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7, 45141 Essen, Germany
§Department of Applied Physics, School of Science, Aalto University, P.O. Box 15100, FI 00076 Aalto, Finland

*S Supporting Information

ABSTRACT: Earth-abundant element-based inorganic−organic hybrid
materials are attractive alternatives for electrocatalyzing energy conversion
reactions. Such material structures do not only increase the surface area and
stability of metal nanoparticles (NPs) but also modify the electrocatalytic
performance. Here, we introduce, for the first time, multiwall carbon
nanotubes (MWNTs) functionalized with nitrogen-rich emeraldine salt (ES)
(denoted as ES-MWNT) as a promising catalyst support to boost the
electrocatalytic activity of magnetic maghemite (γ-Fe2O3) NPs. The latter
component has been synthesized by a simple and upscalable one-step pulsed
laser ablation method on Ni core forming the core−shell Ni@γ-Fe2O3 NPs.
The catalyst (Ni@γ-Fe2O3/ES-MWNT) is formed via self-assembly as
strong interaction between ES-MWNT and Ni@γ-Fe2O3 results in NPs’
encapsulation in a thin C−N shell. We further show that Ni does not directly
function as an active site in the electrocatalyst but it has a crucial role in
synthesizing the maghemite shell. The strong interaction between the NPs and the support improves notably the NPs’ catalytic
activity toward oxygen evolution reaction (OER) in terms of both onset potential and current density, ranking it among the
most active catalysts reported so far. Furthermore, this material shows a superior durability to most of the current excellent OER
electrocatalysts as the activity, and the structure, remains almost intact after 5000 OER stability cycles. On further
characterization, the same trend has been observed for hydrogen evolution reaction, the other half-reaction of water splitting.

KEYWORDS: catalyst support, maghemite (γ-Fe2O3), core−shell nanoparticles, carbon nanotubes, polymer functionalization,
water splitting, self-assembly

1. INTRODUCTION

Hydrogen production by electrochemical water splitting is
considered a promising route for renewable energy conversion
and an enabler for hydrogen utilization as an energy carrier.1 In
a water electrolysis device, the overall water-splitting reactions
should be utilized in the same electrolyte. This is one of the
challenges in electrocatalyst development because of the
difficulty in finding earth-abundant catalysts enhancing the
efficiency for both the oxygen evolution reaction (OER) and
the hydrogen evolution reaction (HER) in the same electrolyte
and under similar pH conditions. Because of this, development
of an electrocatalyst with bifunctional activity for both water
electrolysis half-reactions is specifically of high interest for
large-scale device fabrication.
Oxides of first-row transition metals as earth-abundant and

cost-effective materials have shown promising performance for

water splitting1,2 Nonetheless, the catalytic activity and
durability of these transition-metal-based electrocatalysts can
be significantly improved by modifying the catalyst structure
and the electronic properties of the catalyst surface.3,4 The
latter can be tuned for subtle changes in the catalyst properties
by changing the surface composition as well as by catalyst/
support or shell−core interactions in the supported catalysts
and core−shell nanoparticles (NPs), respectively.3−6 These
changes can modify the binding energy of the reaction
intermediates in order to improve the activity and stability of
the electrocatalyst.4 One promising strategy to modify the
structure and electronic properties of nanoparticulate electro-
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catalysts simultaneously is to increase the surface area, by
selecting a suitable support, and making core−shell catalysts.
Carbon nanotubes (CNTs) have a high surface area, high

thermal and chemical stability, excellent electrical conductivity,
and special electronic properties, suggesting them as a suitable
support for electrocatalysts.7 CNTs can strongly interact with
nanoparticulate8 and even subnanometer9 catalysts for the
fabrication of highly active and durable catalysts. Furthermore,
CNTs are highly stable in the harsh conditions of the water
splitting in alkaline media, and hence they are interesting
catalyst supports for both the OER and the HER.10,11 CNTs
can also be doped or functionalized with nitrogen-containing
polymers12 or ligands.11 In these structures, N sites on the
CNTs function as decoration sites for a stronger immobiliza-
tion of NPs because of a higher catalyst/support interaction,
leading to a significant charge transfer which can modify the
catalytic activity of active sites.13

Recently, Au@metal-oxide6 core−shell NPs has also been
introduced as highly active OER electrocatalysts in which the
Au core is surrounded by an active transition-metal-oxide shell
improving the catalytic activity of a surrounding active
transition-metal shell. In general, core−shell structures provide
unique, useful, and tailorable properties which advance these
nanostructures as an important class of emerging nanomateri-
als.14 The interaction between the core and the shell is caused
by their atomic vicinity, inducing charge transfer between the
species, and this alters the electronic properties of the shell.15

Geometric effects, originating from a different three-dimen-
sional structural construction, are another main impact of the
core−shell nanostructures. The electronic and geometric
effects,16 caused by the formation of core−shell structures,
can modify the adsorption energies of the reactants and
reaction intermediates for different catalytic sites located at the
surface to improve the catalytic activity.
In this study, we show that magnetic γ-Fe2O3 is formed in

the presence of the Ni NP core (Ni@γ-Fe2O3 core−shell NPs)
with a facile one-pot sequential synthetic method using pulsed
laser ablation in liquid (PLAL). PLAL technique has the ability
to synthesize active electrocatalysts17,18 and has been selected
as it is one of the most simple and tunable methods for the
synthesis of magnetic NPs.19−21 Subsequently, the prepared
Ni@γ-Fe2O3 NPs have been decorated on the nitrogen-rich
emeraldine salt (ES)-functionalized multiwall carbon nano-
tubes (MWNTs), leading to a strong interaction between the

magnetic maghemite (γ-Fe2O3) shell and ES. Consequently,
nitrogen-rich ES wraps around the Ni@γ-Fe2O3 NPs, which
modifies the catalyst surface and creates a highly durable
catalyst. We demonstrate that the self-assembled C−N
encapsulation layer protects the NPs from degradation and
agglomeration with the neighboring NPs during the
electrolysis. The Ni@γ-Fe2O3/ES-MWNT is reported here as
a new class of highly active and stable material for water
oxidation and reduction.

2. RESULTS AND DISCUSSION

2.1. Material Synthesis and Morphology Character-
ization. Magnetic Ni@γ-Fe2O3 NPs have been synthesized via
PLAL from alloy targets in acetone as explained in the
synthesis process section (see Section 5). Ni@γ-Fe2O3 core−
shell NPs with an average diameter of 12.3 nm [based on
transmission electron microscopy (TEM) measurements,
Figure S1] are obtained in this facile one-step synthesis
process. The PLAL technique has been earlier demonstrated as
a feasible technique for producing core−shell structures
containing FeOx shells.20,22 It is noteworthy that the
parameters for synthesizing NPs were optimized by taking
into consideration the yield and uniformity of the sample.
Furthermore, to attach the Ni@γ-Fe2O3 NPs to an electroni-
cally conducting support, ES-MWNTs have been synthesized
as explained in our recent publication23 and summarized in the
Experimental Section (Section 5). The Ni@γ-Fe2O3 NPs are
decorated on the ES-MWNT simply by mixing them under
bath sonication for 1 h (Scheme 1). In this step, the interaction
between ES and the NPs induces the formation of another
core−shell structure, comprising a polymer shell and an NP
core, via self-assembly.
The structures of the synthetized materials have been

studied by high-resolution TEM (HRTEM). Figures 1a and S1
show the HRTEM observations of the Ni@γ-Fe2O3 NPs.
Energy-dispersive spectroscopy (EDS) elemental mapping of
Ni@γ-Fe2O3 is also obtained using an EDS coupled with the
HRTEM to observe the elemental composition of the NPs.
The overlay EDS mapping of the Ni@γ-Fe2O3 NPs (Figure
1b) exhibits the core−shell configuration of the NPs in which
the core is Ni-rich, whereas the shell is mainly composed of Fe
oxide. The Ni core and the iron oxide shell have been further
studied by other characterization techniques (as discussed in
the following sections) and identified as metallic Ni and

Scheme 1. Schematic Illustration for the Synthesis of the Ni@γ-Fe2O3 NPs and the Ni@γ-Fe2O3/ES-MWNT Hybrid Materialsa

aTwo steps along the direction of the arrows (from the left to the right) illustrate the corresponding sequent synthesis stages.
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maghemite (γ-Fe2O3), respectively. The HRTEM observation
of the Ni@γ-Fe2O3 NPs after decoration on ES-MWNTs is
shown in Figure 1c where the encapsulation of the NPs in a
thin layer of ES is visible. The EDS/HRTEM mapping of the
Ni@γ-Fe2O3 NPs has also been considered in Section 3, and
those results clearly show the encapsulation of the NPs in the
C−N layer from the ES.
The NPs can be immobilized via self-assembly on the ES-

MWNT support because of the strong electrostatic interaction
between the Ni@γ-Fe2O3 NPs and the ES-MWNT. This
interaction arises from the difference between the zeta
potential of the Ni@γ-Fe2O3 NPs (∼−54) and the ES-
MWNT (∼6) in acetone. ES, on the other hand, interacts with
MWNTs, as shown in our recent investigation.23 Therefore,
the role of ES is important for the formation of a stable
material as it can strongly interact with both the MWNTs and
the Ni@γ-Fe2O3 NPs.
The HRTEM images in Figure S2 show that the amount of

dispersed Ni@γ-Fe2O3 NPs on MWNTs (without ES) is
significantly decreased in the absence of ES. N sites in ES (see
Figure S13 for the ES structure) can act as the anchoring sites
for the metal NPs. In general, the presence of the N sites on
the carbon support can immobilize the active metallic centers
to form metal−nitrogen−carbon (M−N−C) species and
facilitate the electrocatalytic process.24−26 Scanning electron
microscopy (SEM) images shown in Figure S3 indicate that
when the Ni@γ-Fe2O3 NPs interact only with ES (in the
absence of MWNTs), a thick layer of the ES polymer covers
the NPs (Ni@γ-Fe2O3/ES). The formation of a thick polymer
layer around the NPs hinders mass transfer to the metal shell
(γ-Fe2O3), resulting in low catalytic activity as explained in
Section 2.2.
2.2. Considerations for Synthesizing Ni@γ-Fe2O3

Core−Shell NPs with PLAL. PLAL produces a plasma
plume with high temperature and pressure, which contains

highly ionized and excited species from both the target and the
solvent. The liquid environment exposed to the plasma plume
during generation of NPs has been reported to have a
significant influence on the structure of the final products.20

This aspect has been exploited earlier to prepare different M@
MOx NPs.

27 Here, a NiFe target in acetone has been utilized
for PLAL for the Ni@γ-Fe2O3 NP synthesis. As Fe has a higher
negative adsorption enthalpy to acetone than Ni, formation of
core−shell NPs with a Ni core and an FeOx shell is favored.
Hence, plausibly the Ni core is formed in the beginning and
subsequently the γ-Fe2O3 layer is shaped as a shell probably
because of the higher nucleation rate of Ni compared to Fe.
The zeta potentials of the NiFe-based NPs synthesized in

water and acetone are ∼−1.74 and ∼−54.3 mV, respectively.
Here, only NPs synthesized in acetone showed a pronounced
Ni@γ-Fe2O3 core−shell structure, indicating that the structure
and morphology of the core−shell materials clearly differ
depending on the solvents used during the laser ablation
process. A similar solvent dependency has been previously
observed for the formation of Cu@Cu2O NPs by laser-induced
fragmentative decomposition of CuO, where the core−shell
NPs have been formed in acetone because of the different
high-temperature cooling periods between solvents.27

In addition to the solvent effect, we have found that the role
of Ni is critical for the formation of the maghemite shell. To
investigate the effect of Ni, the growth procedure of Ni@γ-
Fe2O3/ES-MWNT has been repeated but the NiFe foil as the
laser target was replaced with an Fe foil to synthesize FeOx
NPs. The FeOx NPs had an average size of 12.5 nm (Figure
S4), which is close to that measured for the Ni@γ-Fe2O3 NPs
(12.3 nm).

2.3. X-ray Diffraction and Raman Characterization.
The phase composition of the Ni@γ-Fe2O3 NP and the Ni@γ-
Fe2O3/ES-MWNT samples was also investigated by X-ray
diffraction (XRD) as shown in Figure S5a. The peak positions
are well in agreement with the standard maghemite structure.28

However, one of the most powerful techniques for providing a
clear assignment of the phase of the iron oxide or oxyhydroxide
is Raman spectroscopy where all the different iron oxide phases
reveal strong and distinct characteristic Raman active
features.29 Raman spectroscopy can also detect crystalline
NPs smaller than 4 nm and amorphous phases, which cannot
be detected by XRD.30 Here, for the Ni@γ-Fe2O3/ES-MWNT,
the Raman spectrum at the low-frequency region (Figures 2
and S6) displays the appearance of new features including the
strongest peak in this region at ∼690 cm−1 and two weaker
peaks at ∼572 and ∼461 cm−1. The strongest peak at ∼690
cm−1 is attributed to γ-Fe2O3 as only this phase of iron oxide
shows its most pronounced Raman peak at this position,29 and
for the small-sized maghemite this is almost the only
observable Raman band.29 The weaker peaks in the range of
450−580 cm−1 can be assigned to the Ni core of the core−
shell NPs.31 In contrast, Raman features at the low-frequency
region for the FeOx NPs (Figure S6) agree well with the
hematite structure.32,33 These results exhibit the crucial role of
Ni for making maghemite containing the core−shell structure
by PLAL.
As shown in Figure 2, Raman spectra of the samples at the

high-frequency region (Figure 2) display three major modes:
the defect-induced D-mode at 1300−1360 cm−1, the graphitic
mode (G mode) of CNTs at around 1600 cm−1, and the
overtone of the D-band (G′ or 2D) at ∼2500−2800 cm−1.34

The so-called G′ band is observed in the Raman spectra of all

Figure 1. (a) HRTEM image of the Ni@γ-Fe2O3 core−shell NPs and
(b) corresponding EDS elemental mapping overlay where Fe and Ni
are shown by red and green colors, respectively. (c) HRTEM image of
a crystalline γ-Fe2O3 shell. (d) HRTEM image of the Ni@γ-Fe2O3
NPs decorated on ES-functionalized MWNTs (Ni@γ-Fe2O3/ES-
MWNT).
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kinds of sp2 carbon materials and is strongly sensitive to any
perturbation to the π electronic structure.35 The G36 and
especially the G′35 bands are shifted by the charge transfer
between dopant additions on CNTs. These bands can be also
used to assign p- and n-type doping in CNTs35 as they are
blue-shifted and red-shifted upon doping, respectively. As
shown in Figure 2, decorating the Ni@γ-Fe2O3 NPs on ES-
MWNT causes red shifts of 7 and 8 cm−1 in the G and G′
bands, respectively, indicating that the Ni@γ-Fe2O3 NPs act as
electron donor (n-type doping) dopants for the ES-MWNT
support. After decorating the NPs, a new peak around 1480
cm−1 appears. Similarly, this peak has been observed for the
functionalized CNTs with ES.37,38

2.4. X-ray Photoelectron Spectroscopy Character-
izations. X-ray photoelectron spectroscopy (XPS) has been
used to investigate the surface elemental composition of Ni@γ-
Fe2O3/ES-MWNT at various stages of sample preparation and
after exposing the hybrid catalyst to the OER (see Section 2 for
the electrochemical measurements). The most relevant spectra
are shown in Figures 3 and S7. The atomic concentrations are
summarized in Table S1.
Figure 3a shows the Fe 2p spectrum of Ni@γ-Fe2O3/ES-

MWNT where four distinct peaks are observed. The complex
combination of multiplet splitting and shake-up satellites
makes the accurate interpretation of the iron spectrum difficult.

The largest photoelectron peak maxima are found at binding
energies of roughly 711.0 and 724.4 eV and are consistent with
Fe 2p3/2 and Fe 2p1/2 peaks of γ-Fe2O3, respectively, but also
with many other Fe(III) compounds.39,40 The additional
smaller peaks detected at binding energies of roughly 707 and
720 eV can be ascribed to the metallic Fe 2p3/2 and Fe 2p1/2
peaks, respectively. Shake-up satellite peaks are associated with
Fe(III) compounds.39 These can be useful for the
identification of the exact Fe(III) species, but in our case the
Fe 2p1/2 peak of metallic iron overlaps with the Fe(III) 2p3/2
satellite peak, making this difficult.
The presence of metallic Fe in the sample could indicate the

existence of some NiFe alloy either near the core−shell
interface of the NiFe core−shell NPs or as separate NiFe alloy
NPs, although such alloy NPs were rarely detected in the
HRTEM images.
Figure 3b shows the Ni 2p spectrum of the Ni@γ-Fe2O3/ES-

MWNT sample. Again, a rather complex peak shape because of
multiplet splitting and satellite peaks is found in the spectrum.
The center binding energies for the most intense peak
envelopes in the Ni 2p3/2 and Ni 2p1/2 regions are found at
roughly 856.1 and 873.6 eV and the corresponding satellite
peak regions at roughly 861.0 and 879.4 eV, respectively.
These values together with the spectral shape point mostly
toward nickel(III) oxyhydroxide, but because of the close
similarly in the spectra, some nickel(II) hydroxide could be
present as well.41 Smaller peaks at binding energies of roughly
853 and 870 eV can be ascribed to the Ni 2p3/2 and Ni 2p1/2
peaks of metallic Ni, respectively. The atomic concentrations
of nickel and iron were found to be similar (see Table S1), but
a larger amount of nickel is found in metallic form. Therefore,
it is reasonable to assume that in addition to the possible NiFe
alloys mentioned previously, also metallic nickel from the core
of the core−shell NPs is observed. As the information depth of
XPS is of the order of 5 nm, the entire NP will not be probed
but photoelectrons from nickel close to the core−shell
interface can still be observed. Their intensity will, however,
be strongly attenuated by the surrounding shell.
The N 1s spectrum of Ni@γ-Fe2O3/ES-MWNT is shown in

Figure 3c. The spectrum has been fitted by assuming the
presence of five different nitrogen species: imine (N−) at
398.5 eV, amine (−NH−) at 399.5 eV, protonated amine
(−NH2

+) at 401.1 eV, protonated imine (NH+) at 402.2 eV,
and one broader peak representing different nitrogen oxides
(N-oxide) at 404−406 eV.42 For comparison, the nitrogen
spectra were also measured for the ES-MWNT sample
(without the NPs), shown in Figure 3c, and for the ES
polymer, shown in Figure S7. The percentages of different

Figure 2. Raman spectra obtained from the ES-MWNT (black line)
and Ni@γ-Fe2O3/ES-MWNT (red line) materials.

Figure 3. Photoelectron spectra of (a) Fe 2p, (b) Ni 2p, and (c) N 1s for Ni@γ-Fe2O3/ES-MWNT (black line) and ES-MWNT (blue line).
Deconvoluted components shown: amine (green line), protonated amine (purple line), protonated imine (yellow line), and N-oxide (light blue
line).
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nitrogen species derived from the peak fitting are shown in
Table S2. Within the ES sample, no imine bonds were found as
would be expected, indicating their full protonation. For ES-
MWNT, slightly less protonated species, 38% in ES compared
to 27% in ES-MWNT, are observed (see the structures
depicted in Figure S13). After the incorporation of the Ni@γ-
Fe2O3 NPs, the percentage of protonated species increases to
34% together with a clear increase in the amount of protonated
imine bonds.

3. ELECTROCHEMICAL MEASUREMENTS
3.1. Electrochemical Response of Ni@γ-Fe2O3/ES-

MWNT by Cyclic Voltammetry. Cyclic voltammetry (CV)
is an electrochemical technique, which can be used to study
the kinetic of redox reactions of materials, and their insulating
and conducting properties. For the ES form of polyaniline
(PANI) coated on a conductive substrate, a pair of redox peaks
in the CV have been observed, and they have been attributed
to the protonation and deprotonation of the ES.43 Similarly,
here, for the ES coated on highly conductive MWNTs, a pair
of electrochemical redox peaks appear at an equilibrium
potential [(Epa + Epc)/2, where Epa and Epc are anodic and
cathodic peak potentials, respectively] of 0.67 V versus a
reversible hydrogen electrode (RHE). For MWNTs function-
alized with phenanthroline or bipyridine,11,44 a similar CV
feature has been observed when the nitrogen functional groups
strongly interact with the CNT support. For ES, which is not
coated on the MWNT, the CV current is significantly lower
than that of ES-MWNT (Figure 4), showing the essential role

of MWNTs to facilitate charge transfer to/from the ES. After
decoration of the Ni@γ-Fe2O3 NPs on ES-MWNT, the strong
interaction between the NPs and ES hinders the conventional
protonation and deprotonation in ES, causing almost a
featureless CV for the Ni@γ-Fe2O/ES-MWNT sample (Figure
4). Diminishing the CV peaks of ES can be also due to the
change in the ES structure after interacting with the γ-Fe2O3
NPs as described by the XPS analysis in Section 2.4 and Figure
3c. A similar change in the CV feature has been reported
recently after metalation of bipyridine-functionalized MWNTs
with Ni(II),11 attributed to the strong interaction of the metal
sites with nitrogen moieties.

3.2. Oxygen Evolution Activity and Discussion. The
electrocatalytic activity of all the samples for the OER was
investigated in alkaline electrolytes (0.1 and 1 M NaOH) using
a standard three-electrode system. All the measured materials
were deposited on a glassy carbon (GC) electrode with a
similar loading of ∼0.2 mg cm−2. Figure 5a shows the
polarization curves of the Ni@γ-Fe2O3/ES-MWNT catalyst for
the OER in comparison with pristine MWNT, ES-MWNT,
Ni@γ-Fe2O3 NPs, and RuO2 electrodes in 0.1 M NaOH. The
OER activity follows the trend Ni@γ-Fe2O3/ES-MWNT >
RuO2 > Ni@γ-Fe2O3 > ES-MWNT ≥ MWNT. At low
overpotentials (less than 450 mV), the pristine MWNT
showed almost no catalytic activity for the OER, and the Ni@
γ-Fe2O3 NPs result in a very low OER activity (Figure 5a).
However, the OER activity of the Ni@γ-Fe2O3 NPs is
significantly improved when they are immobilized on the ES-
MWNT support, so that the OER overpotential for achieving a
current density of 10 mA cm−2 in 0.1 M NaOH reduced from
540 mV for Ni@γ-Fe2O3 to 290 mV for Ni@γ-Fe2O3/ES-
MWNT. This improvement in the activity can be attributed to
an increase in the conductivity as well as a change in the
surface composition of the NPs when the polymer is wrapped
around the NPs as discussed in Section 1.1 and later in Section
3.
Figure 5c demonstrates the activity of Ni@γ-Fe2O3/ES-

MWNT in 0.1 and 1 M NaOH electrolytes (pHs of ∼13 and
∼14, respectively). The Ni@γ-Fe2O3/ES-MWNT catalyst only
requires overpotentials of 300 and 330 mV in 0.1 M NaOH
and 260 and 290 mV in 1 M NaOH to reach current densities
of 10 and 50 mA cm−2 (denoted as ηOER,10 and ηOER,50),
respectively.
The kinetics for oxygen evolution is assessed by Tafel plots

(Figure 5b) derived from the OER polarization curves in
Figure 5a. The Tafel slope can provide an insight into the
reaction mechanism and the rate-determining step (RDS).45

The Tafel slope values of 45, 55, 95, 97, and 60 mV dec−1 are
calculated for Ni@γ-Fe2O3/ES-MWNT, Ni@γ-Fe2O3 NPs,
pristine MWNT, ES-MWNT, and RuO2, respectively (Figure
5a). The clearly different Tafel slope values for the
unsupported Ni@γ-Fe2O3 NPs and Ni@γ-Fe2O3 NPs/ES-
MWNT suggest a change in the OER mechanism and the
RDS. The Tafel slope of the Ni@γ-Fe2O3/ES-MWNT material
is close to the 40 mV dec−1 value, which has been reported for
oxidized Ni, Co, and Fe in alkaline media.46,47 For the
maghemite nanorods48 and NPs,49 a Tafel slope of 50−60 mV
dec−1 has been reported in 0.1 M NaOH or KOH, which is
close to the Tafel slope of Ni@γ-Fe2O3 NPs.
The Tafel slope is related to the reaction mechanism, and,

hence, differences in the slopes can be attributed to a change in
the RDS. Suggesting an OER mechanism solely on the basis of
Tafel slope values is not feasible, anyway, as several different
pathways have been introduced.50 However, in alkaline media,
OH− adsorption on the electrocatalyst surface with charge
transfer (S + OH− → S−OH + e−) has often been suggested as
the RDS. Furthermore, assuming a single site mechanism, the
following OER mechanism can be proposed on the basis of the
literature

+ → + − +− −Step I: S OH S OH e (1)

− + → − + +− −Step II: S OH OH S O H O e2 (2)

− + → − +− −Step III: S O OH S OOH e (3)

Figure 4. Cyclic voltammograms for Ni@γ-Fe2O3/ES-MWNT (black
solid curve), ES (green dotted curve), and ES-MWNT (red dashed
curve).

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b08830
ACS Appl. Mater. Interfaces 2018, 10, 31300−31311

31304

http://pubs.acs.org/doi/suppl/10.1021/acsami.8b08830/suppl_file/am8b08830_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b08830/suppl_file/am8b08830_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b08830


− + → − +− −Step IV: S OOH OH S OO H O2 (4)

− → + +− −Step V: S OO S O e2 (5)

where S represents an active site on the catalyst. The Tafel
slope of 45 mV dec−1 for NiFe/ES-MWNT is close to the
value of 40 mV dec−1, which has been observed when eq 3 is
the RDS.47,51

To detect the formation of oxygen on the Ni@γ-Fe2O3/ES-
MWNT catalyst, rotating ring disc electrode (RRDE)
measurements have also been carried out (Figure 5d). In
such measurements, the oxygen evolved at the disc at different
overpotentials is transported to the surrounding Pt ring
electrode held at 0.4 V where the evolved oxygen is reduced
to water. With this technique, the OER onset potential of Ni@
γ-Fe2O3/ES-MWNT is measured to be ∼1.48 V versus RHE in
0.1 M NaOH. We have also estimated an approximate Faradaic
efficiency (ε) >90% toward water oxidation catalyzed by Ni@
γ-Fe2O3/ES-MWNT using these RRDE measurements52 with
the OER current density less than 5 mA cm−2 (see the
Supporting Information for the calculation). It is noteworthy
that a small deviation from 100% efficiency does not
necessarily mean the coexistence of other anodic processes
than oxygen evolution as different factors can cause large errors
in the measured value for ε.11 The ES-MWNT support exhibits
almost no anodic current density at potentials <1.6 V, where
the OER activity of Ni@γ-Fe2O3/ES-MWNT is reported.
Thus, the measured anodic current density of the Ni@γ-
Fe2O3/ES-MWNT catalyst in Figure 5a appears not to result

from oxidative decomposition of the ES-MWNT support and
is suggested to be ascribed only to the OER.
The Ni@γ-Fe2O3/ES-MWNT electrocatalyst exhibits a low

onset overpotential and small overpotentials to obtain the high
currents. The activity of Ni@γ-Fe2O3/ES-MWNT toward the
alkaline OER is comparable to that of the most active OER
electrocatalysts reported so far53−56 (see detailed comparisons
in Table S3 in the Supporting Information). The performance
of Ni@γ-Fe2O3/ES-MWNT toward the OER is also close to
that observed for NiFe-layered double hydroxide nanoplates
on mildly oxidized MWNTs [NiFe (LDH)/CNT] as the state-
of-the-art electrocatalyst for the OER in alkaline media.53

As discussed in Section 2.2, the presence of Ni is critical for
forming the maghemite shell. The latter can strongly interact
with the ES-MWNT support and thus result in the formation
of the active C−N encapsulation layer on the maghemite shell.
For the FeOx/ES-MWNT sample, a significantly lower OER
activity than for the Ni@γ-Fe2O3/ES-MWNT catalyst is
observed (Figure S8). These results originate from the lack
of magnetic maghemite NPs in the FeOx sample (Figure S6)
and resulting less strong interaction between the nitrogen sites
on ES-MWNT and the NPs. Consequently, the OER activity
of FeOx/ES-MWNT is lower than that of Ni@γ-Fe2O3/ES-
MWNT. As shown in Figure S8, both the unsupported FeOx
and the Ni@γ-Fe2O3 NPs show relatively poor OER activity,
whereas after supporting on ES-MWNT, the activity of the
Ni@γ-Fe2O3 NPs is significantly improved compared to that of
FeOx. This shows that these two NPs interact differently with

Figure 5. (a) IR-corrected polarization curves obtained with Ni@γ-Fe2O3/ES-MWNT (black), MWNT (green), Ni@γ-Fe2O3 NPs (red), and
RuO2 (blue) in 0.1 M NaOH and (b) corresponding Tafel plots derived from Figure (a). (c) OER polarization curves of Ni@γ-Fe2O3/ES-MWNT
in 0.1 (black) and 1 M (red) NaOH solutions. (d) Detection of O2 generated on the Ni@γ-Fe2O3/ES-MWNT catalyst in a N2-saturated 0.1 M
NaOH solution using RRDE measurements; the inset shows a scheme of the RRDE detection for the oxygen reduction reaction (ORR) on the Pt
ring caused by the OER on the disc. The polarization curves were measured at a scan rate of 5 mV s−1 and a rotation speed of 1600 rpm.
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the support. It is shown recently33 that maghemite NPs’
interaction with N-doped graphite carbon is stronger than that
of hematite NPs. This can be one of the reasons for the higher
activity of Ni@γ-Fe2O3/ES-MWNT compared to FeOx/ES-
MWNT.
Among different iron oxide phases such as hematite,57,58

maghemite has shown a promising performance toward
photoelectrochemical water oxidation.59,60 However, the
electrocatalytic activity of hematite can be improved upon
doping with other metals such as Co and Ni.61 For
electrocatalytic water oxidation, maghemite nanorods anch-
ored on nitrogen-doped CNTs have shown good OER
activity,48 and that activity has been further improved in
another work for γ-Fe2O3 NPs decorated on CNTs.62 Here,
the Ni@γ-Fe2O3 NPs show a low OER activity, but it is
significantly improved by interacting with the ES polymer
supported on CNTs. Therefore, the role of the ES-MWNT is
critical for obtaining a high OER catalytic activity, suggesting
PANI-functionalized (ES form) CNT as a promising support
for the metal NPs to prepare highly active and stable
electrocatalysts. Hence, in comparison to the OER activity of
other reported research studies on maghemite,48,62 which show
significantly lower OER activity compared to Ni@γ-Fe2O3/ES-
MWNT, it is concluded that solely γ-Fe2O3 does not result in
the high OER activity. It is important to encapsulate Ni@γ-
Fe2O3 NPs in the C−N shell because of the strong interaction
between magnetic NPs and nitrogen sites in ES that result in
the final high catalytic activity. Therefore, in the Ni@γ-Fe2O3/
ES-MWNT catalyst, the Ni@γ-Fe2O3 NPs encapsulated in a
C−N shell (from ES) are suggested as the most active sites in
the sample.
For metal63,64/metal oxide26 NPs encapsulated in graphi-

tized C−N shell(s), a significant charge transfer from the metal
core to the C−N shell has been reported in the literature from
density functional theory calculations. Such an electron
transfer can modulate the electronic structure of the C−N
shell, inducing a significant improvement in the electrocatalytic
activity toward the HER,63 the OER,64 and other reactions
such as ORRs.26 Similarly, here, the interaction between the
C−N shell and Ni@γ-Fe2O3 leads to a significantly higher
OER electrocatalytic activity of the Ni@γ-Fe2O3/ES-MWNT
catalyst in comparison to the Ni@γ-Fe2O3 NPs. This
interaction is further confirmed by the XPS results (as
shown in Figure 3c), where a clear change is observed in the

XPS spectrum of the ES-MWNT composite after decoration of
the Ni@γ-Fe2O3 NPs.
For iron oxide catalysts, it has been recently shown that

electronic structure and consequently the catalytic activity can
be changed using different substrates.3,5,6 Similarly, here, the
Ni core in the Ni@γ-Fe2O3 NPs can modify the electronic
structure of the γ-Fe2O3 shell, and thus ultimately can
indirectly affect the catalytic activity of the Ni@γ-Fe2O3/ES-
MWNT catalyst.
We have also observed that the use of the ES-MWNT

support for the γ-Fe2O3 NPs results in an active catalyst with a
high electrochemically active surface area (ECSA) of ∼35 cm2,
which is significantly larger than that calculated for
unsupported metal oxide NPs65 and surface-oxidized
MWNTs (6 cm2),66 and is similar to that of γ-Fe2O3/
CNT.49 The ECSA of the catalyst is approximated from the
electrochemical double-layer capacitance of the catalytic
surface (see the calculation details in the Supporting
Information) by applying CV measurements at different scan
rates65,66 (Figure S9).

3.3. OER Stability Characterization. Stability under the
harsh conditions of the OER is an important parameter to
evaluate the performance of an electrocatalyst. In addition to
high OER catalytic activity, the Ni@γ-Fe2O3/ES-MWNT
catalyst also showed a high stability toward the OER, measured
by 5000 potential cycles between 1.2 and 1.65 V at a scan rate
of 50 mV s−1 (Figure 6a) and the chronoamperometric
measurement at a constant potential of 1.52 V (where j is ∼10
mA cm−2) for 30 h (Figure 6b) in O2-saturated 0.1 M NaOH.
As shown in Figure 6a, the OER polarization curve of Ni@γ-
Fe2O3/ES-MWNT revealed no changes after 5000 potential
cycles, whereas the RuO2 performance indicated a significant
degradation after 1000 potential cycles. The significantly
higher durability of Ni@γ-Fe2O3/ES-MWNT in comparison
to RuO2 can be attributed to the presence of the ES-MWNT
support, which strongly immobilizes the active NPs, protecting
the NPs from degradation and agglomeration with neighboring
NPs during the reaction.
After 5000 stability cycles, a small oxidation peak at ∼1.46 V

emerges in the OER polarization curve of the Ni@γ-Fe2O3/ES-
MWNT (Figure 6a). This peak is ascribed to reversible Ni
oxidation reaction and may arise from oxidation of metallic Ni
existing in rarely observed NiFe NPs in which Ni is not
encapsulated in a maghemite shell. However, the appearance of

Figure 6. (a) OER polarization curves of the Ni@γ-Fe2O3/ES-MWNT before (black solid line) and after (red dot-dashed line) 5000 stability cycles
between 1 and 1.65 V vs RHE at a scan rate of 50 mV s −1 in 0.1 M NaOH, compared to RuO2 before (green solid line) and after (blue dot-dashed
line) 1000 stability cycles. (b) Time dependence of the current density in 0.1 M NaOH obtained at a static potential of ∼1.52 V for Ni@γ-Fe2O3/
ES-MWNT and 1.6 V for RuO2.
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the Ni oxidation peak does not significantly change the OER
activity of the catalyst, indicating that these surface Ni species
may not be the newly formed active sites at the catalyst surface.
To investigate the origin of the peak arisen after the OER

stability tests, a similar OER stability test for the Ni@γ-Fe2O3
NPs (Figure S10) has been carried out. HRTEM images from
the Ni@γ-Fe2O3 NPs after the OER stability test (Figure S11)
show that the maghemite shell is stable in the NPs. Therefore,
the Ni oxidation peak is suggested to mainly arise from
oxidation of metallic Ni existing in the rarely observed NiFe
alloy NPs in which Ni is not encapsulated in a maghemite
shell. In addition, from the HRTEM images of the Ni@γ-
Fe2O3 NPs, two type of NPs are observed (Figure S1). Both
types of these NPs can serve as active sites. However, the vast
majority in the sample are the Ni@γ-Fe2O3 NPs, whereas only
a few NiFe alloy NPs are observed. The former NPs, as the
dominant NPs, are suggested to be the NPs showing the main
OER activity at the low overpotential region (0.25−0.32 V).
The number of latter NPs is low (as such NPs are rarely seen
in the HRTEM images) and hence not considered as the main
contributor in the final OER electrocatalytic activity. As the
OER stability cycles do not change the activity of the Ni@γ-
Fe2O3/ES-MWNT sample at the low overpotential region
(Figure 6), it is concluded that the appearance of the new
oxidation peak at ∼1.46 V is not attributed to a change in the
structure of the Ni@γ-Fe2O3NPs encapsulated in a C−N shell
but rather to the NPs which are not encapsulated. Similarly,
the OER polarization curves of the Ni@γ-Fe2O3 NPs (without
the ES-MWNT support), before and after 100 stability cycles
(Figure S10), show a new oxidation peak appearing before
observing the OER current. However, in this case, the OER
activity after 100 cycles has slightly decreased (Figure S10), as
observed often for uncovered metal NPs.67

The chronoamperometric measurements were conducted
based on the protocol for measuring the stability of
heterogeneous electrocatalysts for the OER (half-cell measure-
ments) through time-dependent measurements (chronoam-
perometry or chronopotentiometry).65 Through these meas-
urements, the Ni@γ-Fe2O3/ES-MWNT catalyst exhibited a
more stable performance than IrO2/C and the state-of-the-art
NiFe LDH/CNT catalyst.53 Therefore, the Ni@γ-Fe2O3 NPs
decorated on ES-MWNT can function as nonprecious, active,
and durable electrocatalysts for catalyzing the OER.
3.4. Hydrogen Evolution Activity and Discussion. In

addition to the superb OER performance discussed above, the
HER activity of the Ni@γ-Fe2O3/ES-MWNT catalyst is also
evaluated in N2-saturated 0.1 M NaOH to demonstrate the
potential application of Ni@γ-Fe2O3/ES-MWNT as a bifunc-
tional catalyst for full water splitting. Figure 7 shows the HER
polarization curves on the Ni@γ-Fe2O3/ES-MWNT material
compared with pristine MWNTs and the Ni@γ-Fe2O3 NPs. All
the measured catalysts are deposited on a GC electrode with a
similar loading of ∼0.2 mg cm−2. As shown in Figure 7, similar
to the OER, the electrocatalytic enhancement for the hybrid
material is observed in comparison to the Ni@γ-Fe2O3 NPs
and pristine MWNT especially at high current densities. For
the Ni@γ-Fe2O3/ES-MWNT hybrid material, an overpotential
of 305 mV is required to achieve 10 mA m−2 in 0.1 M NaOH,
which is comparable to that of transition/noble metal HER
catalysts.68−70 Furthermore, the HER polarization curves on
the Ni@γ-Fe2O3/ES-MWNT show no change after 1000 HER
cycles, revealing the strong stability of this hybrid material.

4. CHARACTERIZATION OF THE
NI@γ-FE2O3/ES-MWNT CATALYST AFTER THE
ELECTROCHEMICAL STABILITY EXPERIMENTS

Figure 8 exhibits the scanning TEM (STEM) and high-angle
annular dark-field STEM (HAADF−STEM) images with the
corresponding EDS mappings obtained from the Ni@γ-Fe2O3/
ES-MWNT after 5000 and 1000 OER and HER stability
cycles, respectively. In Figure 8a,b, the HRTEM and HAADF−
STEM images show the core−shell structure of the Ni@γ-
Fe2O3 NPs where the corresponding EDS spectra from the
shell and the core show the Fe- and Ni-rich areas, respectively.
Figure 8d shows the HRTEM images of two adjacent Ni@γ-
Fe2O3 NPs decorated on the ES-MWNT support and Figure
8e−k indicates the corresponding elemental composition of
the NPs by EDS mapping. Figure 8e,h exhibits clearly that N
sites from the ES polymer have been wrapped around the Ni@
γ-Fe2O3 NPs as already explained in Section 1.1. The
comparison of Figure 8h (N mapping) with Figure 8i,j (Fe
and Ni mappings, respectively) indicates that the N sites from
the wrapped ES around the NPs have separated the two
adjacent NPs, protecting the NPs from agglomerating during
the electrochemical measurements and contributing the
observed remarkable stability. It is notable that the nitrogen
content is higher in the Ni@γ-Fe2O3 NP area (Figure 8e)
where Fe−N−C can form and this could act as the active site.
Figure 8f,k shows that oxygen is mostly present in the shell

and on the surface of the Ni@γ-Fe2O3 NPs, indicating that the
Ni core of the NPs is not oxidized under the harsh oxidative
OER conditions.
The XRD and Raman analyses (Figure S5) confirm the

presence of γ-Fe2O3 in the Ni@γ-Fe2O3/ES-MWNT sample
after the stability measurements. Furthermore, the Raman G
and D bands of the Ni@γ-Fe2O3/ES-MWNT do not show a
significant change after the durability test (Figure S5b),
suggesting that the ES-MWNT support structure is stable
during the long electrochemical stability tests.
On the basis of the XPS characterization of Ni@γ-Fe2O3/

ES-MWNT after the stability measurements, the chemical
states and amounts of iron and nickel are found to be similar to

Figure 7. HER polarization curves of Ni@γ-Fe2O3/ES-MWNT (black
line), pristine MWNT (blue line), Ni@γ-Fe2O3 NPs (red line), and
Ni@γ-Fe2O3/ES-MWNT after 1000 HER cycles (pink dashed line).
The polarization curves have been reported with iR compensation at a
scan rate of 5 mV s−1 in 0.1 M NaOH.
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those before the reaction (see Figure S12a,b, and Table S1),
indicating that the particles are rather stable. However, after
the durability measurements, the ratio of oxidized Ni to
metallic Ni seems to increase somewhat, which is in
accordance with the observed evolution of the Ni oxidation
peak in the OER polarization curve after 5000 OER cycles
(Figure 6a). This slight increase in the amount of Ni oxide
species probably arises from the oxidation of diffused Ni to the
surface of the Ni@γ-Fe2O3 NPs during electrochemical
measurements or from some metallic NiFe NPs, which have
not been completely encapsulated in a γ-Fe2O3 shell.
Figure S12c shows the N 1s spectrum of Ni@γ-Fe2O3/ES-

MWNT after the electrochemical measurements. The
protonated imine peak at 402.2 eV almost vanishes and a
previously undetected imine peak at 398.5 eV is observed.
After the electrochemical measurements, the percentage of
protonated imine bonds decreases to 3% from 17% (Table S2),
suggesting that the protonated imine bonds of ES are mostly
deprotonated during the measurements. In addition, after the
stability measurements, the amounts of amine and imine bonds
have decreased and increased, respectively, which could
indicate that some amine bonds have been transformed to
imine bonds. In the alkaline media, in which the electro-
chemical measurements have been carried out, ES can react
with OH− to form the emeraldine salt base form of PANI
(Figure S13 shows different forms of PANI). This can be
reduced further to the leucoemeraldine form. This is consistent
with the XPS measurements that indicate at least a partial
deprotonation of the ES backbone toward its base form. The
emeraldine ⇔ leucoemeraldine reversible transition has been
shown to be involved in passivation layer of metals coated by
PANI.71,72

5. EXPERIMENTAL SECTION
5.1. Chemicals and Materials. PANI ES (molecular weight ≈

15 000) was purchased from Sigma-Aldrich and was kept in a glove
box under inert atmosphere. MWNTs were purchased from Nanocyl.
Nafion (10%) and IrO2 were both purchased from Sigma-Aldrich.
Hydrochloric acid (HCl) was obtained from Merck (Whitehouse
Station, NJ). All chemicals were of analytical-reagent grade and all the
chemicals were used as received without further purification.

5.2. Synthesis Process. 5.2.1. Step I: Synthesis Process of Ni@γ-
Fe2O3 NPs. The preparation of Ni@γ-Fe2O3 NPs followed previous
reports.1 Briefly, NiFe NPs were synthesized by ultrashort-PLALs as a
facile technique for synthesis of NPs described in detail elsewhere.1

For this process, an Nd:YAG laser (Ekspla, Atlantic) with a
fundamental wavelength of 1064 nm, a pulse duration of 10 ps, and
a repetition rate of 100 kHz was used. A scanner (SCANcube 10,
Scanlab) moved the laser beam in a spiral pattern and it was focused
on the target with an f-theta lens (focal lens of 100 mm). The actual
pulse energy applied, after the scanner and all optics, was 95 μJ. For
synthesizing the NPs, a NiFe (50−50%, Sekels) or Fe (for synthesis of
Fe NPs) foil (Aldrich Chemicals) was placed in a self-constructed
stirred 100 mL aluminum batch chamber. The chamber was filled
with acetone (analytical reagent grade, Fisher Chemical) and the
ablation was carried out for 20 min. The collected colloid was used for
further processing and analysis. To adjust the concentration, the
solvent was evaporated at ambient temperature and pressure.

5.2.2. Step II: Synthesis Procedure for Functionalization of
MWNTs with ES. At first, MWNTs (40.0 mg, purchased from
Nanocyle) were dispersed in 100 mL of aqueous HCl solution
(0.0025 M, pH 2.6) and sonicated with an ultrasonic bath (40 kHz,
40 W power) for 30 min, forming a stable black aqueous colloid (0.4
mg/mL). Separately, ES (100 mg, purchased from Sigma-Aldrich)
was dispersed in 100 mL of 0.0025 M HCl (pH 2.6) and sonicated for
30 min as well, forming a stable deep green colloid (1.0 mg/mL).
Because the size of commercially prepared ES is on the nanoscale, a
stable colloid can be formed through electrostatic repulsion of the
backbone of the positively charged ES dispersion in an acidic aqueous
solution. Kaner et al.2 reported that the stability of the ES colloid is

Figure 8. Structural and elemental analysis of Ni@γ-Fe2O3/ES-MWNT after electrochemical stability measurements. (a) STEM and corresponding
(b) HAAD−STEM images of the Ni@γ-Fe2O3 core−shell NPs decorated on ES-MWNT. (c) EDS spectra obtained from the core and shell of the
NP indicated in Figure (a). (d) STEM image of two adjacent NPs and corresponding EDS elemental mappings of (e) overlay of Fe, N, and C, (f)
overlay of Fe, Ni, and O, (g) carbon, (h) nitrogen, (i) Fe, (j) Ni, and (k) oxygen.
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strongly pH-dependent and the pH value of 2.6 was the most optimal
value. In our experiments, to eliminate the influence of differing pH
values, the pH values of the MWNTs and ES aqueous colloids were
both 2.6. Then, a 30 mL aliquot of the MWNT colloid was mixed
with 30 mL aliquots of the ES colloid, and the mixture was sonicated
for 2 h. After centrifugation (10 min, 4000 rpm) and drying in a
vacuum oven, the final product (ES-MWNT) was prepared.
5.2.3. Step III: Procedure for Decorating Ni@γ-Fe2O3 NPs on ES-

MWNT. As-prepared Ni@γ-Fe2O3 NPs (10 mL) in acetone (0.4 g/L)
was mixed with 120 mg of ES-MWNT, stirred for 30 min, and
sonicated for 15 min to obtain a homogenous dispersed ink. Then, the
final ink was used for the electrochemical measurements.
5.3. Electrochemical Measurements. The measurements were

carried out with an Autolab potentiostat in a standard three-electrode
system using a GC disc, a Pt wire, and a calomel electrode as a
working, counter, and reference electrode, respectively. All measured
potentials were changed to the RHE scale using the following
equation: E(RHE) = E(SCE) + 0.242 V + 0.059 × pH. The catalyst
inks were deposited on the GC electrodes (0.19 cm2) with the same
loading of ∼0.2 mg cm−2. Subsequently, 25 μL of a 5 wt % Nafion
dispersion was diluted with 1 mL of ethanol, and 5 μL of this solution
was then added on top of the catalyst layers as a binder. Polarization
curves were obtained using linear sweep voltammetry with a scan rate
of 5 mV s−1 in 0.1 and 1 M NaOH electrolyte solutions. After the
durability measurements, the electrolyte was changed to a fresh one
before recording the OER activity. The uncompensated ohmic
electrolyte resistance (Ru) was calculated by extrapolating Ru to the
minimum total impedance in a non-Faradaic region, measured by
impedance spectroscopy between 10 Hz and 100 kHz. The values of
Ru ≈ 22 Ω and Ru ≈ 9 Ω were recorded in 0.1 and 1 M NaOH
solutions, respectively.
5.4. Physical Characterization. 5.4.1. Zeta Potential Measure-

ments for NPs. Zeta potential measurements were carried out with a
Malvern Zetasizer Nano ZS using a solvent-resistant dip cell.
5.4.2. X-ray Photoelectron Spectroscopy. XPS was performed

using a Kratos Axis Ultra spectrometer with monochromated Al Kα
radiation, using a pass energy of 40 eV and an X-ray power of 225 W.
Samples were measured as powders dispersed on a gold foil except the
sample characterized after the OER measurements, which was
measured directly on the GC electrode. The analysis area was
roughly 700 μm × 300 μm for all the samples. The binding energy
scale was referenced to the graphitic C 1s peak at 284.4 eV. The peak
fitting of the nitrogen 1s region was done using Gaussian−Lorentzian
peaks (70% Gaussian) with positions fixed to within ±0.2 eV of given
values and the full width at half-maximum (fwhm) restricted to be
equal. The N-oxide peak position was restricted to between 404 and
408 eV with the fwhm restricted to below 4 eV.
5.4.3. Raman Studies. The Raman spectra were carried out using a

JY LabRam 300 with 1.96 eV (633 nm) laser excitation.
5.4.4. TEM Analysis. For TEM characterization, the samples were

dispersed in ethanol (∼0.01 mg/mL) and then 10 μL of the solution
was drop cast on a carbon-coated TEM grid (Cu grid) and dried in
ambient air to form an ultrathin film of the materials on the grid. All
TEM images were obtained using a JEOL-2200FS, double Cs-
corrected HRTEM at an acceleration voltage of 200 kV.

6. CONCLUSIONS

In summary, a facile and upscalable synthesis method has been
developed to produce magnetic maghemite NPs on the Ni
substrate by laser ablation technique in acetone. We also reveal
that Ni has a crucial role in producing the γ-Fe2O3 shell.
Moreover, for the first time, it is shown that MWNTs
functionalized with ES, a conductive polymer with positively
charged nitrogen moieties, can strongly immobilize the
magnetic Ni@γ-Fe2O3 NPs through electrostatic interaction
via self-assembly. Characterization of the Ni@γ-Fe2O3/ES-
MWNT sample before and after electrochemical measure-
ments reveals that the Ni@γ-Fe2O3 NPs containing a magnetic

maghemite shell have been captured in the ES polymer
supported on MWNT, attributed mainly to the strong
electrostatic interaction of the NPs with the ES. The Ni@γ-
Fe2O3/ES-MWNT exhibits a high catalytic activity toward full
alkaline water splitting. Furthermore, this catalyst shows a
remarkable stability during dynamic electrochemical cycles.
Such a performance originates from the unique structure of
both the Ni@γ-Fe2O3 NPs and the ES-MWNT support. This
work opens new doors to the synthesis of a new class of highly
active and durable nanocatalysts for energy applications.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.8b08830.

Synthesis procedures, electrochemical measurements,
XPS, Raman, XRD, SEM, and TEM images, and related
references (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: tanja.kallio@aalto.fi.
ORCID
Mohammad Tavakkoli: 0000-0003-4859-1922
Bilal Gökce: 0000-0001-6368-9659
Tanja Kallio: 0000-0001-6671-8582
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work is supported by the Academy of Finland (the
DEMEC 13286266 and CloseLoop 13303452 projects) and by
the German Federal Ministry of Education and Research
(BMBF) within the project NEMEZU (03SF0497C) and the
ZIM Aif Projekt under grant no. KF2210319LP4. BG
acknowledges funding from the DFG within the grant GO
2566/2-1. This work made use of the Aalto University
Nanomicroscopy Center (Aalto-NMC) and RaMI Raw
material Infrastructure premises. The authors would like to
thank Prof. Stephan Barcikowski and Prof. Kari Laasonen for
fruitful discussions.

■ REFERENCES
(1) Roger, I.; Shipman, M. A.; Symes, M. D. Earth-Abundant
Catalysts for Electrochemical and Photoelectrochemical Water
Splitting. Nat. Rev. Chem. 2017, 1, 0003.
(2) Yang, Y.; Niu, S.; Han, D.; Liu, T.; Wang, G.; Li, Y. Progress in
Developing Metal Oxide Nanomaterials for Photoelectrochemical
Water Splitting. Adv. Energy Mater. 2017, 7, 1700555.
(3) Chakthranont, P.; Kibsgaard, J.; Gallo, A.; Park, J.; Mitani, M.;
Sokaras, D.; Kroll, T.; Sinclair, R.; Mogensen, M. B.; Jaramillo, T. F.
Effects of Gold Substrates on the Intrinsic and Extrinsic Activity of
High-Loading Nickel-Based Oxyhydroxide Oxygen Evolution Cata-
lysts. ACS Catal. 2017, 7, 5399−5409.
(4) Bandarenka, A. S.; Koper, M. T. M. Structural and Electronic
Effects in Heterogeneous Electrocatalysis: Toward a Rational Design
of Electrocatalysts. J. Catal. 2013, 308, 11−24.
(5) Ng, J. W. D.; García-Melchor, M.; Bajdich, M.; Chakthranont,
P.; Kirk, C.; Vojvodic, A.; Jaramillo, T. F. Gold-Supported Cerium-
Doped NiOx Catalysts for Water Oxidation. Nat. Energy 2016, 1,
16053.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b08830
ACS Appl. Mater. Interfaces 2018, 10, 31300−31311

31309

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsami.8b08830
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b08830/suppl_file/am8b08830_si_001.pdf
mailto:tanja.kallio@aalto.fi
http://orcid.org/0000-0003-4859-1922
http://orcid.org/0000-0001-6368-9659
http://orcid.org/0000-0001-6671-8582
http://dx.doi.org/10.1021/acsami.8b08830


(6) Strickler, A. L.; Escudero-Escribano, M.; Jaramillo, T. F. Core-
Shell Au@Metal-Oxide Nanoparticle Electrocatalysts for Enhanced
Oxygen Evolution. Nano Lett. 2017, 17, 6040−6046.
(7) Zhu, J.; Holmen, A.; Chen, D. Carbon Nanomaterials in
Catalysis: Proton Affinity, Chemical and Electronic Properties, and
Their Catalytic Consequences. ChemCatChem 2013, 5, 378−401.
(8) Li, Y.; Gong, M.; Liang, Y.; Feng, J.; Kim, J.-E.; Wang, H.; Hong,
G.; Zhang, B.; Dai, H. Advanced Zinc-Air Batteries Based on High-
Performance Hybrid Electrocatalysts. Nat. Commun. 2013, 4, 1805.
(9) Tavakkoli, M.; Holmberg, N.; Kronberg, R.; Jiang, H.; Sainio, J.;
Kauppinen, E. I.; Kallio, T.; Laasonen, K. Electrochemical Activation
of Single-Walled Carbon Nanotubes with Pseudo-Atomic-Scale
Platinum for the Hydrogen Evolution Reaction. ACS Catal. 2017, 7,
3121−3130.
(10) Tavakkoli, M.; Kallio, T.; Reynaud, O.; Nasibulin, A. G.;
Johans, C.; Sainio, J.; Jiang, H.; Kauppinen, E. I.; Laasonen, K. Single-
Shell Carbon-Encapsulated Iron Nanoparticles: Synthesis and High
Electrocatalytic Activity for Hydrogen Evolution Reaction**. Angew.
Chem., Int. Ed. 2015, 54, 4535−4538.
(11) Tavakkoli, M.; Nosek, M.; Sainio, J.; Davodi, F.; Kallio, T.;
Joensuu, P. M.; Laasonen, K. Functionalized Carbon Nanotubes with
Ni(II) Bipyridine Complexes as Efficient Catalysts for the Alkaline
Oxygen Evolution Reaction. ACS Catal. 2017, 7, 8033−8041.
(12) He, D.; Zeng, C.; Xu, C.; Cheng, N.; Li, H.; Mu, S.; Pan, M.
Polyaniline-Functionalized Carbon Nanotube Supported Platinum
Catalysts. Langmuir 2011, 27, 5582−5588.
(13) Mabena, L. F.; Sinha Ray, S.; Mhlanga, S. D.; Coville, N. J.
Nitrogen-Doped Carbon Nanotubes as a Metal Catalyst Support.
Appl. Nanosci. 2011, 1, 67−77.
(14) Gawande, M. B.; Goswami, A.; Asefa, T.; Guo, H.; Biradar, A.
V.; Peng, D.-L.; Zboril, R.; Varma, R. S. Core−shell nanoparticles:
synthesis and applications in catalysis and electrocatalysis. Chem. Soc.
Rev. 2015, 44, 7540−7590.
(15) Strasser, P.; Koh, S.; Anniyev, T.; Greeley, J.; More, K.; Yu, C.;
Liu, Z.; Kaya, S.; Nordlund, D.; Ogasawara, H.; et al. Lattice-strain
control of the activity in dealloyed core-shell fuel cell catalysts. Nat.
Chem. 2010, 2, 454−460.
(16) Kitchin, J. R.; Nørskov, J. K.; Barteau, M. A.; Chen, J. G.
Modification of the Surface Electronic and Chemical Properties of
Pt(111) by Subsurface 3d Transition Metals. J. Chem. Phys. 2004,
120, 10240−10246.
(17) Blakemore, J. D.; Gray, H. B.; Winkler, J. R.; Müller, A. M.
Co3O4 Nanoparticle Water-Oxidation Catalysts Made by Pulsed-
Laser Ablation in Liquids. ACS Catal. 2013, 3, 2497−2500.
(18) Marzun, G.; Levish, A.; Mackert, V.; Kallio, T.; Barcikowski, S.;
Wagener, P. Laser Synthesis, Structure and Chemical Properties of
Colloidal Nickel-Molybdenum Nanoparticles for the Substitution of
Noble Metals in Heterogeneous Catalysis. J. Colloid Interface Sci.
2017, 489, 57−67.
(19) Wagener, P.; Jakobi, J.; Rehbock, C.; Chakravadhanula, V. S.
K.; Thede, C.; Wiedwald, U.; Bartsch, M.; Kienle, L.; Barcikowski, S.
Solvent-Surface Interactions Control the Phase Structure in Laser-
Generated Iron-Gold Core-Shell Nanoparticles. Sci. Rep. 2016, 6,
23352.
(20) Amendola, V.; Riello, P.; Meneghetti, M. Magnetic Nano-
particles of Iron Carbide, Iron Oxide, Iron@iron Oxide, and Metal
Iron Synthesized by Laser Ablation in Organic Solvents. J. Phys. Chem.
C 2011, 115, 5140−5146.
(21) Simao, T.; Chevrier, D. M.; Jakobi, J.; Korinek, A.; Goupil, G.;
Lau, M.; Garbarino, S.; Zhang, P.; Barcikowski, S.; Fortin, M.-A.; et al.
Gold-Manganese Oxide Core-Shell Nanoparticles Produced by Pulsed
Laser Ablation in Water. J. Phys. Chem. C 2016, 120, 22635−22645.
(22) Kanitz, A.; Hoppius, J. S.; del Mar Sanz, M.; Maicas, M.;
Ostendorf, A.; Gurevich, E. L. Synthesis of Magnetic Nanoparticles by
Ultrashort Pulsed Laser Ablation of Iron in Different Liquids.
ChemPhysChem 2017, 18, 1155−1164.
(23) Davodi, F.; Tavakkoli, M.; Lahtinen, J.; Kallio, T. Straightfor-
ward Synthesis of Nitrogen-Doped Carbon Nanotubes as Highly

Active Bifunctional Electrocatalysts for Full Water Splitting. J. Catal.
2017, 353, 19−27.
(24) Zhu, Y. P.; Guo, C.; Zheng, Y.; Qiao, S.-Z. Surface and
Interface Engineering of Noble-Metal-Free Electrocatalysts for
Efficient Energy Conversion Processes. Acc. Chem. Res. 2017, 50,
915−923.
(25) Ren, J.; Antonietti, M.; Fellinger, T.-P. Efficient Water Splitting
Using a Simple Ni/N/C Paper Electrocatalyst. Adv. Energy Mater.
2015, 5, 1401660.
(26) Wu, Z.-S.; Yang, S.; Sun, Y.; Parvez, K.; Feng, X.; Müllen, K. 3D
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