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We demonstrate a bio-inspired three-dimensional (3D) hierarchical
catalyst, based on the Fe-doped nanoarrays of dendritic nickel
trees, which provides large surface area, close to optimal electron
transport, and large inter-branch open-channels for improving gasbubble release, outperforming the benchmark catalyst of noble RuO2.

To help ease the world-wide resource deficit as well as the
global climate challenges,1 clean, eﬃcient, and sustainable
energy sources are in urgent demand. Electrochemical watersplitting is one of the most promising methods for converting
intermittent electrical energy obtained from nature into stable
and storable chemical energy (hydrogen). However, this method
suﬀers from a sluggish oxygen evolution reaction (OER). Currently,
the state-of-the-art OER catalysts are iridium dioxide (IrO2) and
ruthenium dioxide (RuO2). But their high cost and material
scarcity prohibit their mass scale application.2 Recently, a large
number of oxide,3 phosphide,4 chalcogenide,5 nitride,6 and
boride7 based systems have been developed and proved to be
potentially eﬃcient OER catalysts. Interestingly, nickel, an
earth-abundant metal, performs well, especially when combined
with Fe in compounds, such as NiFe/NF,8 Ni2P/FePOx4 and NiSe2.5
Another independent eﬀective method to improve the
catalyst performance is increasing the number of active sites
on a given electrode (e.g., through increased loading or improved
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catalyst structuring to expose more active sites), in addition to
increasing the intrinsic activity of each active site.1 In this
context, lots of novel nanostructures, such as nanowires,9
nanotubes,10 and nanosheets,7 have been extensively studied
as scaﬀolds. Moreover, similar to thermoelectrics,11 there is also
a need for eﬃcient current transport to these sites, as well as a
suﬃciently open structure to assure eﬃcient gas-bubble release.
This optimization problem is basically consistent with the
demand of photosynthesis in the evolutionary development of
forests. In this case, there is also a need for the largest possible
surface area of the structures to assure capture of as much light
as possible and suﬃcient space between the branches to
promote good gas exchange. In addition, there must also be
very eﬃcient transport of water (infused with nutrients, sugar,
etc.) between the volume of a tree, the ground and the cells in the
branches. Biological systems in general have evolved and undergone an evolutionary natural selection through billions of years,
and have diﬀerent functions optimized.12 Thus, due to analogous functional contraints in the photosynthesis in forests,
it is reasonable to expect that conducting nanostructures
mimicking the quasi-fractal structure of trees in harsh environments should be close to optimal for the water splitting
process. Some members of our team demonstrated in an
earlier work a similar correlation. They found that the leaf
venation structures,13 when metalized, form an extremely
eﬃcient simultaneously highly transparent and electrically
conducting network.14 Those 2D structures made by copying
this quasi-fractal structure have led to a new class of high
performance transparent conductors.15
Following this idea, we developed a nanostructure electrode,
which resembles a spruce tree forest. It comprises porous nickel
foam, coated with Fe doped dendritic nickel tree nanoarrays.
This inexpensive catalyst indeed exhibits excellent performance,
as we expect. With low over-potentials of 227, 250 and 263 mV at
current densities of 10, 50 and 100 mA cm 2, respectively, as well
as an outstanding stability of over 100 000 s at a current density
of 10 mA cm 2, this inexpensive catalyst outperforms the benchmark catalyst of noble RuO2.
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Fig. 1 Quasi-fractal dendritic nickel trees (DNTs). (a) Schematic of the
main steps in the structure processing and the electrical transport route
(enlarged in red rectangle). (b) Schematic of the quasi-fractal structure of
the trees. (c) SEM image of the DNT, resembling the forests shown in the
inset. (d) SEM image of the DNT at increasing magnification marked by a
red rectangle, showing the quasi-fractal structure, resembling the spruce
tree (Picea abies) in the inset. (e) SEM image of the DNT with the Ni(OH)2
nanosheet. (f) SEM image of the Fe doped nanoarrays, Fe/Ni(OH)2/DNT.

The main processing stages of making the nanostructured
electrode are sketched in Fig. 1a. The porous nickel foam
(see Fig. S1 in the ESI†) is the starting material (see the sketch
in Fig. 1a(1)). As a cathode, it is subsequently electrolytically
processed at a constant current density in the Ni2+ solution.
Due to the release of concentrated hydrogen bubbles during
electrodeposition, and the unbalanced crystal growth kinetics,
dendritic nickel trees (DNTs) are formed (see the sketch in
Fig. 1a(2)). Then, as a result of the weak oxidation during the
hydrothermal treatment in pure H2O16 (see the sketch in
Fig. 1a(3)), the Ni(OH)2 nanosheets form on the surface. In the final
stage, the DNT coated with Ni(OH)2 nanosheets (Ni(OH)2/DNT) is
placed in the Fe2+ solution. During the course of the process, the
Ni(OH)2/DNT serves not only as a source of Ni, which reacts with
Fe2+ through ion interchange (forming the hybrid nanosheets),
but also as a skeleton, to anchor the arrays, promoting
the synergistic reaction between the Ni and Fe. This leads to
the final sample, Fe-doped nanoarrays, Fe/Ni(OH)2/DNT (see the
sketch in Fig. 1a(4)). These processes achieve a 3d quasi-fractal
nanostructure with a highly eﬃcient transport path (the enlarged
image in the red rectangle in Fig. 1a(5)) and potentially improve
the overall performance.
For reasons stated above, we developed our in situ catalyst
electrode structure as a scaled-down model of a forest. Many
forests are known to have a quasi-fractal structure, with the
fractal dimensions ranging from D = 2.14 for the Eastern white
pine,17 to D = 2.81 for the Hemlock (crowns).18 As the sketch in
Fig. 1b shows the abstracted 3D quasi-fractal structure of
branches repeats the same structure on diﬀerent scales.
Fig. 1c shows that the dendritic nickel trees indeed closely
resemble large-scale features of the real forest (shown in the
inset), with perhaps the strongest resemblance to the forest of
spruce trees (Picea abies, see Fig. 1d and the inset), which grow
in a harsh, cold environment.
We can roughly estimate the fractal dimension in this case
as follows. In general, D = ln N/ln b, where N is the number of
copies at each order and b is the scale factor. Let N = nm, where

358 | Chem. Commun., 2019, 55, 357--360

ChemComm

n is the number of side branches emerging from each bifurcation point and m the number of bifurcation points on each
branch. Then, from Fig. 1, we get n B 5, m 4 20, and b B 10
which leads to D 4 2. The close resemblance between the
spruce and the Ponderosa Pine trees narrows down this
estimate, since for the latter it was found that m B 40, n B 5
and b B 10,18 yielding D B 2.3.
As shown in Fig. 1c, the morphology of the DNT (main) is
full of micro nickel trees, similar to the forest (the inset). Fig. 1d
shows the SEM image of the quasi-fractal structure of the DNT
at increasing magnifications marked in a red rectangle in
Fig. 1c, resembling the spruce tree (Picea abies, inset). There
is a gradual scale reduction from 5 to 20 mm for trunks and
around 1 mm for branches. After the interaction with pure water
only, there is another layer of nanosheets on the face as shown
in Fig. 1e, with the thickness of only B10 nm for single
nanosheets (see Fig. S2 in the ESI†). This quasi-fractal structure
is the same as the system of photosynthesis in the evolutionary
development of forests. Microscopic characterization of the
Fe-doped nanoarrays is given in Fig. 1f, showing the hybrid
nanosheet through the interaction between Fe and Ni.
The X-ray photoelectron spectroscopy (XPS) full spectrum
confirms the existence of Ni, Fe, and O (see Fig. S3 in the ESI†).
The high-resolution XPS spectra show that the Ni and Fe are in
Ni2+ (see Fig. 2a) and Fe2+ (see Fig. 2b) oxidation states, and
the O exists in the oxygen–metal bond and hydroxyl groups
(see Fig. 2c). Compared to standard values,19 the binding
energies of Ni and O shift positively, and the binding energy
of Fe shifts negatively, confirming partial transfer of electrons

Fig. 2 Characterization of Fe doped nanoarrays. (a) High resolution Fe 2p
XPS spectra, (b) high resolution Ni 2p XPS spectra, and (c) high resolution
O 1s XPS spectra of Fe doped nanoarrays. (d) HRTEM image (main) and the
corresponding SAED pattern (inset) of the Ni(OH)2/DNT structure. (e)
HRTEM image of a fragment of the Fe doped nanoarrays. Selected regions
on Ni(OH)2 and FeSO4 were marked in a red rectangle and blue rectangle,
enlarged in the right panels (f), respectively. (g) TEM image of a fragment of
the Fe-doped nanoarrays. The corresponding high-resolution EDX images
of Fe (h), Ni (i) and O (j).
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from Ni2+ and O2 to Fe2+. As shown in previous reports,20,21
this would convert Ni into the high valence state (denoted Ni*)
easily, accelerating the charge transfer process.22,23 Meanwhile,
the existence of Fe may stimulate the formation of FeOOH
at the edge,24 further improving the performance.
The high-resolution TEM image (Fig. 2d) confirms that the
inter-atomic separation of Ni(OH)2 nanosheets is 0.214 nm
(main image), the same as the (101) planes of Ni(OH)2. This
agrees with the corresponding SAED ring pattern in the inset.
After Fe2+ loading on the nanosheets, as shown in Fig. 2e,
Ni(OH)2 and FeSO4 make the hybrid nanosheets. The selected
regions on Ni(OH)2 and FeSO4 are marked in a red rectangle
and blue rectangle, enlarged in Fig. 2f. This shows that
compared to the standard data, the interplanar distances of
Ni(OH)2 sheets decrease, and the interplanar distances of
FeSO4 increase. This indicates the apparent lattice strain in
the hybrid crystal system,25,26 the same as in the XPS spectrum
shown above. Fig. 2g shows energy dispersive spectrometry
(EDX) measurements of the sample surface; the Fe, Ni, and O
elements distribute in the nanosheet uniformly (see Fig. 2h–j).
This indicates that the Fe element is indeed doped within the
nickel sheets.
In addition, the XRD analysis confirms the formation of
diﬀerent phases in every step (see Fig. S4 in the ESI†). After
reacting with water only, the DNT with Ni(OH)2 sheets consists
of a crystalline (cubic) Ni phase and a Ni(OH)2 phase. After the
hydrothermal reaction, there is a new FeSO4 phase, further
confirming the existence of Fe atoms. This indicates the
distribution of Fe atoms in the Ni(OH)2 nanosheets, identical
to the EDX measurements and the XPS measurements on
the surface.
To evaluate the OER performance of the Fe/Ni(OH)2/DNT,
electrochemical measurements were conducted. Interestingly,
with the increase of Fe2+ concentration in the reaction, the OER
performance rises firstly and then falls (see Fig. S5 in the ESI†).
The best sample is chosen. For comparison, the electrocatalytic
activities of NF and DNT (with and without Ni(OH)2 nanosheets)
were also measured, with a 1 cm2 surface area of all samples.
Fig. 3a shows the linear sweep voltammogram (LSV) of the
Fe/Ni(OH) 2/DNT electrode at a scan rate of 2 mV s 1. At a
potential of 1.48 V (the vertical line in Fig. 3a), with a low
overpotential of 250 mV, higher than 1.23 V (vs. RHE), the
Fe/Ni(OH)2/DNT electrode shows a value of 50 mA cm 2. The
catalytic activity is better than that of NF (NF, 1.8 mA cm 2), DNT
without Ni(OH)2 nanosheets (DNT, 9.3 mA cm 2), DNT with
Ni(OH)2 nanosheets (Ni(OH)2/DNT, 9.2 mA cm 2), and RuO2
(22 mA cm 2). Importantly, to achieve a current density of
100 mA cm 2 (the horizontal line in Fig. 3a), the potential of
the Fe-doped DNT is 1.493 V, with a low overpotential of 263 mV,
much lower than that of RuO2 (317 mV), as well as of the state-ofthe-art IrO2 (375 mV).27 Compared with typical Ni-based catalysts
(see Table S1 in the ESI†), the Fe-doped DNT indeed has
excellent eﬃciency for catalysing the OER.
The Tafel slope is used to explore the OER kinetics. From a
practical perspective, the Tafel slope determines the additional
voltage required to increase the catalytic current by an order of
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Fig. 3 Electrocatalytic OER performance of various electrodes. (a) Steadystate current densities as a function of the applied potential in 1 M KOH
solution over various electrodes. (b) Corresponding Tafel curves of NF, DNT,
Ni(OH)2/DNT and Fe/Ni(OH)2/DNT. (c) EIS Nyquist plots for diﬀerent
systems and the enlarged plots in the inset. (d) Time-dependent potential
curves for Fe/Ni (OH)2/DNT in 1.0 M KOH at constant current density.

magnitude, with units commonly reported in mV dec 1. As shown
in Fig. 3b, the Tafel slope of Fe/Ni(OH)2/DNT, 59 mV dec 1,
is the lowest, smaller than those of NF (112 mV dec 1), DNT
(143 mV dec 1), Ni(OH)2/NF (122 mV dec 1), and Fe/NF
(71 mV dec 1). It is even smaller than that of the noble metal
of RuO2 (89.7 mV dec 1), indicating an outstanding OER
kinetic profile. The Tafel slope is generally used to evaluate
the rate determining step. If the step involves an unusual water
oxidation reaction, where a water molecule from solution
breaks its OH bond over surface O with concurrent new O OH
bond formation, the theoretical Tafel line was calculated to be
55 mV dec 1 below 1.58 V vs. RHE. The value of 59 mV dec 1 in
this range implies that the rate-determining step involves the
step. And it is the ideal value (equivalent to 2.3RT/F) associated
with a one-electron transfer,28 indeed confirming the excellent
charge transfer.29 Beside the Tafel slope, the exchange current
densities ( J0) have also been taken into account. For the best
known catalysts, such as RuO2, the values are on the order
of B10 to 1 mA cm 2.30 In our experiment, the J0 value of
Fe/Ni(OH)2/DNT is 4.89 mA cm 2, in the same order to the RuO2
sample tested in our lab (8.43 mA cm 2), indicating the excellent
OER performance and reliability of our experimental tests. This
could be attributed to the binder-free, bio-inspired, quasi-fractal
structure, the synthetic eﬀect, and the rapid electron transport.
To further explore the excellent performance, electrochemical
impedance spectroscopy (EIS) was executed (see Fig. 3c). As
shown in previous reports, the high-frequency response can be
assigned to the charge-transfer process of oxygen evolution at
the catalyst interface (Rct). Below an overpotential of 300 mV, the
Fe/Ni(OH)2/DNT electrode possesses a much smaller charge
transfer resistance (Rct) of 0.35 O, much lower than those of
Ni(OH)2/DNT (B15 O), DNT (B3.5 O) and NF (B17 O). The
transfer rate of hierarchical Ni(OH)2 is inferior to that of NF,
which may be caused by the poor conductivity before the
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oxidation of NiOOH.31 After combination with Fe, the interaction
between Ni and Fe improves the conductivity21 and the catalytic
activity.
Long-term stability of the electrocatalysts is critical in applications. Our primary figure of merit is the overpotential to
achieve a current density of 10 mA cm 2. This is an approximate
value expected for a 10% solar-to-fuel device conversion eﬃciency under 1 sun illumination. As shown in Fig. 3d, the
potential value (227 mV) of Fe/Ni(OH)2/DNT remains nearly
unchanged at a current density of 10 mA cm 2 for 100 000 s,
indicating the excellent stability for the OER in alkaline media.
When the current density reaches a larger value, such as
50 mA cm 2, the sample still remains stable for more than
72 000 s, identifying the stability in practical application.
The calculated Faraday eﬃciency of Fe/Ni(OH)2/DNT is 91%
(see Fig. S6 in the ESI†). The small oﬀset from 100% may be
derived from the electron consumption to keep the Fe in the
high valence state.32
In summary, our bio-inspired, quasi-fractal structure Fe/Ni(OH)2/
DNT shows excellent performance in water-splitting, outperforming
most of the other systems. We identify two aspects of this
structure to be responsible for this outstanding performance.
Firstly, the quasi-fractal micro/nano structure, which closely
resembles forests of trees, is close to optimal for this analogous
function with the merits: small flow resistance, large structural
surface area, and an eﬃcient path of bubble release, required
for eﬃcient water splitting catalysts. The importance of this
aspect is clear. All structures containing DNT have much larger
current densities than those without it. This can be attributed
to the dramatically increased surface area, 15.9 times that of
the pristine sample (see Fig. S7 in the ESI†).
The second aspect is an eﬃcient catalytic action of the
Fe-coated nanosheets, which forms the smallest order of our
structure and the optimized electron transport. This excellent
performance can be quantified with low over-potentials of 227,
250 and 263 mV, at current densities of 10, 50 and 100 mA cm 2,
respectively, as well as outstanding stability of over 100 000 s. In
particular, when we ignore the geometric areas, the intrinsic
density of Fe/Ni(OH)2/DNT is still better than those of the other
typical samples (see Table S2 in the ESI†). Also, to the best of our
knowledge, the fabrication of Ni(OH)2 nanosheets in pure water
is unique and has never been reported before.
The performance can be improved subsequently. Regarding
the first aspect, the structure seems to be too compact in the
nanoscale for an eﬃcient release of gas bubbles. Therefore
growing a less compact structure should be feasible, accomplished by controlling the DNT growth parameters (current
density, temperature, time and so on). Also it is possible to
improve the catalytic aspect and stability (doping with diﬀerent
elements, reacting to make defects, designing the interface
with others and so on). Finally, our structure is inexpensive to
synthesize and is scalable to the industrial, commercially
practical sizes.
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