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ThCJment of cost-effective and applicable strategies for producing efficient OER
electrocatalysts is crucial to advance electrochemical water splitting. Herein, a kinetically controlled

@rature coprecipitation was developed as a general strategy to produce a variety of
ype metal hydroxide/graphene composites. Specifically, well-defined a-phase nickel cobalt
anosheets are vertically assembled on the entire graphene surface (NiCo-HS@G) to

graphene promises effective electron transfer and remarkable durability. It is discovered
oping adjusts the nanosheet morphology to augment active sites and effectively modulates the
cture 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 269 mV at 10 mA/cm®. Furthermore, a practical water electrolyzer demonstrates a small cell voltage
of hstably achieve the current density of 10 mA/cm?, and 1.68 V to 50 mA/cm®. Such superior

electioes ic performance indicates that this facile and manageable strategy with low energy

co may open up opportunities for the cost-effective mass production of various metal
hyd praphene nanocomposites with desirable morphology and competing performance for
dive ications.

1. Intro#

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

calls for%ment of sustainable energy as viable alternatives to fossil fuels, thus the trend to
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develop clean energy sources is irreversible.™ % Among many energy storage technologies,
electrochemical splitting water into H, and O, is considered one of the most promising way to enable
the storagHmwable energies such as solar and wind.® ¥ However, the sluggish oxygen
evolution ER) kinetics at the anode greatly hindered the overall water splitting
perform-an!*ﬁecause of the complex four-electron oxidation process,””! leading to the high

electricity ﬁthus limiting the practical application of this technique. Currently, the state-of-

the-art cat OER in electrolytic cells are still ruthenium (Ru) and iridium (Ir) oxides, which are
among thmements in Earth’s storage.®®® Therefore, it still remains challenging to search for

cost-effect ative catalysts with a potential for mass production and high activity and

durability cantly reduce the electricity consumption.

Over thCew years, various transition metal based catalysts have been intensively

investigate@ catalysts, such as metal hydr(oxy)oxides,™ **** oxides™***, and chalcogenides,®

8, 20-24]

heir large elemental abundance and low cost. Among them, metal hydroxides
received quit 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 th!r OER activity and the practical utilization at large output. To overcome this
disadvantanorating conductive materials was proved as an effective way to improve their

low electro er ability.”>?”! Several reports have demonstrated graphene could take advantage
of its hig! conductivity and large surface area to serve this purpose so well.?#3% Thus,
graphewdroxide composites recently have been developed mainly by hydrothermal

method as promls\g and advanced electrode materials for electrocatalysis and supercapacitors.®*

34 Unfortunatelt:/drothermal method usually delivered irregular and non-uniform products due to
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the incapability in kinetical control.?>3® It is necessary but still challenging to develop facile and

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

desirable *r ologies aiming for high electrocatalytic performance.
The elegperfmmance of a catalyst is determined by the quantity of accessible active

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

the quantiff’ of eXposed active sites and thus the catalytic performance for water splitting.”® ** 3"
Generally, the final product morphology depends on whether the preparation is controlled by
thermodyn dynamic process. The nucleation and growth rates determine the product

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

dominant p uring the material preparation. Coprecipitation reaction under stirring is known
as a promi thod for mass production of composites since it is an industrial-compatible
process wm occur at room temperature and be controlled in a thermodynamic or dynamic

way. T ing between thermodynamic self-nucleation and dynamic diffusion of anions

determines t al product morphology. The dominant process could be tuned by reaction
conditions such as the stirring rate, reactant concentration, and temperature etc. For the practical
appIicatior!of electrocatalyst, proper conditions for coprecipitation could optimize the catalyst
[38-

morpholog ent the quantity of active sites for boosting the electrocatalytic performance.

0l With the Ipitation method, binary NiFe and trinary NiCoFe layered double hydroxides were

synthesize!as OER catalysts by Vargas’s and Sun’s groups," *? although the controllable synthesis

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

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

enhancing the Iff sic activity of active site. As demonstrated in the previous work from our group

This article is protected by copyright. All rights reserved.

4



WILEY-VCH

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!® ** ****1. Combining
these strat! ies together, it would be possible to explore the graphene/metal hydroxide composites

with contr hology to achieve the superior electrocatalytic performance.

I I
Inspiredix the above discussion, we herein developed a general, fast, one-step strategy to

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

SGC

hydroxide nanosheet array on graphene layer through a kinetically controlled coprecipitation under
room tem tyf€. This strategy is eco-friendly, low energy-consuming and compatible with

industrial scale. B&sides the general synthesis of a wide range of single metal hydroxide composites,

Gl

such appro allows to produce bimetal hydroxides to delicately modulate the electronic

N

structure enter for further boosting the electrocatalytic performance of composites. For

example, und that well-defined Ni-doped Co(OH), nanosheets vertically assembled on

O

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

reproducibly ced 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?, 373 mV at 100 mA cm?,

and a TafeSIope of 49.6 mV dec™, much lower than those for reported Co-based materials!*® 23,

FurthermoDree—dimensional NiCo-HS@G architecture on nickel foam (NiCo-HS@G/NF)

electrode rther fabricated to deliver 10 mA cm™ at 259 mV for OER. The overall water

eIectronzs configured with NiCo-HS@G/NF anode and NiMo electrodeposited NiCo-HS@G/NF
cathodeMted a small cell voltage of 1.51 V and 1.68 V at 10 and 50 mA cm?, respectively.

Such superior c53|ytic performance enables the potential application of novel NiCo-HS@G

composites in pfical 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

t

performance for diverse energy applications.

2. RESULTS AND DISCUSSION

As show

C

eme 1, the sandwich-type Co, Ni, or Co-Ni hydroxides/graphene composites with

well-defin rghology was successfully synthesized via a simple one-step kinetically controlled

$

coprecipit oom temperature (details seen in Experimental Section). The metal cations

U

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

[

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

form unif “defined morphology. The coprecipitation process can be done in 5 min. The

d

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

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

N

prepar ame procedure except for without addition of graphene as matrix and shows a

brown colog.

[

Autho
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Mﬁ_/‘f@ YN e Co e NP @ OH
1000 rpm, 5min, RT e  “=Graphene . NiCo-HS

Scheme 1. icillustration of the fabrication process of NiCo-HS@G.

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

[

these matmgure 1a). XRD pattern of Ni-HS@G can be attributed to hexagonal B-Ni(OH),
(JCPDS No. 14- ), except for the diffraction peak at 26.3° marked by pink asterisk, which can be
indexed to t 2) planes of graphene (JCPDS No. 41-1487). The diffraction peaks in the XRD
pattern at 10.2°, 20.4°, 34.4° and 60.7° can be well indexed to the (003), (006), (101),

and (110) @lanes of hexagonal a-Co(OH), (JCPDS No. 30-0443), respectively. No graphene peaks

were clear ed in these XRD patterns, implying the hydroxide nanosheets densely wrapped

the graphene Tayers. Since previous reports demonstrated that a-phase nickel hydroxide exhibited

superio ivity to B-phase one,®

ut
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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 s d are indexed to graphene (JCPDS No. 41-1487) and a-Co(OH), (JCPDS No. 30-
0443), respegt The vertical lines are indexed to B-Ni(OH), (JCPDS No. 14-0117). SEM images of
(b) Ni- -HS@G, (d) NiCo-HS@G. (e) Zoom-in SEM image of NiCo-HS@G after ultrasonic
treatment.

M

we selectef Ni as doping element to achieve a-phase bimetallic Ni,Co-hydroxides for investigating

[

the effect onic modulation by secondary metal on the electrocatalytic performance. The

O

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

crystalline @structure could be attributed to hexagonal a-Co(OH), which is preferable for

M

electro en evolution. The morphology of these samples were investigated by scanning

{

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

u

nanosheets randomly stacked and partially covered on the graphene surface (Figure 1b). In contrast,

A
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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
reservemmogy of Co-HS@G (Figure 1d) but with higher density of nanosheets in a smaller
size. The t anosheet is around 3 nm and the size is around 45 nm. The low-magnification
SEM im-agwed that all graphene layers were uniformly sandwiched by such nanosheet
network (FiguregS2a). These nanosheets interconnected together to form a film with 3D open
structure o side of graphene layers (Figure S2b). No naked graphene layers without metal
hydroxide Wts or self-nucleated metal hydroxide nanosheets without graphene layers were

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

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

nanosheet!%raphene composites. In order to inspect the interface between the nanosheets and

graphene miCo-HS@G sample was subjected to an intense ultrasonic treatment to

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

clearly rev a
Such hi

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

t NiCo-HS were tightly grown on both sides of the graphene layer (Figure le).

cture not only effectively prevented the agglomeration of graphene layers and

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

interspace @ erconnection of these nanosheets also enhanced the structure stability and the

intimate cg etween the nanosheets and graphene layers, guarantying the efficient electron

transfer an

rability during electrochemical operation.!® #7 8!

The morpEo!oaﬂnd structure of NiCo-HS@G were further investigated by transmission electron

microscopy (TEM). TEM image in Figure 2a corroborates that plenty of nanosheets vertically grow

This article is protected by copyright. All rights reserved.
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on the surface of graphene matrix. The zoom-in TEM image in Figure 2b indicates that the thickness
of nanosheet is around 3 nm, consistent with SEM result. The continuons lattice fringes with a

i __B
distance of 0.779 nm (Figure 2b) can be indexed to the & spacing of (003) planes of a-Co(OH), phase.

The homoseneous doping of elemental Ni in NiCo-HS@G is proven by energy dispersive
spectroscopy (EDS) mapping results as shown in Figure 2¢-g. The atomic ratio of Co to Ni is
determined to be about 4:1 (Figure S3). It is interestingly noted that this ratio and the morphology of

NiCo-HS@G are independent on the feeding ratio of Co:Ni. Even the feeding ratio of Co:Ni was

changed from 2:1 to 1:9 or 9:1, the Co:Ni ratio of in the final product maintained at about 4:1 and the

sandwiched morphology of hydroxide nanosheets on graphene was not changed (Figure §4).

age, (b) the enlarged TEM image of selected area in (a), and (c-g) EDS mapping

This article is protected by copyright. All rights reserved.
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Above results demonstrate the success in the uniform incorporation of NiCo-HS on graphite matrix
to achieve NiCo-HS@G composites by the developed kinetically-controlled coprecipitation method.
In order to demonstrate the advantage of this coprecipitation method. the hydrothermal processing
without stirring, which was commonly used in the literatures to obtain the graphene-based composite,
was also applied to synthesize the composites of metal hydroxide and graphene (details seen in
Experimental Section). Unfortunately, it was found that when the temperature was elevated to 50 °C,

y
the graphene aggregates showed up and

(b) 300, ‘Clic’o' (d)y700, (e) 1000, () 1200 rpm.

-
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metal hydroxides could not effectively grow on the graphene layers, so the products obtained under

hydrothermal condition without the stirring are composed of irregular nanosheets-assembled particles

t

(Figure §3). To further understand the formation process of the sandwiched NiCo-HS8@G. the role of
graphene and the effect of stirring rate on the product morphology was investigated. The counterpart
without the addition of graphene (NiCo-HS) was also prepared and its XRD pattern (Figure S6a)
shows the diffraction peaks of u-Co(OH),. which is the same with NiCo-HS@G. As shown in Figure
S6b. without the graphene skeleton, hydroxide nanosheets self-nucleated and assembled into irregular
particles in a size of hundreds of nanometers. Tt is known that the final morphology of a nanomaterial

depends orunucleation and growth process. In our case, the morphology of the present NiCo-

HS@G composite is supposed to be determined by where the initial nucleation of hydroxides occurs

l

and the competition between self-nucleation and hydroxides growth, which can be affected by the

'T

mass transportation. If the NiCo-HS initially nucleates onto the graphene layer, the well-defined

|

NiCo-HS@G composite could be achieved by controlling the following growth process while

s
C

avoiding the self-nucleation process. In our experiments, it was found that the self-nucleated products

’I

with the morphology of irregular nanosheets-assembled particles were always obtained without the

\

stirring or under a stirring rate of 100 rpm (Figure 3a), like that prepared via hydrothermal processing

without stirring (Figure S5). Increasing stirring rate to 300 and 500 rpm, hydroxide nanosheets started

[

to grow on the graphene matrix (Figure 3b-c) but still an appreciable amount of graphene layers were

)

not covered by hydroxides. When the stirring rate was further increased to 700 rpm, almost all
graphene substrates were covered by hydroxide nanosheets and self-nucleated particles were seldom

observed (Figure 3d). The sandwiched structure with well-aligned hydroxide nanosheets on graphene

t

was achieved at a stirring rate of 1000 rpm (Figure 3e). The density of nanosheets on graphene

J

became higher it keeping increasing the rate to 1200 rpm (Figure 3f). These observations indicate that

the stirring rate d‘uring coprecipitation process significantly influences the thermodynamic self-

This article is protected by copyright. All rights reserved.
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nucleation and dynamic diffusion controlled growth process. Since the graphene layers with some
degree of oxidation contain abundant carbonyl and carboxyl groups. the metal cations will adsorb on
the graphene which will initialize the heterogeneous nucleation of metal hydroxides upon the addition
of ammonia aqueous solution. The high stirring rate promises the instant mass transportation for the
growth of these hydroxide nuclei instead of the formation of new nucleus via self-nucleation of
reactants, leading to the well-defined sandwiched Ni/Co-HS@G composite. In contrast, the low

S N

stirring rate causes the insufficient mass transportation and thus the accumulation of reactant ions to

(

initialize the homoieneous self-nucleation. followed by the growth of all kinds of nuclei, resulting in

the self-seeded hydroxide particles. Based on the above understanding. this kinetically controlled

heterogeneous nucleation and precipitation strategy should work as a versatile method for the

l

synthesis of other metal hydroxide/graphene composites. To prove this hypothesis, the strategy was

extended to prepare a series of composites with metal hydroxides grown on graphene layers by using

|

different metal cations instead of Ni or Co. As shown in Figure §7. Mg, Al, Cr. Mn, Fe, Cu, Zn, and
Zr hydroxide nanostructures can be selectively grown onto the both sides of graphene layer matrix
without the detectable self-nucleated growth. Depending on the crystal habits, Al, Cr. Mn, and Zr
hydroxides tend to form nanoparticles while Mg, Fe, Cu, and Zn hydroxides prefer to form

nanosheets.

Author
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Figure 4. !p! spectra of (a) Ni 2p, (b) Co 2p, and (c) O 1s for Ni-Co-HS@G. (d) N,
adsorptionfildesorption isotherms, (e) Pore size distribution curves, and (f) surface areas of NiCo-HS
and NiCo-

(O

The composition and elemental chemical states of NiCo-HS@G were monitored by X-ray
photoelectron spectroscopy (XPS). The Ni 2p:- (Figure 4a) spectrum shows a peak at 8§56.1 eV,
which is assigned to Ni*~ in Ni(OH,.**" Similarly, the Co 2ps, spectrum (Figure 4b) exhibits the
Co™ peak at 781.3 eV."> ¥ The Co and Ni atomic percentage are measured to be 12% and 3%,
respectively. givirﬁa Co-to-Ni ratio of about 4, consistent with EDS results. O /s spectrum in Figure
4c shows a typical feature at 531.4 eV, which could be well indexed to metal-OH bonds in metal
hydmxides.ﬁpeak located at 532.8 eV can be attributed to the adsorbed H,Q molecules.™"! These
results corroborate that the composition of bimetal NiCo hydroxides. The C /s for NiCo-HS@G was
also measured and deconvoluted as shown in Figure S8a. The peak at 284.8 eV is indexed to C=C
bond from graphene layers. The peaks at 286.4, 288.1. and 298.3 eV could be assigned to C-OH. C-

OOH, and O-C=0 bonds, respectively, which originate from the abundant carbonyl or carboxyl

~
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groups on graphene surface in view of that the purchased graphene were produced by the chemical

methods and used as received. These functional groups conld effectively anchor metal cations as

t

nucleation sites. In addition, Raman spectrum of NiCo-HS@G was recorded to explore the surface

)

properties of NiCo-HS@G as shown in Figure S8b. The two major peaks at 1341.8 and 1574.6 cm™
s

are the characteristic peaks of D- and G-band of graphene, respectively. Another two minor peaks at

459.4 and 529.0 em™' could be attributed to Ni-OH and Co-OH respectively, confirming the formation

of metal hydroxides." Furthermore, the BET surface area and pore distribution of NiCo-HS@G were

(

further investigated and compared with NiCo-HS. A distinet hysteresis loop in N»

(7

adsorption/desorption isotherm of NiCo-HS/@G (red line in Figure 4e) indicates the existence of a

T

typical mesoporous microstructure.™ ™ While NiCo-HS (black line in Figure 4e) showed much

l

smaller adsorption compared with NiCo-HS@G. The pore size distribution of NiCo-HS (Figure 4f)

displays the nanopores centered at 2.08-2.57 nm and the mesopores ranging from 10-30 nm, which

|

could be from the vertical nanosheet-surrounded pores. Such bimodal porous structure provides a

lager specific surface area of 185.7 m’ &' for NiCo-HS(@

3G, about 5.6 times higher than 33.1 m’ ¢
for NiCo-HS. This result demonstrates the critical role of graphene matrix for vertically aligning

metal hydroxide nanosheets. The higher surface area with bimodal mesopores for NiCo-HS@G would

provide more accessible active sites and facilitate the mass transportation of reactants and products,

[

thus benefiting the catalytic performance.™ 1

To evaluate the catalytic performance of as-prepared catalysts, the electrochemical surface area

(ECSA)} and roughness factor (RF) were first measured by determining the double-layer capacitance

(Cy) (Figure $9-510)."" The ECSA and RF values for each catalyst are summarized in Figure 5a. The

{

ECSA values for NiCo-HS@G, NiCo-HS, Ni-HS@G. Co-HS@G, and bare graphene were 174.9,

L

51.5, 4.1, .8 cm’, respectively. The ECSA
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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% jR-compensation, and (d) Tafel plots of NiCo-HS@G, NiCo-HS, Ni-HS@G, Co-HS@G and
bare grap Chronopotentiometric curve at a constant current density of 10 mA cm™. (f)

Multicurre

bs of 10 mA cm™ per 5 min.

A

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

of NiCo-HS@G is about 218 times higher than that for bare graphene due to the introduction of

hydroxide nanosheets. It is notable that the ECSA of NiCo-HS@ G is almost 4 times higher than that

W R . p . L CO ER : : . St ] ,
for Co-HS@G due to the shrunk nanosheet size, indicating Ni doping could effectively modulate the

morpholoth)f Co-HS@G. The corresponding RF value of 1392.5 for Ni-Co-HS@G is the highest

among all as-prepared materials, implying the largest amount of accessible active sites.
Electrochescal impedance spectroscopy (EIS) technique was further used to investigate the electron

transferwring OER process as shown in Figure 5b and Figure S11. All the as-prepared

catalysts eX e similar solution resistance (R;) of 7.2 Q, but a significantly distinct charge

transfer resis ances: R). The NiCo-HS@G catalyst shows the smallest R, value of about 16 Q among

This article is protected by copyright. All rights reserved.
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the values of 170 Q for NiCo-HS, 200 Q for Ni-HS@G, 36 Q for Co-HS@G, and 1078 Q for bare
graphene, indicating the fastest electron transfer kinetics. To further investigate the effect of graphene
skeletonMccarge-transfer process, a four-probe resistance measurement was carried to measure
the powde @ ic conductivity of NiCo-HS and NiCo-HS@G. The NiCo-HS@G exhibits a
conductiwitymefidaiix 10* S cm™', which is 2 orders of magnitude higher than 6.9x10° S cm™ of NiCo-

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

enhancing ‘E elect’chemical activity.

The catawnies of as-prepared catalysts for OER were evaluated in 1 M KOH by recording
linear swe metry (LSV) curves at a scan rate of 5 mV s with 90% iR-compensation, as
shown in 3It is well known that the overpotential required to achieve the current density of
10 mA cmf 1s a concerned parameter for evaluating OER performance.”” Bare graphene skeleton

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

delivers s ent density of 10 mA cm™ at a low overpotential of 302 mV, which is much
smaller of NiCo-HS (399 mV), Co-HS@G (376 mV), Ni-HS@G (394 mV), and
commerci mark IrO, catalyst (319 mV, Figure S12). Moreover, NiCo-HS@G could deliver

the current density of 50 and 100 mA c¢cm™ at a lower overpotential of 347 mV and 373 mV,
respectivels comparable to those achieved by the most active powder catalysts reported recently
(Table S1), > 232430381 1 SV curves without iR-compensation were also recorded as shown in
Figure S13 hibit the same trend of catalytic activity. The reaction kinetics of as-prepared

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

small Tafelsloae ' 49.6 mV dec”', which is considerably lower than those for Co-HS@G (56.3 mV

dec™), NiO:.S mV dec™), Ni-HS@G (105.2 mV dec™), and bare graphene (161.8 mV dec™).

This result 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™. In Figure 5e, the overpotential only increases by 7 mV after continuous operation for 15 h,
suggestimwnt durability. A multicurrent step chronopotentiometry was also carried out to
further eva @ durability at various current densities. With an increment of current density at 10
mA cmif pesssmmim, the change of applied overpotentials was profiled in Figure 5f. The potential
keeps consgch step under elevated j up to 50 mA cm™, indicating the excellent durability of

the catalysfleven ufider extremely high O, evolution rates. Such superior electrocatalytic performance

C

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

S

interconnectéd n#flosheet 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

U

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

n

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

hydroxide fian S.

a

To explore any difference in the morphology and chemical composition of NiCo-HS@G after

[

durability test (denoted as NiCo-HS@G-ADT), SEM and XPS characterizations were further
performed after the test. As shown in the SEM image (Figure S14a), it is clear that the sandwiched

structure and the interconnected nanosheets were well maintained, indicating the excellent stability.

The Co Zp. Ni Zp. and O [s spectra of NiCo-HS@G-ADT were provided in Figure §14b-d. The Co

2 spectrum of NiCo-HS@G-ADT (Figure 814b) exhibits a higher shake-up peak at 790.5 eV than

AN .
786.5 eV for NiCo-HS@G. implying the formation of Co' after durability test.” This result was

h

further corroborated by the negatively shifted peak for Co 2p from 781.3 eV to 779.9 eV after
——

durability test./%Szk The Ni 2pz- spectrum for NiCo-HS@G-ADT is almost same as that for NiCo-

HS@G (Figure S14¢), indicating the chemical valence of Ni in NiCo-HS@G remains unchanged after
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durability test. It should be noted that a new peak at 528.7 ¢V in O /s spectrum of NiCo-HS@G-ADT
shows up compared with that of NiCo-HS@G (Figure S14d). suggesting the slightly evolution of

= 63, 64
oxide-like environment in NiCo-HS@G-ADT.[% &

)

To further explore the origin of better electrocatalytic activity of NiCo-HS@G than other control

- — ) ) o
catalysts for OER, the chemical states of Ni or Co in Ni-HS:@G and Co-HS8@G counterparts were

examined and comiared with that in NiCo-HS@G. As shown in Figure 6a,

(@) ' , (b)
NiZ2p 4Ni2p,, Co 2p ACo2p,,

—Ni-HS@G —Co-HS@G

—NiCo-HS@G —NiCo-HS@G

Sat.

AE=0.2 eV
AE=0.5eV

870 865 860 855 850 795 790 785 780 775

Binding energy (eV) @ Binding energy (eV)
=) — Ni doping Co(IOH)2
©3.0f —Co(OH), :
m ]
(0] —Ht
w20} .
»
s}
31 OF
2
o O '
d O . i :
-10 -5 0 5 10
E_EFermi (eV)

—

Figure 6. aiNi 2p;/; spectra of Ni-HS@G and NiCo-HS@G, b) Co 2ps/, spectra of Co-HS@G and NiCo-
HS@G, ucture and d) DOS of Co 3d orbital of Co(OH), and Ni doping Co(OH),.

the Ni*~ peak at 855.6 eV in NiCo-HS@G was 0.5 eV higher than that in Ni-HS@G (856.1 eV),

\

indicating the increased oxidation state of Ni in NiCo-HS@G. On the contrary, Figure 6b displays
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that the peak of Co™ shifts to a lower binding energy from 781.5 eV for NiCo-HS@G to 781.3 eV for
Co-HS@G. indicating the decreased oxidation sates of Co in NiCo-HS@G. These results suggest the
. _l_‘ ~ St . . . . Vo
partial electron transfer from Ni™" to Co~. Considering the much lower catalytic activity of
monometallic Ni-HS/@G than Co-HS@G. the high activity of NiCo-HS@G should be attributed to
such electronic modulation of Co by Ni doping, thus enhancing the intrinsic catalytic activity of
Co.*! Theoretical calculation on the density of states (DOS) for metal atoms was employed to

N

understand the electronic interaction between Co and Ni in NiCo-HS@G. The optimized crystal

(

structures of Co(OH); and Ni-doped Co(OH); (1/4 Co was replaced by Ni based on the atomic ratio in
the NiCo-HS@G) were shown in Figure 6¢. The Femi level of Co negatively shifts after Ni doping
(Figure 6d). indicating Ni dopant lowers the energy of Co which allows Co to gain more electrons
from Ni atoms. This theoretical result agrees with XPS measurements. Based on the previous reports,

the lowered energy of Co atoms favours the formation of adsorbed OOH species. thus enhancing the

OER activity.[5

cl

Author M
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Figure yquist plots at 1.53 V (vs. RHE) of NiCo-HS@G and NiCo-HS@G/NF. (b) OER

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

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™.

To take full advantage of NiCo-HS@G composites, NiCo-HS@G was deposited onto a 3D

conductive nickel foam (NiCo-HS@G/NF) by ultrasonic spray coating. The EIS Nyquist plots at 1.53
V (vs. m Figure 7a indicates that both R, (1.29 Q) and R (1.25 Q) values for NiCo-HS/@G/NF
were significantly reduced compared with 8.08 (R;) and 16.16 Q (R.,) for NiCo-HS@G. Notably, the
Nyquist plﬁo—HS@G/NF exhibits a linear plot in the lower frequency region, indicating OER

on NiCo- F is controlled by the mass transportation rather than the reaction kinetics on
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NiCo-HS@G."" This could be aroused by the greatly enhanced charge transfer from highly

conductive NF. As expected, the electrocatalytic activity of NiCo-HS@G/NF is largely enhanced in

t

terms of a lower overpotential of 259 mV at 10 mA e¢m™ (Figure 7b). while the OER activity of NF is
negligible (Figure S15). It is worthy of noting that NiCo-HS@G/NF outputs the current densities of
i

50, 100, and 500 mA ecm™ at a very low overpotential of 295, 318, and 420 mV, respectively. Such

superior QER performance inspires us to assemble an overall water splitting electrolyzer using NiCo-
S N

HS@G/NF as anode. The cathode was fabricated by simply electrodeposited NiMo alloy on NiCo-

HS@G/NF (noted as NiMo/NiCo-HS@G/NF) according to our previous report. NiMo/NiCo-

HS@G/NF requires a very low overpotential of 51 mV to deliver 10 mA em™ for HER (Figure S16).

The optical photograph of two-electrode water electrolyzer during the measurement is shown in the

inset of Figure 7c, where the right electrode is the anode for (s production and the left one is the

]

cathode for Hyproduction. A demo video for water electrolysis is shown in Movie 81, showing the

|

continuous gas evolution. This electrolyzer exhibits superb performance in 1 M KOH in terms of a

C

small cell voltage of 1.51 and 1.68 V without iR-compensation to deliver 10 and 50 mA ¢m™ (Figure

’I

7¢). This small voltage is in leading position in most of reported water electrolyzer (Table §2)./'>-74%

31 The durability test reveals that the electrolytic voltage at 10 mA em™ shows negligible increase

after continuous operation for 20 h, suggesting its good durability (Figure 7d).

Oor

3. Conclusio

n

Insu ave developed a fast, one-step strategy as a versatile method to prepare a series

£

of sandwithed metal hydroxide/graphene composites through a kinetically controlled

coprecipit er room temperature. The systematic investigation on the formation of the

4

composit ed that the high-speed dynamic diffusion of ions facilitates the heterogeneous

A
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nucleation and growth of metal hydroxides while inhibits their self-nucleation. Thus, bimetallic a-
phase nickel cobalt hydroxides nanosheets (NiCo-HS) can be vertically and tightly assembled on both
sides of gr e matrix (NiCo-HS@G) to deliver a well-defined and stable nanostructure which is

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

Dt

electrodatalytic ac ivity for OER with a small overpotential of 302 mV at 10 mA cm™ and a Tafel slope

Cr1

of 49.6 mV dec pWhich could be further improved to 259 mV by depositing NiCo-HS@G onto the
nickel foa erformance is superior to most of the reported OER catalysts, which could be

ascribed t@ t llowing features: 1) The inner graphene sheet skeleton serves as a highly

S

conductiv ith large surface area for efficient electron transportation and high loading of

U

active co s. 2) The well-defined vertically alighed nanosheets not only offer a high

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

)

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

d

The tight cofit etween NiCo-HS and graphene matrix promises the effective electron transfer

and remar rability. 4) The electronic modulation of Co center by Ni doping effectively favors

\

the ads rption of oxygen species and thus promotes OER process. Furthermore, a water

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

T

cell voltage o and 1.68 V at 10 and 50 mA cm™, respectively. Such performance and the facile

preparatio @ 0-HS@G opens up a new avenue for the cost-effective and low-energy-

consumpti ction of various sandwiched metal hydroxides/graphene composites as efficient

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

th

diverse en es.

Au

This article is protected by copyright. All rights reserved.

23



WILEY-VCH

4. Experimental Section

Chemicals and Materials: MgS80,;-7TH,0O (98%), AL(SO). hydrate (98%), Cra(SO;) hydrate
(reagent gmde'!, MnSO,;-HyO (98%). FeSO,-7H-0 (98%). NiSOy-6H,0 (98%). CoS0,-7H-0 (98%).
CuS0y-5H,O !98%'!, ZnSO;-TH,0 (98%), ZrSO4-4H,O (98%). Iridium (IV) oxide (99.99%),
Na;CeHsO-:-2H,0 (sodium citrate, 99%). and Na;MoOy (sodium molybdate, 99%) were purchased
from Alfa Aesar. Graphene was purchased from Nanjing XFNANO Materials Tech Co., Ltd
(XFNANO)&aﬁon (5 wt%, DuPont) was purchased from commercial suppliers. Ethanol, ammonia
aqueons solu‘rimﬁ25-28%), hydrochloric acid, and potassinm hydroxide were purchased from Beijing
Chemical Work in analytic grade (A.R.). Nickel foams (NFs) (1.8 mm in thickness, 2 x 4 cm in size)
were used to prepdre electrodes for water electrolyzer. In order to remove the oxidation layer on
surface, N ultrasonically washed with a mixture solution of ethanol and acetone (1:1 in
volume) for 30 minutes, followed by sonicating in HC1 solution (3 M) for 15 minutes, washing with
water and ethanol. and dried in air for use. All chemicals were used as received without any further
purification. Milli-Q ultrapure water (resistance of 18.2 MQ-cm at 25 °C) were used for all
experiments.

Preparation of NiCo-AS@G: NiCo-HS@G was synthesized via a simple coprecipitation reaction at
room ‘remp;”ature. First, 20 mg graphene nanosheets were nltrasonicated in 20 mL water for 10 T as
solution A. )5 mmol NiSQ;-6H.(Q and 10 mmol CoSO,4-7H.O were dissolved in 30 mL water as
solution B. Then, fresh-made solution A and B were mixed together under vigorous stirring (1000
rpm) to form a dark red solution. Finally, upon the drop-by-drop addition of 5 mL ammonia agqueous
(25-28%), a light Hluish-green precipitate formed immediately. After stirring for another 5 min, the
product was collected by centrifuging. washing with water and ethanol, and then dried in a vacunm

oven under 60 °C overnight.
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Preparation of other metal hydroxide/graphene composites: A series of metal hydroxide/graphene
composites were prepared according to the same protocol as that for NiCo-HS/@G except for using

-1 B

the same amount of the corresponding metal salts instead. Specifically, Magnesium sulfate,
N\
Aluminum sulfate, Chromium (ITI) sulfate. Manganese (I1) sulfate. Iron (IT) sulfate, Copper (II)

sulfate, Zinc sulfate and Zirconium (IV) sulfate were used for the synthesis of other metal

hydroxide/graphene composites.

‘o

Preparation of the compaosites of Co-Ni hvdroxide and graphene by hydrothermal method: In a
typical hy%l method, urea was used as pH value regulator and structure-directing agent to
form hydroxigdess! mmol NiSQ;-6H,0, 2 mmol CoSOy-7H,0, 10 mL graphene solution (1 mg/mL)
and 250 mg of urea were dissolved in 30 mL water and stirring for 15 min to obtain a clear solution,

- |
which was then transterred into a 50 mL Teflon-lined stainless-steel autoclave. The autoclave was

locked tightly and maintained in an electric oven at 50 “C for 8h, then naturally cooled down to room

temperature. The product was collected as a control.
P -

— )

Prepam.*‘BWCO-HS@.Gf"NF efectrade: NiCo-HS@G/NF electrode was prepared by coating
NiCo-HS@G ink on nickel foam (NF} via an ultrasonic spray-deposition setup (Sunlaite SP201,
China). First, 30 mg NiCo-HS@G were ultrasonically dispersed in 20 mL ethanol for 1 h, followed by
adding 20 pL. 5% Nafion solution and ultrasonicating for another 0.5 h to achieve the catalyst ink. The

AR

as-prepared ink was spray-deposited on a clean NF with a catalyst loading of 1.5 mg em™.

Preparation of NiMo/NiCo-HSi@G/NF HER electrode: NiMo were electrodeposited onto NiCo-

HS@G/NF workin‘g electrode using Ag/AgCl as reference electrode and carbon rod as counter

Lili}

electrode, similar to our previous report.™ The deposition solution consisted of 3.32 ¢ of sodium

citrate, 1.92 g of sodium molybdate, and 3.16 g of nickel sulfate in 80 mL water with addition of 4
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mL ammonia aqueous. The deposition process was proceeded at a fixed current density of -80 mA

2. .
cm™ tor 20 min.

{

Material erization: Powder X-ray diffraction patterns were recorded on an X-ray diffraction

(Rigaku D with a Cu Ka radiation (A = 1.54056 A), a generator voltage of 40 kV and

|
current of £00 mA at a scan rate of 2° per minute in the 2 theta degree range from 5° to 80°.

Morphologygandpstructure of the materials were characterized using a SEM (Hitachi SU-8020)

C

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

acceleratioffl valtage of 200 kV. The Energy dispersive spectra (EDS) were collected using EDS

S

system (O terials Analysis) equipped on SEM and TEM. X-ray photoelectron spectroscopy

U

(XPS) me ts were performed to determine the chemical bonding states using a Thermo
Scientific ESCALab 250Xi with 300 W monochromatic Al Ko radiation. The BET isotherms were

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

BET specifig s area was calculated using adsorption data in a relative pressure range from P/Py

an

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

Elect } easurements: All electrocatalytic evaluations of the catalysts were performed on
an Autolab PGSTAT302N (Metrohm, Netherlands) electrochemical workstation at room temperature
(25 °C) inh)H solution using a conventional three-electrode configuration. To prepare the
working e @ 3 mg of catalyst was dispersed in 500 pL of ethanol with the assistance of
ultrasonicati h to form a homogeneous catalyst ink. Afterwards, 25 pL of ink and 0.5 pL of
0.5% Nﬁn were drop-casted onto a glass carbon electrode with an area of 0.1256 cm™ and
dried inMa catalyst loading of 0.12 mg cm™. The double-layer capacitances (Cq) for the

catalysts were med8ured in the potential range without Faradic process at various scan rates including

16, 14, 12, 10 , 4 mV s™'. 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-copMon unless specifically indicated. Chronopotentiometry (CP) curves were recorded
at a consta density of 10 mA ¢cm™ without iR-compensation. Cyclic voltammograms (CVs)
were camdustedsatmn scan rate of 50 mV/s. All potentials reported in this work were referred to the

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

Egne = Engnzo + 0.098 + 0.059 X pH

SC

Where Ej,qm0 is the measured potential referring to the Hg/Hg() reference electrode.

L

The Overpotential () was calculated according to the following formula:

N

M (V)= Eggg — 123V

The ally active surface area (ECSA) of a catalyst was calculated via dividing Cq by

its specific ¢ ce according to the following equation:

C
ECSA = -2
c

or Ma

Where C; i cific capacitance and its value was reported to be between 0.022 to 0.130 mF cm >
in alkaline §olution. In this work, 0.040 mF c¢m ™ was adopted as the value of C; based on previously

reported Cg-based ©FER catalysts.”*! The roughness factor (RF) was calculated via dividing ECSA by

th

the geometi f the electrode (0.1256 cm™).

U

A
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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-wir . The conductivity of a sample was then calculated according to the resistance and the

]
size of the Q

- —
Caleulation of Densify of States (DOS): The first-principle calculations presented in this work were

performed with a CASTEP program code with the plane-wave pseudopotential method.™ We

=

adopted the generalized gradient approximation (GGA} in the form of the Perdew-Burke-Ernzerhof

- A _
for the exchange-correlation potentials.”™ Spin-polarized and LDA+U calculations were made to

¢

correctly deal with our system. The ultrasoft pseudopotential with a plane-wave energy cutoff is 380

)

eV. The first Brillouin zone was sampled with grid spacing of 0.024 A™'. The self-consistent field was

set as 5 x 107 eV/atom. Based on the experimental lattice parameters, all independent internal atomic

coordinates were optimized with the convergence standard given as follows: energy change less than

5 x 10 eV/atom, residual force less than 0.01 eV/A.
-
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