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Multifunctional electrocatalyst delivers powerful ability in energy storage and conversion systems to relieve
energy crisis nowadays. However, due to the complexity of material synthesis and electrode construction, it still
remains a challenge to achieve multifunctionality while maintaining high catalytic activity. In this work, inspired
by the unique structure of submerged plants, three dimensional hierarchical electrodes were constructed via 3D
printing and applied in water splitting devices and Zn-air batteries to emulate the photosynthesis and respiration,
respectively. The fabricated electrodes possess surface single-Fe-atom-doped Ni/Ni(OH)y and embedded Fe-
doped carbon nanotubes (Fe-CNTs), which contribute to water splitting and oxygen reduction reaction (ORR),
respectively. Benefiting from the hierarchical synergetic structure and appropriate location of active center,
overpotentials of 175 mV and 108 mV were respectively achieved for oxygen evolution reaction and hydrogen
evolution reaction to reach 30 mA cm ™2 in 1 M KOH solution, and corresponding overall water splitting required
a low voltage of 1.51 V. In addition, the assembled Zn-air battery achieved a power density of 143.8 mW cm 2.
Overall, the fabricated 3D electrodes presented remarkable potential for overall water splitting and Zn-air bat-
teries, and this strategy also put forward a new avenue for designing and constructing high-performance tri-
functional electrocatalyst electrodes.

1. Introduction

The continuous consumption of fossil fuels promoted the develop-
ment of energy storage and conversion devices [1]. Among energy
conversion systems, electrocatalysis of producing Hy by water splitting
is a popular and efficient route [2]. Decreasing the overpotential of
oxygen evolution reaction (OER)/hydrogen evolution reaction (HER)
and increasing the corresponding catalytic stability are the main di-
rections to promote the efficiency of water splitting [3]. Relevant stra-
tegies include designing active sites to reduce the reacting energy barrier
[4-9], constructing three dimensional (3D) electrodes to increase the
exposed area [10,11] and configuring channels for the efficient release
of produced gas bubbles [12-14]. Among energy storage devices,
rechargeable metal-air battery delivered unique application potential

due to its high energy density, low cost and high stability [15-17]. As a
crucial strategy, optimizing the catalyst in cathode plays a vital role in
promoting the energy efficiency (input/output voltage) and cycling
stability. Designing active sites for OER and oxygen reduction reaction
(ORR) is critical to reduce reacting energy barrier and further elevate the
energy efficiency of rechargeable metal-air batteries [18-21]. Further-
more, constructing individual diffusion channels for O, and electrolyte
will construct abundant three-phase interface and optimize operating
properties under large current densities [22-26].

As mentioned above, fabricating electrodes with high electro-
catalytic performance was widely explored, however, it still remains a
challenge to intelligently integrate multifarious catalytic active sites into
a single electrode [27-29]. Since electrocatalysis usually requires multi
kinds of catalytic ability when applied in overall water splitting (OWS)
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and metal-air batteries, it brings forward high request for the catalyst to
combine multifunctional catalytic ability, which will considerably
simplify the system and decrease the cost. In addition, in order to make
the composite catalyst “keep its place and perform its duty”, the con-
structed electrodes are highly demanded to possess proper configuration
to make the best use of each kind of active sites and gain optimized
multifunctional catalytic abilities.

Submerged plant is a kind of ordinary plant living in water (shown in
Fig. 1a), which usually possess hierarchical branches/leaves and inner
porous stems to adapt to the environment with dim sunlight and thin
03/COy [30]. As shown in Fig. 1b, during photosynthesis, dense
branches/leaves with large surface area act as the sunshine collector
which transfer H,O and CO» into O3 and biomass [31]; during respira-
tion, hollow stems provide unique channels to transport O to the whole
plant body and supply nourishment for each cell. In this work, inspired
by the production and transport of Os in photosynthesis and respiration
of submerged plant, 3D hierarchical electrodes were fabricated by 3D-
printing process (Fig. 1c) to boost the properties both in water split-
ting and Zn-air battery. In the experiment, a facile “ion exchange”
strategy was developed to construct this high-performance trifunctional
catalyst electrode: Fe source in the Fe-CNTs acted as crucial role for ORR
process, and also provided the doped Fe in promoting the OER/HER
performance of loaded Ni/Ni(OH),. As shown in Fig. 1d, the constructed
multi-scale hierarchical structure offered large exposed area to electro-
lyte and facilitated the release of produced gas bubbles (refer to
photosynthesis), and the 3D hollow structure provided individual paths
for the transport of Oz and electrolyte (refer to respiration). As a result,
the electrodes exhibited low overpotentials for OER and HER, as well as
low voltage for overall water splitting. In addition, the assembled Zn-air
battery also presented considerable performance. Finally, this bio-
inspired 3D hierarchical structure and constructed multi-scale-
synergetic configuration show promising potential in practical applica-
tion and put forward a new strategy for developing high-performance
trifunctional catalytic electrode.

2. Experiment section
2.1. Preparation of hydrogel ink

Cellulose Nanofiber (CNF), bacterial cellulose (BC) and dicyandia-
mide were utilized as the additive to prepare the printable ink. CNF and
BC suspension (mass concentration: 2%) was purchased from Qihong
company. Firstly, 2% dicyandiamide was dissolved into the BC suspen-
sion by stirring for 30 mins. Afterwards, 5% CNF was added into BC/
dicyandiamide suspension followed with continuous stirring (under a

Respiration

(a) (b) Photosynthesis

HER/OER
o

-

e
Moification
Outer nanowire Inner porous;

3D catalytic electrode arrays

3D-printed hydrogel 3D carbon structure

Fig. 1. Schematic illustration: (a) Submerged plants in water. (b) Photosyn-
thesis and respiration process of submerged plants. (c) Fabricating process of
the 3D electrode and relevant doping mechanism of Fe atoms. (d) Ho/O, release
channels in the sample during OER/HER processes and reacting path of O,
during charge/discharge in Zn-air batteries.
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speed of 3000 rpm, SpeedMixer™ DAC 150.1 FVZ) until a semi-
transparent hydrogel ink was obtained.

2.2. 3D-printing process

The prepared ink was extruded and stacked obeying the designed 3D
model by 3D printer (Cellink™, BIO-X) under 470 kPa with a speed of
15 mm s~ *. Then, the constructed 3D hydrogel was freeze-dried (-40 °C)
and carbonized (keep 800 °C for 2 h, with a heating rate of 5 °C min 1)
into a 3D carbon-based framework (denoted as 3DC).

2.3. The growth of CNTs

The 3DC was immersed into 0.1 M Fe(NOg)s solution for 15 mins.
Afterwards, it was freeze-dried to remove water and remained Fe salt
was absorbed on the framework. Then, the modified sample was
carbonized at 900 °C (keep for 2 h, with a heating rate of 5 °C minY)
with a flowing melamine vapour (melamine was put in front of the
sample following the airflow). After cooling down to room temperature,
Fe-CNTs were successfully grown on the carbon-based framework. Co-
CNTs and Ni-CNTs were grown in the same method except that Fe
(NO3)3 solution was replaced by Co(NO3), and Ni(NOgs)s solution (the
same concentration), respectively.

2.4. Preparation of loaded Ni/Ni(OH)»

The 3DC-Fe-CNTs framework was electro-deposited with Ni referring
to the reported strategy [32-34]: —6 V bias voltage (vs saturated
calomel electrode using a three-electrode system) was applied to the
electrodes in the electrolyte (0.1 M NiSO4, 2 M NH4Cl and 2 M NacCl) and
lasted for 150 s. It is worth mentioning that, fabricated electrodes were
fixed by titanium network to conduct plating and tests, and before
electrodeposition, immersion of 30 mins was conducted to dissolve Fe
(on CNTs) into the electrolyte. The obtained 3DC-Fe-CNTs-Ni frame-
work was anodized in 1 M KOH solution under a current density of 100
mA cm 2 for 1 h (with a new titanium network used). Finally, 3D
electrode of 3DC-Fe-CNTs-Ni/Ni(OH), was obtained (denoted as
CFCNN). Electrode of 3DC-Ni/Ni(OH); was also fabricated except the
growth of Fe-CNTs (denoted as 3DC-NN). Electrodes of 3DC-Ni-CNTs-
Ni/Ni(OH), (denoted as 3DC-Ni-CNN) and 3DC-Co-CNTs-Ni/Ni(OH),
(denoted as 3DC-Co-CNN) were fabricated using the same electrodepo-
sition and anode oxidation process.

2.5. Preparation of catalytic inks

Prepared 3DC-Fe-CNTs and 3DC-Fe-CNTs-Ni/Ni(OH), were ground
into powders. 5 mg powder of active material, 5 mg conductive carbon
(72-R), 800 pL isopropyl alcohol, 150 pL deionized water and 50 pL
nafion solution (5 wt.%) were mixed and sonicated for 1 h until well-
proportioned catalytic ink was obtained. The same method was used
to prepare Pt-C&RuO; ink.

2.6. Materials characterization

Scanning electron microscope (SEM) was performed using a JEOL-
7100F field-emission SEM (acceleration voltage: 20 kV). Transmission
electron microscope (TEM) was conducted employing a Titan G2
60-300 Probe Cs Corrector HRSTEM. X-ray diffraction (XRD) was
recorded via a D8 discover X-ray diffractometer with Cu Ko radiation.
Raman tests were carried out using a HORIBA HR EVO Raman system. X-
ray photoelectron spectroscopy (XPS) spectra were recorded using a VG
Multilab 2000. The X-ray absorption spectra (XAS) including X-ray ab-
sorption near-edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS) of the sample at XX-edge was collected at the
Beamline of TLS07Al in National Synchrotron Radiation Research
Center (NSRRC), Taiwan. The Scanning transmission electron



Y. Chen et al.

microscope (STEM) characterization was performed on a Thermo
Fischer Titan Themis STEM with 300 kV acceleration voltage. The STEM
images were obtained by an annular bright field (ABF) detector and a
high angle annular dark field (HAADF) detector, respectively. Fe content
was tested using an Elemental Analyzer (Model: Vario EL cube).

2.7. Electrochemical tests

All of the electrochemical tests were conducted using an CHIZ760D
electrochemical workstation at room temperature. All of the linear scan
voltammograms (LSVs) tests were conducted at the scan rate of 5 mV
s~ L. OER was tested using three-electrode system (vs. Hg/HgO reference
electrode, Pt plate with the area of 1 cm? as the count electrode) in 1 M
KOH solution. HER was tested using three-electrode system (vs. Hg/HgO
reference electrode, graphite rod with a diameter of 8 mm as the count
electrode) in 1 M KOH solution. OWS was conducted using a two-
electrode system in 1 M KOH solution. Chronopotentiometry measure-
ments were performed to evaluate the stability of water splitting.
Double-layer capacitance (Cq)) was obtained by conducting the cyclic
voltammetry (CV) tests under the potential window from 0 to 0.1 V vs.
Hg/HgO electrode. The scan rates were 1, 2, 5, 8, 10 mV s L Cq1 was
estimated by plotting the AJ = (J,- J) at 0.05 V vs. Hg/HgO against the
scan rate, and the linear slope is twice of the Cq.. ORR was tested via a
rotating disk electrode (area = 0.196 cmz) using three-electrode system
(vs. Hg/HgO reference electrode, Pt as the count electrode) in 0.1 M O,
saturated KOH solution. Water splitting results were presented after
90% IR compensation. All potentials tested by Hg/HgO reference elec-
trode were converted to potentials vs. reversible hydrogen electrode
(RHE) according to Ergg = Exg/Hgo + 0.059 x pH + 0.098.

3. Results and discussions

As investigated by previous researchers, some hydrogel owns proper
rheological property for 3D printing [35,36]. In this work, CNF, BC and
dicyandiamide were employed as the ingredients (Fig. S1, see Experi-
ment section for details). CNF acted as the additive to increase the
storage modulus of the ink since abundant oxygen-containing functional
groups brought abundant hydrogen bonds by interacting with water
molecules [37,38]. BC is cellulose fiber with large length/diameter
ratio, which acted as 3D interconnected network to reinforce the ob-
tained frameworks [39,40]. Dissolved dicyandiamide is the N-contain-
ing source to load Fe catalyst, and the derived pyrolysis carbon will
increase the durability of this carbon-based scaffold during water
splitting process. After dispersed into water, semitransparent hydrogel
was obtained. The rheological property of prepared hydrogel was shown
in Fig. S2, which exhibits a typical shear-thinning and non-Newtonian-
fluid property [37,41,42], and the inset digital photograph of pre-
pared hydrogel in Fig. S2a declared its homogeneous property. The
schematic illustration of the fabricating process was shown in Fig. S3.
After piling up into a 3D structure, the hydrogel can maintain a fine
configuration (see Video 1), which manifests the gelation effect of CNF
and the reinforcement of BC. After freeze-drying, the constructed 3D
hydrogel was transferred into a white scaffold. Followed by a carbon-
ization process, a shrunken 3D carbon-based framework (denoted as
3DC) was obtained, corresponding SEM images were shown in Fig. S4.
Rough surface of the carbon flakes (Fig. S4 a, b) and inner porous
configuration (Fig. S4 ¢, d) can be identified, which will serve as the
porous 3D scaffold to support the following loaded active materials.

After immersed into Fe(NO3)3 solution and freeze-dried, ferric salt
was adsorbed on the fabricated 3DC. When further annealed in the
flowing melamine steam, adsorbed Fe acted as the catalyst and triggered
the growth of Fe-doped carbon nanotubes (Fe-CNTs) [43,44]. The
samples modified by Fe-CNTs can be observed in Fig. S5, in which 3DC-
Fe-CNTs framework (denoted as CFC) shows the same dimensions as
3DC. The length of Fe-CNTs varies from 5 to 100 pm and the average
diameter is around 100 nm. As shown in Fig. S5b, ¢, it is evident that Fe-
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CNTs grown in different directions, indicating abundant defects and
edges existed in Fe-CNTs, which facilitated the dissolution of Fe into the
electrolyte during the following electrodeposition process. In the TEM
images (Fig. S6), Fe particles can be found both in the endpoint and
middle of the Fe-CNT. In the high magnification TEM image (Fig. S6d),
crystal structure with d-spacing of 0.203 nm can be observed and it can
be indexed to the (110) plane of Fe (JCPDS No. 00-006-0696) [45]. On
the surface of Fe particle, layered materials can be observed (d = 0.34
nm), which is identified as the wall of the CNT [46]. The agglomerated
Fe particles and uniformly dispersed Fe can be both identified in energy-
dispersive X-ray spectroscopy (EDS) mapping images of Fe-CNTs
(Fig. S7), among which uniformly dispersed Fe on Fe-CNTs will
contribute to the ORR process in the following assembled Zn-air batte-
ries. The XRD and Raman curves were shown in Fig. S8, among which
the XRD curve (Fig. S8a) exhibited characteristic peaks of CNTs and Fe,
and typical D band and G band can be observed in the Raman curve
(Fig. S8b) [45].

After electrodeposition and anode oxidation process, 3DC-Fe-CNTs-
Ni/Ni(OH), (denoted as CFCNN) electrode was obtained, the finely
constructed 3D electrode was shown in the inset of Fig. 2a. The loaded
Ni/Ni(OH), nano-sheets vertically aligned due to the assistance of
bubble template during the electro-plating process, and the surface
morphology was show in Fig. 2a-c. Judging from Fig. 2c, dense Ni/Ni
(OH), nano-sheets are located on the surface of Fe-CNTs. STEM and
corresponding EDS mapping results were shown in Fig. S9, CNT was
finely covered by Ni/Ni(OH)2 nano-sheets and obvious dispersion of Fe
can be identified all over the material. To clearly observe the structure of
Fe-CNTs-Ni/Ni(OH);, rotating STEM was conducted. The recorded
video was shown in Video 2, in which bright particles (Fe) can be
identified on the surface of CNT and nano-sheets of Ni/Ni(OH), were
arrayed on the surface.

In the cross-sectional SEM image of the CFCNN electrode (Fig. 2d),
honeycomb-like structure can be observed, which resulted from the ice-
template process. To clearly observe the located region of Ni/Ni(OH),,
EDS mapping tests were conducted (shown in Fig. 2e and Fig. S10,
Fig. S11). In these SEM and corresponding EDS mapping results under
different magnifications, clear boundary lines between Ni and C can be
observed. In addition, Ni element located mainly in the outer surface of
the CFCNN electrode and C element mainly appeared in the inner space.
The cause was judged to be that, during the electrodeposition process, Ni
preferentially deposited on the outer surface (more fully exposed to
electrolyte), and the inner CNTs almost still remained uncovered. Signal
related to Fe element was dispersed all over the whole electrode, which
is judged to be resulted from two routes: (1) the remained Fe particles in
CNTs; (2) some exposed Fe species were dissolved into the Ni-based
electrodeposition electrolyte (by replacement reaction with Ni?*) and
dissolved Fe?* ions were redeposited on the electrode under the applied
bias voltage. The high-magnification cross-sectional SEM image of the
inner region in the electrode was shown in Fig. 2f, in which relatively
smooth CNTs can be identified. In addition, the corresponding HAADF
and related EDS mapping result (Fig. 2g, EDS was shown in Fig. S12)
also indicated that the CNTs were almost uncovered by Ni/Ni(OH),,
which will provide exposed Fe-CNTs to facilitate ORR process in Zn-air
batteries. The pore configuration of the electrode was investigated by N»
adsorption-desorption isotherms (Fig. S13). The isotherm (Fig. S13a)
exhibited IV type, and the Brunauer-Emmett-Teller (BET) surface area
is 187 mz/g. Pores are mostly mesopores and macropores, in which the
width was mostly in the range of 2-4 nm and 10-100 nm (Fig. S13b).
The former was possibly resulted from pyrolysis carbon and the latter
may reflect the CNTs networks.

XRD measurement was performed to determine the composition and
corresponding phase. As defined in Fig. S14, peaks related to Ni (JCPDS
No. 01-089-7128) and Ni(OH), (JCPDS No. 00-014-0117) can be
identified, and the peak at around 26.6° refers to the graphite carbon in
CNTs, which demonstrate the coexistence of Ni, Ni(OH), and graphite
carbon. XPS tests were conducted to declare the composition and
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Fig. 2. (a-c) Top-view and (d) cross-sectional SEM images of the fabricated 3D electrodes. Insert of (a) is the digital photograph of fabricated 3D electrode. (e)
Selected area of the cross-sectional SEM image and related EDS mapping result of C, Ni and Fe. (f) Magnified SEM image of the inner region of the CFCNN electrode,
inset shows the embedded CNTs. (g) HAADF image of inner CNT and corresponding EDS mapping results of C, Ni and Fe. High magnification XPS curve of (h) Fe 2p
and (i) Ni 2p for CFCNN electrode.

chemical state of the prepared samples, recorded curve was shown in
Fig. S15. Obvious peaks can be identified which confirmed the coexis-
tence of C, O, N, Ni and Fe element [13,45,47-49]. The deconvolution
peaks of Fe 2p (Fig. 2h) indicated the presence of bivalent (709.4 and
721.8 eV) and trivalent (712.4 and 724.8 eV) Fe, manifesting that some
Fe existed in oxidized state [47]. Two typical peaks at 873.4 and 855.6
eV can be identified in Ni 2p high-resolution spectrum (Fig. 2i), which
are in accordance with Ni 2p; 5 and Ni 2ps/, levels, respectively. This
spin-energy separation of 17.8 eV is also the characteristic of Ni(OH),
phase, consistent with the reported results [48,50].

Micro-region analysis was conducted by aberration-corrected STEM
coupled with electron energy loss spectrum (EELS) test to detect the
element dispersion and chemical environment of Fe and Ni/Ni(OH),.
Judging from the selected region of Ni/Ni(OH), nano-sheet and corre-
sponding EELS mapping results (Fig. 3a), the dispersion of Fe was highly
consistent with Ni and O in the selected area, and the alternating light
and dark mapping result of Fe element indicated that Fe was well
dispersed and might exist in the form of single atom. After background
subtraction, corresponding EELS curves were shown in Fig. 3b and
Fig. S16, in which peaks related to O K edge, Fe Ly 3 edge and Ni Ly 3
edge can be observed [51,52], further demonstrating the coexistence of
Fe, Ni and O element [51]. To clearly investigate the contents of Fe, Ni
and O in the Ni/Ni(OH), nano-sheet, different area was selected to
measure the detailed content (abbreviated as Cont.), shown in Fig. S17a.
Recorded spectra were shown in Fig. S17b. In all of selected area,
evident peaks related to O K edge, Fe L edge and Ni L edge can be
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observed, and detailed Cont. of the whole region and selected Region
1-4 are listed in Table S1. The Cont.ge in Region 1-4 are all between
1.8% and 2.6%, declaring the uniform and effective doping of Fe. To
investigate the total Cont.p. in the fabricated 3D CFCNN electrode,
inductively coupled plasma mass spectrometry (ICP-MS) test was con-
ducted and the recorded Cont.pe was 4.15%. Cont.ge in Ni/Ni(OH),
nano-sheet was relatively lower than the whole electrode, which can be
ascribed to that, some Fe particles remained on CNTs, and they
contributed to a larger proportion of Cont.g. in the whole electrode.

In the ABF (Fig. 3c) and HAADF (Fig. 3d) graphs from STEM test,
atomic images can be observed. The lattice plane distance of the layered
structure was measured to be 0.233 nm, which was indexed to be (101)
lattice plane of Ni(OH); (JCPDS No. 00-014-0117) [48], the corre-
sponding lattice structure was also finely matched (shown in the bottom-
right-corner inset image of Fig. 3d and Fig. S18). In the bottom-right-
corner inset image of Fig. 3d, some atoms in dark contrast can be
observed (yellow circled), which might be atomically dispersed Fe
(contrast signal image was shown in the top-right-corner inset image of
Fig. 3d). EDS mapping result of Ni/Ni(OH), nano-sheet was shown in
Fig. S19, in which (101) plane of Ni(OH); (d = 0.233 nm) and (111)
plane of Ni (d = 0.203 nm) can be identified, and the dispersion of Fe
was also in accordance with Ni and O, further demonstrating the uni-
form doping of Fe into Ni/Ni(OH)s.

To further verify the chemical state of incorporated Fe atoms, syn-
chrotron X-ray absorption fine structure (XAFS) at Fe K-edge was con-
ducted (Fig. 3e). In XANES (Fig. 3f), the absorption edge of CFCNN is
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Fig. 3. (a) HAADF image of a selected region of Ni/Ni(OH), nano-sheet and corresponding EELS mapping results of Fe, Ni and O. (b) EELS curve of the selected area.
(c) The ABF and (d) HAADF image of the STEM test. Bottom-right-corner inset of (d) shows the magnified atomic image and top-right-corner inset shows the contrast
signal of selected atoms. (e) The XAFS curves, (f) XANES curves, (g) R space of the Fourier transform from k space, (h) k space of EXAFS results and (i) WT images of

CFCNN, Fe foil and Fe,Os.

between Fe foil and Fep03, indicating the valence state is between 0 and
+ 3 [53]. EXAFS was collected to determine the distance between Fe
atoms and further confirm the coordination configuration. The Fourier-
transformed (FT) k3—weighted EXAFS spectra including Fe foil and Fe;O3
were shown in Fig. 3g. Compared with Fe foil, similar Fe-Fe shell peak at
2.2 A and 4.6 A can be identified in CFCNN [54], which was resulted
from two different Fe-Fe distance in Fe particles from Fe-CNTs.
Furthermore, the peak corresponding to Fe-O in CFCNN curve can be
identified (1.6 A, consistent with that of Feo03) and no peak related to
Fe-Fe distance in Fe;03 (2.8 A) can be found, indicating there was no
Fe;03 particle in the sample but Fe-O bond existed. In addition, no peak
appeared related to bond distance larger than 4.6 A, indicating no

oxidized-state Fe particle (such as Fe(OH)s3, Fe(OH),, FeO, etc.) existed.
The k space was shown in Fig. 3h and corresponding Wavelet transform
(WT) was also conducted (shown in Fig. 3i) to investigate the Fe K-edge
EXAFS oscillations. At about 8 A~', evident peaks can be observed in
CFCNN (two peaks respectively at 2.2 A and 4.6 A), Fe foil (two peaks at
2.2 A and 4.6 A) and Fey03 (one peak at 2.8 A), corresponding to the
closest or next-closest neighbouring Fe atoms. At around 5.2 A™%,
evident peak in Fe;O3 and broad peak in CFCNN (both at 1.6 A) can be
identified, which reflected the neighbouring O atom [53-56].
Combining with the micro-region analysis of STEM, we can draw a
conclusion that, the Fe was doped into Ni/Ni(OH); in the single-atom
form and coordinated with O atom in Ni(OH), (detailed configuration
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was shown in the inset of Fig. 3g and Fig. S18). According to the reported
results, the doping of single-atom Fe in Ni/Ni(OH), will play a signifi-
cant role in promoting the performance of water splitting [57,58].

From above characterization results, it is convictive that the incor-
porated Fe located both in the Fe-CNTs and Ni/Ni(OH),. This demon-
strated that, the annealing and electrodeposition process successfully
incorporated Fe source into 3DC framework and deposited Ni/Ni(OH)a,
respectively. For the cause of atomically dispersed Fe in Ni/Ni(OH),, we
estimated that: when Fe-CNTs loaded electrodes were immersed in Ni
(NO3)o-based solution during electrodeposition process, some exposed
Fe particles were replaced by Ni** and dissolved into the solution. After
applied a bias voltage (-6 V vs. Hg/HgO), the dissolved Fe?" ions were
redeposited on CFC substrate together with Ni2* ions. In the electrolyte,
the content of Fe?* is much lower than Ni?*, thus we can obtain single-
Fe-atom-doped Ni metal after the uniform electrodeposition process.
After anode oxidation, they were converted into single-Fe-atom-doped
Ni/Ni(OH)a,

To evaluate the electrocatalytic performance, we investigated the
OER and HER performance of the CFCNN electrodes in 1 M KOH using a
standard three-electrode system (vs. Hg/HgO electrode). Fabricated
electrodes with the thickness of 2, 3 and 4 mm were fixed by titanium
network (Fig. S20) and respectively tested, Fig. 4a-c show the evolution
process of Oy and Hy. Recorded linear sweep voltammetry (LSV) curves
compared with Pt-C/RuO, were shown in Fig. 4d, f. Among the elec-
trodes in different thickness, 4 mm electrode exhibited the highest
performance: it exhibited overpotentials of 175 mV and 108 mV to reach
a current density of 30 mA cm 2 for OER and HER, respectively, and
only acquire a low overpotential of 233 mV (OER) and 164 mV (HER) to
achieve 100 mA cm ™2, manifesting its high water electrocatalytic effi-
ciency (Fig. 4d, f). Compared with the benchmark OER electrocatalyst
RuO., the performance of CFCNN electrodes delivered great advantage,
shown in Fig. 4d. The simulated Tafel plots of electrodes of 2, 3 and 4

¢ o

Ni/Ni(OH),
N

Fe-CNTs-based arrays

Atomiclly Fe-doped Ni/Ni(OH),
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mm for OER and HER are shown in Fig. 4e, g, in which the CFCNN-4 mm
electrode exhibited low Tafel slop of 47 mV dec! for OER and 91 mV
dec™! for HER. Considering the high performance of OER and HER, two
CFCNN-4 mm electrodes were assembled into a symmetric OWS vehicle
and the LSV curve was shown in Fig. 4h. This OWS vehicle exhibited a
low voltage of 1.51 V to achieve a current density of 30 mA cm ™2, 1.71V
to reach 100 mA cm 2 and 2.05 V to reach 1 A cm ™2 (much better than
Pt-C//Ru0y). In terms of the practical splitting efficiency and relevant
stability, this OWS vehicle can work under 30 mA cm™2 stably longer
than 10 h (Fig. 4i). When operated under 1 A cm ™2, the vehicle exhibited
a stable voltage demand around 1.9 V longer than 10 h (Fig. 4i), which
demonstrated its industrialized application potential. The chemical state
of the samples after 10 h OER/HER tests was characterized, corre-
sponding XPS curves of Ni 2p and Fe 2p were shown in Fig. S21. After
OER test, the 2p; / and 2p3/» peaks of Ni and Fe both exhibited positive
shift, which manifested the elevated valence of Ni and Fe species in the
sample. Significantly, peaks of Ni>* at 856.7 and 874.6 eV can be
observed (Fig. S21a) after OER test [59], which indicated the formation
of NiOOH during the reaction. In addition, as shown in Fig. S21b, the
positive shift of Fe 2p peaks after OER test also indicated the increase of
Fe3" proportion (at 712.4 and 724.8 eV, respectively) in the sample
[59]. After HER test, the binding energy of Ni 2p and Fe 2p remained
almost unchanged, which indicated the relatively stable chemical state
during the HER state.

To estimate the electrocatalytic ability of the fabricated CFCNN-4
mm electrode, the overpotentials of OER/HER and voltage of OWS (at
30 mA cm~2) were compared with some representative reported results
which used 3D electrodes with high surface area and hierarchical
microstructure (shown in Fig. 4j) [11,60-77], indicating that the per-
formance was better than most of the listed works.

To reveal the significance of the prepared 3D electrodes, including
high mass-loading of active materials, hierarchical porous structure,

Fig. 4. (a-c) The schematic illustration of water
splitting and the significance of the hierarchical
structure during the splitting process. (d) The OER
LSV curves and (e) corresponding Tafel plots of
CFCNN electrodes with different thickness compared
with RuO, catalyst. (f) The HER LSV curves and (g)
corresponding Tafel plots of CFCNN electrodes with
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surface nanowire arrays, total high conductivity and single-Fe-atom
doping, control experiments were conducted, relevant results and
analysis were shown in Fig. S22-26. In addition, since the release of
generated gas bubbles is one of the most important rate-determining
steps for the water splitting process, in-situ observation through a
home-made optical microscope vehicle was conducted and the recorded
process (0.6 V vs. Hg/HgO was applied) was shown in Video 3. During
this OER process, small bubbles rapidly broke away from the surface of
electrode before their aggregation, and smoothly passed through the 3D
printed channels along a short vertical pathway. The observed rapid
release of gas bubbles revealed the significance of the 3D-printed peri-
odic pores, which provided efficient transport channels.

Above comparison and recorded video revealed the following sig-
nificance of the constructed 3D CFCNN: (1) CFCNN-4 mm with
customized thickness and regulated surface area brought higher-mass-
loaded active materials and achieved higher reacting efficiency in a
foot-print area (contrast with 3DC-NN and P-CFCNN); (2) Hierarchical
porous structure provided multi-scale effusion channels for produced
Hy/0, and accelerated the mass transportation of electrolyte ions
(contrast with Bulk-CFCNN); (3) The relatively vertically aligned Fe-
CNTs-Ni/Ni(OH); nanowire arrays exhibited relatively aerophobic
property and facilitated the release of produced Ho/O5 bubbles from the
surface of electrodes (contrast with 3DC-NN); (4) 3DC-supported Ni
framework provided high electronic conductivity and the electrode
exhibited high performance even under large current densities (contrast
with P-CFCNN); (5) Single-Fe-atom doping regulated the electronic
structure of Ni/Ni(OH); and immensely optimized the OER
performance.

Inspired by the transport of Oz in the stem of submerged plant,
CFCNN electrode was assembled into Zn-air batteries (Fig. 5a). The
detailed configuration of this customized Zn-air battery was shown in
Fig. S27, in which two parallel plastic boards provided the pressure force
and inner spring supplied resistance force, and the 3D CFCNN electrode
can be finely anchored. As clarified in Fig. 5b, c, the fabricated CFCNN
electrode was expected to offer separated and unique reacting envi-
ronment for OER and ORR: Fe-CNTs-Ni/Ni(OH), nanowires on the outer
surface were fully exposed to electrolyte and inner honeycomb-like
scaffold can simultaneously facilitate the diffusion of Oy and electro-
lyte (Fig. 5b). During charging process, the single-Fe-atom-doped Ni/

A(b) (©)

Charge

Outer two-phase
interface

15
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(OH), supplied large-area two-phase interface and delivered high cata-
lytic ability for OER. During discharging process, in the inner porous
structure (pore diameter of ~ 10 pm), the invasive Oo, partly permeated
electrolyte and inner Fe-CNTs supplied large-area three-phase interface
(between O, HO and catalyst), and exhibited high efficiency for ORR
(Fig. 5¢). After assembled into Zn-air battery, recorded charging and
discharging curves were shown in Fig. 5d. Compared with Zn-air battery
powered by Pt-C&RuO, and P-CFCNN catalyst, the electrode exhibited
higher current densities both in charging and discharging process.
Calculated from the output voltage and corresponding current densities,
the power density was shown in Fig. 5Se. This device can yield high
power density of 143.8 mW cm ™2 under 378.4 mA cm 2, exceeding that
of Pt-C&RuO, catalyst (maximally yield 88.2 mW cm™2 at 143.4 mA
em~2) and P-CFCNN (maximally yield 46.2 mW cm ™2 at 98.7 mA cm™2).
Considering that P-CFCNN and 3D CFCNN possessed the same material,
it is convictive that the higher discharging performance of 3D CFCNN
electrode was resulted from the more abundant three-phase interface
ensured by the 3D structure. In addition, this Zn-air battery exhibited
long cycling durability: under 10 mA ecm™2, it operated more than 300
cycles, totally longer than 110 h. The stable cycling performance also
indicated the existed durable three-phase interface. Judging from above
water splitting results, the efficient charging process can be ascribed to
the high-mass-loaded single-Fe-atom-doped Ni/Ni(OH),, which affor-
ded high OER catalytic ability.

To reveal the mechanism leading to the high discharging perfor-
mance, powder-material-based electrodes were prepared to evaluate the
ORR performance (Fig. 528), finding that Fe-CNTs played an important
role in discharging process. The cross-sectional SEM images of 3D
CFCNN electrode (Fig. S29) and powder electrode (Fig. S30) after testing
were checked to investigate the permeation of electrolyte during oper-
ation. The dispersion of K element (from remaining salt of the electro-
lyte) in 3D CFCNN exhibited more prominent half-infiltration feature
compared with the powder electrode, which reflects the available
transport channels of O, during discharging process. In addition, the
hydrophilia characterization of each component (Fig. S31) declared
that, the embedded hydrophobic Fe-CNTs hindered the deep permeation
of electrolyte and constructed efficient channel for the transport of O,.
As clarified in Fig. S32, in 3D CFCNN electrode, the outer covered single-
Fe-atom-doped Ni/Ni(OH), delivered high capability of OER during

Fig. 5. (a) The schematic illustration of Zn-air bat-
tery. (b) Amplified reacting mechanism of ORR/OER
and relevant transport channels of O,. (c) The sche-
matic illustration of active sites of OER and ORR in
two-phase interface and triple-phase interface,
respectively. (d) The LSV curves of Zn-air battery
prepared via CFCNN, P-CFCNN and Pt-C&RuO;, cata-
lyst. (e) The calculated power density at correspond-
ing current densities. (f) Cycling curve of this CFCNN-
based Zn-air battery under 10 mA cm?. (g) The
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schematic illustration of the self-powered system. (h)
The digital photograph of this constructed self-
powered system. (i) Two series-connected Zn-air bat-
teries successfully powered LED lamps.
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charging, Fe-CNTs embedded in the 3D hierarchical electrode delivered
high capability of ORR during discharging, and hydrophilic/hydro-
phobic interlaced structure resulted in the separated channels for the
transport of Oy and electrolyte. Above three reasons resulted in
considerable performance under large current density both in charging
and discharging process.

To further verify the practical application, two series-connected Zn-
air batteries prepared by CFCNN electrode were applied to power the
above OWS vehicle (Fig. 5g). They presented a stable output voltage
between 2.8 and 2.9 V (Fig. S33), and the assembled self-powered
vehicle delivered an efficient water splitting process (shown in Fig. Sh
and recorded as Video 6). Furthermore, they can also successfully power
55 LED lamps (Fig 5i). In addition, the half-wave potential, Char-
ge—discharge voltage gap and peak power density were compared with
representative works (shown in Table S2), which reflected the superi-
ority of this work.

From above characterization and test results, the constructed elec-
trodes delivered high performance in water splitting and Zn-air batte-
ries, which shows high correlation with the designed and constructed
five-level-synergetic structure (Fig. 6). (1) 3D printing process arose
Lev. 1 (Fig. 6a). Benefiting from this digitally controlled process, height
of the framework can be easily regulated and pores in the scale of ~ 500
pm can be efficiently fabricated. The thickness of constructed frame-
works directly determined the mass loading of subsequently grown
active materials. The constructed vertical pores facilitated the rapid
release of generated Hp/Oy during water splitting process [12], and
inner periodic channels provided individual path for the infiltration of
O in assembled Zn-air batteries [22-26]. (2) The growth of Fe-CNTs
arose Lev. 2 (Fig. 6b). Fe-CNTs acted as a highly active catalyst for
ORR and played a major role in assembled Zn-air batteries during dis-
charging process. Besides, CNTs with large length/diameter (L/D) ratio
tremendously increased the loading mass of deposited Ni/Ni(OH), and
developed the exposed area to electrolyte, and this one-dimensional
structure increased the aerophobic behavior and promoted the release
of O9/H; bubbles during water splitting process. Furthermore, Fe par-
ticles in CNTs provided Fe source to be doped into Ni/Ni(OH); in the
following electrodeposition process. (3) Bubble-template electrodepo-
sition of Ni nano-sheets arose Lev. 3 (Fig. 6¢). The constructed vertically

Mass loading

Large L/D ratio
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aligned Ni nano-sheets further increased the surface area of electrodes,
and this coated Ni layer considerably developed electronic conductivity
of electrodes and reduced the voltage loss during practical operation. (4)
Anode oxidation arose Lev. 4 (Fig. 6d). The surface of Ni nano-sheet was
transferred into Ni(OH), and a ultrathin coating layer was obtained.
This covered layer increased the performance for HER/OER and devel-
oped relevant stability. (5) Single-Fe-atom doping of Ni/Ni(OH), arose
Lev. 5 (Fig. 6e), in which the mix-arrangement of Fe atoms into Ni(OH),
crystal lattice optimized the structure of electric cloud and immensely
enhanced the performance of HER/OER [57,58]. According to above
results and the reported works, Fe-doped Ni(OH); usually exhibited
higher OER performance than Fe-doped Ni when under the similar
doping ratio, whereas the latter one exhibited higher HER performance
[78]. In addition, Fe-CNTs exhibited higher ORR performance than Fe-
doped Ni/Ni(OH), [45]. Thus, in this work, it is convincing that, the
active species of OER, HER and ORR can be considered to be Fe-doped Ni
(OH),, Fe-doped Ni and Fe-CNTs, respectively. In terms of the fabri-
cating process, each step is highly controllable and aims to efficiently
fabricate the electrodes without key difficulty in enlarging the scale. In
addition, the finely constructed 3D electrode exhibited remarkable
performance. Therefore, the integration of these processes is efficient
and meaningful, and the obtained 3D electrode is promising for practical
application.

4. Conclusion

Submerged-plant-inspired 3D hierarchical electrodes were con-
structed and they achieved high performance for trifunctional water
electrocatalysis application. Benefiting from the surface single-Fe-atom-
doped Ni/Ni(OH), active sites and multi-level hierarchical configura-
tion, the electrodes exhibited high performance for OER, HER and
overall water splitting. Ascribed to abundant active center in the
embedded Fe-CNTs and separated channels for the diffusion of O5 and
electrolyte, the assembled Zn-air battery also delivered considerable
performance. In a conclusion, the finely constructed five-level-
synergetic hierarchical electrodes and appropriate location of active
sites played a crucial role in promoting the performance of OWS and Zn-
air batteries. The designing concept and fabricating process of the
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Fig. 6. Schematic illustration of the constructed five-level hierarchical electrode. (a) The first-level structure of 3D-printed framework in the scale of ~ 500 pm. (b)
The second-level structure of CNTs in the scale of ~ 1 pm. (c) The third-level structure of Ni nano-sheets in the scale of ~ 100 nm. (d) The fourth-level structure of
ultrathin Ni(OH), film in the scale of ~ 1 nm. (e) The fifth-level structure of single-atom-Fe doped Ni(OH), lattice in the scale of ~ 1 sub-nm.
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hierarchical electrodes will pave a new avenue for constructing high-
performance trifunctional electrocatalysis electrodes.
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