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controlled synthesis of Nature-inspired hierarchical
nanostructures†
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Xiaojuan Caoa and Ning Yan *ab
Three-dimensional intricate nanostructures hold great promise for

real-life applications. Many of these hierarchical structures resemble

shapes fromNature, demonstratingmuch improved physico-chemical

properties. Yet, their rational design and controlled synthesis remain

challenging. By simply manipulating (electro)chemical gradients using

a combined hydrothermal and electrodeposition strategy, we herein

show the controlled growth of Co(OH)2 nanostructures, mimicking

the process of garden cultivation. The resulting “nano-garden” can

selectively contain different patterns, all of which can be fully phos-

phidated into CoP without losing the structural integrity. Remarkably,

these CoP nanostructures show distinct catalytic performance in

oxygen evolution and hydrogen evolution reactions. Under pH-

universal conditions, the CoP “soil + flower-with-stem” structure

shows amuchmore “effective” surface area for gas-evolving reactions

with lower activation and concentration overpotentials. This provides

superior bifunctional catalytic activity for both reactions, out-

performing noble metal counterparts.
Nature holds solutions to diverse scientic problems and
serves as a major source of inspiration for human beings. The
billions of years of evolution has led to the formation of
numerous geographical and biological structures with stun-
ning complexity. By studying these natural patterns and
mimicking the topographic structure in the materials
synthesis, researchers oen nd exciting solutions to optimize
the physico-chemical properties of materials. In particular,
with the bloom of nanotechnology, the rational synthesis of
Nature-inspired hierarchical shapes at the nanometric scale
becomes of great importance, showing potential for real-life
applications in catalysis,1 electronics,2 optics3 and bio-medi-
cine.4 A common approach for preparing nanostructures is
niversity, Wuhan, China. E-mail: n.yan@

ces (HIMS), University of Amsterdam,

tion (ESI) available. See DOI:

626–7632
top-down lithography.5 This subtractive method includes
photo-,6 electron-beam-,7 and nanoimprint-lithography.8 It can
indeed control the topology of the pattern accurately and is
widely used in the nanofabrication of semiconductors.9–15

Nonetheless, this approach is rather time-consuming and
cost-ineffective, hampering its wide applications in different
elds.15,16

Therefore, the bottom-up synthesis is increasingly explored
which promises to address the drawbacks of the top-down
counterpart. This additive strategy is generally based on the
self-assembly of molecules and/or nanoscale building
blocks.17,18 Interesting nanostructures resembling natural
shapes can be obtained. For instance, using solvothermal or
hydrothermal strategies, ower-,19–23 leaf-,24,25 coral-26–30 and sea-
urchin-like nanostructures have been reported recently,31,32

demonstrating much enhanced performances in different
applications. However, the biomimetic appearance of these
patterns during the synthesis, in many cases, is not based on
predictive mechanisms.33 Besides, costly additives and surfac-
tants are oen used for geometry control, and large-scale
material preparation is thus challenging.34–36 Electrodeposi-
tion is a simple alternative approach of nanofabrication which
can be dated back to 1987 in the pioneering work of Martin
et al.37 Yet, a template is oen required for the synthesis and
plating three-dimensional intricate structures at the nano-
metric scale remains problematic. Though the coprecipitation
approach has recently allowed precise control of the formation
of complex micrometer-scale shapes with amazing beauty,
downsizing the shape to the nanometer scale is yet
impossible.18,36,38,39

In this work, via coupling the hydrothermal and electrode-
position synthesis approaches under different reaction condi-
tions, we managed to design and prepare a number of Co(OH)2-
based nano-architectures that resemble various items in
a garden (“soil”, “ake”, “sprout”, “grass”, “ower” and “leaf”).
Such patterns can be fully phosphidated, forming CoP struc-
tures. The suitable combination of the nanometric items on the
surface of carbon cloth provides superior bifunctional catalytic
This journal is © The Royal Society of Chemistry 2020
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activity for overall water splitting, outperforming the state-of-
the-art catalysts at high current densities.

Fig. 1a is the schematic cartoon of the step-by-step “nano-
garden cultivation” on the carbon cloth (CC). The distinct
topologies were sustained aer phosphidation as shown in the
corresponding scanning electron microscopy (SEM) images.
The gardening started with “earthing” by encapsulating the
bers of CC with a dense layer of Co(OH)2 via a modied
hydrothermal approach. The detailed synthesis can be found in
the ESI.†On this “soil” layer with a thickness of�100 nm (cf. the
SEM image of the pristine ber in Fig. S1†), many “sprouts”
appeared aer increasing the temperature of the hydrothermal
synthesis. They were strongly “rooted” in the soil which is
benecial for the robust catalysis in gas-evolving reactions
without suffering break-up or detachment (vide infra). The
continuous growth nally led to the formation of “grass”,
covering the entire soil land (see Fig. 1d and S2†). These grasses
have a high aspect ratio with an average length of 1.5 mm and
a thickness of 100 nm. By increasing the Co2+ concentration
from 0.13 M to 0.3 M, they can progressively evolve into “lithic
akes” and “rocks” as shown in Fig. S3.†

The “blossom” of the “bush” was enabled by electrodeposi-
tion of Co(OH)2 following the reactions (1) and (2) below:40

NO3
� + H2O + 2e� / NO2

� + 2OH�, E0 ¼ 0.01 V (1)

Co2+ + 2OH� / Co(OH)2(s) (2)
Fig. 1 (a) The schematic steps of the nano-garden cultivation on
carbon cloth; false color SEM images of various CoP nanostructures
on carbon cloth after phosphidation for the (b) soil, (c) sprout, (d) grass,
(e) flower and (f) leaf, and the true color SEM images are shown as the
inset.

This journal is © The Royal Society of Chemistry 2020
whereas the competing reactions can be:

Co2+ + 2e� / Co(s), E0 ¼ �0.28 V (3)

2H+ + 2e� / H2(g), E
0 ¼ 0.00 V (4)

In 0.04 M Co2+-electrolyte, the electrodeposition dominantly
proceeded from the tip of the grass stem, where the radius of
curvature is smaller with a higher space charge density. At the
lower parts of the stem, electrodeposition was suppressed as the
competitive water reduction reaction (reaction (4)) occurred.41,42

The ramied growth of the “ower petals” was triggered by the
electroconvection of the solution at the tip, resulting in the
continuous splitting of the deposits into branches to all direc-
tions.43 This growth mechanism is detailed in the ESI in
Fig. S4.†44,45 Aer 300 s deposition, a sphere-like ower, with
a diameter of ca. 200 nm, was formed on the top of the stem
(Fig. 1e). The SEM image in Fig. S5† with a lower magnication
implies that nearly all the stems have “bloomed”.

On the contrary, electrodeposition can also initiate from the
bottom of the stem when a 0.07 M Co(NO3)2 electrolyte was
employed. In this more concentrated solution, the competing
water reduction reaction was largely suppressed while reaction
(1) prevailed. The formation of Co(OH)2 can therefore start from
the bottom of the stem. This nally caused the deposition of the
“leaf” pattern with the same orientation as shown in Fig. 1f.
From the microscopic point of view, each leaf was in fact the
interwoven dendritic structure of the deposits. The bottom side
of the leaf spannedmore than 0.5 mmand the inter-leaf distance
was ca. 200 nm on average. A complete summary of all the nano-
garden items via controlled synthesis is shown in Fig. S6.†

X-ray diffraction (XRD) patterns in Fig. S7a† compare the as-
prepared crystal structures of all the nanostructures before and
aer phosphidation (denoted as soil/CC, sprout/CC, ake/CC,
grass/CC, leaf/CC and ower/CC). The as-prepared precursor
shows diffraction peaks at 26.0, 33.8, 35.5, 36.8, 39.6, 59.1, 61.1
and 62.3�, which can be indexed to the hexagonal phase
Co(OH)0.44(CO3)0.78$0.29H2O.46 The incorporation of carbonate
was due to the interaction with atmospheric CO2 before the XRD
measurement. This is also evidenced by the Fourier-transform
infrared spectra (FTIR) in Fig. S7b.† Aer phosphidation, all
samples were fully converted to CoP. The patterns show four
distinct peaks at 31.7, 36.2, 46.3, and 48.2�, which can be assigned
to the (011), (111), (112) and (211) planes of the orthorhombic CoP
phase (JCPDS no: 29-0497), respectively.47–50 Particularly, the cor-
responding SEM X-ray energy dispersive spectra (EDX) and the
high-resolution transmission electron microscopy (HRTEM)
micrograph in Fig. S8 and S9† also veried the formation of CoP.
They also indicated that the ower petals and stems both
uniformly consisted of CoP. We also performed X-ray photoelec-
tron spectroscopy (XPS), conrming the formation of CoP. The Co
2p XPS spectrum in Fig. S7c† shows both 2p3/2 and 2p1/2 peaks in
which the ones at 803.2 and 786.0 eV were the shake-up satel-
lites.27,51 The peak at 781.8 eV was assigned to CoP and other
oxidized forms of Co while the one at 778.1 eV was ascribed to the
residual metallic Co.52–54 The reduced state of P in CoP was also
seen in the P 2p spectrum at 129.0 eV in Fig. S7d.†43,55,56
J. Mater. Chem. A, 2020, 8, 7626–7632 | 7627
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We then examined the catalytic activity of all the CoP
nanostructures in the hydrogen evolution reaction (HER) under
acidic conditions. A standard three-electrode conguration was
applied with a stationary working electrode to better simulate
industrially relevant conditions. Fig. 2a compares the polariza-
tion curves (LSV, linear sweep voltammetry) of CC, soil/CC,
sprout/CC, ake/CC, grass/CC, leaf/CC and ower/CC in 0.5 M
H2SO4 aqueous solution. CC showed little activity for HER with
an extremely high overpotential. The onset potential, dened as
that at 1 mA cm�2 Faraday current, reached �325 mV (vs. RHE
and hereaer other than specied). Interestingly, although
other samples shared an identical chemical composition, their
catalytic activity varied signicantly. The ower/CC had the
highest onset potential of �36 mV. The overpotentials at the
benchmark 10, 20, 50 and 100mA cm�2 current density were 68,
85, 103 and 112 mV, respectively (see Fig. 2b). These values are
among the best of today's superior non-precious metal HER
catalysts in an acidic environment. A detailed comparison can
be found in Table S1.†

Fig. 2c shows the Tafel plots of all the catalysts. Remarkably,
the Tafel slope of ower/CC was 68 mV dec�1, which was also
the lowest among all the nanostructures. In addition, to eval-
uate the difference in intrinsic catalytic properties, the turnover
frequency (TOF) was also plotted versus the overpotential (see
Fig. S10†). The ower/CC catalysts illustrated signicantly
larger TOF values than those of leaf/CC in acidic environments,
particularly at higher overpotentials when the mass transport
limitation appeared. Specically, the TOF of ower/CC reached
1.3 s�1 at an overpotential of 120 mV. This is in accordance with
the electrochemical impedance spectra (EIS) in Fig. S11.† The
Fig. 2 The comparison of (a) LSVs, (b) overpotentials and (c) Tafel slopes
the different reaction environments at the top and bottom positions o
noamperometric stability test at �0.094 V vs. RHE. H2-saturated 0.5 M H
compensation is applied.

7628 | J. Mater. Chem. A, 2020, 8, 7626–7632
Nyquist plot of the ower/CC exhibits a smaller charge-transfer
resistance than that of the leaf/CC, suggesting faster kinetics at
the interface.

The better performance of ower/CC mainly pertained to its
physical geometry. Apparently, soil/CC and sprout/CC had lower
surface areas and smaller numbers of active sites, which unsur-
prisingly showed limited activity. This was proven in the elec-
trochemically active surface area (EASA) plots shown in Fig. S12.†
A positive correlation between the HER performance and EASA
can be drawn. Albeit that leaf/CC and ake/CC owned a larger
number of active sites as reected by the EASA, the interlayer
distance between two leaves or akes was less than 200 nm while
the height of the layer was >2 mm (cf. the SEM images). When the
hydrogen bubbles evolve at high current density, the reaction on
the surface at the bottom side of the densely packed structure
might suffer from slow mass transport,57 and the activity became
increasingly lower than that of the ower/CC at higher current
density. Conversely, the geometry of ower/CC was superior to
the controls: the owers on the top of the stems, comprising
many nanometric petals, were all well exposed to the bulk elec-
trolyte. Yet, the loosely packed stems, with much less CoP
deposits, can also effectively catalyze HER (see the cartoon in
Fig. 2d). Thus, such hierarchical structure provided comple-
mentary features in terms of abundant active sites and rapid
mass transport. This set of experiments also implied that the
physical geometry of nanomaterials can greatly affect the cata-
lytic activity. Particularly for gas-evolving electrocatalytic reac-
tions, the densely pack nanowires or nano-arrays must be ne-
tuned to minimize the overpotentials arising from the lack of
effective active sites and the limitation of mass transport.57
for various nanomaterials in HER; (d) a schematic comparison showing
f the nanostructure with a high aspect ratio; (e) CV cycles and chro-

2SO4 aqueous electrolyte is used, the scan rate is 5 mV s�1, and post-iR

This journal is © The Royal Society of Chemistry 2020
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The stability test of ower/CC was carried out using both
cyclic voltammetry (CV) and chronoamperometry. Fig. 2e
demonstrates the comparison of the LSV curves of the catalyst
aer 0, 1000 and 2000 CV cycles in the voltage window from +0.2
to �0.3 V (vs. RHE). Little degradation was observed in
comparison with the initial performance (the morphologies of
the spent catalysts are shown in Fig. S13†). The overpotential
showed a 2 mV increase at 100 mA cm�2. In the chro-
noamperometric analysis, the voltage was set at �0.094 V. The
current density was maintained at ca. 31 mA cm�2 for more
than 30 h. This suggested that the nanoowers rooted in the
“soil” have excellent structural robustness and this “nano-
garden cultivation” approach has effectively increased the
activity without any compromise of the stability.

The structural advantage of ower/CC was also proven in the
HER performed under both neutral and alkaline conditions.
Fig. 3 summarizes the electrocatalytic performance of both
ower/CC and leaf/CC. In a 1.0 M phosphate buffer solution
(PBS), ower/CC remained the best catalyst. The onset potential
was �36 mV whereas the overpotentials at 10 and 50 mA cm�2

were 72 and 138 mV, respectively. In the stability test via the
analogous approach used in acidic media, ower/CC also
exhibited excellent robustness. Interestingly, it seemed that the
catalyst was “activated” during the CV cycles or the chro-
noamperometric test, showing an activity jump. This phenom-
enon might be pertinent to the formation of low-valence Co
complexes, such as Co(OH)x, on the surface of CoP under the
cathodic potentials. In addition, the progressive incorporation
of phosphonic acid pendant groups onto the surface increased
the proton-accepting capability. Beneting from these proven
Fig. 3 The comparison of (a) LSVs, (b) overpotentials, (c) Tafel slopes and
with H2-saturated phosphate buffer solution. The comparison of (e) L
nanomaterials in HER in H2-saturated 1.0 M KOH aqueous solution. The

This journal is © The Royal Society of Chemistry 2020
synergistic effects, the HER activity was enhanced aer the
longevity test.58,59

In 1.0 M KOH, ower/CC CoP still exhibited an ultra-low
overpotential of 55 mV at the benchmark 10 mA cm�2, and
the Tafel slope was 56 mV dec�1. Likewise, the overpotential
difference relative to leaf/CC became increasingly large when
the current density rose, indicating that concentration polari-
zation was also suppressed in ower/CC compared with that of
leaf/CC. In the longevity test, only trivial degradation (�6%) was
recorded during the chronoamperometric test biased at
�0.082 V. We also compared the HER performance of ower/CC
with the state-of-the-art non-noble metal catalysts in the liter-
ature (see Tables S2 and S3†). The activity was indeed among the
best. This further supports our aforementioned structural
advantages of ower/CC at high reaction rates. Therefore, we
concluded that the CoP with a ower-with-stem structure rooted
in a soil layer enabled superior HER activity under pH-universal
conditions.

Apart from HER, the oxygen evolution reaction (OER) is
another typical and important gas-evolving reaction for energy
storage and conversion.60 We then evaluated the electro-
catalytic performance of these CoP nanostructures in 1.0 M
KOH electrolyte. Fig. 4a compares the LSV curves of ower/CC
and leaf/CC with those of the state-of-the-art IrO2/CC OER
catalysts. The onset potential of all the examined catalysts was
essentially identical. However, at high current densities, both
ower/CC and leaf/CC showed substantially improved activity.
In particular, the overpotential of IrO2/CC at 50 mA cm�2 was
417 mV while that of ower/CC was only 324 mV. The
outstanding OER performance of ower/CC was also
(d) stability tests for two nanomaterials in HER under neutral conditions
SVs, (f) overpotentials, (g) Tafel slopes and (h) stability tests for two
scan rate is 5 mV s�1, and post-iR compensation is applied.

J. Mater. Chem. A, 2020, 8, 7626–7632 | 7629
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Fig. 4 The comparison of (a) LSVs, (b) overpotentials, (c) Tafel slopes and (d) stability tests for three nanomaterials in OER in O2-saturated 1.0 M
KOH aqueous solution; (e) LSV and (f) stability test of the symmetric cells in the overall water splitting reaction. The scan rate is 5 mV s�1, and
post-iR compensation is applied.
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supported by the low Tafel slope which was 73 mA dec�1. Both
CV and chronoamperometric studies conrmed the stability of
this material. A detailed comparison of the studied catalysts
with those reported in the literature is summarized in Table
S4.†

Finally, we carried out overall water splitting reactions using
a symmetric two-electrode setup. The anode and cathode cata-
lysts were completely identical to investigate their bifunction-
ality. Fig. 4e compares the LSV curves of ower/CC and leaf/CC
cells. At the benchmark 10 mA cm�2, the overall overpotential
was 370 mV for ower/CC which showed better performance.
This potential was 49 mV higher than the sum of the two
overpotentials obtained in the three-electrode setup (55 mV for
HER and 276 mV for OER). We postulated that this difference
might have originated from the additional polarization caused
by the mass transport. In the stability test shown in Fig. 4f, we
biased the cell at 1.78 V vs. open circuit potential (OCP) for 30 h,
and the current density was stabilized at �29 mA cm�2 with
little degradation. The redox stability was studied by cycling the
cells from 1.0 to 1.6 V vs. OCP. No loss was observed aer 2000
cycles (see the inset of Fig. 4e).

In conclusion, we developed a simple yet rational approach
for accurately controlling the morphology of CoP catalysts at the
nanoscale via the combined hydrothermal and electrodeposi-
tion approach. It enabled us to synthesize a number of Nature-
inspired hierarchical nanostructures with distinct catalytic
activity in water splitting reactions. Under pH-universal condi-
tions, the “soil + ower-with-stem” is superior, showing a much
more “effective” surface area for gas-evolving reactions with
7630 | J. Mater. Chem. A, 2020, 8, 7626–7632
lower activation and concentration overpotentials. This work
provides a simple approach for controllable synthesis, reveals
the importance of ne-tuning the architecture of electro-
catalysts and might open bona de opportunities for the catal-
ysis and materials science community in the context of
sustainable energy research.
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