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ABSTRACT  

A versatile and straightforward room-temperature strategy is demonstrated to synthesize 

boundary defect-rich ultrathin transition metal hydroxide nanosheet-networks, by in situ etching 

cobalt metal-organic framework (Co-MOF, ZIF-L-Co). The resultant defect-rich ultrathin 

Co(OH)2 (D-U-Co(OH)2) nanoarrays is one of the most active monometal-based oxygen 

evolution catalysts up to date. Its activity is 3 ~ 4 times higher than the commercial RuO2 and 

superior to the reported exfoliated bimetallic catalysts. Co-MOF can also be grown on various 

substrates, and the chemical composition of the defect-rich 2D materials is tunable by changing 

the metal ions in the etchants. Owing to these merits of the unique synthesis route, our work 

provides an opportunity for synthesizing advanced nanomaterials that are difficult to get access 

to by conventional methods. 
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Ultrathin two-dimensional (2D) transition metal hydroxides (TMHs) are attracting an increasing 

amount of attention as catalysts for electrochemical oxygen evolution reaction (OER) — a 

sluggish but central reaction to water splitting,1,2 fuel cells,3 and metal-air batteries4 — owing to 

the higher number of active sites and shorter diffusion length of reactants/products compared to 

thicker nanosheets.5,6 These merits grant ultrathin 2D TMHs excellent electrochemical activities, 

even surpassing the high-cost and scarce benchmark noble metal oxide catalysts. For example, 

the exfoliated single-layer nanosheets of layered double hydroxides (LDHs, including NiFe, 

NiCo, and CoCo) reported by Fang et al.,7 showed 40 ~ 54 mV lower overpotentials (η) than the 

corresponding bulk counterparts at the current density (j) of 10 mA cm-2. Besides, Cui and Wang 

et al. proved that defect engineering is an effective method to increase the number of active sites 

for electrocatalysis via generating massive electrochemically active grain boundaries in transition 

metal oxides (TMOs).8,9 After converting TMO nanoparticles into ultra-small nanocrystals with 

enriched grain boundaries by Li+ electrochemical tuning (LiET), remarkably higher OER 

activities can be achieved.8 Considering the merits of ultrathin morphology and grain boundary 

(GB) defect, the 2D GB-rich ultrathin TMHs are expected to be efficient electrocatalysts toward 

OER. 

However, incommensurate with the high technical significance, the synthesis of ultrathin 2D 

TMHs is currently limited mainly to exfoliation and hydrothermal methods.5,7,10–13 Exfoliation 

method is hazardous and requires complex procedures with low yields. Moreover, the exfoliated 

single-layer nanosheets are prone to re-stack during the required post-casting procedure. The 

hydrothermal process generally involves harsh conditions and lack of control over the thickness 

of nanosheets. Moreover, the massive boundaries are normally produced by the complex LiET 

method.8,9,14 Despite the grain boundary-rich ultrathin TMHs could be obtained by applying 
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LiET to exfoliated or hydrothermally-grown nanosheets, this synthetic route is unfeasible for 

large scale production. It is therefore of great significance to develop more efficient, simpler, and 

safer methods for scalable synthesis of GB-rich ultrathin 2D TMHs. 

Metal-organic frameworks (MOFs) are composed of metal nodes and organic linkers and have 

abundant atomically dispersed metal sites.15 However, few of them are used for electrocatalysis 

because of their poor electrical conductivity.16,17 The widely reported strategies to render MOF 

conductive, like pyrolysis and hybridization with secondary conductive supports, often sacrifice 

MOF’s molecular active sites.16,18 Considering the atomically dispersed metal atoms and the 

abundant pores in MOFs, the linkers can be homogeneously removed by an in situ etching 

process, leaving the metal parts to coordinate with OH- in the solution to achieve ultrathin 

TMHs.19 As the etching process occurs homogeneously through the whole MOFs, the nucleation 

sites form through the whole structure and the TMHs grow along different orientations. This 

homogenous growth process should be different from the oriented bottom-up growth processes.20  

We, therefore, hypothesize that without applying elevated temperature and pressure, as in the 

case of hydrothermal growth, the etching process will produce TMHs with a low degree of 

crystallinity and abundant GB defects, which will improve their OER activity. Herein, we 

developed a room-temperature strategy to fabricate hierarchically structured boundary-rich 

ultrathin Co-based hydroxide nanosheets on 3D conductive nickel foam. As shown in Scheme 1, 

the well-aligned cobalt MOF (ZIF-L-Co) nanosheets were initially grown on Ni foams and then 

following by in situ etching treatment. The resulting defect-rich ultrathin Co(OH)2 (D-U-

Co(OH)2) showed an attractive electrocatalytic activity toward OER in alkaline electrolyte. 

Besides monometallic TMHs, bimetallic nano-polycrystalline CoNi hydroxides can be obtained 

by the similar synthetic route, which demonstrates the general applicability of this room-
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temperature strategy for synthesizing advanced nanomaterials for energy storage and conversion 

applications. 

 

Scheme 1. The synthetic route for Co-MOF nanoarrays and defect-rich ultrathin Co(OH)2 nanosheet-

networks on 3D Ni foam. 

 

We first studied the synthesis of mono-metallic Co(OH)2 nanosheets and investigated the effects 

of ultrathin morphology and boundary defect on its electrocatalytic activity. As depicted in 

Scheme 1, a room-temperature, solution phase method was used to synthesize well-aligned Co-

MOF nanosheets supported on three-dimensional (3D) conductive Ni foam. The obtained Co-

MOFs were subsequently converted into defect-rich ultrathin cobalt hydroxide (denoted as D-U-

Co(OH)2) by an in situ etching process using cobalt ethanolic solution (see details from the 

experimental section). The photographs of bare Ni foam, Co-MOF, and D-U-Co(OH)2 electrodes 

are presented in Figure S1. The purple and light blue colors are consistent with that of Co- MOF 

and cobalt hydroxide, respectively.  
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The Co-MOF nanoarrays were initially characterized by field-emission scanning electron 

microscopy (FESEM) and X-ray diffraction (XRD). FESEM images in Figure 1a and S2 reveal 

the smooth Co-MOF nanosheets array grown on Ni foams. The crystal structure and crystallinity 

of as-synthesized Co-MOF were confirmed by XRD. The resultant XRD patterns (Figure S3) 

match with that of the reported ZIF-L-Co (orthorhombic, space group Cmce), which has two-

dimensional layered structures.21 The experimental result shows a slight right shift compared to 

the simulated pattern, which could result from about 2% lattice compression in all dimensions. 

Energy-dispersive X-ray (EDX) spectroscopy mapping in Figure S4 demonstrates the 

homogeneous distribution of Co, C, and N elements through Co-MOF without O and Ni 

elements in it. Interestingly, the purple MOF layer is not readily formed on the Ni foam in the 

first 6 hours (Figure S5a). However, when the bare Ni foam was first immersed into 2-

methylimidazole aqueous solution overnight, a uniform purple layer can be observed on Ni foam 

in 6 hours (Figure S5b). The growth mechanism of Co-MOF in the precursor solution (Co2+ and 

2-methylimidazole) (step 1 in Scheme 1) is therefore believed as following: 2-methylimidazole 

molecules are initially adsorbed on the Ni foam surface and then coordinate with Co2+ ions in the 

aqueous solution to form ZIF-L-Co.  
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Figure 1. Characterizations of Co-MOF and MOF-derived ultrathin Co(OH)2. FESEM images of 

(a) Co-MOF nanoarrays and (b, c) MOF-derived ultrathin Co(OH)2. (d, e) HAADF-STEM 

images, (f) XRD, (g) EDX spectra, and (h-j) mapping of MOF-derived ultrathin Co(OH)2. 

 

After the in situ etching in the ethanol solution of cobalt chloride hexahydrate (pH = 6 ~ 7) for 

30 min at room-temperature, the nanosheet morphology of Co-MOF was partly inherited while 

the nanosheets surface became rough (Figure S6 and 1b). As shown in Figure 1a, 1b, and S6, the 

lateral size of the MOF-derived nanosheets decreased significantly compared to the parent MOFs. 
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These structural changes might be originated from the removal of organic linkers and structural 

reconstruction during the etching process. The zoom-in FESEM image of MOF-derived rough 

nanosheets (Figure 1c) shows a layer of smaller and ultrathin nanosheet arrays on the surface of 

bigger nanosheets underneath. The high-angle-annular-dark-field scanning transmission electron 

microscopy (HAADF-STEM) was then used to precisely characterize the morphology of those 

unique structures.  The side and cross-section views are shown in Figure 1d and e. The HAADF-

STEM images clearly reveal that MOF-derived nanosheets are constructed by hierarchically 

interconnected ultrathin nanosheets. The thickness of these ultrathin nanosheets was less than 5 

nm estimated from the zoom-in HAADF-STEM image (Figure 1e).  It is necessary to note that 

some thicker parts in Figure 1d and 1e could be due to the tilt or the curly edge of the ultrathin 

nanosheets, which do not represent the real thickness of the nanosheets (see details in Figure S7). 

Atomic Force Microscopy (AFM) was used to characterize the ultrathin nanosheets as well. As 

the space between ultrathin nanosheets is too small compared to the AFM tip, it is inappropriate 

to directly scan the substrate surface with ultrathin nanosheet layer. We then peeled the ultrathin 

nanosheets by sonication for the AFM characterization. As shown in Figure S8, the AFM height 

profiles indicate that the thickness of the nanosheets is 2 ~ 5 nm. This thickness is consistent 

with the thickness value that is estimated from the HR-HAADF-STEM images. 

 XRD pattern in Figure 1f shows the MOF-derived nanosheets have no diffraction peaks from 

the original Co-MOF but a new set of diffraction peaks well indexed to (006), (100), (012), and 

(111) facets of Co(OH)2 (PDF# 00-002-0925), indicating the nanosheets are composed of 

Co(OH)2. EDX spectra (Figure 1g) and elemental mapping (Figure 1h-i) demonstrate the MOF-

derived nanosheets are only dominated by Co and O elements, and the disappearance of N 

element (~ 0.4 keV) suggests the removal of organic linkers. Besides, a strong N peak was 
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observed in the EDX spectra of the sample etched for 10 min, due to the incomplete conversion 

from Co-MOFs into inorganic Co(OH)2 (Figure S9). With all the above characterizations, we can 

safely conclude that the Co-MOFs were fully converted into hierarchically structured ultrathin 

2D Co(OH)2 nanosheet networks after 30 min etching. We used 100 mL of 0.025 M CoCl2.6H2O 

ethanol solution as etchant. The excessive amount of ethanol in the etchant can replace the H2O 

coordinated with cobalt ions and release it. With the released water, there is a hydrolysis 

equilibrium (Co2+ + 2H2O ↔ Co(OH)2 + 2H+). This hydrolysis reaction has been reported in 

aqueous/ethanolic solutions of different cobalt salts and has previously been used to synthesize 

CoOxHy.
22,23 The slight acidity of as-synthesized Co ethanolic etchant solution (pH: 5 ~ 6) was 

confirmed by pH meter and pH paper, showing that the hydrolysis equilibrium does occur in the 

etchant solution. When Co-MOF on nickel form is inserted into the etchant, the H+ produced 

from the aforementioned hydrolysis etches the MOF and release Co2+ (Co(N − N)2 + 2H+ ↔

Co2+ + 2(N − NH)), both of which can move the hydrolysis equilibrium to the right and prompt 

the Co2+ hydrolysis (see details in Supporting Information). After Co-MOF has been inserted 

into the etchant for 30min, the final pH of etchant was measured to be ~7.0, as compared to the 

pH of 5~6 for the as-prepared etchant. When 5.92×10-15 was used as the solubility product 

constant (Ksp) of Co(OH)2, the equilibrium pH was calculated as 7.3, which is very close to the 

measured value of ~7.0, therefore we believe Co(OH)2 exists in the final etchant solution and 

that the D-U-Co(OH)2 is formed via the proposed hydrolysis-controlled MOF-etching process. 

The ultrathin feature of the Co(OH)2 nanosheets is the result of the thorough etching process 

made possibly by MOFs’ porous structures that are easily accessible to the etching solution. 
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Figure 2. (a) HAADF-STEM images of MOF-derived D-U-Co(OH)2. (b) High-resolution 

HAADF-STEM image of nano-grains and boundary defects in D-U-Co(OH)2. Inserted images 

are the corresponding fast Fourier Transformation (FFT) images. 

 

High-resolution HAADF-STEM was then employed to investigate the crystal grains of D-U-

Co(OH)2. As shown in Figure 2, the ultrathin nanosheet is nano-polycrystalline with in-plane 

randomly oriented nano-sized grains. The fast Fourier Transformation (FFT) image inserted in 

Figure 2a shows a typical circle pattern of nano-polycrystalline even if the scale bar is only 2 

nm.8 FFT patterns in Figure 2b demonstrate that different grain areas (from a1 to a4) have 

different orientations and can be well indexed to the crystal planes of Co(OH)2 (Detailed crystal 

indexing information in Table S1). HAADF-STEM image in Figure S10 further confirms the 

nano-polycrystalline nature and reveals the grain size is less than 5 nm. Due to these small nano-

sized grains (< 5 nm) and thus the high density of boundaries, D-U-Co(OH)2  exposes a large 

amount of active sites on the surface for electrocatalysis reactions.8,9,14  



 

11 

A thicker Co(OH)2 nanosheets layer on Ni foam was synthesized as control sample by 

immersing the obtained Co-MOF@Ni foam into 1M KOH electrolyte (pH ~ 13.6) at room 

temperature with stirring. As Co-MOF is unstable in strong alkaline media, it was rapidly (within 

a few minutes) converted into Co(OH)2 nanosheets with the thickness from 60 nm ~ 200 nm 

(Figure S11-13). In this work, the thick Co(OH)2 is denoted as T-Co(OH)2 (mass loading ~ 2.7 ± 

0.37 mg cm-2). The XRD pattern of T-Co(OH)2 (Figure S12) shows much sharp and stronger 

peaks than those of D-U-Co(OH)2, indicating the T-Co(OH)2 has a higher crystalline degree, as 

also confirmed by TEM images (Figure S13). These results suggest that the rapid decomposition 

of Co-MOF in strong alkaline condition tend to produce thicker Co(OH)2 with a higher 

crystalline degree. 

The sensitive X-ray photoelectron spectroscopy (XPS) was further carried out to analyze the 

surface chemical composition of D-U-Co(OH)2. As shown in Figure S14a, XPS survey spectra 

demonstrate the coexistence of Co and O without N, which agrees well with the mapping result. 

The Co 2p3/2 spectra (Figure S14b) was fitted into two peaks with the main Co2+ peak at 780.1 

eV and a shakeup satellite at 788.7 eV.24,25 The O 1s peaks at 531.0 eV and 529.1 eV (Figure 

S14c) can be indexed to metal hydroxides and lattice oxygen, respectively.25  

The activity of D-U-Co(OH)2 catalyst toward OER was assessed in argon-saturated 1M KOH by 

using polarization curve at a scan rate of 5 mV s-1. Figure 3a shows the overpotential of D-U-

Co(OH)2 required to reach j = 10 mA cm-2
geo (current normalized to the geometric area of the 

electrode) is as low as 236 mV before iR-correction (where i and R represent the current and 

ohmic resistance, respectively) and even lower at 223 mV after applying a 90% iR-correction. 

Besides, the estimated onset potential of D-U-Co(OH)2 (~ 1.39 V) is 80 mV lower than that of T-

Co(OH)2 (~ 1.47 V). As onset potential is an important factor to judge the intrinsic activity of 
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catalyst,26 the significantly reduced onset potential of D-U-Co(OH)2 reveals its higher intrinsic 

activity than T-Co(OH)2. At η = 300 mV, the current density of D-U-Co(OH)2 is as high as 30.8 

mA cm-2 which is 2.5 ~ 3 times larger than T-Co(OH)2 and commercial RuO2 (Figure 3b), 

showing the superior activity toward OER. The catalyst’s excellent stability was then 

demonstrated by chronopotentiometry holding at 20 mA cm-2 for 20 hours and no significant 

potential fluctuation was observed in Figure 3c. After the long-time stability test, the post-OER 

D-U-Co(OH)2 maintained the nanosheet morphology and nano-polycrystalline nature, as 

demonstrated by FESEM/STEM images and the circle-like FFT pattern (Figure S15). Therefore, 

D-U-Co(OH)2 has a good stability for OER under alkaline condition. We then compared the 

overpotential of D-U-Co(OH)2 at 10 mA cm-2 with the reported state-of-the-art Co-based 

catalysts, as shown in Figure 3d (see details in Table S2). D-U-Co(OH)2 has much lower 

overpotential than the mono-metallic Co oxide/hydroxides-based catalysts and is even 

comparable to the state-of-the-art Ni/Fe-based multi-metallic compounds. The catalytic kinetics 

of D-U-Co(OH)2 and T-Co(OH)2 for OER were examined by Tafel plot, and the two samples 

show similar Tafel slopes as 131 mV dec-1 (Figure S16). Notably, the mass loading of T-

Co(OH)2 (~ 2.7 mg cm-2) is 3.9 times of D-U-Co(OH)2 (~ 0.62 mg cm-2), which reflects the 

superior activity and efficiency of D-U-Co(OH)2 as the Tafel slope is usually influenced by 

catalyst mass loading.  
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Figure 3. (a) OER polarization curves and (b) the current densities at η = 300 mV of D-U-

Co(OH)2, T-Co(OH)2, commercial RuO2, and bare Ni foam in 1M KOH. (c) Stability test of D-

U-Co(OH)2. (d) Comparison of η @ j = 10 mA cm-2. (e) Cdl and (f) the Cdl-normalized 

polarization curves. (g) Comparison of mass activity @ η = 300 mV. References cited in panels 

(d) and (g): Gelled FeCo/Gold foam,27 Gelled FeCoW/GCE,27 3DGN/CoAl-NS,28 

Cox@CN/NF,29 CoFe-LDHs-Ar,30 Co(OH)2@NCNTs@NF,31 Co-Mo-O NSs@NF,32 Gelled 

FeCo/GCE,27 LDH-FeCo/Gold foam,27 CoMn LDH after AC,33 s-Co(OH)2/SWNTs,34 Co3O4/N-

rmGO,35 LDH FeCo/GCE,27 Exfoliated Co(OH)2,
34 N-CG-CoO,36 CC@NiCo2O4,

36 Co(OH)2,
37 
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Co(OH)x-NCNT,38 Exfoliated NiCo LDH,13 Armorphous NiCo2.7(OH)x,
39 Exfoliated Co-Co 

LDH,7 CoMn-LDH,33 α-Co(OH)2-Cl,40 Exfoliated Ni-Co LDH,7 CoFe LDHs,30 CoFe 

LDH/rGO,41 Ag NW@Co NS3.42 

 

The active surface area is one of the vital factors that are responsible for the activity of catalysts, 

and the double layer capacitance (Cdl) is believed to reflect the electrochemical surface area 

(ECSA).26,27,43 As the oxyhydroxide will become conductive at or above the OER onset potential, 

we therefore measured the Cdl values of D-U-Co(OH)2 and T-Co(OH)2 using electrochemical 

impedance spectroscopy (EIS) at DC bias of 1.55 V vs RHE (see details in Figure S17).44 Based 

on the EIS results, the mass-normalized Cdl of D-U-Co(OH)2 (0.45 F g-1) is ~ 4.5 times of T-

Co(OH)2 (0.10 F g-1), indicating the D-U-Co(OH)2 has larger amount of active sites/unit mass. 

As shown in Figure 3f, the polarization plots of D-U-Co(OH)2 and T-Co(OH)2 were normalized 

by their corresponding Cdl values. The intrinsic activity of D-U-Co(OH)2 is much higher than 

that of T-Co(OH)2. Thus, the high electrocatalytic activity of D-U-Co(OH)2 is mainly originated 

from its high intrinsic activity, as confirmed by the significantly reduced onset potential.45–47 As 

the changes in crystallinity, structural size, etc. can significantly alter the intrinsic activity of 

catalysts,26,48 the higher intrinsic activity of D-U-Co(OH)2 than T-Co(OH)2 could be ascribed to 

the ultrathin and defective natures. To better evaluate the catalytic activity of the D-U-Co(OH)2, 

we calculated its mass activity at η = 300 mV by using total catalyst mass and compared it with 

the reported Co-based OER catalysts.43,49,50 As shown in Figure 3g, the mass activity of D-U-

Co(OH)2 is at least an order of magnitude higher than the CoHxOy-based mono-metal catalysts, 

much higher than the exfoliated Co-M (M = Co, Ni, Fe, Mn, Zn) layered double hydroxides 
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(LDHs), and comparable to the bimetallic Co-based compounds that have massive cation/anion 

vacancy defects (detail comparison is listed in Table S3).  

However, Boettcher et al. reported that the sub-ppm levels of Fe impurity in the as-synthesized 

KOH electrolyte could be incorporated into NiOOH.51 In order to investigate whether or not the 

impressive OER activity is contributed by Fe incorporation,52 we conducted OER activity 

measurements of D-U-Co(OH)2 in both purified 1M KOH and 2 mM Fe + unpurified 1M KOH 

electrolytes, without applying iR-correction. The sub-ppm level Fe impurity in the unpurified 1M 

KOH was removed by hydrothermally synthesized cobalt hydroxide powder (see details from the 

experimental section). The electrolyte used through this work is unpurified 1M KOH solution 

unless otherwise noted. As shown in Figure S18a, the OER activity of D-U-Co(OH)2 in purified 

1M KOH electrolyte is slightly lower than that in the unpurified electrolyte. In the 2 mM Fe + 

unpurified 1M KOH electrolyte, the OER activity is significantly increased. These results agreed 

with previous studies that the Fe impurity in the electrolyte could affect the OER activity of the 

electrocatalyst. However, in our study the Fe impurity affects the observed OER activity of D-U-

Co(OH)2 only to a limited extent, possibly due to the low concentration of Fe in the unpurified 

1M KOH electrolyte. Considering most of the OER activities reported in literatures were tested 

in unpurified KOH electrolyte, we kept the OER results obtained in the as-prepared 1M KOH 

electrolyte for comparison with the previously reported OER catalysts. In order to further 

demonstrate the superiority of our synthesis method, we deposited the CoOxHy on Ni foam by 

electrodeposition method with a mass loading of 0.6 ~ 0.7 mg cm-2, similar to the 0.62 mg cm-2 

mass loading of D-U-Co(OH)2, and compared its OER activity with that of D-U-Co(OH)2 in the 

purified 1M KOH electrolyte. In Figure S18b, the D-U-Co(OH)2 shows a significant higher OER 
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activity than that of the electrodeposited CoOxHy. The inset SEM image in Figure S18b shows 

the morphology of electrodeposited CoOxHy on Ni foam.  

Nickel (Ni) is another extensively investigated element for OER and the incorporation of Ni into 

Co hydroxide can significantly improve the OER activity due to the synergetic effect.7,53 To 

preliminarily test the general applicability of the room-temperature synthesis route, we replaced 

the {Co2+ + ethanol} etchant by {Ni2+ + ethanol} to etch the Co-MOF and obtained ultrathin 

defect-rich CoNi hydroxide (D-U-CoNi-OH, 0.27 mg cm-2). As shown in Figure 4a and b, the D-

U-CoNi-OH uniformly grow on Ni foam but its morphology is different from D-U-Co(OH)2. 

The similar ultrathin and defect-rich nature of D-U-CoNi-OH are demonstrated by the HAADF-

STEM images (Figure 4c and f), TEM images and corresponding FFT patterns (Figure 4d and 

Figure S19), SAED pattern (Figure 4e), and the EDX elemental mapping (Figure 4g-j). It is 

nano-polycrystalline with a thickness of 3 ~ 4 nm.8,54 The EDX spectra in Figure S20 indicates 

the atomic ratio of Co: Ni is 48.9: 51.1, which is close to the reported optimal ratio.55 Its 

electrocatalytic activity toward OER was tested under the same condition as mentioned above. 

As expected, the D-U-CoNi-OH only needed 228 mV overpotential to deliver a 10 mA cm-2 

current density (Figure S21) with a small Tafel slope of 57 mV dec-1 after a 90% iR-correction 

(Figure S22) in unpurified 1M KOH. Despite the mass loading of D-U-CoNi-OH is only about 

43% of D-U-Co(OH)2, its kinetics (reflected by Tafel slope) and the activity at high voltage are 

much higher than D-U-Co(OH)2 (see details from Table S2 and 3). At η = 300 mV, the current 

density of D-U-CoNi-OH reaches as high as 89.9 mA cm-2, and its turnover frequency (0.092 s-1) 

and mass activity (332.96 A g-1) are even favorably comparable to the reported state-of-the-art 

Ni/Fe-based catalysts (see details in Table S2 and S3).27,56 The excellent stability of D-U-CoNi-

OH electrode toward electrochemical OER in alkaline was demonstrated by CV cycling and 
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constant potential methods, respectively (Figure S23). Similar with the above methods, we also 

recorded the polarization plots of D-U-CoNi-OH in purified 1M KOH, unpurified 1M KOH, and 

2 mM Fe + unpurified 1M KOH electrolytes, respectively, after their OER performances reach 

steady state. All plots were recorded without using iR-correction. As shown in Figure S24, the 

OER current in the unpurified electrolyte is higher than that in purified electrolyte and lower 

than that in the electrolyte of 2 mM Fe + unpurified 1M KOH, again proving the Fe impurities 

could have contributed to the high activity of D-U-CoNi-OH to some extent. To further 

demonstrate the versatility of this room-temperature synthesis method, the Co-MOF nanoarrays 

were successfully grown on different substrates, including carbon cloth paper (Figure S25), 

titanium mesh (Figure S26), and glass beaker wall (Figure S27).  
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Figure 4. (a, b) SEM, (c) HAADF-STEM, (d) TEM, and (e) SAED images of Co-MOF 

nanoarray-derived ultrathin CoNi hydroxide nano-polycrystalline. (f-j) HAADF-STEM and 

elemental mapping images. The thickness measurement is shown in Figure d and f. 
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In summary, we demonstrated a simple, scalable, and efficient two-step strategy to synthesize 

grain-boundary rich ultrathin transition metal hydroxide nanosheet-networks on the conductive 

substrate at room temperature. We initially grow the Co-MOF (ZIF-L-Co) nanosheet arrays on 

Ni foam and then convert it into inorganic Co-M (M = Co and Ni) hydroxides through a facile 

etching process. The resulting nano-polycrystalline ultrathin TMHs exhibit superior activities 

toward OER in alkaline media. This two-step process offers a simple and scalable synthetic route 

towards defect-rich hierarchical nanostructures with tunable chemical compositions on versatile 

substrates. This synthetic route opens new opportunities in water splitting, metal-air batteries, 

fuel cells, carbon dioxide reduction, etc.  
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