fundamentally 
related to the dehydrogenation process. From Ni(II) to Ni(III) and 
Ni(IV), one or two hydrogen atoms need to be removed per formula 
unit Ni(OH)2. In monolayer Ni(OH)2, the hydrogen atoms are fully 
exposed to solution and can detach and move directly into solution 
upon reaching a proper electrochemical potential. In contrast, in 
multilayer Ni(OH)2, the hydrogen atoms need to diffuse from the 
interior region to the surface or edge before participating in the 
dehydrogenation process (Fig. 2d). The calculated hydrogen diffu-
sion barrier in Ni(OH)2 is about 0.21 eV, and the hydrogen diffusion 
barrier in NiOOH can reach up to 1.16 eV. Such diffusion barriers 
represent an additional energy barrier to the dehydrogenation pro-
cess in multilayers. Notably, our experimental studies show that an 
extra potential of ~0.2 V is required to dehydrogenate one hydrogen 
atom from multilayer Ni(OH)2 (compared with in monolayers) to 
reach an average valence state of Ni(III); and few hydrogen can be 
detached from the multilayer NiOOH to access Ni(IV) due to the 
much higher hydrogen diffusion barrier. This is largely consistent 
with our theoretical predictions.

Without the sluggish hydrogen diffusion in monolayer Ni(OH)2, 
dehydrogenation can readily occur at a considerably lower potential 
to access high-valence Ni(III) and Ni(IV), which is critical for the 
water oxidation process. Indeed, monolayer Ni(OH)2 shows a much 
lower overpotential (η0 = 276 mV at 10 mA cm–2) than multilayer 
Ni(OH)2 (956 mV) or unexfoliated Ni(acac)2·2H2O (674 mV), and 
even better than those with a 1,000 times higher loading on carbon 

paper (573 and 297 mV; Fig. 2e). As shown below, the overpotential 
of the monolayer can be further decreased by heteroatom doping. 
Further analysis showed a mass activity of ~8 × 104 A g–1 and a turn-
over frequency (TOF) at ƞ = 300 mV of up to ~20 s–1, both of which 
are considerably higher than those values reported previously for 
Ni-based OER catalysts24,37,41–44.

The oxygen evolution process involves the escape of an oxygen 
atom and the formation of Ov, which produces active sites and in 
turn greatly affects the OER performance21–24,38. Therefore, we con-
ducted further first-principles calculations to explore whether the 
monolayer geometry could also facilitate the escape of oxygen atoms 
and enhance the formation of Ov as compared with multilayers. We 
calculated the formation energies of Ov (EOv)45 and the correspond-
ing electronic structures (Fig. 3). The generation of Ov under an 
applied voltage led to an upshift of the valence band of NiOOH 
(Supplementary Fig. 20). Our calculations revealed that the EOv val-
ues in monolayer Ni(OH)2 and NiOOH are, respectively, about 0.33 
and 0.11 eV lower than those in their multilayer counterparts due 
to the lack of HBs in the monolayers. In contrast, mono- and mul-
tilayer NiO2 have comparable EOv values. Meanwhile, the calculated 
EOv values for each step of the OER reaction and the energy barri-
ers for Ov formation through O2 detachment also have low values 
(Supplementary Figs. 21 and 22). Thus, these calculations clearly 
suggest that Ov would form more readily in monolayer Ni(OH)2 and 
NiOOH than in multilayer Ni(OH)2 and NiOOH, contributing to 
the higher OER activity.

Previous experimental studies have shown that heteroatom dop-
ing with group VIII elements to form bimetallic hydroxides could 
considerably modify or boost OER performance37,41,42. With the 
metal ion exposed at the edge of the basal plane, edge minority fac-
ets have been widely explored by first-principles calculations46,47, 
with a theoretical overpotential of 0.30 V predicted with hetero-
metal doping, which is lower than the values typically expected for 
the basal facet. Following the successful preparation of monolayers 
with dominant basal planes, we considered Co-doped Ni(OH)2 to 
explore the activity of the basal facet in the monolayer. Our calcula-
tions show that Co doping increases EOv in Ni(OH)2, but consider-
ably decreases EOv in NiOOH by 0.18 eV and EOv in NiO2 by 0.20 eV 
(Fig. 3i). Thus, Co doping could greatly enhance Ov formation in 
monolayer NiOOH and NiO2. Because Ov formation in NiOOH and 
NiO2 is critical for the OER process, it is expected that Co doping 
could further boost OER catalytic activity.

To this end, we explored monolayer bimetallic NiCo hydrox-
ide produced by a similar process with Co(acac)2·2H2O and 
Ni(acac)2·2H2O as precursors. TEM, energy dispersion spectroscopy 
(EDS) and AFM (Supplementary Figs. 23 and 24) revealed a typical 
monolayer molecular crystal structure and the uniform distribution 
of the two elements in a Co/Ni ratio of about 1:1. XAFS and XPS also 
suggested the formation of NiCo hydroxide (Supplementary Figs. 25 
and 26). The in operando XAFS spectra revealed an intriguing oscil-
lation of the energy of the absorption edge of Ni in the monolayer 
NiCo hydroxide with increasing potential (Supplementary Fig. 27a). 
Similarly, the absorption edge of Co atoms in the Co-doped mono-
layer also showed abnormal oscillations (Supplementary Fig. 27b). 
From the shift of the Ni and Co K-edge positions observed in in situ 
studies, we determined the evolution of the Ni and Co valence states 
in monolayer NiCo hydroxide, both of which exhibited an unusual 
oscillation with increasing potential. Specifically, the valence state 
of Ni in NiCo hydroxide increased with increasing potential from 0 
to 1.35 V, then exhibited a notable drop in the potential range of 1.35 
to 1.40 V (Fig. 3j). The valence state of Co in NiCo hydroxide also 
showed a similar increase from 0 to 1.30 V, followed by a decrease 
from 1.30 to 1.35 V, ~0.05 V earlier than in the case of Ni (Fig. 3k). 
The valence state of Ni in pure monolayer Ni(OH)2 exhibited a simi-
lar feature to that of NiCo hydroxide before 1.35 V, but did not show 
the apparent decrease in valence state beyond 1.35 V, with only a 
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reduced increasing slope in the range 1.35–1.50 V (Fig. 3j). For mul-
tilayer Ni(OH)2, the increase in the valence state did not occur until 
a higher potential, beyond 1.50 V (Fig. 3j). As for Co, changes in the 
valence state in pure multilayer CoOOH could barely be observed 
in the applied potential range (Fig. 3k).

Overall, as a general trend, the valence state of Ni in the Co-doped 
material increased quickly from Ni(II) to Ni(III), followed by a slow 
increase or even a decrease with further increasing potential. After 
this, the valence state resumed a rapid increase from Ni(III) to 
Ni(IV). The previously discussed dehydrogenation would lead to a 
progressive increase in the valence state; the decrease in the valence 
state is thus attributed to deoxygenation and the in situ formation 
of Ov. Electron paramagnetic resonance (EPR) spectroscopy is very 
sensitive to Ov generation and concentration11,19. The EPR spectrum 
of the NiCo hydroxide after the OER exhibits an obviously larger 
peak at g = 2.002 than the spectrum before the OER, which indicates 
Ov generation during the OER (Supplementary Fig. 28). In addition, 
the formation of Ov was also confirmed by the O K-edge XAS data 
(Supplementary Fig. 29). When oxygen atoms escape, the resulting 
Ov could produce extra electrons in the surrounding metal atoms, 
which lowers the valence state of the metal atoms.

The role of Co doping in promoting Ov formation can be under-
stood in terms of the electronic structure. For Ni(III) in pure 
NiOOH, the electronic configuration is t2g

6eg
1, and the dz2 orbital 

is occupied in a distorted crystal field due to the Jahn–Teller effect  
(Fig. 3a,b and Supplementary Fig. 30). The doped Co(III) atoms are 
in a distorted octahedral crystal field dictated by the NiOOH matrix, 
induced by the asymmetric t2g

5eg
1 filling of Co(III). Considering that 

the energy level of the unoccupied dx2−y2 orbital of Co(III) is lower 
than that of Ni(III) by about 0.15 eV (Supplementary Fig. 31), the 
excess electron prefers to occupy the lowest unoccupied orbital of 
Co(III), resulting in the conversion of Co(III) into Co(II). The same 
conclusion can be drawn for Co(IV) (Fig. 3b–h). Thus, the doped 
Co(III)/Co(IV) in the distorted crystal field is easier to reduce to a 
lower valence state than Ni(III)/Ni(IV), which promotes Ov forma-
tion around the Co atom. Meanwhile, considering that Co(III) and 
Co(IV) are prone to capture excess electrons, the valence state of Co 
should first decrease as Ov is generated, followed by the valence state 
of Ni, consistent with the XAFS studies described above.

To explore the influence of Ov in the OER process, we investi-
gated the free energies (∆G) of the four-electron OER process for 
pure and Co-doped systems without and with Ov (Fig. 4a–c). The 
release of one O or OH from NiOOH creates three exposed metal 
ions, where further adsorption and reaction could occur. We calcu-
lated the overpotentials for all possible active sites, as shown in the 
volcano plot in Fig. 4b. In the case of perfect monolayer NiOOH 
without Ov, the calculated overpotential for the OER is 0.68 V; the 
introduction of Ov substantially reduces the overpotential to 0.38 V. 
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On the other hand, the formation of Ov in Co-doped NiOOH  
further decreases the overpotential to 0.35 V (Fig. 4b), indicating 
that Ov play a significant role in the OER process. A similar trend 
was found for NiO2 (Supplementary Fig. 32). Thus, the formation of 
Ov is vital for producing active sites and decreasing the overpotential 
and boosting OER activity. Overall, the lowest overpotential that can 
be expected for Co-doped NiOOH with Ov is 0.35 V, approaching 
the theoretical peak of the OER volcano17,48 (Fig. 4b). The optimal 
reaction pathway for Co-doped NiOOH with Ov is shown in Fig. 4c.

As discussed above, EOv is lower by only 0.11 eV in monolayer 
NiOOH compared with in the multilayer; thus, the monolayer 
should slightly promote Ov formation. By contrast, Co doping 
effectively enhances Ov formation by greatly reducing EOv (Fig. 3i). 
Considering that Ov correlate with activity, monolayer Ni(OH)2 
decreases the overpotential only a little, as observed in the above 
experiment, whereas the Co-doped system reduces the overpoten-
tial further. The onset potential of NiCo hydroxide was experimen-
tally determined to be 1.38 V (Fig. 4d), which is just beyond the 
potential of the minimum valence state of Co detected by in situ 
XAFS (~1.35 V; Fig. 3k). Similarly, the onset potential of pure 
Ni(OH)2 was determined to be 1.42 V, also just slightly above the 
valence state valley (~1.40 V; Fig. 3j). The observed decrease, or 
slow increase, in the valence state originates from Ov formation, as 
discussed above. Thus, the Ov generated before the OER process, 
associated with valence state oscillation, is believed to dynamically 
create the active sites for triggering the oxygen evolution.

With the easier dehydrogenation and reduced formation energy of 
Ov, monolayer NiCo hydroxide on a GC electrode required an over-
potential of only 208 mV to achieve a current density of 10 mA cm–2, 
with a high Faradaic efficiency of ~99% (Fig. 4d and Supplementary 
Figs. 33–35). To understand the origin of the high activity, the elec-
trochemical active surface area (ECSA) and specific activity of the 
catalysts were also evaluated from the double-layer capacitance 
of the system (Fig. 4e, Supplementary Fig. 36 and Supplementary 
Table 1)49. The ECSA of monolayer Ni(OH)2 was determined to be 
more than three times higher than that of multilayer Ni(OH)2. With 
the same loading, monolayer NiCo hydroxide exhibits an ECSA 
more than two times higher than that of monolayer Ni(OH)2. This 
indicates that both the monolayer and Co doping can effectively 
increase the number of active sites. Furthermore, very high specific 
activities (js) of 26.3 and 37.7 mA cm–2 at η = 350 mV were calculated 
for both monolayer NiCo hydroxide and pure Ni(OH)2, respec-
tively, which are several orders of magnitude higher than those of 
multilayer Ni(OH)2 and most reported OER catalysts49.

We recognized that monolayer loading on GC electrodes leads 
to a limited number of active sites. To this end, we further loaded 
our optimized monolayer catalysts onto highly porous Cu foam to 
reduce resistance (Supplementary Fig. 37), and further reduced the 
overpotential to 183 mV, which is among the lowest overpotentials 
ever reported. With comparable overpotentials to the best reported 
OER catalysts at much lower mass loading of the active LDH 
catalysts (~1 μg cm–2 in our study compared with 0.2–10 mg cm–2  
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in previous studies), we expected a much higher intrinsic activ-
ity for our monolayer NiCo hydroxide and thus further evaluated 
the TOF of the monolayer NiCo hydroxide. Significantly, mono-
layer NiCo hydroxide catalysts, with different loadings, exhibited 
remarkable TOFs of ~10–70 s–1 (Fig. 4f), about two orders of mag-
nitude higher than most LDH catalysts reported to date, including 
single atom catalysts17,24,37,41–44. We should note that although mono-
layer and few-layer LDHs have been reported before37,42,44,50, restack-
ing and aggregation of monolayers usually occur during loading on 
the electrode, resulting in few-layer or even multilayer LDHs with 
seriously compromised electrocatalytic performance. In contrast, 
in situ electrochemical conversion ensures the direct formation of 
monolayer NiCo hydroxides on electrodes, offering a robust sys-
tem for fundamental investigation of monolayer materials, and 
provides ultrahigh TOFs that are orders of magnitude higher than 
previous reports. Long-time chronopotentiometry was carried out 
at J = 10 mA cm–2 for 180 h to evaluate the stability of the electrodes, 
and the results show that the working potential remained almost 
constant for the entire testing period, demonstrating excellent elec-
trochemical durability (Supplementary Fig. 38).

Conclusion
We have reported here an in situ conversion process for directly 
preparing monolayer LDHs on electrodes, defining a robust 
material platform for exploring the fundamental reaction mecha-
nism in monolayer LDH-based electrocatalysts. Our systematic  

experimental and theoretical studies revealed Ni and Co valence 
state oscillation in monolayer NiCo hydroxides, which is attributed 
to sequential dehydrogenation and deoxygenation processes and 
fundamentally contributes to the dynamic generation of OER active 
sites. Furthermore, our studies have revealed that heteroatom dop-
ing by Co allows further tuning of the d electronic structure through 
the Jahn–Teller effect, reducing the dehydrogenation/deoxygen-
ation potential and activating oxygen atoms at lower potential, fur-
ther reducing the overpotential of the OER. Such understanding 
offers important fundamental insights for the design of highly active 
LDH-based electrocatalysts and could have far-reaching impacts on 
this increasingly important topic.

Methods
Synthesis of monolayer Ni(acac)2. In a typical synthesis of monolayer Ni(acac)2, 
6 mg Ni(acac)2·2H2O was first introduced into a flask containing 30 ml predried 
anisole (other inert organic solvents such as diphenyl ether and dibutyl ether could 
also be used) and stirred for 1 h at 30 °C to form a green solution. Afterwards, the 
mixture was rapidly heated to 90 °C and held at this temperature for ~15 min. After 
cooling to room temperature, the solution was centrifuged at 12,000 r.p.m. and 
washed with the same inert organic solvent three times. In particular, there was 
almost no solid visible after each centrifugation, so the bottom 10% liquid in the 
centrifuge tube was gathered for the next washing. Finally, a colourless solution 
was obtained for further analysis.

Synthesis of monolayer NiCo-acetylacetonate. In a typical synthesis of monolayer 
NiCo-acetylacetonate, 4 mg Ni(acac)2·2H2O and 4 mg Co(acac)2·2H2O were 
introduced into a flask containing 30 ml predried anisole (other inert organic 
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solvents such as diphenyl ether and butyl ether could also be used) and stirred for 
1 h at 30 °C to give a pink solution. Afterwards, the mixture was rapidly heated 
to 90 °C and then held at this temperature for ~12 min. After cooling to room 
temperature, the solution was centrifuged at 12,000 r.p.m. and washed with the same 
inert organic solvent three times. In particular, there was almost no solid visible after 
each centrifugation, so the bottom 10% liquid in the centrifuge tube was gathered 
for the next washing. Finally, a colourless solution was obtained for further analysis.

Monolayer loading of hydroxide. After quantification by inductively coupled 
plasma atomic emission spectrometry (ICP-AES), a certain amount of monolayer 
Ni(acac)2 or NiCo-acetylacetonate solution was dispersed in ethanol and dropped 
onto a hydrophilic GC electrode (diameter 5 mm). After volatilization under 
heating, the dried GC electrode was employed as a working electrode. Combining 
with a Pt wire and Ag/AgCl electrode as the counter and reference electrode, 
respectively, electrochemical in situ decomposition was carried out in a standard 
three-electrode system in 1 M KOH electrolyte (controlled by a Pine Instruments 
electrochemistry workstation). LSV was carried out at 20 mV s–1 in the voltage 
range 0–0.6 V; the whole decomposition process required ~12 cycles. The 
emergence of the typical Ni(II)/Ni(III) redox peak at ~0.30–0.40 V indicated that 
conversion was accomplished.

XAFS analysis. XAFS spectra at the Ni and Co K-edges were collected at the 1W1B 
beamline station of the Beijing synchrotron radiation facility (BSRF). The storage 
ring of the BSRF was operated at 2.5 GeV with a maximum current of 300 mA. 
Fixed-exit Si (111) double crystals were used as monochromator. The XAFS spectra 
were collected in fluorescence mode with ionization chambers filled with Ar/N2 at 
room temperature. The energies were calibrated using Ni and Co foils.

In situ XAFS spectra of the monolayer hydroxides and multilayer Ni(OH)2 
were collected using an in operando electrochemical cell (EC-FXAS-VI, Beijing 
Scistar Technology). The in operando electrochemical cell was made of polyether 
ether ketone (PEEK), a chemically inert material with good mechanical properties 
and electrical insulation. In this operando cell, a Pt wire and Ag/AgCl electrode 
were used as the counter and reference electrode, respectively. Thin carbon paper 
loaded with Ni(OH)2 with a quadrate window (1 cm × 1 cm) covered with Kapton 
film was employed as the working electrode. During the measurements, a series of 
potentials were applied to the working electrode in 1 M KOH solution. In operando 
XAFS measurements were collected at each potential over ~12 min.

Ni and Co K-edge theoretical X-ray absorption near-edge structure spectra 
were simulated within the framework of multiple-scattering theory using the 
FEFF9 code within the muffin-tin approximation. Extended X-ray absorption 
fine structure data processing and analysis were completed using the Athena and 
Artemis software from the IFEFFIT package.

XAS spectra at the O K-edge were collected at the National Synchrotron 
Radiation Laboratory (Beamlines MCD-A and MCD-B, Soochow Beamline for 
Energy Materials).

Electrochemical measurements. GC electrodes loaded with the decomposed 
monolayer hydroxide were employed as working electrodes for the electrochemical 
measurements. The loading amount was calculated from the concentration of 
the solution, which was confirmed by ICP-AES. In a typical experiment, the 
loading was 74 ng catalyst. Combining with a Pt wire and Ag/AgCl electrode 
as the counter and reference electrode, respectively, electrochemical studies 
were carried out in a standard three-electrode system (controlled by a Pine 
Instruments electrochemistry workstation). A 1 M KOH aqueous solution was 
used as the electrolyte in all the electrochemical measurements. In this report, 
the potentials are given versus RHE using the RHE calibration: E(RHE) = E(Ag/
AgCl) + 0.197 + 0.0591 × pH, where pH = 14 in the 1 M KOH solution. The working 
electrode was rotated at 1,600 r.p.m. to disperse the generated oxygen bubbles.

Chronopotentiometric measurements were recorded at a current density of 
10 mA cm–2.

Electrochemical impedance spectroscopy was performed at 0.5 V versus  
Ag/AgCl on the GC electrode. The amplitude of the sinusoidal wave was 10 mV, 
and the frequency scan range was 100 kHz to 0.01 Hz. The measured impedance 
data were fitted using a series R(QR)(QR) equivalent circuit. All polarization 
curves were corrected with 95% iR compensation, where R = 6 Ω in 1 M KOH.

TOFs were calculated from the following equation:

TOF = J × A/(4 × F × n) (1)

where J is the current density at an overpotential of 300 mV, A is the area of the 
GC electrode, F is the Faraday constant and n is the number of moles of catalyst 
deposited on the GC electrode, which was calculated from the concentration of the 
solution. In this work, all the catalysts were assumed to be active.

The Faradaic efficiency was evaluated by the rotating ring disk electrode 
method and calculated from the following equation:

Faradaic efficiency = Iring/ (Ce × Idisk) (2)

where Idisk is the input current given on the GC electrode, Iring is the collected 
current on the Pt wire electrode at a constant potential of 0.4 V versus RHE and Ce 
is the oxygen collection coefficient (~0.2) for this type of electrode configuration.

The ECSA was determined by measuring the capacitive current associated 
with double-layer charging by cyclic voltammetry at different scan rates in a 
non-Faradaic potential range. In a typical experiment, the potential window of 
the cyclic voltammograms was 0–0.1 V versus Ag/AgCl (1 M KOH). The scan 
rates were 20, 40, 60, 80 and 100 mV s–1. The ECSA was determined by plotting 
the anodic and cathodic currents measured at 0.05 V versus Ag/AgCl (1 M KOH) 
against the scan rate. The average slope represents CDL.

The specific activity (js) was calculated by dividing the current density per 
geometric area (jg) at η = 350 mV by the determined roughness factor, which is the 
quotient of the ECSA and geometric area. In a typical experiment, the electrode 
was a 5-mm GC electrode with a geometric area of 0.196 cm2.

In situ Raman measurements. In situ Raman spectra were collected using an in 
operando electrochemical cell (EC-Raman-VI, Beijing Scistar Technology). The 
in situ electrochemical cell was made of PEEK, a chemically inert material with 
good mechanical properties and electrical insulation. In this in situ cell, a Pt wire 
and Ag/AgCl electrode were used as counter and reference electrode, respectively. 
A GC electrode (thickness of 500 nm) with loaded catalyst and a round window 
(diameter 2 cm) covered by a quartz plate was employed as the working electrode. 
A 1 M KOH aqueous solution was used as the electrolyte, which was driven by a 
peristaltic pump to flow around the catalyst on the GC electrode to remove the 
generated bubbles. During measurement, a series of potentials were applied to the 
working electrode.

Spherical aberration-corrected TEM measurements. Spherical 
aberration-corrected TEM samples were prepared by delivering monolayer 
molecular crystal nanosheets onto a copper grid covered with carbon nanotubes. 
TEM and scanning transmission electron microscope (STEM) studies were 
carried out using a spherical aberration-corrected JEM-ARM300F microscope 
(JEOL) operating at 80 kV. A convergence angle of 30 mrad and an inner detector 
angle larger than 70 mrad were used for high-angle annular dark-field STEM 
(HAADF-STEM) imaging. To minimize the structural damage caused by electron 
beam irradiation, fast HAADF-STEM imaging was performed using a short dwell 
time of 6 μs and a small probe current of 5 pA.

First-principles calculations. Calculations were performed using first-principles 
density functional theory (DFT), as implemented in the Vienna Ab initio 
Simulation Package51. The atomic coordinates of the optimized computational 
models are provided in the Supplementary Data files. PBE+U was used for the 
calculations and a simple Hubbard U correction term was used to improve the 
interactions between strongly localized electrons. The corresponding U values were 
6.7 eV and 5.5 eV for Co and Ni, respectively52,53. A plane-wave cut-off of 500 eV 
was applied to expand the electron wave functions. The vacuum layers were set 
to 10 Å to avoid periodic interactions. The reciprocal space was sampled using a 
3 × 3 × 3 mesh grid by using the Monkhorst–Pack k-point scheme. The structures 
were relaxed until the total energy variation was less than 10–6 eV and all forces 
on each atom were less than 0.01 eV Å–1. The van der Waals density functional54 
approach was used to describe the van der Waals interactions.

The OER can occur through a four-electron reaction in alkaline media in the 
following elementary steps45:

OH−

+
∗

→
∗OH + e− (3)

∗OH + OH−

→
∗ O + H2O + e− (4)

∗O + OH−

→
∗ OOH + e− (5)

∗OOH + OH−

→ O2 + H2O + e− (6)

For each electron-transfer step, the free-energy change (∆G) can be expressed 
as follows:

ΔG = ΔE + ΔZPE − TΔS (7)

where ∆E, ∆ZPE, T∆S and U represent the energy change, zero-point energy 
correction, entropic energy and applied potential versus RHE, respectively.

The oxygen vacancy formation energy (EOv) was calculated as follows:

EOv = Eslab_Ov − Eperfect + 1/2EO2 (8)

where Eslab_Ov and Eperfect are the total DFT energies of the defect and perfect NiCo 
hydroxide systems, respectively, and EO2 is the total energy of O2.

Data availability
The data supporting the findings of this study are available in the paper and its 
Supplementary Information. Additional data are available from the corresponding 
authors upon reasonable request.
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