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1 Introduction

ABSTRACT

The development of an electrocatalyst based on abundant elements for the
oxygen evolution reaction (OER) is important for water splitting associated
with renewable energy sources. In this study, we develop an interconnected
Ni(Fe)O,H, nanosheet array on a stainless steel mesh (SSNNi) as an integrated
OER electrode, without using any polymer binder. Benefiting from the well-
defined three-dimensional (3D) architecture with highly exposed surface area,
intimate contact between the active species and conductive substrate improved
electron and mass transport capacity, facilitated electrolyte penetration, and
improved mechanical stability. The SSNNi electrode also has excellent OER
performance, including low overpotential, a small Tafel slope, and long-term
durability in the alkaline electrolyte, making it one of the most promising OER
electrodes developed.

Among many approaches, electrochemically splitting
water into hydrogen and oxygen at high purity and

With aspirations to alleviate the rising global energy
and ecological crisis due to the enormous consump-
tion of fossil fuels, extensive research has been
conducted in the field of clean, renewable energy
sources, and in the development of more efficient
energy conversion and storage techniques [1-4].
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low cost, especially if coupled with a renewable
energy system (ie. solar or wind), is widely believed
to be a promising way to address the above issues
[5-7]. However, the anodic oxygen evolution reaction
(OER) involves complex proton-coupling steps, limiting
the overall efficiency of these devices, which require
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extremely efficient catalysts to accelerate the reaction
[8, 9]. Currently, noble metal based materials, such as
RuO, and IrO,, represent the benchmark for OER
catalysts. However, these materials suffer from some
problems, including their high cost, scarcity, and
limited stability, severely impeding their practical
application on a large scale [10, 11]. Therefore, there
is an urgent need to develop efficient and durable
catalysts based on abundantly available metals to
expedite the reaction, reduce the overpotential, and
increase overall energy efficiency.

To date, tremendous progress has been made in
developing transition metal based catalysts (such as
metal oxides/hydroxides, phosphides, chalcogenides,
and nitrides), which present promising alternatives
due to their low-cost and considerable OER catalytic
activities [12-19]. However, their inferior catalytic
activities compared to the noble metal based catalysts
have imposed restrictions on their commercial
application. This can likely be attributed to slow
electron-transfer kinetics during the catalytic process
caused by the intrinsically high electrical resistance
of many transition metals [20, 21]. A promising way
to improve the OER performance is to support these
catalysts on conductive substrates. These electrodes
are conventionally prepared by dip-casting or spin-
casting the catalysts onto two-dimensional (2D) planar
substrates, using a polymer binder (polytetrafluoro-
ethylene (PTFE), Nafion, etc.) to immobilize them,
which is complicated and costly. Additionally, these
binders inevitably lead to covered active sites,
insufficient contact between the active sites and the
substrate, and accumulation of gases on the planar
substrates. These gases tend to block the mass and
electron transport, and cause a deterioration in
catalytic activity [22, 23]. Moreover, they suffer from
poor stability during the OER process, since the
catalyst easily peels off from the substrate under
continuous O, evolution/bubbling [24, 25]. Therefore,
it is critically important to build an economical OER
electrode with optimized architecture for effective
catalytic activity and long-term durability.

Recently, well-defined three-dimensional (3D)
architecture OER electrodes have emerged as excellent
candidates due to their large amount of exposed
surface area, intimate connections between the active

1295

sites and current collector, easy electrolyte penetration,
high conductivity, and mechanical stability [26-30].
Remarkably, a stainless steel mesh (SS) can be not only
used as the current collector or structure scaffold, but
also as the active species source, because it contains
active elements such as Fe, Ni, and Mn. However, SS
protected with anticorrosive layers cannot be directly
used as an OER electrode, since these layers are inactive.
To address this issue, removal of the anticorrosive
film and in-situ construction of the active material
array on the whole skeleton of SS provides a possible
stratagem to boost the OER performance. Ni(Fe) oxides
or hydroxides can be directly grown on SS using a
specific corroding process, and are considered to be the
most active OER catalysts [9, 28, 31]. Thus, constructing
a 3D integrated electrode and incorporating a Ni(Fe)
species array to expedite the reaction is technologically
important and urgently needed.

With these considerations in mind, we developed
hierarchical cross-linked Ni(Fe) hydroxide nanosheet
arrays on SS (SSNNi), using the hydrothermal method.
The interconnected hierarchical nanosheet arrays are
continuously and closely grown across the whole
SSNNIi structure, ensuring fast electron and mass
transport. Moreover, the SSNNi electrode can be directly
used as a robust OER electrode without using any
polymer binder, owing to the close contact between
the active sites and current collector, high exposed
active surface area, enhanced electron and mass
transport, and stable structure. As expected, SSNNi
exhibits excellent OER performance with low over-
potential, a small Tafel slope, and long-term durability
in the alkaline electrolyte.

2 Experimental

The facile and scalable fabrication process of the 3D
integrated SSNNi electrode is schematically shown
in Fig. 1. First, the SS was washed with water and
ethanol to remove any impurities. Then, the SS
was immersed into an aqueous solution containing
NH,HCO; and NiCl,, and sealed in an autoclave.
Then, it was heated at 100 °C for 8 h. For comparison,
SS with hydrothermal treatment in NH,HCO; and
NiCl, solution alone was also produced and designated
as SSN or SSNi, respectively.
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Figure 1 Schematic image of fabrication process of SSNNi.

3 Results and discussions

The morphology of the 3D SSNNi electrode was
characterized using scanning electron microscopy
(SEM). As shown in Figs. 1(a) and 1(b), compared
to the smooth surface of SS, the surface of SSN is
unevenly covered with spindle-like Ni(Fe) hydroxides
particles, with an average size of 125 nm. These
structures were formed owing to NH,HCO;, indicating
the successful construction of Ni(Fe) hydroxides on
SS, which is also confirmed by the X-ray diffraction
(XRD) pattern (Fig. S1 in the Electronic Supplementary
Material (ESM)). However, by importing only a
small amount of extra Ni salts, closely packed Ni(Fe)
hydroxide nanosheets form. These sheets were typically
200 nm in length and less than 15 nm in thickness, as
confirmed in the SEM image of SSNi (Fig. 1(c)). This
is more beneficial for electron and mass transport when
compared with SSN. Furthermore, by simultaneously
importing NH,HCO; and extra Ni salts, dense films
forming a 3D cross-linked nanosheet array (400 nm
in length and less than 18 nm in thickness) appear,
which are also favorable for enhancing the OER
performance [24]. It is worth noting that NH,HCO,
plays a significant role in forming 3D vertical inter-
connected nanosheet arrays. When the amount of
NHHCO; is reduced, the surfaces of SSNNi become
packed with a 3D network containing only sparse
vertical nanosheets and crisscrossed nanowires
(Fig. S2(a) in the ESM). These interconnected nano-
wires can be assembled into a nanosheet by increasing
the amount of NH,HCO; (Fig.S2(b) in the ESM).
However, excessive amounts of NH,HCO; result in the
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disappearance of the nanosheet due to dissolution of
the hydroxides. Moreover, when the anion is changed
to OH, a vertical and less dense nanosheet network
is obtained (Fig. S3(b) in the ESM), highlighting the
importance of NH,". Conversely, much thicker and
larger nanosheets are tiled on the surface of SSNNi
when the cation is replaced by Na* (Fig. S3(a) in the
ESM). Interestingly, only 3D networks of nanowires
are observed with the addition of NaOH instead of
NH,HCO, (Fig. S3(c) in the ESM). Therefore, both
NH," and HCOj3 are key factors in building the 3D
cross-linked nanosheet arrays.

Energy dispersive spectroscopy-transmission electron
microscopy (EDS-TEM) was performed to confirm
the observed elemental distribution of the nanosheets
on the SSNNI (Figs. 2(a)-2(e)). As shown in the element
mapping images of the nanosheet for SSNNi, Ni,
Fe, Cr, and O, they are found to be homogeneously
overlapped throughout the nanosheet structure,
suggesting the presence of a Ni(Fe) hydroxide nano-
sheet. To further elucidate the chemical structure of
the dense film, X-ray photoelectron spectroscopy
(XPS) was performed. The XPS survey spectra (Fig. 3
and Figs. 54-56 in the ESM) suggest that Fe, Ni, Cr,
and O are all present in the thin films of SSNNi.
Moreover, the Ni content increases with the addition
of Ni salts, accompanied by a decrease in the Fe
content, indicating that the surface of SSNNi mainly
consists of Ni hydroxide with trace Fe doping.

Fortunately, as previously reported in the literature,
Fe doping can increase the conductivity of NiOOH,

Vi -

Figure 2 SEM images of SS (a), SSN (b), SSNi (c) and SSNNi (d).

'EN§VIEI§S§YI;!¥§AS @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2018, 11(3): 1294-1300

BN
:::fiii:::

e
=

0 M(g) M.m

M " sshi ||
M M san
M W SS
850 860 870 880 710 720 730 740 525 528 531 534
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Intensity
Intensity

Figure 3 (a) High-angle annular dark-field scanning TEM
(HDAAF-STEM) images of the nanosheet on the SSNNi electrode;
the corresponding element mapping images of Fe (b), Ni (c), Cr (d)
and O (e); high resolution Ni 2p (f), Fe 2p (g) and O 1s (h) XPS
spectra of SS, SSN, SSNi and SSNNi.

which is necessary for catalyzing the OER [32]. In
addition, the two spin-orbit doublets of the Ni2p
spectra for these electrodes are clearly observed, which
belong to Ni** (Fig. 3(f) and Fig. S6(b) in the ESM) [33].
With respect to the Fe 2p spectra, the main two
spin—orbit doublets in the spectrum correspond to
Fe? and Fe* (Fig. 3(g) and Fig. S6(a) in the ESM) [34].
Additionally, the Ols spectrum indicates the presences
of hydrophilic functional groups (OH-, O%), which
are beneficial for the penetration of the electrolyte
(Fig. 3(h)) [22]. Thus, it is clear that the nanosheet
mainly consists of Ni(Fe)O,H,, which may be active
sites for the OER.

The electrocatalytic activity of the SSNNi electrode
was investigated in a standard three-electrode
electrochemical cell in an alkaline electrolyte. The
SSNINi was directly used as a working electrode, while
a saturated calomel electrode (SCE) and Pt mesh
served as the reference electrode and counter electrode,
respectively. The potentials were converted to the
reversible hydrogen electrode (RHE) reference by
calibration.

As displayed in Fig. 4(a), the SSN requires lower
overpotential (0.31 V at 20 mA-cm™) and greater current
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density compared to the bare SS. This is likely due to
the removal of anticorrosive species and the growth
of Ni(Fe) hydroxide particles on the SSN. To further
increase the amount of active species for OER, a small
quantity of extra Ni salts was introduced to com-
pensate for the relatively low content of Ni in
stainless steel. As expected, although NHHCO; is
absent, higher OER performance of SSNi with lower
overpotential (0.28 V at 20 mA-cm™) was achieved
compared to SSN. The superior OER performance
can be ascribed to the nanosheet tiled on the surface
of SSNi electrode, and enhanced mass and electron
transport. Furthermore, SSNNi, possessing 3D
crisscrossed nanosheet arrays, captures even better
OER overpotential (0.23 V) at the same current
density, compared to SSNi, SSN, and SS. This can be
attributed to more accessible active sites, intimate
connection between the active species and the current
collector, and better electron and mass transport. To
gain deeper insight into the OER activity, the Tafel
slope of these electrodes were investigated. As shown
in Fig. 4(b), the resulting Tafel slope of SSNNi is
36 mV-dec™, smaller than those of SSNi (37 mV-dec™),
SSN (38 mV-dec™), and SS (68 mV-dec?), and also
superior to the previously reported Fe-Ni OER catalysts.
The SSNNi even outperformed the RuO, (62 mV-dec™)
and the Ir/C (120 mV-dec™) catalysts, suggesting faster
OER kinetics (Fig. 4(b) and Figs. S7 and S8, Table S2
in the ESM) [3, 6, 35]. Electrochemical impedance
spectroscopy (EIS) was applied to obtain further
insight into the charge-transfer kinetics of the OER
process. As shown in Fig. 4(c), lower charge-transfer
resistance was observed for SSNNi compared to SSNi,
suggesting that the 3D nanosheet array is more
favorable for electron transport than the 2D tiled
nanosheet. Additionally, although the dense nanosheets
on the surfaces of SSNNi and SSNi result in slightly
larger resistances in comparison with SSN and SS,
they still possess higher OER performance. This is
because the OER performance is determined by
many factors, such as conductivity, mass transport,
active site abundance, among others. Moreover, the
electrochemical double layer capacitance (Cq) [36]
was investigated to evaluate the electrochemical active
surface area (ECSA) of the as-prepared samples. As
shown in Fig. S9 and Table S1 in the ESM, SSNNi has
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Figure 4 OER polarization curves (a), Tafel plots (b) and EIS
(c) of SS, SSN, SSNi and SSNNi; (d) OER polarization curves of
SSNNi before and after 4,000 potential cycles.

the larger Cy compared with the control samples,
indicating its larger ECSA, which contributes to its
higher OER catalytic activity. Thus, the SSNNi with
larger ECSA has more active sites and yields a higher
OER catalytic performance.

As the stability of the electrode for OER is also
important for practical energy conversion systems,
continuous potential cycling was performed to probe
the durability of the SSNNi electrode. As shown in
Fig. 4(d), the SSNNi exhibits long-term stability with
only slight anode current attenuation (less than 7%)
after operating with 4,000 continuous potential cycles
in the alkaline electrolyte. This excellent stability may
be due to the stable 3D structure that remained
static with respect to morphology, and prevented the
accumulation of gases (Fig. 510 in the ESM). Note
that no Fe/Ni was detected in the electrolyte by
inductively coupled plasma-atomic emission spec-
troscopy (ICP-AES), further indicating its stability.
Therefore, the high OER catalytic activity of SSNNi,
which includes low OER overpotential, small Tafel
slope, large current density, and long-term durability
makes it a highly promising candidate to replace
noble metal based OER catalysts.

4 Conclusions

In conclusion, a facile and scalable design was pro-
posed to synthesize a hierarchical 3D crisscrossed
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nanosheet array on a stainless steel mesh. The SS
described here is not only used as the current collector,
but also as the source of generated Ni(Fe) based
active materials. NH,;HCQO; also plays vital role in the
formation of the 3D nanosheet array. The resultant
SSNNi, featuring a well-defined 3D interconnected
nanosheet array with more exposed and accessible
active sites, improved electron and mass transport,
and stable structure yields excellent OER performance.
The high performance of SSNNi was indicated by low
overpotential, fast kinetics (small Tafel slope), large
current density, and long-term durability. Moreover,
this 3D integrated OER electrode is suited for large-
scale fabrication, and can be adapted for the fabrication
of similar 3D electrodes for other applications, such
as Li-ion batteries and supercapacitors.
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