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Abstract 

The development of cost-effective and applicable strategies for producing efficient OER 

electrocatalysts is crucial to advance electrochemical water splitting. Herein, a kinetically controlled 

room-temperature coprecipitation was developed as a general strategy to produce a variety of 

sandwich-type metal hydroxide/graphene composites. Specifically, well-defined α-phase nickel cobalt 

hydroxides nanosheets are vertically assembled on the entire graphene surface (NiCo-HS@G) to 

provide plenty of accessible active sites and enable facile gas escaping. The tight contact between 

NiCo-HS and graphene promises effective electron transfer and remarkable durability. It is discovered 

that Ni doping adjusts the nanosheet morphology to augment active sites and effectively modulates the 

electronic structure of Co center to favor the adsorption of oxygen species. Consequently, NiCo-

HS@G exhibits superior electrocatalytic activity and durability for OER with a very low overpotential 

of 259 mV at 10 mA/cm2. Furthermore, a practical water electrolyzer demonstrates a small cell voltage 

of 1.51 V to stably achieve the current density of 10 mA/cm2, and 1.68 V to 50 mA/cm2. Such superior 

electrocatalytic performance indicates that this facile and manageable strategy with low energy 

consumption may open up opportunities for the cost-effective mass production of various metal 

hydroxides/graphene nanocomposites with desirable morphology and competing performance for 

diverse applications. 

 

1. Introduction 

The continuing growth of greenhouse gas emissions and public concerns about the energy crisis 

calls for the development of sustainable energy as viable alternatives to fossil fuels, thus the trend to 
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develop clean energy sources is irreversible.[1, 2] Among many energy storage technologies, 

electrochemical splitting water into H2 and O2 is considered one of the most promising way to enable 

the storage of renewable energies such as solar and wind.[3, 4] However, the sluggish oxygen 

evolution reaction (OER) kinetics at the anode greatly hindered the overall water splitting 

performance because of the complex four-electron oxidation process,[5-7] leading to the high 

electricity cost and thus limiting the practical application of this technique. Currently, the state-of-

the-art catalysts for OER in electrolytic cells are still ruthenium (Ru) and iridium (Ir) oxides, which are 

among the rarest elements in Earth’s storage.[8, 9] Therefore, it still remains challenging to search for 

cost-effective alternative catalysts with a potential for mass production and high activity and 

durability to significantly reduce the electricity consumption.  

Over the last few years, various transition metal based catalysts have been intensively 

investigated as OER catalysts, such as metal hydr(oxy)oxides,[5, 10-13] oxides[14-19], and chalcogenides,[6, 

8, 20-24] because of their large elemental abundance and low cost. Among them, metal hydroxides 

received quite a lot attention due to the low cost, easy preparation, as well as eco-friendly synthesis 

compared with metal chalcogenides and phosphides etc., but suffered from poor conductivity which 

limited their OER activity and the practical utilization at large output. To overcome this 

disadvantage, incorporating conductive materials was proved as an effective way to improve their 

low electron transfer ability.[25-27] Several reports have demonstrated graphene could take advantage 

of its high conductivity and large surface area to serve this purpose so well.[28-31] Thus, 

graphene/metal hydroxide composites recently have been developed mainly by hydrothermal 

method as promising and advanced electrode materials for electrocatalysis and supercapacitors.[32-

34] Unfortunately, hydrothermal method usually delivered irregular and non-uniform products due to 
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the incapability in kinetical control.[35, 36] It is necessary but still challenging to develop facile and 

scalable approaches to produce graphene/metal hydroxide composites with controllable and 

desirable morphologies aiming for high electrocatalytic performance.  

The electrocatalytic performance of a catalyst is determined by the quantity of accessible active 

site and its intrinsic activity. On one hand, catalyst morphology at nanoscale significantly influences 

the quantity of exposed active sites and thus the catalytic performance for water splitting.[3, 11, 37] 

Generally, the final product morphology depends on whether the preparation is controlled by 

thermodynamic or dynamic process. The nucleation and growth rates determine the product 

morphology and the “best-performing” morphology can thus be achieved by modulating the 

dominant process during the material preparation. Coprecipitation reaction under stirring is known 

as a promising method for mass production of composites since it is an industrial-compatible 

process which could occur at room temperature and be controlled in a thermodynamic or dynamic 

way. The competing between thermodynamic self-nucleation and dynamic diffusion of anions 

determines the final product morphology. The dominant process could be tuned by reaction 

conditions such as the stirring rate, reactant concentration, and temperature etc. For the practical 

application of electrocatalyst, proper conditions for coprecipitation could optimize the catalyst 

morphology to augment the quantity of active sites for boosting the electrocatalytic performance.[38-

40] With the coprecipitation method, binary NiFe and trinary NiCoFe layered double hydroxides were 

synthesized as OER catalysts by Vargas’s and Sun’s groups,[41, 42] although the controllable synthesis 

of metal hydroxides, especially bimetal hydroxides on graphene via coprecipitation for OER 

application was rarely reported. On the other hand, the catalytic performance can be improved by 

enhancing the intrinsic activity of active site. As demonstrated in the previous work from our group 
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and others, it is found that the intrinsic activity of active site could be boosted by optimizing the 

electronic structure of active center via the interaction with other elements[10, 14, 43-45]. Combining 

these strategies together, it would be possible to explore the graphene/metal hydroxide composites 

with controllable morphology to achieve the superior electrocatalytic performance. 

Inspired by the above discussion, we herein developed a general, fast, one-step strategy to 

prepare sandwiched metal hydroxide/graphene composites with the morphology of well-defined 

hydroxide nanosheet array on graphene layer through a kinetically controlled coprecipitation under 

room temperature. This strategy is eco-friendly, low energy-consuming and compatible with 

industrial scale. Besides the general synthesis of a wide range of single metal hydroxide composites, 

such approach also allows to produce bimetal hydroxides to delicately modulate the electronic 

structure of metal center for further boosting the electrocatalytic performance of composites. For 

example, it was found that well-defined Ni-doped Co(OH)2 nanosheets vertically assembled on 

graphene matrix to an oriented sandwich-type composite (denoted as NiCo-HS@G) could be 

reproducibly produced in a large scale. Such NiCo-HS@G exhibited superior electrocatalytic 

performance for OER with an small overpotential of 302 mV at 10 mA cm-2, 373 mV at 100 mA cm-2, 

and a Tafel slope of 49.6 mV dec-1, much lower than those for reported Co-based materials[10, 21, 30]. 

Furthermore, a three-dimensional NiCo-HS@G architecture on nickel foam (NiCo-HS@G/NF) 

electrode were further fabricated to deliver 10 mA cm-2 at 259 mV for OER. The overall water 

electrolyzer configured with NiCo-HS@G/NF anode and NiMo electrodeposited NiCo-HS@G/NF 

cathode demonstrated a small cell voltage of 1.51 V and 1.68 V at 10 and 50 mA cm-2, respectively. 

Such superior catalytic performance enables the potential application of novel NiCo-HS@G 

composites in practical water electrolysis. In view of the facile and manageable processing of the 
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present strategy with low energy consumption, these findings inspire the mass production of a 

variety of metal hydroxides/graphene composites with desirable morphology and competing 

performance for diverse energy applications. 

 

As shown in Scheme 1, the sandwich-type Co, Ni, or Co-Ni hydroxides/graphene composites with 

well-defined morphology was successfully synthesized via a simple one-step kinetically controlled 

coprecipitation at room temperature (details seen in Experimental Section). The metal cations 

adsorbed on the defects of graphene layer was supposed to act as nucleation sites. The high-speed 

stirring was used to control the growth kinetics of hydroxides and accelerate the cations diffusion to 

form uniform well-defined morphology. The coprecipitation process can be done in 5 min. The 

prepared Ni-HS@G, Co-HS@G and bimetallic NiCo-HS@G products showed the dark, light greenish-

blue, and light bluish-green color, respectively (Figure S1). For comparison, bimetal NiCo-HS was also 

prepared with the same procedure except for without addition of graphene as matrix and shows a 

brown color.  
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Scheme 1. Schematic illustration of the fabrication process of NiCo-HS@G. 

 

X-ray diffraction (XRD) technique was used to investigate the crystalline phase and composition of 

these materials (Figure 1a). XRD pattern of Ni-HS@G can be attributed to hexagonal β-Ni(OH)2 

(JCPDS No. 14-0117), except for the diffraction peak at 26.3o marked by pink asterisk, which can be 

indexed to the (002) planes of graphene (JCPDS No. 41-1487). The diffraction peaks in the XRD 

pattern of Co-HS@G at 10.2o, 20.4o, 34.4o, and 60.7o can be well indexed to the (003), (006), (101), 

and (110) planes of hexagonal α-Co(OH)2 (JCPDS No. 30-0443), respectively. No graphene peaks 

were clearly observed in these XRD patterns, implying the hydroxide nanosheets densely wrapped 

the graphene layers. Since previous reports demonstrated that α-phase nickel hydroxide exhibited 

superior OER activity to β-phase one,[46]  
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Figure 1. (a) XRD patterns of Ni-HS@G, Co-HS@G and NiCo-HS@G. The peaks marked by asterisk, 

pentacle symbol and are indexed to graphene (JCPDS No. 41-1487) and α-Co(OH)2 (JCPDS No. 30-

0443), respectively. The vertical lines are indexed to β-Ni(OH)2 (JCPDS No. 14-0117). SEM images of 

(b) Ni-HS@G, (c) Co-HS@G, (d) NiCo-HS@G. (e) Zoom-in SEM image of NiCo-HS@G after ultrasonic 

treatment. 

 

we selected Ni as doping element to achieve α-phase bimetallic Ni,Co-hydroxides for investigating 

the effect of electronic modulation by secondary metal on the electrocatalytic performance. The 

prepared NiCo-HS@G showed the XRD patterns similar to pure Co-HS@G (Figure 1a), indicating their 

crystalline structure could be attributed to hexagonal α-Co(OH)2 which is preferable for 

electrocatalytic oxygen evolution. The morphology of these samples were investigated by scanning 

electron microscopy (SEM) as provided in Figure 1b-e. The Ni-HS@G showed that irregular hydroxide 

nanosheets randomly stacked and partially covered on the graphene surface (Figure 1b). In contrast, 
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the hydroxide nanosheets became aligning on the graphene layer to form an interconnected 

nanowall-like structure for Co-HS@G (Figure 1c). After introducing Ni component, NiCo-HS@G 

reserved the morphology of Co-HS@G (Figure 1d) but with higher density of nanosheets in a smaller 

size. The thickness of nanosheet is around 3 nm and the size is around 45 nm. The low-magnification 

SEM images showed that all graphene layers were uniformly sandwiched by such nanosheet 

network (Figure S2a). These nanosheets interconnected together to form a film with 3D open 

structure on each side of graphene layers (Figure S2b). No naked graphene layers without metal 

hydroxide nanosheets or self-nucleated metal hydroxide nanosheets without graphene layers were 

observed, indicating the present approach of room-temperature coprecipitation under high-speed 

stirring is highly effective to achieve the sandwich-type vertically-aligned hydroxide 

nanosheets/graphene composites. In order to inspect the interface between the nanosheets and 

graphene layer, NiCo-HS@G sample was subjected to an intense ultrasonic treatment to 

intentionally break the sandwiched structure. A zoom-in observation on a rarely-seen broken edge 

clearly revealed that NiCo-HS were tightly grown on both sides of the graphene layer (Figure 1e). 

Such hierarchal structure not only effectively prevented the agglomeration of graphene layers and 

offered large surface area for exposing more electrocatalytically active sites, but also facilitated the 

gas evolution and detachment through the vertically aligned nanowall-like structure with open 

interspaces. The interconnection of these nanosheets also enhanced the structure stability and the 

intimate contact between the nanosheets and graphene layers, guarantying the efficient electron 

transfer and high durability during electrochemical operation.[40, 47, 48] 

morphology
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Figure 2. (a) TEM image, (b) the enlarged TEM image of selected area in (a), and (c-g) EDS mapping 

of NiCo-HS@G. 
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NiCo-HS on graphite matrix 

to achieve NiCo-HS@G composites

when the temperature was elevated to 50 
o
C, 

 

Figure 3. SEM images of NiCo-HS@G composites synthesized under different stirring rates of (a) 100, 

(b) 300, (c) 500, (d) 700, (e) 1000, (f) 1200 rpm. 
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metal , so the products obtained under 

hydrothermal condition without the stirring are composed 

the final morphology of a nanomaterial 

depends on its 
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Figure 4. XPS spectra of (a) Ni 2p, (b) Co 2p, and (c) O 1s for Ni-Co-HS@G. (d) N2 

adsorption/desorption isotherms, (e) Pore size distribution curves, and (f) surface areas of NiCo-HS 

and NiCo-HS@G. 
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[52]
 

e were 174.9, 

51.5, 4.1, 46.2 and 0.8 cm
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Figure 5. (a) ECSA and RF values, (b) EIS Nyquist plots at 1.53 V (vs. RHE), (c) OER polarization curves 

with 90% iR-compensation, and (d) Tafel plots of NiCo-HS@G, NiCo-HS, Ni-HS@G, Co-HS@G and 

bare graphene. (e) Chronopotentiometric curve at a constant current density of 10 mA cm-2. (f) 

Multicurrent Chronopotentiometry of NiCo HNS@G for OER with current densities from 10-50 mA 

cm-2 at current ramps of 10 mA cm-2 per 5 min. 

Electrochemical impedance spectroscopy (EIS) technique was further used to investigate the electron 

transfer kinetics during OER process as shown in Figure 5b and Figure S11. All the as-prepared 

catalysts exhibit the similar solution resistance (Rs) of 7.2 Ω, but a significantly distinct charge 

transfer resistances (Rct). The NiCo-HS@G catalyst shows the smallest Rct value of about 16 Ω among 
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the values of 170 Ω for , 200 Ω for , 36 Ω for , and 1078 Ω for

To further investigate the effect of graphene 

skeleton on the charge-transfer process, a four-probe resistance measurement was carried to measure 

the powder electronic conductivity of NiCo-HS and NiCo-HS@G. The NiCo-HS@G exhibits a

conductivity of 4.7×10
-4

 S cm
-1

, which is 2 orders of magnitude higher than 6.9×10
-6

 S cm
-1
 of NiCo-

HS. Such increase in the conductivity would facilitate the electron transfer during OER, thus 

enhancing its electrochemical activity.  

The catalytic activities of as-prepared catalysts for OER were evaluated in 1 M KOH by recording 

linear sweep voltammetry (LSV) curves at a scan rate of 5 mV s
-1

 with 90% iR-compensation, as 

shown in Figure 5c. It is well known that the overpotential required to achieve the current density of 

10 mA cm
-2

 is a concerned parameter for evaluating OER performance.
[57]

 Bare graphene skeleton 

displays a negligible activity, indicating it is almost inactive for OER. Remarkably, NiCo-HS@G 

delivers such a current density of 10 mA cm
-2

 at a low overpotential of 302 mV, which is much 

smaller than those of NiCo-HS (399 mV), Co-HS@G (376 mV), Ni-HS@G (394 mV), and 

commercial benchmark IrO2 catalyst (319 mV, Figure S12). Moreover, NiCo-HS@G could deliver 

the current density of 50 and 100 mA cm
-2

 at a lower overpotential of 347 mV and 373 mV, 

respectively, comparable to those achieved by the most active powder catalysts reported recently 

(Table S1).
[5, 10-13, 19, 23, 24, 30, 58]

 LSV curves without iR-compensation were also recorded as shown in 

Figure S13 and exhibit the same trend of catalytic activity. The reaction kinetics of as-prepared 

catalysts for OER were assessed by Tafel plots as shown in Figure 5d. The NiCo-HS@G exhibits a 

small Tafel slope of 49.6 mV dec
-1

, which is considerably lower than those for Co-HS@G (56.3 mV 

dec
-1

), NiCo-HS (61.5 mV dec
-1

), Ni-HS@G (105.2 mV dec
-1

), and bare graphene (161.8 mV dec
-1

). 

This result further confirmed the superior catalytic activity of NiCo-HS@G for OER. The long-term 
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durability of NiCo-HS@G for OER in 1 M KOH was measured at a fixed current density of 10 mA 

cm
-2

. In Figure 5e, the overpotential only increases by 7 mV after continuous operation for 15 h, 

suggesting its excellent durability. A multicurrent step chronopotentiometry was also carried out to 

further evaluate the durability at various current densities. With an increment of current density at 10 

mA cm
-2

 per 5 min, the change of applied overpotentials was profiled in Figure 5f. The potential 

keeps constant at each step under elevated j up to 50 mA cm
-2

, indicating the excellent durability of 

the catalyst even under extremely high O2 evolution rates. Such superior electrocatalytic performance 

for OER should be ascribed to the following features in NiCo-HS@G: (1) 3D vertically aligned and 

interconnected nanosheet arrays with open interspaces for exposing a large number of accessible 

active sites and efficient mass transfer, (2) the enhanced intrinsic activity of each active sites by Ni 

doping compared with that in Co-HS@G, and (3) the sandwich-type structure with incorporated 

graphene matrix for facilitating electron transfer, and (4) the tight contact between graphene and metal 

hydroxide nanosheets.

[59]
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NiCo-HS@G

 

Figure 6. a) Ni 2p3/2 spectra of Ni-HS@G and NiCo-HS@G, b) Co 2p3/2 spectra of Co-HS@G and NiCo-

HS@G, c) Crystal structure and d) DOS of Co 3d orbital of Co(OH)2 and Ni doping Co(OH)2. 
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Figure 7. (a) EIS Nyquist plots at 1.53 V (vs. RHE) of NiCo-HS@G and NiCo-HS@G/NF. (b) OER 

polarization curve with 90% iR-compensation of NiCo-HS@G/NF. (c) LSV polarization curve (without 

iR-compensation) of NiCo-HS@G/NF//NiMo/NiCo-HS@G/NF for overall water splitting at a scan rate 

5 mV s−1 The inset is an optical photograph of the two-electrode water electrolyzer during the 

measurements). (d) Long-term durability of overall water splitting at a current density of 10 mA cm-2. 

EIS Nyquist plots at 1.53 

V (vs. RHE) in  indicates that both Rs (1.29 Ω) and Rct (1.25 Ω) values for 

8.08 (Rs) and 16.16 Ω (Rct) for NiCo-HS@G. Notably, the 

Nyquist plots of NiCo-HS@G/NF exhibits a linear plot in the lower frequency region, indicating OER 

on NiCo-HS@G/NF is controlled by the mass transportation rather than the reaction kinetics on 
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NiCo-HS@G.
[11]

 This could be aroused by the greatly enhanced charge transfer from highly 

conductive NF. NiCo-HS@G/NF largely enhanced 

3. Conclusion 

In summary, we have developed a fast, one-step strategy as a versatile method to prepare a series 

of sandwiched metal hydroxide/graphene composites through a kinetically controlled 

coprecipitation under room temperature. The systematic investigation on the formation of the 

composite revealed that the high-speed dynamic diffusion of ions facilitates the heterogeneous 
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nucleation and growth of metal hydroxides while inhibits their self-nucleation. Thus, bimetallic α-

phase nickel cobalt hydroxides nanosheets (NiCo-HS) can be vertically and tightly assembled on both 

sides of graphene matrix (NiCo-HS@G) to deliver a well-defined and stable nanostructure which is 

preferable for electrocatalytic application. Such NiCo-HS@G nanocomposite exhibits a superior 

electrocatalytic activity for OER with a small overpotential of 302 mV at 10 mA cm-2 and a Tafel slope 

of 49.6 mV dec-1, which could be further improved to 259 mV by depositing NiCo-HS@G onto the 

nickel foam. This performance is superior to most of the reported OER catalysts, which could be 

ascribed to the following features: 1) The inner graphene sheet skeleton serves as a highly 

conductive matrix with large surface area for efficient electron transportation and high loading of 

active components. 2) The well-defined vertically aligned nanosheets not only offer a high 

electrochemically active surface area for exposing plenty of active sites but also make them 

accessible for reactants and benefit the gas escaping so as to guarantee the efficient mass transfer. 3) 

The tight contact between NiCo-HS and graphene matrix promises the effective electron transfer 

and remarkable durability. 4) The electronic modulation of Co center by Ni doping effectively favors 

the adsorption/desorption of oxygen species and thus promotes OER process. Furthermore, a water 

electrolyzer for overall water splitting with excellent durability was demonstrated, which output a 

cell voltage of 1.51 V and 1.68 V at 10 and 50 mA cm-2, respectively. Such performance and the facile 

preparation of NiCo-HS@G opens up a new avenue for the cost-effective and low-energy-

consumption production of various sandwiched metal hydroxides/graphene composites as efficient 

OER electrocatalysts with desired morphology and competing performance for the applications in 

diverse energy devices. 
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4. Experimental Section 

used to prepare electrodes for water electrolyzer. In order to remove the oxidation layer on 

surface, NFs were ultrasonically washed with a

Ω
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In a 

typical hydrothermal method, urea was used as pH value regulator and structure-directing agent to 

form hydroxide. 
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Material Characterization: Powder X-ray diffraction patterns were recorded on an X-ray diffraction 

(Rigaku D/max 2500) with a Cu Kα radiation (λ = 1.54056 Å), a generator voltage of 40 kV and 

current of 200 mA at a scan rate of 2
o
 per minute in the 2 theta degree range from 5

o
 to 80

o
. 

Morphology and structure of the materials were characterized using a SEM (Hitachi SU-8020) 

operating at an accelerating voltage of 15 kV and a TEM (JEOL, JEM-2100F) working at an 

acceleration voltage of 200 kV. The Energy dispersive spectra (EDS) were collected using EDS 

system (Oxford Materials Analysis) equipped on SEM and TEM. X-ray photoelectron spectroscopy 

(XPS) measurements were performed to determine the chemical bonding states using a Thermo 

Scientific ESCALab 250Xi with 300 W monochromatic Al Kα radiation. The BET isotherms were 

evaluated using a nitrogen adsorption-desorption apparatus (NOVA 4200e, Quantachrome, America). 

BET specific surface area was calculated using adsorption data in a relative pressure range from P/P0 

= 0.05-0.3. Pore size distribution was derived from the adsorption branch using the BJH method. 

Electrochemical Measurements: All electrocatalytic evaluations of the catalysts were performed on 

an Autolab PGSTAT302N (Metrohm, Netherlands) electrochemical workstation at room temperature 

(25 °C) in 1 M KOH solution using a conventional three-electrode configuration. To prepare the 

working electrode, 3 mg of catalyst was dispersed in 500 μL of ethanol with the assistance of 

ultrasonication for 1 h to form a homogeneous catalyst ink. Afterwards, 25 μL of ink and 0.5 μL of 

0.5% Nafion solution were drop-casted onto a glass carbon electrode with an area of 0.1256 cm
-2

 and 

dried in air, giving a catalyst loading of 0.12 mg cm
-2

. The double-layer capacitances (Cdl) for the 

catalysts were measured in the potential range without Faradic process at various scan rates including 

16, 14, 12, 10, 8, 6, 4 mV s
-1

. Electrochemical impedance spectroscopy (EIS) measurements were 
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conducted under the potential of 0.32 V (vs. RHE) in the frequency range of 100 kHz to 10 mHz. 

Linear sweep voltammetry (LSV) polarization curves were recorded at a scan rate of 5 mV/s with 

90% iR-compensation unless specifically indicated. Chronopotentiometry (CP) curves were recorded 

at a constant current density of 10 mA cm
-2

 without iR-compensation. Cyclic voltammograms (CVs) 

were conducted at a scan rate of 50 mV/s. All potentials reported in this work were referred to the 

reversible hydrogen electrode (RHE), which were converted according to the following equation: 

 (η) was calculated according to the following formula: 

 

The electrochemically active surface area (ECSA) of a catalyst was calculated via dividing Cdl by 

its specific capacitance according to the following equation: 

 

Where Cs is the specific capacitance and its value was reported to be between 0.022 to 0.130 mF cm
−2

 

in alkaline solution. In this work, 0.040 mF cm
−2

 was adopted as the value of Cs based on previously 

reported Co-based OER catalysts.
[74]

 The roughness factor (RF) was calculated via dividing ECSA by 

the geometric area of the electrode (0.1256 cm
-2

). 
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Four-probe resistance measurements: The powder sample was pressed into a disk at 4 MPa with 

two stainless-steel plungers. The resistance was measured by a Keithley 2400 digital multimeter in 

four-wire mode. The conductivity of a sample was then calculated according to the resistance and the 

size of the disk. 

atomic
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