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Recent advances in doping and heterostructuring based on earth-abundant two-dimensional
nanoframeworks provide new possibilities in electrocatalysis. In this study, a novel, unconventional, one-
step self-regulating acid-etching strategy was developed to prepare two-tiered hierarchical Fe-doped
and Pt-decorated nickel hydroxide nanosheets selectively for efficient oxygen evolution and hydrogen
evolution reactions. The combinatorial hydrolysis of Ni ions in a self-limiting acidic environment induces
selective growth of disparate dimension nanosheets. The proposed strategy, avoiding multifold structural
design challenges, delivers highly exposed active sites and robust catalyst/support interfaces. Moreover,

the exquisite structure and synergetic heterostructure modulation afford kinetically favorable electrolyte
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coordinated electrodes attest highly efficient oxygen evolution with a low Tafel slope of 70.6 mV dec™!
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Introduction

Two-dimensional (2D) earth-abundant nickel hydroxide-based
nanomaterials are promising catalysts for electrochemical
water splitting, because of their favorable electrochemical
activity for both the oxygen evolution reaction (OER)** and
hydrogen evolution reaction (HER).*® Thus, it would be desir-
able to integrate overall water splitting using low-cost earth-
abundant 2D nickel hydroxide-based electrocatalysts, espe-
cially in alkaline intermediates for amenable industrial
requirements.®*> However, conventional synthetic protocols of
insubordinate hydrolysis of Ni salts in alkaline conditions™™°
result in notorious inferior conductivity and limited active sites.
Two important areas for consideration are: (i) constructing
elaborate frameworks especially those of hierarchical nano-
geometries, offering high active surface areas, sufficient elec-
trolyte permeation and favorable bubble release;*?” (ii)
providing an intimate interface with superior electron transport
and robust structure stability.?*-°

Apart from structural constitution, rational design of mate-
rials composition is also crucial. The introduction of extrinsic
dopant (e.g., Fe) to nickel hydroxide has been conceived to
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hydrogen evolution, which rival performances of state-of-the-art electrocatalysts.

enhance electrocatalytic OER activity by modulation of elec-
tronic structure that mediates a partial-charge-transfer mecha-
nism.*** Meanwhile, a synergistic nickel hydroxide/Pt scheme
has been shown to boost HER activity in alkaline media, as
reactive hydrogen intermediates (H,q) are derived from effective
water dissociation of the nickel hydroxides for efficient release
of hydrogen on Pt surfaces.*® However, the limited surface area
of planar Pt substrate for depositing nickel hydroxides and the
additional overpotential introduced by the Schottky barrier
between the interfaces result in suboptimal catalytic perfor-
mance.*®%**3¢ Thus, there is great urgency to rationally design
well-architectured and hetero-coordinated nickel hydroxide,
which is central to high performance water electrolysis, using
simple processing techniques.

Herein, an unconventional self-tuneable acid-etching
strategy is proposed to prepare hierarchical two-tiered Fe-
doped and Pt-decorated nickel hydroxide nanosheets in one
step (Fig. 1). In situ etching of Ni, which simultaneously serves
as an ion source and a support, results in superior interfacial
contact, ensuring remarkable electrical conductance and
structural stability. With the self-regulated pH environment,
disparate dimensions of nanosheets are selectively synthesized
and seamlessly stacked into two-tiered interlaced overlays
producing an asymmetrical gradient porous structure. Impor-
tantly, the synthetic strategy conveniently incorporates trace
amounts of heteroatom species (i.e. Fe and Pt) that markedly
augment the chemical reactivity of the nickel hydroxide nano-
sheets. Notably, so far, no studies have been established
focusing on such a facile in situ synthetic strategy to acquire
hierarchical heterostructures for exceptional electrocatalytic
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Fig. 1 Two-tiered Fe—Ni(OH), and Pt-Ni(OH), heterostructure
synthesis and crystal configuration.

overall water splitting. With this established methodology,
highly efficient and stable OER and HER electrodes with low
Tafel slope and onset potential, high current density and large
TOF are realized in alkaline intermediates. The proposed
simple yet competent strategy, which exploits combinatorial
hydrolysis of metal ions in self-regulated acid-etching, can be
used to craft hierarchically stacked 2D nanosheets with elec-
trochemical performance to rival that of state-of-the-art elec-
trocatalysts. This rationally established strategy of self-
regulated acid-etching has been extended successfully to
design of other earth-abundant hierarchical metal hydroxide
nanostructures.

Experimental

Chemicals

HCI, Fe(NO;);-9H,0, K,PtCls, Ni(NOs), 6H,0, urea, NH,F and
NaOH were purchased from Sigma-Aldrich. All reagents were
used as received without further purification.

Synthesis of hierarchical and Ni(OH), nanosheets

To obtain hierarchically structured Ni(OH), nanosheets, an in
situ acidic wet etching method was developed. Firstly, a piece of
Ni foam (5 ecm x 1 cm, or Co foam to obtain hierarchical
Co(OH), nanosheets) was immersed in 1 M HCl with ultrasonic
treatment to wash away the oxidation layer on the surface. Then,
the Ni substrate was transferred to a sealed glass bottle with
0.11 mM HCI aqueous solution (20 ml) and heated to 80 °C
under stirring for 20 h. The substrate was allowed to cool to
room temperature naturally and washed with deionized (DI)
water, followed by drying in an oven at 50 °C.

Synthesis of hierarchical Fe-doped Ni(OH), nanosheets

For Fe-Ni(OH), growth, a piece of HCl-treated Ni foam was
treated as for the preparation of Ni(OH), nanosheets with
a mixture solution of 0.1 mM HCl and 0.01 mM Fe(NO3);3-9H,0,
and then procedures were followed as already described.
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Synthesis of hierarchical Pt-decorated Ni(OH), nanosheets

To prepare Pt-Ni(OH), nanosheets, a piece of HCl-treated Ni
foam was put into a mixed solution with 0.1 mM HCI and
0.01 mM K,PtClg, and then procedures were followed as already
described.

Synthesis of Ni(OH), nanosheets

For comparison, a typical hydrothermal method was adopted as
described in a previous work. In detail, Ni foam was firstly
treated with HCI and then put into an autoclave with a mixture
of 0.1 M Ni(NO,),-6H,0, 0.5 M urea and 0.2 M NH,F. The
hydrothermal process was conducted at 120 °C for 4 h, followed
by DI water washing and then drying at 50 °C.

Characterization

Scanning electron microscopy (SEM) images were captured on
aJEOL JSM-7001F field emission scanning electron microscope.
High-resolution transition electron microscopy (HRTEM)
images, energy-dispersive X-ray spectroscopy (EDX) and
elemental mapping images were recorded using a JEOL JEM-
2100 electron microscope. The X-ray diffraction (XRD)
patterns were obtained on a Philips X-ray diffractometer with
Cu Ka radiation. Tapping-mode AFM measurement was per-
formed on a commercial SPM instrument (MPF-3D, Asylum
Research, USA). XPS measurement was recorded on a Thermo
Scientific ESCA Lab 250 spectrometer.

Electrochemical measurements. All
measurements were performed in a CHI 660E electrochemical
workstation. All as-prepared substrates were directly used as
working electrodes and tailored to 1 cm” in size. In three-
electrode configuration, graphite rod and saturated calomel
electrode (SCE) were used as the counter electrode and refer-
ence electrode, respectively. In two-electrode mode, Fe-Ni(OH),
and Pt-Ni(OH), samples were set as anode and cathode,
respectively. All tests were conducted in 1 M aqueous NaOH
electrolyte. The measured potential was calibrated to RHE
according to the following equation: Egxyg = Egcg + 0.245 V +
0.059pH. All polarization curves were recorded at a scanning
rate of 1 mV s~ ', without iR compensation. Moreover, a Nafion
membrane was used for blocking bubble diffusion during the
gas collection process by a classical drainage method in the two-
electrode mode. Notably, the gas collection operation started
after 10 min of galvanostatic test at 40 mA cm™ > to expel the air
in the bottles and was recorded at every further 1 ml of H,
accumulation. The faradaic efficiency was calculated using the
formula n = zn/Q, where z, n and Q represent the number of
electron transfer, the amount of substance and the total power
consumption, respectively. The turnover frequency for OER and
HER was estimated following the equation: TOF = jM/4Fm and
TOF = jM/2Fm, where j is the current density, F is Faraday's
constant (96 485.3C mol '), M is the molar mass, m is the
loading mass, and numbers 4 and 2 means 4 and 2 electrons per
mole of O, and H,, respectively. The loading mass was esti-
mated by assuming that all the reactants are fully converted into
resultants.

electrochemical
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Results and discussion

A mechanism for formation of two-tiered nickel hydroxide is
proposed, of which the corresponding redox reactions are listed
in the ESL{ In the initial stage, Ni at the near-surface is etched
under a higher concentration of protons (pH ~4) to form Ni**
ions, while only a trace amount undergo hydrolyzation to form
the basal nickel hydroxide nanosheets. Subsequently, more
concentrated Ni** ions are accessible to hydrolyze at a higher
PH of ~6, resulting in formation of top-tiered nickel hydroxide
nanosheets with a relatively large size. Hence, hierarchical two-
tiered hydrolyzates are formed in a one-step tunable process.
Trace amounts of heteroatom Fe and Pt species are introduced
to optimize the electronic interaction and structure for
enhancing OER and HER activity, respectively. Specifically,
partial Fe** ions and the Ni** ions undergo cohydrolysis to form
Fe-doped nickel hydroxides, because of their analogous solu-
bility product constants.'*” For Pt coupling, Pt*" ions are prone
to decompose thermochemically to form metallic Pt on the
nickel hydroxide, instead of hydrolyzing, because of the large
solubility product constants of platinum(wv) ions.®

A uniform network composed of interwoven ultrathin
nanosheets is observed for the H' etched sample, as viewed in
SEM images (Fig. 2a-c, S1 and S27). The morphologies of H'/
Fe** and H'/Pt*" etched samples for both sides are similar to
those of H" etched ones (Fig. S3 and S4t). This implies the
successful formation of hierarchical structures through the one-
step in situ acid-etching methodology. The lateral size of the top-
tiered nanosheets for H'/Fe** and H'/Pt*" etched samples is
~1 um, whereas it ~250 nm for the bottom tiers, respectively
(Fig. S51). Notably, the top tier nanosheets are intimately

Fig. 2 (a, b) Scanning electron microscopy (SEM) images of Ni(OH),
nanosheets by acid-etching. (c) SEM image of two-tiered hierarchical
Ni(OH),. (d-f) Transmission electron microscopy (TEM) image, cor-
responding selected-area electron diffraction (SAED) and high reso-
lution (HRTEM) of Fe—Ni(OH),.
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interfaced with the underlying tier (Fig. S6t), because of
consecutive hydrolysis reactions that take place in a one-pot
sequential environment and the homophase of nickel
hydroxide. Extension of this strategy to use of Co foam (Fig. S77)
also results in a two-tiered nanosheet structure, further
demonstrating the proposed formation mechanism and the
universality of the self-regulating acid-etching methodology.

Composition of the co-etched nanosheets was identified
subsequently by XRD patterns (Fig. 3a), where the main
diffraction peaks are consistent with that of the pure H' etched
one, and well matched with hexagonal B-Ni(OH), (JCPDS no. 14-
0117).” A TEM image of the H/Fe**-etched nanosheets, deno-
ted as Fe-Ni(OH),, shows a well-defined 2D hexagonal sheet-like
structure (Fig. 2d), and the corresponding SAED reveals the
single-crystal characteristic of the individual nanosheet
(Fig. 2e). The observed lattice fringe with interplanar spacing of
~0.28 nm (Fig. 2f) is consistent with the (110) plane of B-
Ni(OH), in the XRD results, while typical elemental mapping of
Fe-Ni(OH), nanosheet shows homogeneous doping of Fe
(~1.7% to Ni) (Fig. S8 and S9). Meanwhile, SEM and TEM of
the H'/Pt*"-etched sample (designated as Pt-Ni(OH),) show also
tiered ultrathin nanosheets but with incipient nanoparticles
(~10 nm in size) (Fig. S10-S12%). The uniformly dispersed
nanoparticles (~0.27% to Ni) with lattice spacing of ~0.22 nm
are found to be the (111) plane of metallic Pt (Fig. S137).

The Tyndall effect is observed for the Fe-Ni(OH), nanosheet
suspension (Fig. S14%), further reflecting its ultrathin char-
acter.*® AFM was used to reveal the thickness of Fe-Ni(OH),
nanosheets (Fig. 3b), at only ~3 nm (6 single-unit-cell B-Ni(OH),
atomic layer) for a typical nanosheet. In contrast, Ni(OH),
nanosheet synthesized via a hydrothermal method*® manifests
a single-tier nanosheet structure with a much larger lateral size
and thickness (~4 pm, Fig. S15%). It has been reported that
materials of such confined thickness are more conductive than
thicker ones, and this would be expected to improve the elec-
trochemical properties.’” XPS spectra further confirm the
composition and element chemical state of the Fe-Ni(OH), and
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Fig. 3 (a) X-ray diffraction (XRD) patterns of Ni(OH),, Fe—Ni(OH), and
Pt—Ni(OH),. (b) AFM image of Fe—Ni(OH),, inset: height profile along
the red curve. (c) XPS Fe 2p spectra of Fe—Ni(OH),. (d) Pt 4f spectra of
Pt—Ni(OH),.
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Pt-Ni(OH), samples. Two sets of typical 2p peaks of Fe*" (713.8
and 724.7 e€V) and Fe** (707.4 and 722.9 eV)" ions of the
Fe-Ni(OH), sample further verify the successful incorporation
and partial reduction of Fe*" ions (Fig. 3c). For Pt-Ni(OH),,
deconvoluted peaks located at 71.8 and 74.9 eV correspond well
with the metallic Pt 4f spectra (Fig. 3d).® Peaks of O 1s for both
samples reveal a high portion of adsorbed water (~27%),*
suggestive of hydrophilic surfaces, which would benefit water
electrolysis (Fig. S16 and S177).

Oxygen evolution reaction behaviors, including polarization
curves and relative Tafel plots, were determined for both hier-
archical Ni(OH), and Fe-Ni(OH), nanosheets. Impressively,
both the hierarchical Ni(OH), and Fe-Ni(OH), nanosheet elec-
trodes show a much lower onset potential (1.48 V) than that of
Ni(OH), nanosheet (1.56 V) synthesized by a hydrothermal
method, with the Ni foam hardly contributing to the OER
activity (Fig. 4a). The current density of Fe-Ni(OH), at 1.75 V is
greatly improved from 160 to 290 mA cm™ >, with negligible
decay after a stability test. The Tafel slope is enhanced from 94.2
to 70.6 mV dec” ' with a slight deterioration to 72.5 mV dec™*
after durability testing (Fig. 4b). These performances greatly
surpass that of the nanosheet prepared by a hydrothermal
method (137.8 mV dec™ ', Fig. S18%), revealing faster OER
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Fig. 4 (a) Linear sweep voltammetry (LSV) curves of Ni foam, Ni(OH),
and Fe—Ni(OH), before and after stability test. (b) Corresponding Tafel
plots. (c) LSV curves of Ni foam, Ni(OH),, Pt and Pt—Ni(OH), before and
after stability test. (d) Corresponding Tafel plots. (e) Two-electrode LSV
curves (Fe—Ni(OH), and Pt—Ni(OH), as anode and cathode, respec-
tively). (f) Two-electrode stability test.
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kinetics of the hierarchical nanosheets by the acid-etching
approach. Remarkably, the two-tiered hierarchical electrode
with gradient porous structure shows negligible gas bubble
aggregation, whereas bubbles are extensively accumulated on
the surface of one-tiered hydrothermal nanoflakes (Fig. S197).
The aerophobic nature of the two-tiered hierarchical nano-
sheets facilitates gas bubble release, further minimizing the
overpotential for the electrocatalytic reactions.

Superior HER performance was also identified for the hier-
archical Pt-Ni(OH), nanosheet heterostructures, with an onset
potential as low as —5 mV and a Tafel slope of 30.4 mV dec ,
quite close to the theoretical value of Pt in acidic condition
(29 mV dec™ ). This implies a Heyrovsky- or Tafel-determining
step for HER (Fig. 4c and d).***® Deliberately, one needs to
enhance the surface areas of the catalysts and prohibit the
bubble accumulation in order to accelerate the Heyrovsky or
Tafel step,* which in this case has been explicitly ameliorated
by the introduction of highly interconnected ultrathin nano-
sheets with non-symmetrical porous structure.”®* Distinctly,
the Tafel slope decreases negligibly to 30.9 mV dec™ ' after
stability evaluation, which is far superior to the pure hierar-
chical Ni(OH), nanosheet electrode (134.7 mV dec '), as well as
the pure Pt foil (48.1 mV dec™') in alkaline -electrolyte
(Fig. S201). Unambiguously, the notorious sluggish kinetics of
the Volmer-step for the alkaline HER of Pt, has been promoted
substantially with efficient H,O dissociation through integra-
tion of the hierarchically tiered Ni(OH), nanosheets.

Accordingly, the overall water splitting evaluation is per-
formed with hierarchical Fe-Ni(OH), and Pt-Ni(OH), nano-
sheet as anode and cathode, respectively. The overpotential at
10 mA cm™? is as low to 320 mV, only with 10 mV increment
after stability test (Fig. 4e). The potential exhibits a slight
increment (~2.5%) after 100 h continuous operation under the
galvanostatic mode (Fig. 4f), and the morphologies for both
electrodes are well maintained, indicating negligible deterio-
ration of the two electrodes (Fig. S21t). Finally, a drainage
system was adopted to collect the gases and evaluate the overall
water splitting behavior in a more practical application (Fig. 5a).
Impressively, the water electrolysis can be driven below 1.5 V
using a Nafion membrane (Fig. 5b and c¢). With a current density
of 40 mA cm 2 reached at ~2 V, the amount of H, and O,
constantly evolves in a stoichiometric proportion of 2:1
(Fig. S227). Acquisition of 12 ml H, is realized within ~43 min
(corresponding to a H, production rate of ~0.75 mmol h™%),
with a faradaic efficiency of almost 100% (Fig. 5d and e).

Electrochemical surface area (ECSA),° being linearly
proportional to the electrochemical double-layer capacitance, is
used to estimate the accessible active sites for both electrodes
(Fig. S23 and S24%). The corresponding values are calculated by
considering all the surface areas to be active sites. The corre-
sponding high ECSA of 10 and 29.8 mF cm > for the respective
electrodes suggest vast active sites for efficient electrocatalytic
reactions. The ECSA values show negligible decrease after
stability test, again confirming their excellent durability.
Besides the contribution of active sites, the TOF also plays
a critical role in enhancing the intrinsic OER and HER activi-
ties.”" As estimated, the TOF of hierarchical Fe-Ni(OH), and

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) Two-electrode configuration for gas collection. (b, c) Gas
bubble release on anode and cathode, respectively. (d) Gas collection
of O, and Ha. (e) Gas volume versus time and corresponding faradaic
efficiency. (f, g) TOF plots for OER and HER, respectively.

Ni(OH), nanosheets for OER at 1.7 V are about 0.81 and
0.38 s~', much higher than that of hydrothermal Ni(OH),
(0.077 s™1) (Fig. 5f and S25t). Meanwhile, the hierarchical Pt-
Ni(OH), nanosheet shows a TOF as high as 1.33 s~ " at —0.3 V,
which is 8.5 times higher than that of hierarchical Ni(OH),, and 54
times higher than that of the hydrothermal nanosheet, demon-
strating the predominance of the synergetic interaction of the
hierarchical heterostructures in HER catalysis (Fig. 5 and S267).

Additionally, the resistance between the interfaces, affecting
the charge transfer kinetics, was investigated using EIS.*>*
Nyquist plots of hierarchical Fe-Ni(OH), clearly present a stable
and low series resistance (Rg) and three charge transfer resis-
tance (R.) and negligible R, between the two tiers, indicating
a sturdy two-tiered structure (Fig. S2771). As a comparison, the
hydrothermal one shows a comparable R but two R, matching
the single-tiered structure (Fig. S281). For HER catalysis, the
hierarchical Ni(OH), electrode shows a low R; but much smaller
R.. compared with the hydrothermal, revealing a preferable
charge transfer of the hierarchically tiered structure (Fig. S297).
More importantly, the Pt-Ni(OH), exhibits an additional but
much smaller R, resulting in negligible Schottky barriers
between the interfaces that may improve substantially the
kinetics of the Volmer-step for the alkaline HER catalysis
(Fig. S30%).** Briefly, hierarchical nanostructures through acid-
etching will facilitate charge transfer, and the heteroatom Fe
and Pt incorporation further enhance the conductivity and the
kinetics of gas production, thus resulting in high ECSA, excel-
lent OER and record high HER (Tables S1 and S27) catalytic
properties.

Conclusions

In summary, an in situ self-regulating acid-etching methodology
is proposed to acquire hierarchical 2D nickel hydroxide-based
ultrathin nanosheets. Using this unconventional synthetic
strategy, the nanosheet thickness can be controlled by the

This journal is © The Royal Society of Chemistry 2017
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tuneable pH media and an elaborate two-tiered morphology can
be established via a one-step facile process. Modification of the
electronic structure by hetero species addition of Fe and Pt can
yield unique hierarchical nanostructures with high-efficient
OER and outstanding HER activity with low Tafel slope and
onset potential, as well as high current density in alkaline
intermediates. The proposed approach of combinatorial
hydrolysis of metal ions in self-limiting acidic conditions to
achieve hierarchical hydroxide nanostructures could pave the
way for construction of desirable hierarchical metal hydroxide
nanostructures for performance as exceptional catalysts.
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