
1908201 (1 of 8) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advmat.de

CommuniCation

3D Printed Mechanically Robust Graphene/CNT Electrodes 
for Highly Efficient Overall Water Splitting

Meiwen Peng, Danli Shi, Yinghui Sun, Jian Cheng, Bo Zhao, Yiming Xie,  
Junchang Zhang, Wei Guo, Zheng Jia,* Zhiqiang Liang,* and Lin Jiang*

DOI: 10.1002/adma.201908201

The ever-growing demands for advanced 
energy, environment, and electronic tech-
niques and devices have put forward 
pressing needs to high performance 
electrode. To this end, 3D electrodes 
have attracted considerable attentions 
due to high specific surface area and the 
resulting high loading capacity of active 
materials.[1–6] In particular, the emerging 
3D graphene materials hold great poten-
tial as high-performance electrode due 
to their distinct advantages of high con-
ductivity, excellent thermal and chem-
ical stability, good biocompatibility, and 
abundant functional sites (e.g., absorp-
tion and/or activation sites).[7–11] Recently, 
extrusion-based 3D printing technique 
has been recognized as a promising way 
for fast and mass production of 3D gra-
phene materials with hierarchical porous 
structure, such as the macroscaffold with 
micropores, which endows fast mass and/
or charge and ions transport rate. So far, 
a variety of energy and electronic devices, 

such as lithium-ion batteries, supercapacitors, and sensors, 
have demonstrated significantly improved performances by 
applying 3D printed graphene electrodes compared with those 
based on traditional electrodes.[12–16] Note that 3D printed gra-
phene electrodes have achieved good compression resistance 
and elasticity. This is because of that the multilayer 2D gra-
phene nanosheets can effectively mutual support under com-
pressive stress, and thus obtaining high strength and elastic 
stiffness.[12,17,18] Unfortunately, the low adhesion and friction 
between the 2D graphene nanosheets under tensile stress make 
the 3D printed graphene electrodes always end up with poor 
flexural strength, which seriously restrict their large-scale appli-
cations. As an example, the poor flexural strength of the tra-
ditional 3D printed graphene electrodes makes it easily to be 
broken under the bending force caused by surface tension and 
buoyancy of water, which is exactly the common stress situa-
tion that 3D printed graphene electrodes needed to be endured 
in many applications. Therefore, nowadays, there remains a 
pressing demand for 3D printed graphene electrodes with high 
flexural strength that are able to withstand the complex stress 
environment in their practical applications.

Inspired by the rows of 1D setae on gecko’s feet, which 
act as strong bonding to gain high adhesive and friction 
between gecko’s feet and the flat wall,[19,20] we design to con-
struct mechanically robust 3D printed graphene electrodes 

3D printing of graphene electrodes with high mechanical strength has been a 
growing interest in the development of advanced energy, environment, and elec-
tronic systems, yet is extremely challenging. Herein, a 3D printed bioinspired 
electrode of graphene reinforced with 1D carbon nanotubes (CNTs) (3DP GC) 
with both high flexural strength and hierarchical porous structure is reported 
via a 3D printing strategy. Mechanics modeling reveals the critical role of the 1D 
CNTs in the enhanced flexural strength by increasing the friction and adhesion 
between the 2D graphene nanosheets. The 3DP GC electrodes hold distinct 
advantages: i) an intrinsically high flexural strength that enables their large-scale 
applications; and ii) a hierarchical porous structure that offers large surface 
area and interconnected channels, endowing fast mass and/or charge and ions 
transport rate, which is thus beneficial for acting as an ideal catalyst carrier. The 
3DP GC electrode integrated with a NiFeP nanosheets array exhibits a voltage 
of 1.58 V at 30 mA cm−2 as bifunctional electrode for water splitting, which is 
much better than most of the reported Ni-, Co-, and Fe-based bifunctional elec-
trocatalysts. Importantly, this study paves the way for the practical applications 
of 3D printed graphene electrodes in many energy conversion/storage, environ-
mental, and electronic systems where high flexural strength is preferred.
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by incorporating 1D carbon nanotubes (CNTs) to reinforce 
the adhesion and friction among 2D graphene nanosheets 
(Figure  1a–d). The bioinspired 3D graphene/CNT electrodes 
with high flexural strength and hierarchical porous structure 
were built via an extrusion-based 3D printing approach and 
using the optimized partially reduced graphene oxide (pr-GO)/
CNTs mixed ink. Mechanics modeling reveals the critical 
role of the CNTs in increasing friction between 2D graphene 
nanosheets, which is the key issue to achieve high biomimetic 
mechanical performance. As a result, the 3D printed graphene/
CNT (3DP GC) electrode achieves a high flexural strength of 
96.2 kPa, which enables it to readily withstand the bending 
force caused by surface tension and buoyancy when immersed 
in water (Figure  1c,e). Furthermore, the incorporation of 1D 
CNTs significantly enhances the conductivity of the printed 
3D graphene electrodes (Figure S2, Supporting Information), 
which is also crucial to serving as high-performance elec-
trodes. After in situ growth of NiFeP nanosheet arrays (NAs), 
the 24 layers of 3DP GC/NiFeP (3DP GC/NiFeP-24L) electrode 
exhibits overpotential of 133  mV (hydrogen evolution reaction 
(HER)) and 214  mV (oxygen evolution reaction (OER)) at a 

current of 30 mA cm−2 in 1.0 m KOH. Moreover, the 3DP GC/
NiFeP-24L electrodes have voltage of 1.58 V at 30 mA cm−2 as 
both anode and cathode for water splitting. The good electro-
chemical performance stems from the conductive hierarchical 
porous structure of 3DP GC electrode, which is favorable for 
achieving uniformly 3D dispersion of NiFeP NA and facilitates 
efficient transport of electrons, ions, and gases. More impor-
tantly, the 3DP GC materials have great potential for a variety of 
energy conversion/storage, environment, and electronic appli-
cations where mechanically robust and hierarchical porous 
structures are in pressing demand.

In our previous work, 3D printed graphene materials 
achieved exceptionally high stiffness and resilience by simul-
taneously engineering macroscopic hollow structures and con-
structing cellular microstructure.[12] However, the poor flexural 
strength of the 3D printed graphene materials makes it easily 
to be broken under the bending force caused by large surface 
tension and buoyancy when they are immersed in water. Inter-
estingly, some kinds of animals of Reptilia, such as gecko, have 
found their way to gained excellent ability to grasp the wall 
by evolving 1D setae structure on their flat feet (Figure  1a,b). 
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Figure 1. Gecko’s feet-inspired design of 3DP GC electrode with high flexural strength. a,b) Schematically shown function of the rows of setae on 
gecko’s feet that provides adequate bonding and friction between the gecko’s feet and vertical glass. c,d) Schematic illustration shows 3DP GC electrode 
can withstand the large bending force caused by the surface tension and buoyancy when immersed in water because of the bioinspired graphene/
interlaced CNTs nanostructure. e) Optical image of 3DP GC electrode immersed in water. f) SEM image of 3DP GC electrode with macroscaffold and 
microporous structure. g) SEM image of graphene/interlaced CNT nanostructure.
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The rows of 1D setae of gecko’s feet can act as strong bond, 
which endow high adhesion and friction between gecko’s feet 
and the vertical wall. Inspired by this, the interlaced 1D CNTs 
are designed to reinforce the adhesion and friction between 2D 
graphene nanosheets (Figure  1c,d) and thus greatly improve 
the tensile strength of graphene/interlaced CNTs wall. As a 
result, the bioinspired 3DP GC electrode obtains significantly 
enhanced flexural strength, and thus holds the ability to avoid 
being broken when subjected to bending force. To realize the 
3D printing of 1D CNTs reinforced 3D graphene materials, 
we optimized the aqueous-based graphene–CNTs mixed ink 
using the pr-GO[12] and the acidified CNT.[21] In the mixed ink, 
the mass ratio of CNT and pr-GO was kept at 3. Rheological 
properties characterizations (Figure S1, Supporting Infor-
mation) reveal the high viscosity, significant shear-thinning 
behavior, and adequate modulus (≈105  Pa) of the pr-GO/CNT 
ink. The significant shear-thinning behavior makes the ink can 
be smoothly extruded from the fine nozzle, while the adequate 
G′ endows the shape retention of extruded ink filaments. With 
the help of computer-aided programming, the direct extrusion-
based printing route enables facile, fast, and scalable fabrica-
tion of complex 3D structures. After freeze-drying and high 
temperature annealing, porous microstructure is expected to 
be formed in the 3DP GC electrodes. Figure 1e shows that the 
3DP GC electrode (16 × 10 × 1.8 mm3) can keep intact when 
immersed in water with an area of 10 × 10 mm2, demonstrating 
adequate flexural strength. Additionally, this 3DP GC electrode 
features multiscale porous structure, 3D printed lattice macro-
structure, and ice crystal extrusion induced porous microstruc-
ture (Figure 1f), which makes it has great potential to function 
as an electrocatalytic electrode. Figure 1g shows the biomimetic 
graphene/interlaced CNT nanostructure.

In order to reflect the distinct advantages of bioinspired gra-
phene/interlaced CNTs nanostructure, 3DP graphene (3DP G)  
electrodes without incorporating 1D CNTs has also been 
printed as a comparison sample. As shown in Figure  2a–d, 
3DP G electrodes has a microscopic porous structure similar to 
the 3DP GC electrode, however, the walls of 3DP G electrodes 
are formed by multilayer graphene, while the walls of 3DP GC 
are formed by bioinspired graphene/interlaced CNTs nano-
structure. The 1D interlaced CNTs in the 3DP GC electrode 
are expected to significantly enhance the friction between the 
2D graphene nanosheets and thus greatly improve the tensile 
strength of the graphene/interlaced CNTs wall. When the two 
electrodes are immersed in water with an area of 10 × 10 mm2, 
3DP G electrode is fractured under the bending force induced 
by surface tension and buoyancy due to its low bending 
strength, while the 3DP GC electrode remains intact in the 
same situation. (Figure 2e; Video S1, Supporting Information). 
Bending test (Figure 2f) reveals that the flexural stress of 3DP 
GC electrode is about four times that of 3DP G electrode. This 
result indicates that the bioinspired graphene/interlaced CNTs 
nanostructure endows the 3DP GC electrode with high flexural 
strength which allows it to avoid fracture when used as an elec-
trocatalytic electrode in aqueous electrolyte. Additionally, 3DP 
GC electrode also displays much lower internal resistance and 
contact resistance than 3DP G electrode (Figure S2, Supporting 
Information), which is also in favor of its application as electro-
catalytic electrode.

To further shed insight on the enhanced strength of the 
3DP GC electrode, we compared the nanostructures of the 
3DP GC and the 3DP G electrodes, and envisioned the fol-
lowing mechanistic understanding: the increase in strength 
essentially results from the bond breaking and significant 
friction between CNTs and graphene sheets. Figure  2g clari-
fies the envisioned strengthening mechanism of the 3DP GC 
electrode by illustrating models that are representative of the 
molecular-level deformation events in the 3DP GC and G elec-
trodes. The 3DP GC electrode is comprised of interlaced CNT 
networks sandwiched by graphene sheets and is dense with 
CNT/graphene contacts. Under tension, the graphene sheets 
begin to slide against each other, and the pulling-off of these 
sheets eventually gives rise to the overall failure of the elec-
trodes. We simulate the pulling out of a center graphene sheet 
from a nanostructure unit with three layers of graphene sheets 
(Figure 2g) by employing a cohesive-frictional model (Figure S3,  
Supporting Information). Figure 2h plots the interfacial energy 
dissipation of the simulation model as a function of the pulling 
out displacement. The results indicate that the breaking of 
CNT/graphene bonds and especially the subsequent friction 
due to relative sliding between CNTs and graphene sheets dis-
sipate a significant amount of energy, and thus result in much 
enhanced strength (Figures S4–S6, Supporting Information). 
In stark contrast, the 3DP G electrodes do not contain CNTs, 
thereby lacking such a mechanism. Bonding between graphene 
sheets are negligible; the contacts between neighboring gra-
phene sheets are less dense than the CNT/graphene contacts in 
the 3DP GC electrodes, such that the resultant frictional force 
in the 3DP G electrodes is much lower. To this end, pulling out 
a graphene sheet from the 3DP GC electrode dissipates much 
more energy than from the 3DP G electrode (Figure 2h), which 
explains the enhanced strength of the 3DP GC electrode com-
pared with the 3DP G electrode. Furthermore, plotted in Figure S8 
in the Supporting Information are the curves of flexural stress 
in 3DP GC electrodes as a function of the roller displacement, 
with various sample thickness (Figure S9, Supporting Informa-
tion). It is revealed that the more layers in a sample, the thicker 
the electrode and the higher the fracture stress (the peak stress 
of the stress–deflection curve), indicating that increasing the 
sample thickness could effectively enhance its resistance to 
fracture.
Figure  3a schematically shows that the hierarchical porous 

structure of 3DP GC electrode could serve as an ideal support to 
the uniform loading of catalyst. As shown in Figure 3a–e, NiFeP 
NA was uniformly grown on the surface of a 24-layer-3DP GC 
electrode via hydrothermal reaction and phosphorization treat-
ment. The 3DP GC/NiFeP electrode maintains the same mac-
roscopic scaffold structure and microscopic porous structure as 
the 3DP GC electrode. It can be seen that the NiFeP NA grows 
uniformly on the cross-section of the 3DP GC electrode, which 
indicates that the interior (Figure S10, Supporting Informa-
tion) of hierarchical porous 3DP GC electrode can function as 
loading site for NiFeP catalysts. Transmission electron micro-
scopy (TEM) image further confirms that NiFeP nanosheets 
and graphene/CNT are combined together (Figure  3f). High-
resolution TEM (HRTEM) characterization (Figure 3g) indicates 
the crystalline NiFeP with lattice fringe spaced at 0.221  nm, 
corresponding to 111 crystal plane of Ni2P, which is consistent 

Adv. Mater. 2020, 1908201
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with X-ray diffraction (XRD) characterization (Figure 3i). XRD 
pattern shows the diffraction peaks of 3DP GC/NiFeP basically 
consistent with that of the Ni2P (JCPDS Card no. 74-1385) and 
FeP (JCPDS Card no. 78-1443), indicating NiFeP nanosheet is a 
mixture of Ni2P and FeP. High-angle annular dark field scan-
ning TEM (HAADF-STEM) and elemental mapping display 
the homogenous distribution of nickel, iron, and phosphorus 
over the NiFeP nanosheet (Figure 3i). X-ray photoelectron spec-
troscopy spectra further verify the existence of Ni, Fe, and P 
(Figure S11, Supporting Information). Ni 2p spectra analysis 
shows that the two obvious peaks at 857.6 and 875.4 eV can be 
attributed to Ni 2p3/2 and Ni 2p1/2. Fe 2p spectra analysis indi-
cates that the two obvious peaks at 712.3 and 726.1  eV can be 
attributed to Fe 2p3/2 and Fe 2p1/2. In phosphorus spectrum, 

the peak at 134.4 eV originates from PO4
3+, and the subpeaks at 

129.8 and 130.5 eV originates from P 2p3/2 and P 2p1/2.[22]

The high internal conductivity and hierarchical porous struc-
ture of 3DP GC/NiFeP electrodes make it very promising for 
highly efficient electron, ion and gas transport in HER and OER 
processes (Figure 4a). To fully exploit its catalytic performance, 
we investigated the HER and OER performance of the 3DP GC/
NiFeP electrodes in 1.0 m KOH using a standard three-electrode 
system (Figure  4b). In addition, to clarify the role of the 3DP 
macroporous structure (millimeter-sized and interconnected 
channels), the bulk GC/NiFeP electrode and 12-layer-3DP GC/
NiFeP (3DP GC/NiFeP-12) electrode with the same size were 
fabricated and characterized (Figure  4c–h; Figure S9, Sup-
porting Information). The Tafel slopes of 3DP GC/NiFeP-12L 
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Figure 2. Comparison of structure and mechanical performance of 3DP G and 3DP GC electrodes. a–d) SEM images of 3DP-G (a,b) and 3DP-GC 
(c,d) electrodes. e) Optical images of 3DP G (left) and 3DP GC (right) electrodes in 1 m KOH aqueous electrolyte. f) Flexural stress as a function of 
roller displacement (bending deflection) for 3DP G and 3DP GC electrodes. The inset illustration presents the method of bending test. g) Envisioned 
molecular-level deformation mechanisms of the 3DP G and GC electrodes. h) Calculated energy dissipation as a function of the pulling-out displace-
ment of a graphene nanosheet from 3DP G and GC electrodes.
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electrode in HER and OER are significantly lower than those of 
bulk GC/NiFeP electrode (Figure  4d,g). The driven overpoten-
tial to reach a current density of 30 mA cm−2 of 3DP GC/NiFeP-
12L electrode is 182 mV (HER) and 270 mV (OER), which are 
smaller than 234  mV (HER) and 333  mV (OER) of bulk GC/
NiFeP electrode (Figure  4e,h). Figure S12 in the Supporting 
Information shows the HER and OER polarization curves of 
3DP GC/NiFeP-12L electrode and bulk GC/NiFeP electrode 
standardized by the amount of NiFeP. The standardized activity 
of 3DP GC/NiFeP-12L electrode is much higher than bulk GC/
NiFeP electrode. The enhanced activity of 3DP GC/NiFeP-12L 
can be mainly attributed to the following two main reasons: i) 
a macroscopic scaffold structure with interconnected channels 
that can efficiently promotes the charge, ions, and gases trans-
port; ii) a large surface area of microporous structure enables 
3D dispersion of NiFeP and large contact area between NiFeP 
with electrolyte. Importantly, we suggest that this hierarchical 
porous 3DP GC also has great opportunities for loading many 

other catalysts, such as noble metal nanoparticles, transition 
metal oxides and transition metal carbides, for promoting their 
practical applications in many energy conversion/storage, envi-
ronmental and electronic systems where high flexural strength 
is preferred.

Additionally, the effects of electrode thickness on catalytic per-
formance were further investigated. Thanks to the flexibility of 
extrusion-based 3D printing technique, we can precisely adjust 
the electrode thickness by controlling the layers of printed elec-
trodes. As the thickness of the electrode increases, Tafel slope of 
HER and OER gradually decreases (Figure  4d,g). Similarly, the 
overpotential at a current of 30 and 100 mA cm−2 of HER and 
OER also becomes lower as the electrode thickness increases 
(Figure 4e,h). It is worth noting that the overpotential at a current 
of 30 mA cm−2 of our 3DP GC/NiFeP-24L is only 133 mV (HER) 
and 214  mV (OER), which is obviously lower than most of the 
reported Ni-, Co-, and Fe-based catalysts.[23–38] To demonstrate 
the advantages of 3DP GC electrodes over commercial carbon 
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Figure 3. Morphology and composition characterization of 3DP GC/NiFeP electrode. a) Schematic diagram of the preparation process of NiFeP 
nanosheet arrays on 3DP GC electrode. b–e) SEM images of 3DP GC/NiFeP electrode. f) TEM image of NiFeP nanosheets combined together with 
CNT and RGO. g) HRTEM image of a NiFeP nanosheet. h) HAADF-STEM images of a NiFeP nanosheet and corresponding elemental mapping images 
of nickel, iron, and phosphorus. Scale bar: 100 nm. i) XRD pattern of 3DP GC/NiFeP electrode.
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paper (CP), CP/NiFeP electrode was prepared and the HER and 
OER performance was tested (Figure 4c,f). Figure S13 in the Sup-
porting Information shows that the NiFeP NA grows uniformly 
on the surface of the fibers of carbon paper, and its morphology 
is similar to that on the 3DP GC electrode. In order to fairly 
evaluate the performance advantage of 3DP GC electrode, we 

further compared the activity of 3DP GC/NiFeP and CP/NiFeP 
electrodes with the standardized NiFeP loading at the same 
overpotential of 133 mV (HER) and 214 mV (OER) (Figure S14, 
Supporting Information). The current density of 3DP GC/NiFeP 
electrodes increases linearly and the corresponding mass activity 
of NiFeP remains unchanged with the enhancement of NiFeP 

Adv. Mater. 2020, 1908201

Figure 4. 3DP GC/NiFeP electrodes for HER and OER. a) Schematic diagram of the hierarchical porous structure of 3DP GC/NiFeP electrode facilitated ion and 
gas transport for both anode (HER) and cathode (OER) of water splitting. b) Schematic diagram of the three-electrode system. c) HER polarization curves, and 
d,e) corresponding Tafel plots (d), and overpotentials at current densities of 30 and 100 mA cm−2 (e) for 3DP GC/NiFeP electrodes with 12, 18, and 24 layers, 
bulk GC/NiFeP, and carbon paper (CP)/NiFeP electrodes. f) OER polarization curves, and g,h) corresponding Tafel plots (g) and overpotentials at current 
densities of 30 and 100 mA cm−2 (h) for 3DP GC/NiFeP electrodes with 12, 18, and 24 layers, bulk GC/NiFeP, and CP/NiFeP electrodes. i,j) Comparisons of over-
potentials at a current density of 30 mA cm−2 for 3DP GC/NiFeP-24L with other HER catalysts[23–31] (i) and with other OER catalysts[26,27,32–38] (j) in the literature.
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loading (electrode thickness). In contrast, the current density of 
CP/NiFeP increases slowly and the corresponding mass activity 
of NiFeP decreases sharply with the enhancement of the NiFeP 
loading. These results indicate that our 3DP GC electrode can 
achieve high catalyst activity under high catalyst loading for HER 
and OER, which is significantly superior to the carbon paper. 
In addition, as a comparison, we have also prepared NiFeP on 
commercial Ni foam (NF) supporter and tested the HER and 
OER polarization curves of NF/NiFeP electrode (Figure S15, Sup-
porting Information). Under the similar experimental condition, 
3DP GC/NiFeP-24L electrode shows better HER and OER perfor-
mance than NF/NiFeP electrode, which further prove the advan-
tage of 3DP GC electrode.

Since the 3DP GC/NiFeP-24L electrode has both high HER and 
OER activity, we further employed it as both cathode and anode for 
a two-electrode water splitting cell. The cell requires a voltage as 
low as 1.58 V to achieve a current density of 30 mA cm−2, which 
is superior to commercialized CP-RuO2||PtC (Figure 5a) and most 
of the reported bifunctional Ni-, Co-, and Fe-based electrocatalysts 
(Figure  5b).[23,24,26,27,39–43] Moreover, the 3DP GC/NiFeP-24L elec-
trodes show excellent stability compared with the commercialized 
CP-RuO2||PtC (Figure  5c). Importantly, duo to the flexibility of 
3D printing, we printed large (3 × 3 cm2) 3DP GC-12L electrodes 
(Figure S16, Supporting Information) for water splitting, which 
evidences the ability of large-scale application of 3DP GC. After in 
situ growth of NiFeP NA, these large 3DP GC/NiFeP (L-3DP GC/
NiFeP) electrodes are used as both cathode and anode for H2, O2 
preparation system at 1.5 V (the voltage of a commercially available 
alkaline battery) (Figure 5d). The H-type electrolytic cell effectively 

separates hydrogen and oxygen and collects them (Figure 5e). The 
current density of L-3DP GC/NiFeP at 1.5 V is 20 mA cm−2, which 
is larger than 3DP GC/NiFeP-24L (1 × 1 cm2). At the same time, 
the L-3DP GC/NiFeP electrodes generate 1.34  mL hydrogen and 
2.64 mL oxygen in 1200 s, and the ratio of hydrogen to oxygen pro-
duction is around 2 (Figure 5f; Video S2, Supporting Information).

In summary, we have printed mechanically robust 3DP GC 
electrodes via an extrusion-based 3D printing strategy. The sig-
nificant enhancement in flexural strength finds its origin in the 
bioinspired graphene/interlaced CNTs nanostructure, which 
was proved by both experiments and simulations. The 3DP GC 
electrode synchronously satisfies high flexural strength, high 
conductivity, and hierarchical porous structure. After in situ 
growth of NiFeP NA, 3DP GC/NiFeP electrodes exhibit low cell 
voltage of 1.58  V at current density of 30  mA cm−2 and good 
cycle stability in water splitting as both cathode and anode. 
This bioinspired 3D printing of 1D nanomaterial reinforced 
2D nanomaterials strategy is highly promising for fabricating 
various 3D structured materials with high mechanical property. 
More importantly, the 3DP GC materials have great potential 
for a variety of energy conversion/storage, environment, and 
electronic applications where mechanically robust and hierar-
chical porous structures are in pressing demand.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Figure 5. 3DP GC/NiFeP electrodes for water splitting. a) Two-electrode polarization curve of 3DP GC/NiFeP-24L electrodes (1 × 1 cm2) for water split-
ting. b) Comparison of cell voltage at a current density of 30 mA cm−2 of 3DP GC/NiFeP-24L electrodes and bifunctional catalysts for water splitting 
in related reports in the literature.[23,24,26,27,39–43] c) Chronopotentiometric curve of 3DP GC/NiFeP-24L electrodes for two-electrode water splitting at 
30 mA cm−2. d) Schematic diagram of the H-type two-electrode water splitting system together with H2 and O2 collector using L-3DP GC/NiFeP elec-
trodes (3 × 3 cm2). e) Photograph of H-type two-electrode water splitting system and gas volume measurement by drainage. f) H2 and O2 evolution 
catalyzed by the L-3DP GC/NiFeP electrodes (3 × 3 cm2).
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