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ABSTRACT: The design of highly efficient, durable, and
earth-abundant catalysts for the oxygen evolution reaction is
crucial to a variety of important energy conversion and storage
processes. Here, we use carbon quantum dots (CQDs, ∼5 nm)
to form hybrids with the ultrathin nickel−iron layered double-
hydroxide (NiFe-LDH) nanoplates. The resulting CQD/NiFe-
LDH complex exhibits high electrocatalytic activity (with an
overpotential of ∼235 mV in 1 M KOH at a current density of
10 mA cm−2) and stability for oxygen evolution, which almost
exceed the values of all previously reported Ni-Fe compounds and were comparable to those of the most active perovskite-based
catalyst.
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■ INTRODUCTION

The electrolysis of water to generate oxygen provides a possible
process for the storage of a considerable amount of energy.1−8

However, the OER (oxygen evolution reaction) is kinetically
slow because of its multistep proton-coupled electron transfer
process, so electrolysis must require a relatively higher potential
than thermodynamic potential (1.23 V) for water splitting
(H2O → H2 + 1/2O2).

9,10 Currently, RuO2 and IrO2 are
regarded as the most active OER catalysts,2,11−13 but the lack of
Ru and Ir makes it impractical to use the metals on a large scale.
Therefore, the development of alternative catalysts that offer an
availability suitable for large-scale application and also high
efficiency in water electrolysis is critical.
Layered double hydroxides (LDHs), as a family of layered

anionic materials, have attracted considerable attention because
of their flexible structures and chemical versatility, which have
been exploited as a fruitful source of materials for application in
electrochemistry, magnetism, catalysis, and chemical sens-
ing.14−17 In particular, NiFe-LDH possesses a layered and
relatively open structure, which makes the rapid diffusion of
reactants and products and even the fast proton-coupled
electron transfer process in the water oxidation reaction much
easier, but the poor electrical conductivity restricts its
widespread application in electrocatalysis. Although other
carbon-related materials [such as carbon nanotubes (CNTs)
and graphene]18−20 have been reported to form composites
with LDHs for electrocatalysis applications,21−23 the compli-
cated design of their functional groups remains a weakness. For
instance, Dai et al. reported the integration of a Ni-Fe LDH
OER catalyst with mildly oxidized multiwalled CNTs can
reduce the external power for a catalyst’s electrolysis chemistry

(with an overpotential of ∼247 mV at 10 mA cm−2 in 1 M
KOH),8 but the CNTs they used needed further modification
via a modified Hummers method before forming composites
with LDHs.
Carbon quantum dots (CQDs), known as a novel class of

nanocarbon with abundant functional groups on the surface
that are needed for solidly nucleating and anchoring the pristine
nanocrystals with CQDs to achieve an intense electrostatic
interaction (or covalent attachment), have attracted consid-
erable attention because of their unique physical and chemical
properties.24−28 In particular, their small particle size (∼5 nm),
up-converted photoluminescence (PL) behavior, supernal
conductivity, rapid electron transfer, and electron reservoir
properties make it much easier to form composites and thus
can further enhance the catalytic activities of the original
materials. Previous studies by our group have designed CQD
nanocomposite (CQD/BiVO4, CQD/Cu2O, CQD/Ag3PO4,
etc.) catalysts, which all showed enhanced photocatalytic
properties.29−32 However, CQD-based nanocomposites as an
efficient electrode material for water oxidation have never
previously been reported, to the best of our knowledge.
Here, we report the structural and electrochemical

investigation of CQD/NiFe-LDH composite catalysts used
for the OER in alkaline electrolytes. Via the use of the one-step
synthetic CQDs with multifunctional groups to form
composites with NiFe-LDH, we can conclude that the CQD/
NiFe-LDH composite is a beter OER catalyst than either the
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pristine NiFe-LDH or the other NiFe composites. That is, the
resulting CQD/NiFe-LDH hybrid displays good stability and
also excellent OER electrocatalytic activity with a high current
and a small overpotential (∼235 mV in 1 M KOH and ∼305
mV in 0.1 M KOH) at a current density of 10 mA cm−2. This
almost exceeded those of any previously reported Ni-Fe
compounds9,11,32,33 and even was comparable to that of the
lowest overpotential reported in Ni-Fe catalysts, ∼230 mV at
10 mA cm−2 for electrodeposited Ni-Fe films.34

■ EXPERIMENTAL SECTION
All chemicals were purchased from Sigma-Aldrich (A.R) and were
used as received without further purification.
Preparation of CQDs. CQDs (∼5 nm) were synthesized through

an electrochemical etching method. In a typical experiment, The
graphite rod (99.99%, Alfa Aesar Co. Ltd.) was inserted into the
ultrapure water as the anode (18.4 MΩ cm−1, 600 mL), placed parallel
to the other graphite rod as the counter electrode with a separation of
7.5 cm. Static potentials of 15−60 V were applied to the two
electrodes using a direct current (dc) power supply. After the sample
had been continuously stirred for 120 h, the anode graphite rod
corroded, and a dark-yellow solution appeared gradually in the reactor.
The solution was filtered with slow-speed quantitative filter paper, and
the resultant solution was centrifuged at 22000 rpm for 30 min to
remove the precipitated graphite oxide and graphite particles. Finally,
the obtained solution consisted of water-soluble CQDs.

The ∼10 and ∼100 nm carbon particles were obtained from
gradient centrifugation of the untreated solution by the electro-
chemical etching method.
Synthesis of the NiFe Hydroxide Carbon Dot Hybrid (CQD/

NiFe-LDH). In a typical synthesis, ∼2 mg of CQDs was dispersed in 4
mL of anhydrous N,N-dimethylformamide (DMF), which was aided
by sonication for 10 min. After that, 400 μL of 0.2 M nickel acetate
[Ni(OAc)2] and 80 μL of a 0.2 M ferrous nitrate [Fe(NO3)3] aqueous
solution were added. The solution was vigorously stirred at 85 °C for 4
h. Then, the product was collected and dispersed in a mixture of ∼4
mL of DMF and ∼8 mL of water and transferred to a 40 mL Teflon-
lined stainless steel autoclave for solvothermal reaction at 120 °C for
12 h, followed by another solvothermal treatment at 160 °C for 2 h.

The final product was collected by centrifugation, repetitively washed
with water, and lyophilized.

Synthesis of Control Groups of the NiFe-LDH Nanoplate,
CQD/β-Ni(OH)2, and CQD/FeOx. All controllable contrast test
samples were synthesized by similar procedures of CQD/NiFe-LDH
synthesis with different precursors. The NiFe-LDH nanoplate was
synthesized with 400 μL of 0.2 M Ni(OAc)2 and 80 μL of a 0.2 M
[Fe(NO3)3] aqueous solution (without a CQD precursor). The
CQD/Ni(OH)2 nanoplate hybrid was synthesized with 400 μL of a
0.2 M Ni(OAc)2 aqueous solution and ∼2 mg of CQDs [without
Fe(NO3)3 precursors]. The CQD/FeOx composite was synthesized
with 400 μL of a 0.2 M Fe(NO3)3 aqueous solution and ∼2 mg of
CQDs [without Ni(OAc)2 precursors]. All hybrid materials contain
∼18.5 wt % CQDs.

■ RESULTS AND DISCUSSION

In our experiments, high-purity CQDs were synthesized
through a mild, one-step electrochemical approach, without
the assistance of any chemicals but only pure water.40 The
gained CQDs possess fragmented graphitic structure and
abundent functional groups on the surface without further
modification. Figure 1a shows the transmission electron
microscopy (TEM) image of CQDs, revealing that the
diameter of CQDs is ∼5 nm. The high-resolution TEM
(HRTEM) image in the inset of Figure 1a depicts the crystal
lattice spacing of ∼0.321 nm, which agrees well with the (002)
lattice planes of graphitic carbon. The UV−vis absorption
spectrum of CQDs (in Figure 1b, blue curve) typically shows
an obvious optical absorption peak in 260 nm, with a tail
extending to the visible range, and there are also two
characteristic peaks located at ∼1358 and ∼1600 cm−1 in the
Raman spectrum of CQDs (in Figure 1b, black curve),
corresponding to the D-band and G-band of carbon,
respectively. Panels c and d of Figure 1 display the
luminescence decays (485 nm excitation, monitored with a
550 nm narrow bandpass filter) of CQDs, which were
quenched by given electron donor N,N-diethylaniline (DEA,

Figure 1. (a) TEM images of the CQDs. The inset in panel a is the HRTEM image of a single CQD particle. (b) UV−vis absorption spectrum
(blue) and Raman spectrum (black) of CQDs. Luminescence decays (485 nm excitation, monitored with a 550 nm narrow bandpass filter) of the
CQDs with (c) DEA and (d) 2,4-dinitrotoluene. The insets of panels c and d are Stern−Volmer plots for the quenching of luminescence quantum
yields of the CQDs by DEA and 2,4-dinitrotoluene, respectively.
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0.88 V vs NHE) and electron acceptor 2,4-dinitrotoluene (−0.9
V vs NHE), with the observed Stern−Volmer (insets of panels
c and d of Figure 1) quenching constants (KSV = τF°kq) from
linear regression of 19.8 and 20.2 M−1, respectively. The
distinct results that show that the PL spectra of CQDs were
quenched highly efficiently by either electron acceptors or
electron donors clearly demonstrate that CQDs are prominent
as both electron donors and electron acceptors.31

In our experiments, a facile method was developed to
synthesize the CQD/NiFe-LDH composite.8 Typically, nickel
acetate and iron nitrate (with a Ni/Fe molar ratio of 5) were
hydrolyzed in a mixed N,N-dimethylformamide (DMF) and
CQD aqueous solution at 85 °C for 4 h. Followed by
redispersion of the intermediate product in a DMF/H2O mixed
solvent and through a solvothermal treatment at 120 °C for 12
h was a second solvothermal step at 160 °C for 2 h. The
solvothermal treatment may lead to the crystallization of NiFe-
LDH nanoplates and the formation of the nanocomposites.
The structure, size, and morphology of the fabricated hybrid

were characterized by scanning electron microscopy (SEM)
and TEM. Figure 2a shows the SEM images of the CQD/NiFe-
LDH composite. It shows that the nanoplates are ultrathin [∼1
nm (see the AFM image in Figure S1 of the Supporting
Information for details)] and have a variable size of
approximately 50−200 nm. The TEM image (see Figure 2b)
shows that the NiFe-LDH nanoplate and CQDs (size of ∼5
nm) successfully formed a composite. The HRTEM (Figure
2c) image of the CQD/NiFe-LDH composite further reveals
that the fringe spacing of 0.25 nm agrees well with the spacing
of the (012) lattice plane of NiFe-LDH, while the interplanar
spacing of ∼0.321 nm corresponds to the (002) crystallo-
graphic planes of graphitic carbon, which is strong evidence of

the formation of CQD/NiFe-LDH composite structures.
Energy-dispersive X-ray spectrum (EDS) analysis (shown in
Figure S2 of the Supporting Information) also suggested the
formation of the stoichiometric NiFe-LDH compound and the
related complex photocatalysts. It is easy to see that, in addition
to the Ni, Fe, and O stemming from the pristine NiFe-LDH,
the C peaks corresponding to CQDs (CQD content of
∼18.5%) can be distinctly detected in the CQD/NiFe-LDH
composite catalysts. Figure 2d shows X-ray diffraction (XRD)
patterns of the as-prepared CQD/NiFe-LDH electrocatalyst,
which is in good agreement with the standard data of α-
Ni(OH)2 (the same structure as NiFe-LDH)8 (JCPDS Card
38-0715). No extra characteristic peaks were detected from the
patterns, indicating that there were no impurities in the
products. The characteristic peak for carbon at 26° is too weak
to be observed, perhaps because of the small amount of carbon
and its relatively low diffraction intensity in composites. It is
known that incorporation of Fe3+ into nickel hydroxide could
replace Ni2+ in the Ni(OH)2 lattice, thus forming a stable LDH
structure. The excessive cationic charge caused by Fe3+ was
balanced by intercalation of the anion between the hydroxide
layers.35−38 From the X-ray photoelectron spectroscopy (XPS)
image shown in Figure S3 of the Supporting Information, the
existence of both Fe and Ni in the hybrid material was proven,
and the Fe species was confirmed to be mostly in the +3
oxidation state from the high-resolution Fe 2p spectrum (see
Figure S3b of the Supporting Information).
In the subsequent experiments, we further investigated the

interaction between the CQDs and NiFe-LDH components in
the hybrid catalyst. The FT-IR spectra of CQDs and the CQD/
NiFe-LDH composite are displayed in Figure 3a. With respect
to pure CQDs, there are several peaks located at approximately

Figure 2. (a) SEM image of the CQD/NiFe-LDH nanoplate catalyst. (b) TEM and (c) HRTEM images of the CQD/NiFe-LDH hybrid. Arrows
point to individual NiFe-LDH plates and smaller CQD particles. (d) XRD spectra of the CQD/NiFe-LDH (black) and pure NiFe-LDH (red,
synthesized without CQDs) samples.
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3482 (hydroxyl, OH), 1708 (carboxy, CO), 1440 (aromatic,
CC), and 1243.79 (C−O−H) cm−1. Some peaks for CQDs
correspond to the oxygen-containing groups and other new
functional groups, indicating a successful oxidation of graphite
and the formation of hydrophilic groups. Compared with pure
CQDs, the CQD/NiFe-LDH composite shows a slight shift of
some dominant peaks [for example, the CO peak shifts ∼45
cm−1 (see the enlarged image in Figure S4 of the Supporting
Information)]; this is probably due to the strong electrostatic
interactions between NiFe-LDH and CQDs [or the formation
of a C−O−M (M represents Ni or Fe here) species that is
chemically bound]. This crucial result demonstrates that CQDs
here do not just exhibit physical absorption with NiFe-LDH;
they also have additional strong interactions with the pristine
materials. Figure 3b further shows the PL spectra of CQDs and
CQD/NiFe-LDH composite catalysts. We know from panels c
and d of Figure 1 that the PL from CQDs can be quenched
efficiently by either electron acceptor or electron donor
molecules in solution; in particular, CQDs are both excellent
electron donors and electron acceptors.24 From the remarkable
decay (or quenching) of PL intensity in the CQD/NiFe-LDH
composite compared with that of pure CQDs in Figure 3b, we
can conclude that there should have been electron transfers
from CQDs to NiFe-LDH nanoplates.
To assess the catalytic properties of the new as-prepared

CQD/NiFe-LDH composites for electrochemical oxidation of
water to oxygen, the complexes were prepared on glassy carbon
electrodes for recording OER polarization curves at a slow scan
rate of 5 mV/s in 1 M KOH. During the measurements, the
working electrode was continuously rotating at 1600 rpm to
remove the generated oxygen bubbles. Similar measurements

for the NiFe-LDH nanoplate, a commercial Pt/C reference
(Johnson-Matthey, 20 wt %), pure CQDs, and a bare glassy
carbon (GC) electrode were also performed. As shown in
Figure 4, we can see that the CQD/NiFe-LDH composite

(carbon size of ∼5 nm) exhibits the greatest current and earliest
onset potential [∼1.44 V vs the reversible hydrogen electrode
(RHE)] compared with those of the pure NiFe-LDH
composite and other materials. Therefore, we can infer that
CQDs definitely play an irreplaceable role in the dramatic
enhancement of OER activities in CQD/NiFe-LDH hybrids. It
is of note that the free NiFe-LDH composite nanoplates
synthesized without CQDs also represent a relatively high OER
activity.
Figure 4 suggests that the CQD/NiFe-LDH composite was a

novel electrocatalyst material with high OER activity in basic
solutions, and we deduce that the strong electrocatalytic
performance is mainly attributed to the formation of the NiFe-
LDH phase. Strong association of the LDH with CQDs further
facilitated charge transport and improved catalyst activity.
Therefore, in our further studies, a series of control experiments
were conducted to prove the hypothesis. In Figure 5, we can
see that CQD/FeOx, CQD/β-Ni(OH)2, and a physical mixture
of them all show a relatively low OER activity compared with
that of the pure NiFe-LDH phase, not to mention the CQD/
NiFe-LDH hybrid. In 0.1 M KOH, the CQD/NiFe-LDH
catalyst showed an onset potential of OER at ∼1.49 V versus
the RHE, along with a sharp anodic current (Figure 5a).
Similarly, the OER onset potential of the composite is
considerably reduced to ∼1.44 V versus the RHE in 1 M
KOH (Figure 5b). The prior peak of CQD/NiFe-LDH around
1.43 V in 1 M KOH is assigned to the Ni(II)/Ni(III or IV)
redox process.34 The CQD/NiFe-LDH electrocatalyst was
among the most active non-precious metal electrocata-
lysts.7,8,11,13,38,39

In our subsequent experiments, the stability of the CQD/
NiFe-LDH composite was also studied on a rotating disk
electrode in alkaline solutions at a constant current density of
2.5 mA/cm2. From Figure 6a, we can see that the CQD/NiFe-
LDH composite catalyst had a nearly constant operating
potential, at ∼1.51 V (corresponding to an overpotential of
0.28 V) in 0.1 M KOH, whereas the pristine NiFe-LDH
composite showed a phanic increase in overpotential of ∼20
mV in 3000 s. Analogously, in 1 M KOH, the working potential

Figure 3. (a) FT-IR and (b) PL spectra of pure CQDs alone and the
CQD/NiFe-LDH composite.

Figure 4. Polarization curves for OER in 1 M KOH on a bare GC
electrode and modified GC electrodes comprising pure CQDs, 20 wt
% Pt/C, pure NiFe-LDH NPs, and CQD/NiFe-LDH.
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of the CQD/NiFe-LDH composite was lowered to ∼1.46 V,
and the catalyst was also more stable than the pure form. Thus,
we can conclude that besides excellect OER activity, the CQD/
NiFe-LDH composite electrocatalyst also exhibits good
durability in basic solutions. Steady-state Tafel measurements
for the CQD/NiFe-LDH composite are presented in Figure 6b.
All tafel slopes were fit to the linear region of the data below 1
mA cm−2. The CQD/NiFe-LDH composite catalyst exhibited a
Tafel slope of ≈35 mV/decade in 0.1 M KOH and ≈30 mV/
decade in 1 M KOH, which are lower than that of pure NiFe-
LDH nanoplates and previously reported Ni(Fe)-based OER
catalysts under the same conditions.8,9,11Moreover, we also
examined the SEM images and XRD patterns of the CQD/
NiFe-LDH composite catalysts after the long OER operation
(see panels a and b of Figure S5 of the Supporting
Information). The morphology and size of the NiFe-LDH
nanoplate remained the same, and the XRD pattern was
consistent with the pristine crystalline NiFe-LDH phase,
suggesting no change in the LDH phase through OER catalysis.
Thus, we may summarize that highly OER active, relatively
stable crystalline CQD/NiFe-LDH nanocomposites in basic
solutions have been successfully synthesized.

On the basis of the results and discussions presented above,
the proposed mechanism for the excellent OER electrochemical
activity of CQD/NiFe-LDH nanocomposites is represented in
Figure 7. The high electrocatalytic property was primarily
attributed to the NiFe-LDH phase and further enhanced by
strong association of the LDH with CQDs, which are small and
exhibit excellent conductivity, rapid electron transfer, and
electron reservoir properties. Specifically, the small size of
CQDs may provide a large specific surface area for more
convenient electrocatalytic reaction, and the rapid electron

Figure 5. IR-corrected polarization curves of the CQD/NiFe-LDH
composite, the NiFe-LDH nanoplate alone, β-Ni(OH)2/CQD nano-
particles, FeOx/CQD nanoparticles, and a physical mixture of β-
Ni(OH)2/CQD nanoparticles with FeOx/CQD nanoparticles loaded
on the GC electrode (with a loading of 0.2 mg/cm2) in (a) 0.1 M
KOH and (b) 1 M KOH.

Figure 6. (a) Chronopotentiometry curves of the CQD/NiFe-LDH
composite and the pure NiFe-LDH nanoplate catalyst on the GC
electrode at a constant current density of 2.5 mA/cm2 in 0.1 and 1 M
KOH. (b) Tafel plots (overpotential vs log current) of the CQD/
NiFe-LDH catalyst recorded at a sweep rate of 0.1 mV/s in 0.1 and 1
M KOH.

Figure 7. Schematic model of the roles of CQDs in the high
elecotrocatalytic activity of CQD/NiFe-LDH nanocomposites.
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transfers from CQDs to NiFe-LDH on the surface could
further improve the electrocatalytic activities. The surface
functional groups on CQDs (such as carboxy CO) make the
formation of CQD/NiFe-LDH composites easier because of
the strong electrostatic interactions between NiFe-LDH and
CQDs [or generation of a new covalent bond (like C−O−Ni
or C−O−Fe)]. Regardless, the synergistic effect between NiFe-
LDH and CQDs afforded by direct integration of the Ni−Fe
LDH nanoplates with the surface functional groups on CQDs
contributed to the optimal OER activity of the CQD/NiFe-
LDH composite catalysts.
On the basis of the results presented above, we can see that

the CQDs can significantly increase the electrocatalytic
activities and durability of NiFe-LDH because of the bonding
and interaction between the CQDs and the pure NiFe-LDH
nanoplate. As further confirmation that the excellent catalytic
properties of the hybrids for water oxidation were attributed to
the CQDs rather than random carbon materials, we employed
three different sizes of nanocarbon [(a) ∼5 nm, namely CQDs,
(b) ∼10 nm, and (c) ∼100 nm] to form composites with NiFe-
LDH under the same conditions for comparison. Each of the
as-prepared complexes was prepared on a glassy carbon
electrode for recording OER polarization curves at a slow
scan rate of 5 mV/s in 1 M KOH. Figure 8 shows that with the

increase in the size of nanocarbon, the electrocatalytic activities
of the composites decrease apparently. In proper terms, the
CQD/NiFe-LDH composite exhibits the greatest current and
earliest onset potential (∼1.44 V vs the RHE); ∼10 nm carbon
with NiFe-LDH composites has an onset potential of ∼1.47 V,
and the value for ∼100 nm carbon decreases to ∼1.55 V, which
is even lower than that of the bare NiFe-LDH nanoplate.
Therefore, we can conclude that it is definitely CQDs that
cooperate with NiFe-LDH to enhance the electrocatalytic OER
activities drastically.
It should be further pointed out that, in the system presented

here, CQDs with abundant functional groups and unique
physicochemical properties are much easier to design than
some other nanocarbon materials that might need further
modification before being used. Although possessing excellent
electrocatalytic properties, the CQD/NiFe-LDH composite
presented here still has the benefit that it can be further
optimized by introduction of different nanostructures (nano-
wires, -tubes, -rods, and -plates or their arrays) and different

kinds of LDHs (Zn-Co, Ni-Al, Zn-Cr, etc.). Further, CQDs
with proper surface modifications, as well as doping with
nonmetals, such as N, B, P, and S, might also improve the
electrocatalytic performance.41,42 Given the diversity and
versatility of the structural design of the CQD/NiFe-LDH
composite system presented here, the combination of CQDs
and NiFe-LDH nanoplates as a superb electrocatalyst may
provide a new approach to high-efficiency CQD-related
electrocatalyst design for applications toward new energy
sources, green chemistry, and environmental issues.

■ CONCLUSIONS
In summary, we report that an advanced CQD/NiFe-LDH
nanocomposite catalyst can be synthesized by a plain
coprecipitation−solvothermal route. This inexpensive, earth-
abundant, and easily constructed catalyst exhibited excellent
OER electrochemical activity with small overpotentials of ∼235
mV in 1 M KOH and ∼305 mV in 0.1 M KOH at a current
density of 10 mA cm−2 and large anodic currents in an alkaline
medium. Furthermore, the chronopotentiometry tests with the
CQD/NiFe-LDH composite catalyst revealed its good
durability. Our studies provide new insight into designing and
fabricating effective OER electrocatalysts by synergistic
coupling of nonprecious functional materials with CQDs,
which are strongly required for energy conversion and storage
technologies.
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