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way in addressing sustainability and 
energy crisis.[1–3] Although some high 
active noble-metal-based catalysts have 
been developed, such as Pt/C for HER and 
ORR, and RuO2 or IrO2 for OER, these 
materials are still far from large-scale 
application due to the high cost and scar-
city on earth.[4,5] Therefore, great efforts 
have been made to solve these issues by 
developing cost-effective, earth-abundant 
catalysts for ORR, HER, and OER.[6] Some 
electrocatalysts with transition metals 
have attracted more attentions due to the 
great electrochemical performance, such 
as metalNC for ORR;[7] metal carbides/
nitride[8,9] and metal phosphides for HER; 
and metal hydroxides or metal carbonate 
for OER.[10,11] However, integrating three 
functions (HER, OER, and ORR) into 
one catalysis is highly required to lower 
the cost and to extend applications, which 

still meet great challenge due to the sluggish kinetics of varied 
multiple electron-transfer processes. So, it is important to delib-
erately modulate electrocatalysts’ structure and morphology to 
achieve multifunctional applications and understand the rela-
tionship between catalytic activity and structure.[12,13]

In general, the OER was more kinetically determining 
the two half-reactions, which leads to the majority increases 
of the activation overpotential during water splitting.[14,15] 
Recently, a few reports demonstrated metal borates (MBi) 
exhibit advanced OER catalytic activity, which is attributed to 
the large negative charge of borate groups and modified elec-
tronic structures to bestow a low entropic energy during elec-
trochemical processes,[16] such as iron–cobalt-borate coating on 
carbon paper afforded 466 mV for OER for a current density 
of 10 mA cm−2,[17] CoFe–LDH@CoFe–Bi on Ti mesh required 
an overpotential of 418  mV to achieve 10  mA cm−2.[18] Mean-
while, previous works also demonstrate the high ORR activity 
of some transition metal–based electrocatalysts (e.g., Fe, Co, 
and Ni) due to their unique 3d orbit.[19,20] In this regard, explo-
sion of novel transition metal borates to developing multifunc-
tional catalysis was reasonable, where transition metal and 
borate would bring synergistic effects to optimize reactions.[21] 
Moreover, it has been demonstrated that amorphous structure 
possessed higher density of active sites than those in crystalline  
state due to their short-range ordering and relatively crumby 

Highly stable and low-cost electrocatalysts with multi-electrocatalytic activi-
ties are in high demand for developing advanced energy conversion devices. 
Herein, a unique trifunctional amorphous iron-borate electrode is developed, 
which is capable of boosting hydrogen evolution, oxygen evolution, and 
oxygen reduction reactions simultaneously. The amorphous iron borate can 
self-assemble into well-defined nanolattices on electrode surface through 
a facile hydrothermal process, which possess more active sites and charge 
transfer pathways. As a result, the asymmetry overall water-splitting cell that 
adopts the amorphous electrodes as anode and cathode can be driven at 
1.56 V with the current density of 10 mA cm−2, which is lowest in state-of-
the-art catalysts. Moreover, the water-splitting devices can be powered by a 
two-series-connected amorphous electrode–based zinc–air battery with high 
stability and Faradic efficiency (96.3%). The result can offer a potential and 
promising alternative way to develop metal-borate electrode for multifunc-
tional applications.

Rechargeable Zinc–Air Batteries

1. Introduction

Developing renewable “hydrogenic energy” electrochemical 
devices such as water splitting, fuel cells, and metal–air bat-
teries that were consisted with “half-reactions” of hydrogen 
evolution reaction (HER), oxygen evolution reaction (OER), and 
oxygen reduction reaction (ORR) would provide an efficient 
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structure.[22] Controllable integration of active amorphous sub-
structures into catalyst and investigating its influence on elec-
trocatalytic activity would offer a new avenue to improve the 
electrochemical performance, although these have been rarely 
reported so far.[23]

Bearing this in mind, for the first time, an amorphous elec-
trode with ferric borate (Fe–Bi) nanolattice on the surface of 
nickel foam (NF) has been exploited here, which possessed 
multiple catalysts in electrocatalysis. The amorphous Fe–Bi 
(am-Fe–Bi) was self-assembled into well-ordered nanolattices 
and cross-linked with each other on nickel foam, which could 
increase the specific surface area and afford more exposed 
active sites. Notably, the am-Fe–Bi on NF showed superior OER 
activity, which only affords 158 mV overpotential with the cur-
rent density of 10 mA cm−2. In addition, the amorphous Fe–Bi 
catalyst also possessed high HER (overpotential of 143  mV at 
10  mA cm−2) and ORR activity (close to Pt/C, surpass RuO2). 
The multifunction and high activity of the amorphous M–Bi 
electrode are first time reported to our knowledge. The sig-
nificantly enhanced performance should be ascribed to the 
intrinsic competence (with suitable values of d-band center 
of catalysts and lower Gibbs energy during electrocatalysis) 
and structure control (amorphous nanolattices exposed more  
active sites). Finally, the am-Fe–Bi/NF electrodes are assem-
bled into self-powered water splitting and two-series-connected 
zinc–air batteries, which could stably and effectively produce O2 
and H2 (96.3% Faradic efficiency (FE)).

2. Result and Discussion

The amorphous electrode am-Fe–Bi/NF was prepared through 
the following facile solvent thermal method in Scheme 1. 
First, anhydrous ferric chloride and sodium borohydride were 
dissolved into the mixture of tetrahydrofuran (THF) and eth-
ylene glycol (EG) solvents to make the homogeneous solution. 
A certain amount of methenamine was added to the mixture, 
which was sealed in a pressure vessel and reacted at an elevated 
temperature. As a control sample, the hydrothermal product, 
namely FeOOH/NF, is prepared through the same process 
except the introduction of sodium borohydride in the first step. 
The cr-Fe–Bi (cr-Fe–Bi/NF) was prepared through calcined 
am-Fe–Bi (am-Fe–Bi/NF) at 650 °C with N2 protection.

As shown in Figure 1a, the X-ray photoelectron spectroscopy 
(XPS) peaks at 725.7 and 712 eV were ascribed to Fe 2p1/2 and 
2p3/2, respectively, which indicated the valence state of Fe+3.[24] 
Meanwhile, the Fe 2p3/2 shows a higher binding energy in 
am-Fe–Bi/NF than that of 711.2  eV in FeOOH/NF, which 
indicates the higher oxidation state of Fe through the intro-
duction of electronic negative borate (Figure S1, Supporting 

Information).[25] The binding energy of 191.7 eV in B 1s spec-
trum belongs to the BO bonding in borate (Figure 1b). The 
O peaks could deconvolute into two major peaks at 530.9 and 
531.6 eV, corresponding to the FeOFe and FeOB bond in 
Fe–Bi, respectively (Figure 1c).[26,27] In addition, the high con-
tents of FeOB in cr-Fe–Bi demonstrated the higher thermal 
stability of FeOB than that of FeOFe. The characteristic of 
the Fourier transform infrared spectroscopy (FT-IR) (Figure 1d)  
further verified the existence of borate groups in both  
am-Fe–Bi/NF and cr-Fe–Bi (asymmetrical stretching vibration in 
borate and BO stretching vibration at positions of 1379–1415,  
883, and 1140 cm−1, respectively).[28] Figure S2 (Supporting 
Information) shows the X-ray powder diffraction (XRD) pro-
file of am-Fe–Bi/NF, cr-Fe–Bi/NF, and FeOOH/NF, while 
am-Fe–Bi–NF shows no obvious crystalline diffraction peaks 
except metal Ni from substrate. After annealing at 650 °C, typical 
crystalline ferric borate diffraction peaks at 25.4° and 33.3° were 
obtained, which can be indexed to the (0 1 2) and (1 0 4) planes 
of ferric borate, respectively. To avoid the influence of Ni foam, 
we prepared the ferric borate (Fe–Bi) through the same proce-
dure as cr-Fe–Bi except the addition of Ni foam. In Figure 1e,  
the experimental XRD patterns of Fe–Bi match well with 
standard iron-borate pattern (JCPDS No. 76-0701, 89-5642). 
All above data indicated the successful synthesis of amorphous  
Fe–Bi coating in the sample am-Fe–Bi/NF. As the control 
sample, the diffraction peaks of FeOOH and FeOOH/NF in 
Figure S3a (Supporting Information) indicated the presence 
of crystalline FeOOH (JCPDS No.44-1415) with a lattice fringe 
spacing of 0.283 nm (Figure S4a,b, Supporting Information).

As shown in Figure 1f and Figure S5 (Supporting Informa-
tion), the morphologies of am-Fe–Bi/NF were investigated by 
a scanning electron microscope (SEM). Well-ordered lattices 
that consisted of cross-linked amorphous Fe–Bi nanosheets 
(among 15–20  nm thick) were uniformly distributed on Ni 
foam. Meanwhile, no diffraction lattice spacing inside the 
nanosheets could be identified in the high-resolution transmis-
sion electron microscopy (TEM) image (Figure 1g; Figure S6,  
Supporting Information), which would ascribe to an amor-
phous structure. Moreover, the amorphous structure could 
also be proved by the deficiency of fringe lattices in fast Fourier 
transformation (FFT, inset of Figure 1g). The energy dispersive 
X-ray spectroscopy (EDS) mapping (Figure 1h,i) indicated that 
Fe, Ni, O, and B were uniformly distributed in am-Fe–Bi/NF 
with no apparent aggregations. The coordination interactions 
with Fe and steric effect of borohydride groups seem to play 
an essential role on interrupting crystal growth during hydro-
thermal deposition. After annealing at 650 °C, the SEM images 
of cr-Fe–Bi/NF in Figure S7 (Supporting Information) show the 
cross-linked nanolattice, which has been broken into pieces. 
These nanosheets cross-staked with each other and the orienta-

tion became random after high-temperature 
calcination. Without introduction of sodium 
borohydride during the hydrothermal pro-
cess, large amounts of nanocrystals were 
dispersed on the surface of FeOOH/NF as 
shown in Figure S8a–c (Supporting Infor-
mation). The introduction of BH4

− could 
form the more stable intermediate complex 
(Fe(BH4)2(solvent)n) with Fe ion through 
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Scheme 1.  Illustration of preparation of am-Fe–Bi/NF nanolattices.
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coordination interaction, which could interrupt the growth of 
FeOOH crystals at the solvement thermal reaction.[29]

To investigate the electrocatalytic performance of the 
am-Fe–Bi/NF, the linear sweep voltammetry (LSV) was 
learned in 1.0 m KOH with a scan rate at 2 mV s−1. Meanwhile, 
the control samples of bare NF, FeOOH/NF, cr-Fe–Bi/NF,  
and RuO2 (same mass loading on NF through drop-
coating) were also evaluated under the same condition. In 
Figure 2a,c, the am-Fe–Bi/NF showed superior OER perfor-
mance with overpotentials as low as 158 and 280  mV at 10 
and 300  mA cm−1 current densities, respectively, which far 
surpass the commercial RuO2 (228 and 300  mV at 10 and 
300 mA cm−1) and better than most of state-of-the-art catalysts 
in alkaline media (Figure 2f; Table S3, Supporting Informa-
tion), while am-Fe–Bi/NF also affords overpotential at 143 mV 
with 10 mA cm−1 current in HER, which was better than other 
samples except Pt/C (22  mV). In addition, the stabilities of 

catalysts during HER and OER were also tested by chrono-
amperometric at a constant current density of 10  mA cm−2  
(Figure 2i), in which current density was kept stable over 30 h. 
However, the OER catalytic activity of FeOOH/NF (328 mV at 
10 mA cm−1 and 530 mV at 300 mA cm−1) was poor due to the 
inferior electrical conductivity of crystalline FeOOH and less 
activity without borate.

To gain more information about the reactions kinetic, the 
Tafel plot during OER and HER was characterized. The lower 
Tafel slope of electrocatalysts indicated the higher increasing 
rate of electrochemical reaction with the increasing applied 
potential. Figure 2b indicates that the OER Tafel slope of 
am-Fe–Bi/NF was the lowest at 53  mV dec−1, while the HER 
Tafel slope of am-Fe–Bi/NF at 75 mV dec−1 is lower than that of 
FeOOH/NF (81 mV dec−1) and cr-Fe–Bi/NF (78 mV dec−1), which 
also approved a fast reaction kinetics (Figure 2e). In addition, 
the electrochemical impedance spectroscopy (EIS) was tested 
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Figure 1.  a–c) XPS spectra of Fe 2p, B 1s, and O1s of cr-Fe–Bi/NF and am-Fe–Bi/NF before and after water splitting test. d) FT-IR signal of am-Fe–Bi 
and cr-Fe–Bi scraped from Ni foam. e) XRD signal of Fe–Bi and Fe–Bi after calcination at 650 °C (cr-Fe–Bi). f) Low-magnification of the SEM image 
of am-Fe–Bi/NF. g) HR-TEM image of am-Fe–Bi scarped from NF and inside of FFT image. h,i) The corresponding element mapping of catalysts of 
Fe, Ni, O, and B.
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to evaluate the electrode kinetics of am-Fe–Bi/NF, FeOOH/NF, 
cr-Fe–Bi/NF, and different pure NF samples. Each Nyquist plot 
has also fitted with a simplified Randle circuit model inset. As 
shown in Figure 2g and Table  S1 (Supporting Information), 
am-Fe–Bi/NF possesses much smaller Rct, which demonstrated 
the higher conductivity.[30] Furthermore, the mass activity and 
specific activity of these catalysts were calculated. As shown in 
Figure 2c, am-Fe–Bi/NF shows the best of catalytic active sites 
(mass activity: 158.16 A g−1; specific activity: 55.07 mA), both of 
which were higher than that of RuO2 (70.77 A g−1 and 17.38 mA) 
and other samples (FeOOH/NF: 9.61 A g−1 and 2.27 mA; cr-Fe–
Bi/NF: 19.16 A g−1 and 4.93  mA). The improved electrochem-
ical performance of am-Fe–Bi/NF is ascribed to the optimized 
mass transfer, higher conductivity, and more catalytic active sites 
through introduction of borate. Besides, the synergistic effects 
between Fe and borate and flexible chemical bond inside amor-
phous structure could effectively exposed more active sites and 
accelerate mass transfer during reaction.

Inspired by the narrow gap between the overpotentials of OER 
and HER (1.53 V at 10 mA cm−2 and 1.72 V at 100 mA cm−2; 
Figure S9, Supporting Information), an asymmetry two-electrode 
cell with am-Fe–Bi/NF as anode and cathode (am-Fe–Bi/NF//
am-Fe–Bi/NF) was assembled to evaluate the performance 
of overall water splitting in 1 m KOH electrolyte. The LSV 
curves in Figure 2h displayed the driving voltage of 1.56  V at 
the current density of 10 mA cm−2 and 1.73 V at 100 mA cm−2  
with 90% IR-correction overall water splitting cell (1.59  V at 
the current density of 10 mA cm−2 and 1.86 V at 100 mA cm−2  
without IR-correction), which was the one of the best electro-
catalysts in alkaline solution so far as we know (Figure 2f). 
Multiple chronoamperometric curve (Figure S10b, Supporting 
Information) also demonstrated the outstanding charge transfer 
capability of am-Fe–Bi/NF during the reaction. In Figure S10a 
(Supporting Information), the activity of overall water splitting 
device was kept for 30 h without obvious decay based on the 
chronoamperometric test. To further study the suprastablity of 
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Figure 2.  a) OER polarization curves for different catalysts in 1 m KOH three-electrode configuration with 90% IR-correction. b) Tafel slop of different 
catalysts and c) mass activity and specific activity of different catalysts calculated from electrochemical active surface area (ECSA) and current density. 
d,e) HER and Tafel plot performance of different catalysts in 1 m KOH three-electrode configuration with 90% IR-correction. f) Overpotential for OER 
and HER at 10 mA cm−2 of state-of-the-art bifunctional electrocatalysts on 1 m KOH (Table S3, Supporting Information). g) Nyquist plots of am-Fe–
Bi-NF, FeOOH/NF, and NF and the fitting curves plotted as solid traces. Inset: an equivalent circuit used for fitting data. h) Two-electrode polarization 
curve of am-Fe–Bi/NF//am-Fe–Bi/NF in 1 m KOH at room temperature with 90% IR-correction (purple line) and without IR-correction (blue line).  
i) Chronoamperometric test of OER and HER for am-Fe–Bi/NF about 30 h.
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the catalyst am-Fe–Bi after reactions, the XPS, XRD, and SEM 
were employed on the am-Fe–Bi/NF after 30 h of water splitting. 
The XRD pattern (Figure S11, Supporting Information) indi-
cated that the amorphous structure was reserved without 
any aggregation and crystallization. In Figure 1a–c, XPS data 
revealed that the binding energies of Fe 2p, B 1s are kept the 
same as initial, indicating the high stability of am-Fe–Bi/NF. 
However, the new peak of OH in high-resolution O spectrum 
can be ascribed to the adsorbed hydroxyl during reaction. More-
over, the SEM image in Figure S13 (Supporting Information) 
supposed to the cross-link lattice morphology that still retained 
on the NF surface without any peel-off.

Due to the short-range order of amorphous structure and 
similar chemical bond between amorphous and crystal coun-
terparts, the crystalline Fe–Bi was adopted to understand the 
high intrinsic activity of amorphous Fe–Bi. Gibbs free energy 
for each elementary reaction and d-band center (εd) were cal-
culated. The εd was the pivotal factor in evaluating the bond 
strength of adsorbents on the surface of catalysts, while a 
relative high εd indicates the stronger absorbance.[31] As 
shown in Figure S14 (Supporting Information), although the 
higher εd of FeOOH (−1.4816 eV) would benefit absorb reac-
tants, it could also tightly trap the oxygen (hydrogen) hin-
dering the release of active sites on the catalyst surface after 
reaction. On the contrary, the lower εd of Fe–Bi (−2.5635 eV) 
represents a reasonable absorption energy level, which could 
accelerate mass transfer through optimized balance between 
reactant capture capability and product releasing speed on 
catalytic surface.[32] Besides, Gibbs free energy for each  
elementary step was calculated based on the previous work 
in Figure 3[33]

* H O *OH H e2 ( )+ → + ++ − � (1)

*OH *O H e( )→ + ++ − � (2)

*O H O *OOH H e2 ( )+ → + ++ − � (3)

*OOH * O H e2 ( )→ + + ++ − � (4)

Each elementary step by which the OER occurs involves 
adsorbed OH, O, and O intermediate products on the surface 
of catalysts (*). Meanwhile, to express the chemical potential at 
certain U, the computation hydrogen electrode was chosen and 
was then readily defined as η = max [ΔG1, ΔG2, ΔG3, ΔG4]/e − 
1.23 (V) which obtained from Gibbs free energy.[34] From the 
standard reaction free energy of each elementary step (ΔG), as 
can be seen, when the electrode potential applied 0 V, all the ele-
ment steps were endothermic, and the rate-determining step of 
model Fe–Bi was the third step to form *OOH (with ΔG*OOH = 
1.78  eV). Different from this, the second step to form *O 
(with ΔG*O = 1.92 eV) was the rate-determining step in model 
FeOOH. Furthermore, the η of Fe–Bi obtained from Gibbs free 
energy was much lower than FeOOH/NF (0.55  V in Fe–Bi vs 
0.69 V in FeOOH). Based on calculation results, the Fe–Bi pos-
sesses high intrinsic activity with less Gibbs free energy and 
low theoretical overpotential, which benefit the OER reaction.

As a unique trifunctional catalyst, am-Fe–Bi also possessed 
great electrocatalytic activity on ORR. Based on the LSV profile 
that tested in 0.1 m KOH, the amorphous Fe–Bi and FeOOH that 
scraped from NF show close onset potential to commercial Pt/C 
(20%), much higher than that of RuO2 (Figure S16a, Supporting 
Information). The 10 h i–t test also demonstrates its excellent 
stability (Figure S16b, Supporting Information). The better 
ORR performance of Fe–Bi than FeOOH would ascribe to the 
following reasons: 1) Fe has been widely reported as an active 
center for ORR; 2) changing bond length of Fe active center 
through introduction of borate groups would improve the per-
formance of ORR due to Jahn–Teller distortion or back bonding. 
Therefore, the bond of FeOB possessed rather suitable 
length than FeOOH which is associated with better ORR per-
formance. Furthermore, according to the Koutechy–Levich (K–L)  

Small 2018, 14, 1802829

Figure 3.  Gibbs free energies of Fe–Bi (left) and FeOOH (right) were calculated as follows. As shown in the figure, when U > 1.78 V, all steps are 
thermodynamically accessible for Fe–Bi and U > 1.92 V, all steps are thermodynamically accessible for FeOOH. The red, cyan, brown, and white atoms 
represent O, Fe, B, and H, respectively.
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equation, the ORR adopts a nearly four-electron transfer pro-
cess, which demonstrated superior selective and efficient reac-
tion route (Figure S17a,b, Supporting Information). Therefore, 
a home-made rechargeable zinc–air battery with am-Fe–Bi/
NF air cathode, polished Zn plate anode, and 6 m KOH + 0.2 m  
ZnOAc electrolyte was set up (Figure 4c). Initially, the open-cir-
cuit potential (OCP) of zinc–air battery was as high as 1.481 V  
(Figure S18, Supporting Information). The discharge polarization 
curve (Figure S19a, Supporting Information) of am-Fe–Bi/NF 
shows the maximum power density of 61.8 mW cm−2, which is 
even better than commercial Pt/C (58.7 mW cm−2). In Figure S19b  
(Supporting Information), the specific capacity of zinc–air bat-
tery was tested at current densities of 10 and 100 mA cm−2, cor-
responding to 782.9 and 732.0 mAh g−1 (95.4% and 89.3% utili-
zation of 820 mAh g−1 Zn theoretical capacity), respectively. The 
inset of Figure 4c shows two zinc–air battery powered light emit-
ting diode (LED) lights (2.5 V). Moreover, am-Fe–Bi/NF shows 
the better charging and discharging polarization curves than 
that of RuO2 and Pt/C in rechargeable processes (Figure S20,  
Supporting Information). As shown in Figure 4b, the am-Fe–Bi/NF  
rechargeable zinc–air battery could charge for a long time at 1.9 V 
and discharge at 1.3  V with a current density of 10  mA cm−2, 
which exhibited a high round-trip efficiency of 68.2% at initial 
circle and round-trip efficiency of 63.2% after 90 times circula-
tion. As for comparison, the mixture electrode rechargeable bat-
tery with commercial Pt/C and RuO2 (with a mass ratio of 1:3, 
3 mg cm−2) could initially be charged at 2.0 V and discharged at 
1.2  V with a round-trip efficiency of 60.0%.[35] After 42 cycles, 
the activity of the battery was degraded due to the formation of 
platonic oxide during positive potential exposure.[36]

Nowadays, most of the water splitting devices were relied on 
the external powered source. Herein, a water splitting device 

driven by a two-series-connection zinc–air battery was shown 
in Figure 4d, whose electrodes were all composed of am-Fe–Bi/
NF. As shown in Figure 4d, hydrogen and oxygen were con-
stantly bubbled from electrode surface and collected by water 
displacement. After 4 h water splitting, the volume of hydrogen 
was 74 mL and oxygen was 37 mL, which indicated a volume 
ratio 2.02:1 (inset of Figure 4d). The FE of the am-Fe–Bi/NF 
catalyzed water splitting was calculated to be 96.3% (Figure 4e) 
according to the molar rate of produced gas and consumed Zn.

Based on the above characterizations and calculation, the 
superior performance of am-Fe–Bi/NF could be attributed to 
the following reasons: i) the amorphous structure possessed 
relatively crumby structure that was beneficial to expose more 
active sites and accelerate release of oxygen and hydrogen that 
generated during the process of OER, ORR, and HER, which 
are attributed to the outstanding water-splitting performance. 
ii) The intrinsic activity of Fe–Bi with lower d-band center 
could optimize balance between reactant capture capability and 
product releasing speed on catalytic surface, which were also 
demonstrated by density functional theory calculation. iii) The 
synergistic effects between large negative charge ion of borate 
and catalytic active transition metal Fe would bring multifunc-
tion into one catalyst, which also improved the durability.

In summary, the amorphous Iron borate with cross-linked 
nanolattices was controllably grown on Ni foam through the 
mild wet-chemical process. The introduction of borate plays 
an essential role on the formation of amorphous Fe–Bi, which 
could accelerate mass transfer and expose more active sites 
during catalyzing, while the synergistic effects between borate 
and Fe lead the multifunctional catalyst. As the result, the 
am-Fe–Bi/NF-based overall water splitting cell could be driven 
by 1.56 V with the current density of 10 mA cm−2 and 1.73 V 
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Figure 4.  a) Schematic of the basic configuration of primary rechargeable zinc–air battery. b) Charging and discharging curves of different catalysts in 
home-made primary rechargeable zinc–air battery. c) Digital image of two-series-connected zinc–air battery powered 2.3 V LED light and d) self-driven 
water splitting device. e) The amount of gas theoretically calculated and experimentally measured versus time for self-driven overall water splitting of 
am-Fe–Bi/NF.
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with 100 mA cm−2, which was the one of the best electrocata-
lysts in alkaline solution so far as we know. Additionally, the 
am-Fe–Bi/NF-based rechargeable zinc–air battery shows high 
OCP of 1.481  V and extremely stable cycling stability, which 
could regularly work more than 2600 min at the current density 
of 10 mA cm−2. And particularly, the self-driven water splitting 
device that could be powered by two-series-connected zinc–air 
battery was designed to provide efficient ways about energy 
conversion from chemical energy to sustainable energy, in 
which electrodes were all composed by am-Fe–Bi/NF.

3. Experimental Section
Synthesis of am-Fe–Bi/NF, FeOOH/NF, and cr-Fe–Bi/NF: am-Fe–Bi/

NF was synthesized by a simple solvent thermal method. A piece of 
Ni foam was washed with HCl, acetone, and ethanol three times to 
ensure the removal of oxidation layer. Then, 1 mmol of anhydrous ferric 
chloride, 0.153 g of sodium borohydride, and 0.2 g of methenamine were 
dissolved in 24 mL THF and 12 mL EG with continuous stirring for 2 h 
to make homogeneous solution. After the solution prepared, they were 
transferred to an 80 mL Teflon-lined autoclave and sealed with Ni foam 
and heated at 180 °C for 24 h. After the autoclave cooled down to room 
temperature, the catalysts were collected and washed with water and 
ethanol several times, then dried at 60 °C for 12 h in a vacuum oven. For 
comparison, cr-Fe–Bi–NF was synthesized by calcination of am-Fe–Bi/
NF at 650  °C, and FeOOH/NF was synthesized by the same method 
without adding sodium borohydride at first.

Synthesis of Fe–Bi, FeOOH, and cr-Fe–Bi: Fe–Bi and FeOOH were 
synthesized by the same ways of am-Fe–Bi/NF and FeOOH/NF except 
for adding Ni foam. cr-Fe–Bi was synthesized by calcination of am-Fe–Bi 
at 650 °C.

Materials’ Characterization: The crystalline phases of the samples were 
characterized by XRD using an X-ray diffractometer with Cu Kα radiation. 
The morphologies and elemental compositions of the samples were 
characterized by TEM (JEM-2100UHR, Japan) equipped with an EDS. 
Raman spectra were measured on a Renishaw DXR Raman spectroscopy 
system with a 532 nm laser source. XPS (Thermo Scientific ESCALab250Xi) 
was used to analyze the chemical states of elements on the samples surface.

Electrochemical Measurements: Electrochemical measurements were 
conducted using 760E Bipotentiostat (CH Instruments) at 25  °C as a 
typical three-electrode system, in which am-Fe–Bi/NF was used as the 
working electrode, large surface area carbon rod as the counter electrode, 
and Hg/HgO (1 m NaOH) as the reference electrode. The HER and OER 
performances were recorded form the LSV polarization curves in 1 m 
KOH with a scan rate of 2  mV s−1. The overall water-splitting system 
was received using am-Fe–Bi/NF as both anode and cathode in two-
electrode configuration. All potential in this work was measured versus 
the reversible hydrogen electrode (RHE), which was converted from the 
following equation: E(RHE) = E(HgO/Hg) + 0.098  +  0.059 × pH with 
90% IR-compensation unless specifically indicated.
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