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1. Introduction

Converting decentralized and intermit-
tent energy sources (wind and solar fuel) 
into the form of H2 by electrochemical 
water splitting, and recovering them in 
fuel cells and rechargeable metal–air 
batteries holds great promise for the 
prevalent renewable energy applica-
tions, in a large part bypassing the reli-
ance on fossil fuels and thus addressing 
the resulting energy and environment 
crisis.[1–8] Impressive progress of these 
technologies notwithstanding, they face 
dire challenges centering on the slug-
gish electrochemical reactions, including 
oxygen reduction, oxygen evolution, and 
hydrogen evolution reactions (ORR, 
OER, and HER), imposing an urgent 
need for an active catalyst and energy 
input.[9–16] The state-of-the-art HER and 
ORR catalysts are Pt-based materials, 
while these materials are usually poor for 
OER. Contrarily, RuO2/IrO2, as the most 

active OER catalysts exhibit poor ORR and HER performance.  
Moreover, their commercialization is seriously limited by high 
cost, scarcity, and questionable stability.[17–19] Besides this, 
using different single catalysts needs different equipment 
and processes at a price of inconvenience and increased cost. 
Consequently, it is important to develop low-cost and efficient 
multifunctional electrocatalysts for water splitting and fuel 
cell/metal–air batteries.

Recently, transition metal (Fe, Co, Ni, Mn)-based electro-
catalysts with environmentally friendly nature and high cata-
lytic activities have been widely investigated as promising 
candidates for ORR, OER, and HER.[20–25] Optimizing the  
electronic properties of the materials provides an effective way 
to boost the catalytic activity, such as coupling with a conduc-
tive support.[26–28] Particularly, in situ anchoring the metallic 
catalysts on nitrogen-doped porous carbon (NPC) would be 
an appealing choice. This is because the close obtained con-
tact between the metallic species and NPC will induce syner-
gistic electronic coupling effects and directly enrich the active 
sites. Besides, NPC can also effectively promote the dispersity  
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of metallic species and thus enhance the electron/mass-transfer 
capacity.[29,30] For instance, Dai and co-workers found that both 
Co3O4 on nitrogen-doped graphene and MnCo2O4/graphene 
hybrid showed an excellent ORR and OER catalytic activity.[28,31] 
Simultaneously, CoxOy/NC as well as spinel Mn–Co oxide on 
NCNT (nitrogen doped carbon nanotube) were also explored 
as the active OER and ORR electrocatalysts.[8,32] In addition, 
3d transition metal alloys (FeCo, NiCo, etc.) encapsulated 
in carbon were also reported to catalyze HER effectively.[33,34] 
Despite these advantages, utilizing the metallic materials 
and functional carbon support hybrids is seldom reported for 
the multifunctional electrocatalysts toward ORR, OER, and 
HER.[35–38] Therefore, development of low-cost multifunctional 
electrocatalyst with good ORR, OER, and HER catalytic perfor-
mance is being actively pursued.

Herein, we develop an in situ coupling FeM (M = Ni, Co) 
alloy with NPC (FeM/NPC) as a multifunctional electrocatalyst 
for ORR, OER, and HER via a facile strategy including a sol-
vothermal synthesis of poly(dopamine) (PDA) coated metallic  
precursor (FeMO/PDA) and the followed carbonization process.  
Inspiringly, FeM/NPC, with a good conductivity, abundant 
pores, high Brunauer−Emmett−Teller (BET) surface area, 
nitrogen doping, and the initial contact between FeM and NPC, 
displays a positive ORR half-wave potential (E1/2), a low OER/ 
HER overpotential and fast kinetics. As a proof-concept appli-
cation, the water electrolyzer with FeNi/NPC as anode and 
cathode catalyst shows a cell voltage of 1.63 V at 10 mA cm−2, 
and the assembled Zn–air battery with FeNi/NPC as the OER 
and ORR electrocatalyst harvests a low discharge/charge over-
potential and good long-term durability. More 
importantly, this Zn–air battery can self-
power the water electrolyzer, highlighting its 
feasibility of the trifunctional electrocatalyst 
in the practical application.

2. Results and Discussion

2.1. Structural and Morphological 
Characterization

The fabrication process is schematically 
shown in Figure S1 (Supporting Informa-
tion). Briefly, the synthesis process starts 
with the dissolution of metal salts and 
NH4HCO3 in a mixed solvent of water and 
ethanol, followed by the successful polymeri-
zation of dopamine, identified by the Fourier 
transform infrared spectrum (FT-IR) spectra 
(Figure S2, Supporting Information). And 
the scanning electron microscopy (SEM) 
images show FeNiO/PDA and FeCoO/PDA 
precursors possess particle-like morphology 
with an average size of 113 and 136 nm, 
respectively, which are quite smaller than 
PDA particles (3 µm), suggesting the sig-
nificance of metallic species (Figures S3a,c 
and S5a, Supporting Information). After the 
carbonization, the precursors are directly 

converted to FeM/NPC. And X-ray diffraction (XRD) patterns 
with no discernible impurities in spite of the wide carbon peak 
at around 27° for FeM/NPC confirm the presence of FeNi and 
FeCo, which are believed as the active sites (Figure S4, Sup-
porting Information).[20,33,34,39] Similarly, FeNi/NPC and FeCo/
NPC have the inherited particle-like morphology except with 
drastically decreased particle sizes (24 nm for FeNi/NPC and 
33 nm for FeCo/NPC; Figure S3, Supporting Information) and 
rougher surface due to the decomposition of metallic precur-
sors and PDA. Moreover, transmission electron microscopy 
(TEM) images validate the successful anchoring of FeM alloy 
particles (25 nm for FeNi/NPC and 50 nm for FeCo/NPC) on 
the interconnected porous carbon particles (Figure 1a,b and 
Figure S7 (Supporting Information)), benefiting for electron 
transfer during catalysis process. Accordingly, the observed lat-
tice spaces of 0.208 and 0.201 nm are corresponded to (111) and 
(110) plane of cubic FeNi and FeCo, respectively, in agreement 
with the XRD results. Furthermore, high-angle annular dark 
field scanning transmission electron microscopy (HADDF-
STEM ) analysis is performed to probe the spatial distribution 
of the constituent elements (Figure 1c–i and Figure S8 (Sup-
porting Information)). STEM images further verified that var-
ious metallic alloy particles are coupled with the aggregated 
carbon particles for FeM/NPC, which are uniformly overlapped 
by Fe and M (Ni, Co) element. Meanwhile, C, N, and O are 
evenly distributed throughout the whole structure. Of note, the 
observation of O is ascribed to the easy partial oxidation of FeNi 
without the carbon coating and the absorption of oxygen or 
water of the porous carbon under air atmosphere.
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Figure 1. TEM images of a) FeNi/NPC and b) FeCo/NPC (inset: the corresponding high-res-
olution TEM images); c,d) HADDF-STEM images of FeNi/NPC; the corresponding element 
mapping images of e) Fe, f) Ni, g) C, h) N, and i) O.
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The porous nature of FeM/NPC is analyzed by the nitrogen 
sorption measurements. Typically, the distinct hysteresis loop 
(≈0.45–1.0 P/P0) implies the existences of mesopore, which is 
favorable for mass transport at FeM/NPC electrode (Figure 2a 
and Figure S9c (Supporting Information)).[40,41] The pore 
distribution curves further disclose their average pore size 
(11 nm for FeNi/NPC and 14 nm for FeCo/NPC; Figure 2a 
and Figure S9d (Supporting Information)). Higher BET sur-
face areas are achieved by FeNi/NPC (426 m2 g−1) and FeCo/
NPC (475 m2 g−1) compared to their corresponding precur-
sors (78.4 and 46.6 m2 g−1), respectively, which is owing to the 
decomposition of the metallic precursor and PDA (Figure S10, 
Supporting Information). In addition, the defect structure is 
investigated by Raman spectra. As shown in Figure 2b, two 
remarkable peaks at 1345 and 1600 cm−1 are founded for 
FeM/NPC, which are attributable to the typical D and G band, 
respectively.[42] Note that the ID/IG values of FeNi/NPC (1.03) 
and FeCo/NPC (1.01) are similar and higher than that of NPC 

(0.87), indicating the important role of the metallic species in 
generating more defects in FeM/NPC.

To probe the chemical structure of the samples, X-ray photo-
electron spectroscopy (XPS) measurements are performed. 
The high-resolution spectrum of C 1s for FeM/NPC can be 
deconvoluted into four peaks: CC (284.6 eV), CN (285.2 eV), 
CO (286.1 eV), and OCOH (288.5 eV, Figure 2c), sug-
gesting the successful nitrogen doping into the carbon frame-
work;[43,44] and three species are discovered in the fitted high-
resolution N 1s peaks (Figure 2d): pyridinic-N (N1, 398.6 eV), 
pyrrolic-N (N2, 399.9 eV), and graphitic-N (N3, 401.1 eV).[43,45] 
With the increase in the pyrolysis temperatures, the content 
of pyrrolic-N for FeNi/NPC is decreased due to its instability 
at high temperature (Figure 2d and Figure S11d (Supporting 
Information)). As a result, N1 and N3, which are well-known 
OER and ORR active sites,[20] are dominated in FeM/NPC. Note 
that metal oxides are also observed in the high-resolution XPS 
spectra of Fe 2p3/2, Co 2p3/2, and Ni 2p3/2 owing to the partial 

oxidation of FeM alloy under air atmosphere 
(Figure 2d,e), wherein 1.29% and 0.95% of 
Fe and Ni are observed for FeNi/NPC, and 
0.85% and 0.61% of Fe and Co are observed 
for FeCo/NPC, respectively.[46–50] Thus, it 
can be presumed that both active FeM spe-
cies and nitrogen doping would be the active 
materials to catalyze ORR, OER, and HER.

2.2. Electrocatalytic Performance of ORR, 
OER, and HER

The ORR catalytic activities of FeM/NPC 
are investigated by the rotating disk elec-
trode (RDE) technique. For comparison, the 
ORR performances of FeNi, FeCo, NPC, 
the physical mixtures of FeM and NPC 
(FeNi+NPC, FeCo+NPC), and commercial 
Pt/C are also evaluated. As displayed in 
Figure S13 (Supporting Information), a well-
defined cathodic peak of FeM/NPC emerges 
in the cyclic voltammetry (CV) curve in the 
O2-saturated electrolyte and is quite different  
from the featureless one in N2-saturated elec-
trolyte, pronouncing their ORR catalytic activi-
ties. The ORR polarization curves (Figure 3a  
and Figure S15a (Supporting Information)) 
show that FeCo+NPC (0.58 V) and FeNi+NPC 
(0.46 V) exhibit a more positive E1/2 com-
pared to their support-free counterparts 
(0.39 V for FeCo and 0.42 V for FeNi) owing 
to the improved electron-transfer kinetics. 
Albeit with a high conductivity and BET sur-
face (627 m2 g−1), NPC still has a negative 
E1/2 (0.58 V) because of the deficient active  
sites. Taking the advantages of NPC and FeM, 
FeCo/NPC and FeNi/NPC harvest better 
E1/2, which are even close to that of the com-
mercial Pt/C (0.85 V; Figure 3a and Table S1 
(Supporting Information)), implying the 
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Figure 2. a) Raman spectra of NPC, FeNi/NPC, and FeCo/NPC; b) N2 adsorption–desorption 
isotherm curves of FeNi/NPC (inset: the corresponding pore size distribution); high-resolution 
c) C 1s, d) N 1s, e) Fe 2p3/2, and f) Co 2p3/2 and Ni 2p3/2 XPS spectra of FeNi/NPC and 
FeCo/NPC.
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importance of in situ anchoring of FeM on NPC. The superior 
ORR catalytic activity of FeM/NPC mainly originates from the 
rich active components (FeM and nitrogen doping carbon),[4,8] 
good conductivities, abundant pores, and the intimate contact 
between FeM and NPC. Interestingly, a well-defined plateau of 
the diffusion-limiting currents in the ORR polarization curves 
are acquired by FeNi/NPC and FeCo/NPC, representing the dif-
fusion-controlled process with an efficient 4e− dominated ORR 
pathway.[45,51] To gain a deep insight into the ORR kinetics, the 
kinetic parameter is analyzed by the Koutecky–Levich (K–L) 
plots. The near linearity of the K–L plots and a parallelism of 
the fitting lines suggest the first-order reaction kinetics with 
regard to the concentration of dissolved oxygen and similar 
electron-transfer numbers (n) at various potentials for FeM/NPC 
electrodes (Figures S16–S18, Supporting Information).[28,52–54] 
Accordingly, the average electron-transfer numbers (n) are cal-
culated to be 3.8 for FeNi/NPC and 3.85 for FeCo/NPC, further 
indicating a 4e− dominant ORR catalytic process at FeM/NPC 
electrode. However, n for FeNi, FeCo, NPC, FeNi+NPC, and 
FeCo+NPC is only 3.02, 3.56, 3.08, 3.4, and 3.65 based on the 
K–L results, respectively, which are associated with an apparent 
existence of 2e− ORR catalytic pathway with generating more 
peroxide (HO2

−) compared to FeCo/NPC and FeNi/NPC. 
Therefore, a rotating ring disk electrode (RRDE) technique 

is carried out to monitor the generation of 
HO2

− during the ORR process. The yields of 
HO2

− for FeCo/NPC and FeNi/NPC are less 
than 10%, giving n of 3.83 and 3.8 (Figure 3b 
and Figure S19 and Table S1 (Supporting 
Information)), respectively, which are con-
sistent with the RDE results. Unfortu-
nately, higher yields of HO2

− are detected by 
FeNi (44.6%), FeCo (19.8%), NPC (33.9%), 
FeNi+NPC (31.4%), and FeCo+NPC (15.3%), 
giving n of 3.11, 3.6, 3.32, 3.37, and 3.69, 
respectively, further demonstrating the supe-
rior ORR catalytic activity of FeM/NPC.[51]

The OER and HER electrocatalytic activi-
ties for FeM/NPC are also evaluated by RDE 
technique in 0.1 m KOH. For comparison, 
the OER performance of RuO2 and HER 
performance of Pt/C are also tested. Obvi-
ously, FeNi+NPC and FeCo+NPC exhibit 
a smaller OER overpotential (0.44 and 
0.45 V, respectively) at 10 mA cm−2 com-
pared to FeNi (0.46 V), FeCo (0.5 V), and 
NPC (0.53 V) due to the improved electron-
charge transfer (Figure S23, Supporting 
Information). However, fewer improvements 
in the overpotential and current density 
imply the intrinsic active material (FeM) is 
very important in determining the catalytic 
performance. Inspiringly, the targeted FeNi/
NPC and FeCo/NPC exhibit a comparable 
overpotential of 0.31 and 0.36 V compared 
to that for RuO2 (0.36 V), respectively, fur-
ther confirming the importance of the active 
components (FeM and nitrogen doping) 
and the initial contact of each component, 

as well as the good conductivity and pore structure. Further-
more, the superior OER performance of FeNi/NPC and FeCo/
NPC is gleaned from their smaller Tafel slopes (62 and 70 mV 
dec−1, respectively) than that for FeNi (90 mV dec−1), FeCo 
(92 mV dec−1), NPC (97 mV dec−1), FeNi+NPC (80 mV dec−1), 
and FeCo+NPC (85 mV dec−1), which even outperforms the com-
mercial RuO2 (88 mV dec−1), implying their faster OER kinetics 
(Figure 3d and Figure S15d and Table S1 (Supporting Informa-
tion)) and a chemical step following the first electron-transfer 
step as the rate-determining step at FeM/NPC electrode.[55–57] 
In addition, their HER activities are shown in Figure 3e,f  
and Figure S15e,f (Supporting Information). Undoubtedly, 
electrocatalysis HER at the commercial Pt/C electrode starts 
at low cathodic potential and the current increases sharply, 
corresponding to a overpotential of 110 mV at 10 mA cm−2. 
Similarly, FeNi/NPC also achieves a small operating overpo-
tential (260 mV) at identical current density, beyond which the 
cathodic current increases rapidly. Within the catalyst series, 
the overpotential at 10 mA cm−2 increases in the order: FeNi/
NPC (260 mV) < FeCoNPC (340 mV) < FeNi+NPC (520 mV) <  
FeCo+NPC (530 mV) < FeNi (590 mV) < NPC (640 mV) <  
FeCo (700 mV), suggesting the superior HER catalytic activity 
at FeM/NPC electrodes. Similarly, a faster HER kinetic at FeM/
NPC electrode is observed as indicated by the smaller Tafel  

Adv. Sustainable Syst. 2017, 1, 1700020

Figure 3. a) ORR polarization curves, b) electron-transfer number at various potentials, e) HER 
polarization curves and f) the corresponding Tafel plots of FeNi+NPC, FeCo+NPC, FeNi/NPC, 
FeCo/NPC, and Pt/C in 0.1 m KOH; c) OER polarization curves and d) Tafel plots of FeNi+NPC, 
FeCo+NPC, NPC, FeNi/NPC, FeCo/NPC, and RuO2 in 0.1 m KOH.
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slope (112 and 125 mV dec−1 for FeNi/NPC and FeCo/NPC, 
respectively), along with a possible Volmer–Heyrovsky reac-
tion pathway and the electrochemical desorption of hydrogen 
as the rate-limiting step.[58,59] To further identify the significant 
role of FeM in determining the catalytic activity, SCN− poison 
experiments are performed (Figure S24, Supporting Informa-
tion). When introducing SCN−, great current density losses are 
observed for FeM/NPC electrodes, which are likely because 
some of the metallic active sites are covered due to the strong 
interaction of the metallic species and SCN−, identifying the 
great contribution of FeM to the enhanced catalytic activities of 
FeM/NPC.

The OER and HER catalytic activities are also investigated 
in 1 m KOH with the catalyst coated carbon paper as working 
electrode. As displayed in Figure 4a, FeNi/NPC only needs 
1.46 V to deliver an anodic current density of 10 mA cm−2, 
surpassing over the commercial RuO2 (1.51 V). Moreover, a 
smaller Tafel slope (35 mV dec−1) is harvested by FeNi/NPC 
compared to that of the commercial RuO2 (62 mV dec−1), ena-
bling it one of the most active OER catalysts in the alkaline 
electrolyte (Figure 4b). Likewise, a good HER catalytic activity 
with a small overpotential (200 mV) at 10 mA cm−2 and Tafel 
slope of 40 mV dec−1 are obtained by FeNi/NPC electrode 
(Figure 4c,d), which is very close to these of Pt/C (40 mV and 
30 mV dec−1). Therefore, FeM/NPC, arming with a high OER 
and HER performance, could be the promising dual catalyst for  
water splitting.

2.3. Overall Water Splitting Performance

As a proof-concept application, an electrolyzer in a two-elec-
trode setup using FeNi/NPC as the anode and cathode electro-
catalysts is made (Figure 5). For well comparison, we also make 

an electrolyzer with the mixture of Pt/C and 
RuO2 (Pt/C-RuO2) as both anode and cathode 
electrocatalysts. Importantly, the observed 
voltage of the water electrolyzer with FeNi/
NPC is 1.63 V at 10 mA cm−2, which is 
comparable to the one with Pt/C-RuO2 
(1.58 V, Figure 5b). Aside from the compa-
rable activity, a better long-term durability is 
achieved by FeNi/NPC as only slight voltage 
change emerges after 10 h continuous water 
electrolysis owing to the stable structure with 
no obvious phase change of the catalyst, 
indicated by the XRD patterns (Figures S4 
and S25, Supporting Information). However, 
the Pt/C and RuO2 electrodes compromise 
the continuous water splitting along with a 
dramatically increased overpotential. Addi-
tionally, the agreement of the theoretically 
calculated and experimentally monitored gas 
reveals that the Faradic efficiency of FeNi/
NPC electrode is close to 100%, wherein the 
small loss is likely due to the dissolved gas 
in the electrolyte and the attached bubbles 
on the electrode surface. Moreover, gas chro-
matograms and mass spectrum further con-

firm that the product gases are only composed of H2 and O2 
(Figures S26 and S27, Supporting Information). Additionally, 
an apparent gas bubbling is observed for the water electrolysis 
drived by a single-cell AAA battery with a nominal voltage of 
1.5 V (Figure 5d), further demonstrating the bifunctionality 
of the FeNi/NPC for the overall water splitting in the alkaline 
medium. Therefore, FeNi/NC electrode is enforceable in the 
alkaline electrolyzer with a comparable OER and HER catalytic 
activity but a better long-term durability.

2.4. Zn–Air Battery Performance

As another proof-concept application toward OER and ORR, 
Zn–air battery with FeNi/NPC as the air electrode is assem-
bled and operated in an ambient condition using atmospheric 
air instead of purging oxygen. For the primary battery, the Zn 
foil is continuous consumed since the discharge starts. And the 
battery finally ceases when the Zn metal is completely depleted, 
giving a specific capacity of 800 mAh g−1 normalized to the con-
sumed Zn mass (Figure 6a). To further demonstrate the bifunc-
tional electrocatalytic activity (ORR and OER) of FeNi/NPC, 
the performance of a recharge Zn–air battery is evaluated. As 
shown in Figure 6b, such a battery affords a discharge voltage 
of 1.15 V and a charge voltage of 1.94 V at the current density 
of 25 mA cm−2, which are comparable to the discharge voltage 
of Pt/C (1.21 V) and the charge voltage of RuO2 (1.98 V) at the 
same current density. On the other sides, FeNi/NPC greatly 
outperforms RuO2 and Pt/C with respect to the discharge 
voltage (1.04 V) and the charge voltage (2.49 V), indicating 
its excellent bifunctional electrocatalytic activity toward ORR 
and OER. Besides, the battery with FeNi/NPC exhibits almost 
no obvious changes of the discharge and charge voltage after 
150 continuous charge and discharge cycles, whereas a gradual 

Adv. Sustainable Syst. 2017, 1, 1700020

Figure 4. a,b) OER polarization curves and Tafel plots of FeNi/NPC and RuO2 on carbon paper 
in 1 m KOH; c,d) HER polarization curves and Tafel plots of FeNi/NPC and Pt/C in 1 m KOH.
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increase in the charge voltage and a decrease 
in the discharge voltage are observed for Pt/C 
since the test starts (Figure 6c). Meanwhile, 
RuO2 shows a dramatical loss in the dis-
charge voltage after 10 cycles, revealing the 
better stability of FeNi/NPC. Importantly, the 
Zn–air battery can also self-power the overall 
water splitting with FeNi/NPC as the mul-
tiple functional electrocatalysts (Figure 6d), 
highlighting the trifuntional electrocatalyst 
feasiblity of FeM/NPC in the practical appli-
cation. Moreover, a single Zn–air battery can 
power a small air fan and a light-emitting 
diode can be given out light powered by the 
stack with two Zn–air batteries and keeps 
it shining at least one week (Figure S31, 
Supporting Information). Therefore, as 
trifunctional electrocatalyst, FeNi/NPC 
demonstrates its superiority in the system 
combining the water splitting with a Zn–air 
battery.

3. Conclusion

In summary, FeNi and FeCo alloys are in situ 
coupled with NPC via a facile and scalable 
strategy, wherein NPC cannot only increase 
the dispersity of the metallic species and thus 
promote the electron transfer, but also afford 
complementary active sites for enhancing 
the catalytic activity. Benefiting from a good 
electron conductivity, high BET surface, 
plentiful pores, and active sites, as well as 
the close connection of FeM and NPC, FeM/
NPC exhibits a positive ORR E1/2, low OER, 
and HER overpotential and the according 
fast kinetics. More importantly, such an elec-
trocatalyst facilitates the overall water split-
ting in a convenient and moderate way and 
the assembled Zn–air battery operate at low 
charge/discharge overpotential with a long 
cycle lifetime. Moreover, such a Zn–air bat-
tery can self-power the overall water splitting, 
greatly reducing the production cost and 
highlighting its practicability. It is anticipated 
that this facile and scalable stratagem can 
be expanded to obtain other alloy on heter-
oatom-doped porous carbon and this FeM/
NPC can be applied in the other fields, such 
as for Li-ion batteries and supercapacitors.

4. Experimental Section
Synthesis of FeNi/NPC: NiCl2.6H2O (1 mmol), 

FeCl3.6H2O (1 mmol), and 10 mmol of NH4HCO3 
was dissolved in the mixed solvent of water 
(30 mL) and ethanol (15 mL) by a ultrasonication 
and vigorously stirring at room temperature for 2 h. 

Adv. Sustainable Syst. 2017, 1, 1700020

Figure 5. a) Polarization curve of the overall water splitting with FeNi/NPC and Pt/C-RuO2 as 
both anode and cathode in 1 m KOH; b) the corresponding chronopotentiometric response at 
10 mA cm−2; c) the amount of theoretically calculated and experimentally measured gaseous 
products versus time for the water electrolyzer with FeNi/NPC as the anode and cathode in 1 m 
KOH solution; d) demonstration of the overall water splitting powered by an AAA battery with 
a nominal voltage of 1.5 V with FeNi/NPC electrodes.

Figure 6. a) Typical discharge curves of primary Zn–air batteries with FeNi/NPC as the air 
electrode under a continuous discharge until the complete consumption of Zn at two different 
current densities (specific capacity was normalized to the mass of consumed Zn); b) charge 
and discharge polarization curves of Zn–air batteries with Pt/C, RuO2, and FeNi/NPC as air 
electrode, respectively; c) charge and discharge cycling curves of Zn–air batteries with Pt/C, 
RuO2, and FeNi/NPC as the air electrodes; d) demonstration of the overall water splitting pow-
ered by the Zn–air battery with FeNi/NPC as the HER, OER, and ORR catalysts.
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Afterward, 1.2 g of dopamine was added and the obtained solution was 
heated at 50 °C for 24 h. Subsequently, the black powder was obtained 
by filtrating, washing with water and freeze drying. Finally, this powder 
was calcinated at 800 °C for 2 h under Ar atmosphere and 800 °C for 1 h 
under NH3/Ar (VNH3/VAr = 33.3%/66.7%) atmosphere. FeCo/NPC was 
synthesized by the same procedure of FeNi/NPC except that CoCl2.6H2O 
replaced NiCl2.6H2O. To investigate the effects of pyrolysis temperature 
on catalytic performance, the first pyrolysis temperatures were varied 
(700, 800, and 900 °C).

Characterization and Electrochemical Measurements: Powder XRD 
measurements were measured on Bruker D8 Focus Powder X-ray 
diffractometer using Cu Kα radiation (40 kV, 40 mA). TEM was performed 
using a FEI Tecnai G2 S-Twin instrument with a field emission gun 
operating at 200 kV. Raman spectra were collected with a Renishaw 2000 
model confocal microscopy Raman spectrometer with a CCD (charge-
coupled device) detector and a holographic notch filter at ambient 
conditions. FT-IR tests were performed on a Nicolet 6700 spectrometer 
equipped with attenuated total reflectance sample holder. The porosity 
was detected by nitrogen sorption using a Micromeritics ASAP 
2020 analyzer. Thermogravimetric analysis was performed under Ar 
atmosphere by 5 °C min−1 on a NETZSCH STA 449 F3 Simultaneous 
TGA-DSC Instrument. XPS spectra were collected with an ESCALAB 
MK II X-ray photoelectron spectrometer using an Al Kα source. All 
electrochemical measurements were conducted on a BioLogic VMP3 
electrochemical workstation. The RDE and RRDE experiments were 
performed on a modulated speed electrode rotator (MSR) electrode 
rotator (Pine Instrument Co.). Mass analysis of the generated gases was 
performed using an Ominstar-Thermostar GSD 320 system (Pfeiffer 
Vacuum) mass spectrometer, wherein Ar was chosen as the carrier gas. 
A Techcomp GC7900 gas chromatograph with a thermal conductivity 
detector was also used to analyze the gas products generated.

The electrochemical tests were conducted in a three-electrode cell 
in 0.1 m KOH, wherein RDE or RRDE, Ag/AgCl electrode, and Pt mesh 
were serviced as the working electrode, reference electrode, and counter 
electrode, respectively. Before each test, RDE (5.0 mm in diameter) 
or RRDE (5.61 mm in diameter) was polished by the alumina slurries 
(1 µm and 0.05 µm), and washed with water and ethanol by sonicating. 
Catalysts (10 mg) were dispersed into 1 mL of ethanol and 50 µL of 
Nafion solution by a sonication for 30 min. Then, the catalyst inks were 
drop-casted on RDE with a catalyst loading of 0.485 mg cm−2. For RuO2, 
XR-72 carbon (RuO2/XR-72: 10 mg/2 mg) was introducing to ensure a 
good conductivity of the electrocatalyst.

As for ORR, CV tests were conducted in N2- and O2-saturated 0.1 m 
KOH solution from −1.0 V to 0.2 V with a scan rate of 50 mV s−1. RDE 
measurements were carried out in an O2-saturated 0.1 m KOH solution with 
a scan rate of 5 mV s−1 and the different rotating speeds (400–2025 rpm).  
RRDE measurements were conducted in an O2-saturated 0.1 m KOH 
solution with a scan rate of 5 mV s−1 and a rotating speed of 1600 rpm, 
and the ring potential was constant at 0.5 V. With respect to OER, CV 
tests were conducted in an O2-saturated 0.1 m KOH solution from 0 V 
to 0.7 V with a scan rate of 5 mV s−1 and a rotating speed of 1600 rpm. 
As for HER, CV tests were conducted in an N2-saturated 0.1 m KOH 
solution from −1.4 to −0.8 V with a scan rate of 5 mV s−1 and a rotating 
speed of 1600 rpm. And the impedance was tested by electrochemical 
impedance spectroscopy measurements with an AC voltage with 10 mV 
amplitude in a frequency range from 100 kHz to 0.1 Hz at 0. 5 V. The 
OER and HER performance is also investigated in 1 m KOH, wherein 
the carbon paper loading with the catalyst (0.6 mg cm−2), a graphite rod 
and the saturated calomel electrode is serviced as the working electrode, 
counter electrode, and reference electrode, respectively. And Pt/C-RuO2 
electrode is obtained by loading the Pt/C and RuO2 (mass ratio: 1/1) 
on the carbon paper. During the chronoamperometric measurement, 
the generated gas is monitor by a gas burette. All potentials were 
iR-compensated to 85% with the built-in program and converted to a 
reversible hydrogen electrode scale via the calibration. And the presented 
current density was normalized to the geometric surface area.

The Zn–air battery test was conducted in a homemade battery, 
where catalysts coated carbon paper and Zn plate were used as the air 

electrode and anode, respectively. The catalyst loading was 1 mg cm−2 
and 6 m KOH solution containing 0.2 m zinc acetate was used as  
the electrolyte. Cycling test was conducted by one discharge step 
(10 mA cm−2 for 5 min) followed by a charge step for the same current 
and time.
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