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Abstract

Atomic-scale design of interfacial structure is iatriguing but challenging approach to
developing efficient heterogenous catalysts fauritional oxygen electrocatalysis. Herein, an
exquisite triphasic interfacial structure featurey the encapsulation of g alloy in a
graphitic shell with a partial exposure of Reftbin-layered surface is manipulated via an
electonic modulation strategy. The spontaneougyiat®n of well-crystallized metal alloy,
carbon shell with tunable active Fe@yer not only guarantees the smooth charge eansf
across the thin oxide layer, but also generatessyimergistic effect at the interface, thus
dramatically boosting the intrinsic activity of aygn catalysis. Benefiting from these attributes,
the hybrid catalyst outperformes the commerciall@obetal benchmarks with a higher half-
wave potential of 0.890 V for ORR and lower ovegmital of 308 mV at 10 mA crhfor OER

in alkaline media. Beyond that, a high-performamaargeable Zn-Air battery is realized with
a narrow voltage gap of 0.742 V and excellent dyiitg over 500 cycles at 10 mA cf
demonstrating a great potential of the as-developipthasic electrocatalyst for practical

application.
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1. Introduction

Oxygen electrocatalysis, typically involving thetér®genous oxygen reduction reaction
(ORR) and oxygen evolution reaction (OER) on cai@lyolid surface, plays critical roles in
metal-air battery chemist¥. However, the sluggish kinetics of these protoreived
multistep-electron-transfer reactions determingé @BR and OER need be well catalysed to
overcome the large-overpotential and low energigieficy, thus to fulfill a fast, efficient and
durable conversion between chemical and electenatgie®!. Therefore, high-performance
and cost-effective electrocatalyst has always hikeenesearch focus in this field. During the
past few decades, tremendous efforts have beeneatkivopursuit of effective ORR and OER
catalysts, yet highly efficient, low-cost and robbéfunctional catalytic materials are still
missing with their development remained challen§ing

Generally, the activity of a heterogenous electiagtic reaction is highly subject to the
surface/interface properties of the catalyst, wimohonly determines the adsorption strength
toward the intermediates, but also affects thegghand mass transfer behavidrGiven this,
rational regulation on the interface structure eftehogenous catalysts is regarded as a
promising approach to boosting the intrinsic electalytic activity. For instance, metal/metal
oxide and oxide/oxide heterogenous structtirésve shown enhanced ORR/OER catalytic
property due to the modulation of the binding sjtbrbetween the intermediates and catalyst
as a result of strong electronic interactions ogegr on the interface. Additionally,
manipulation on the carbon/metal interfdeél was reported with significant improvement in
intrinsic activity attributed to a proposed eleatrpenetration effect that activates the inert
surface carbon. In spite of the considerable psxgreeveral issues still remain to be well
addressed: i) the poor conductivity of metal oxidegedes the release of their intrinsic activity
completely; ii) the concurrent fulfillment of bogood ORR and OER performance by a single

catalyst is still challenging probably ascribedthe difficulty in balancing the adsorption-
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desorption kinetics for different reaction direciso iii) the tight contact between the interface
components need be well maintained to guarantestthetural and catalytic stability; iv) the

lack of insights and effective strategies that dopbwer precise and controllable interface
regulations at atomic level is obstructing thearaail material designs with high electrocatalytic
performance. Therefore, atomically controllable fpatation on the interfacial structure to

well manage the intrinsic activity, electronic caotvity, and stability as well as gaining in-

depth understanding on the underlying mechanisrhigtdy requirable.

Herein, we developed a novel electronic modulattrategy to precisely manipulate a
FexNi alloy-Fe oxide-nitrogen doped graphitic carb&®Ni-FeOQ,-NC) tri-phase interfacial
structure towards well-managed electronic conditgtigite density and interfacial electronic
interaction. The simple Ni doping can regulateRbeeoxidation degree to form adjustable FeO
active surface layer specifically at the exposethse area, which can balance the conductivity
and exposed site density to guarantee the fullesgion of intrinsic activity as well as improve
utilization of active sites. Besides, the electcomteraction occurring at interface could
cooperatively boost the intrinsic activity. In atiloh, the sub-units were further interconnected
by continuous graphitic carbons to ensure fast-t@mge charge transfer. Consequently, the
optimized catalyst exhibited outstanding electralyaic properties in terms of half wave
potential of 0.890 V for ORR and overpotential @A cm? of 308 mV for OER, surpassing
the commercial noble-metal catalysts (Pt/C+Ir/C) amost of the reported noble-metal free
catalysts. The superior catalytic performance wathér confirmed by Zn-air battery test,
which showed a low charge-discharge voltage g&p##2 V and long lifetime over 500 cycles.

2. Results and Discussion
2.1. Interfacial structure evolution

The tri-phase interfacial structure was fabricdig@n electronic modulation strategy via direct

pyrolysis of Prussian-blue-analogue anchored orborarnanotubes (PBA@CNTS) in
4
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composite with melamine, as illustrated in Figude BBA nanocrystals were firstly in-situ
grown on the surface of functionalized CNTs, which only avoids the aggregation of PBA,
but also interconnects the sub-unit to facilitdme long-range charge transfer for the obtained
composite. The uniform dispersion of PBA nanocigsia size of 20-30 nm on CNTs was
confirmed by scanning electron microscopy (SEM) sh®wn in Figure S2. Then the
PBA@CNTs hybrid was mixed with melamine and subsatjy subject to pyrolysis under Ar
atmosphere. The melamine serves as additional geitroand carbon sources, which
decomposes and generates cyano environment (eMp’, ©3N2*, CsNs*) during the thermal
treatment to implement the partial encapsulatiomNafoped graphitic carbon on thexRNe
surface. Upon exposure to air, the uncoveretliiRgas spontaneously and selectively oxidized
to form a highly adjustable FgQurface layer due to the stronger affinity of Beokygen
compared with Ni, thus contributing to the desineetal alloy-oxide-carbon (k&i-FeQ,-NC)
tri-phase interfacial structure. The incorporatdmi not only regulates the thickness of active
FeQ surface layer to balance the exposed active sisity and the electronic conductivity,
but also modulates the electronic structure ofyRb@ugh the interfacial charge transfer effect
to boost the intrinsic catalytic activitfFigure 1a). With the rational management of active site
density, conductivity and intrinsic activity, the-prepared catalyst, denoted asNt@NC,
delivers great promise in significantly boosting tbatalytic performance for oxygen redox
reactions. To elucidate the crucial role of Ni irgmration in regulating the tri-phase interfacial
structure, catalysts derived from precursors witfegent Fe/Ni ratios (denoted as FENI@NC
and Fe@NC) were investigated for comparison (T&4le

The XRD patterns confirm the successful conversibthe pristine PBA crystals into
metallic catalysts after pyrolysis (Figure S3 anguFe 1b). In addition to the peak of (002)
facet of graphitic carbon at 28,3%redominated diffraction peaks attributable teNtealloy
and Fe are clearly observed in the case gNK@NC and Fe@NC, respectively. The strong

intensity of these peaks suggests a good carb@higization (also confirmed by the relatively
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low ld/lg values in Raman spectra in Figure 1c) as welhashigh crystallinity of the obtained
FexNi alloy or Fe, which guarantees a good eleatroonductivity of the final catalysts. Apart
from that, another small diffraction peak can beepved in the XRD pattern of the as-prepared
catalysts, which is attributed to the Fe(@3% and 40°). Notably, this peak continuously
weakens along with the decrease of Fe/Ni ratio,iarsignificantly lower than that in Ni-free
Fe@NC pattern. This result strongly suggests tietricorporation of Ni into Fe is capably of
linearly lessening the oxidation of Fe, thus reafizan adjustable FeQayer that facilitate the
optimization of the metallic-carbon-oxide tri-phasterfacial structure for oxygen catalysis.
The morphological structure of the obtained catalyss examined by SEM and TEM. A
3D porous hybrid structure can be observed foNK®&NC with highly intertwined carbon
nanotubes as shown in Figure S4a, b. MeanwhileTHiM image clearly confirms the cross-
linking between carbon nanotubes, which uniformiycteors abundant Edi-FeQ-NC
subunits (Figure S4c). This hierarchical configioratconstructed by CNTs and the in-situ
grown graphitic carbons not only favors the transfereactants, such as O&hd HO, to the
catalytic sites, but also ensures a fast electomlgction within both short and long range for
facilitated catalysis process. The porous structfréEeNi@NC was also investigated by
Brunauer-Emmett-Teller (BET) technique, which rdseamicro/mesoporous structure with a
high surface area of 2872my* (Figure S5). Deeper structural information of #sedeveloped
material was further collected by high-resolutidéM (HR-TEM). As shown irfFigure 2aand
Figure S4d, a Fe@Qsland layer can be found decorating on théNiFalloy surface, which was
confirmed by the Fast Fourier Transformation (Fpadtern at the respective area as shown in
Figure 2b, c. The STEM-EELS elemental mapping waerfopmed to further elucidate the
component distribution on the metallic nanopartieldich clearly identifies the ENi alloy
core, partial carbon wrapping, and the exposuiee@, layer, providing a strong evidence for
the exquisite tri-phase interfacial structure & #s-develop EBli@NC catalyst (Figure 2d-k).

As for the sample without the Ni modulation, ifee@NC, similar hybrid morphology can be
6
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also obtained as shown in Figure S6. However, R&EM shows its much thicker FgGhell

in contrast to those of I@NC (~1.4 nm, Figure 2a) and FENI@NC (~1.2 nnukFegS7),
which could severely obstruct electron transfeiirdpelectrochemical process. These results
indicate the key role of Ni modulation on the oxida behavior of Fe upon the construction of
tri-phase interfacial catalysts.

Furthermore, the electronic modulation effect ofddithe tri-phase interfacial structure
was investigated by X-ray photoelectron spectrogc@fPS), X-ray absorption near edge
structure spectroscopy (XANES) and extend X-rayogiifon fine structure (EXAFS)
spectroscopy analysis. The XPS survey spectraroorifie presence of C, N, O, Fe and Ni
elements in the Ni-modulated samples as well astisence of Ni in Fe@NGigure 3a).
High-resolution N 1s XPS spectra of,RE@NC (Figure S8a-c) can be deconvoluted into four
sub peaks including pyridinic N (398.9 eV), pyrool (399.5 eV) graphitic N (400.9 eV) and
oxidized N (402.6 eV). Similar N species can b® astected for the Fe@NC and FeNi@NC
sample (Table S2). The incorporation of N in théboa lattice can increase the charge density
and spin density of the adjacent C atoms, whiclonbt favors a higher electrical conductivity
but also contribute partially to the ORR activityhancemei. Figure 3b shows the Fe 2p
high-resolution spectra of the synthesized samples prominent peaks at 707.4 eV is assigned
to metallic iron, while the peak centered at 708 @h0.9%V is ascribed to the Feand Fé",
respectively, corresponding to FeOx species. Angtrdependence of ionic Fe intensity on
initial Fe/Ni ratios can be perceived in the XPSalgsis, where the incorporation of Ni
decreases the intensity of the characteristic piakenic Fe, in other words, slows down the
oxidation of Fe. More interesting is that the ioRie tends to be higher-valence state when
decreasing Fe/Ni ratios, despite the suppressedxkation content (Table S3). Since the
oxygen reactivity is highly depended on the elettragtructure of the surface ionic species, the
proper tuning on which can further increase thensic activity. This suggests a facile strategy

of manipulating an ideal tri-phase interfacial stawe with controllable active species density,
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conductivity and tailored electronic structure bpgly adjusting the Fe/Ni ratios in precursor.
Figure S8d displayed the Ni 2p spectra obNH@NC and FeNi@NC, in which no
distinguishable peak of Nican be found except for the metallic Ni, confirmithe selective
oxidation of Fe on FexNi alloy in consistence witlie TEM results. Further evidence for the
electronic modulation effect of Ni can be obtairiemin the XANES analysis benefiting from
its higher sensitivity to the valence state andrdimation environment of the central atom.
Obviously, the Fe K-edge XANES spectra show thatehergy absorption threshold value of
FeNi@NC is higher than that of Fe foil and lower thibat of FeOs, in consistent with the co-
existence of metallic ENi alloy and Fe® as observed in TEM and XRD (Figure 3c). By
contrast, the Fe@NC displayed a positive shiftsioaption energy compared with,Re@NC

in Fe K-edge XANES spectra, implying the easier dedization in absence of Ni.
Correspondingly, the white line intensity of Fe #dge in FeNi@NC is slightly higher than
that in the Fe foil, but lower than those in the@sand Fe@NC. When further decreasing the
Fe/Ni ratio to 1/1, the FeNI@NC catalyst exhibitsl@ghtly lower intensity compared with
FeNi@NC, suggesting the lower oxidation state of Fe.

As for the Ni K-edge XANES, both Bi@NC and FeNi@NC displayed similar curves
to Ni foil, demonstrating the metallic state ofiNithe as-prepared catalyst. The chemical states
of Fe and Ni in the catalysts were also studiethbyFourier transform (FT) of EXAFS spectra,
which provide abundant information on the firstlsfM-O) and second shell (Fe-Fe, Fe-Ni or
Ni-Ni), the bond length and the coordination numb&n additional peak at 1.7 A can be
observed corresponding to Fe-O path in the FT-EXAPp&ctra Fe K-edge for the obtained
catalysts in contrast to Fe foil (Figure S9). Iinisted that the Fe-O coordination number in
FeNi@NC and Fe@NC was much smaller than that in FePe@®s (Figure 3e-f, Table S4),
suggesting that only a small fraction of Fe onghdace was oxidized. The prominent peak in
the spectra of EAlI@NC, FeNi@NC and Fe@NC is located at around 2cdhesponding to

Fe-Fe/Ni scattering with the average bond lengtteo®.50, 2.52 and 2.47 A, respectively. The
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slightly larger bond length of FiI@NC than that in Fe@NC sample confirms thg\talloy

characteristics. Accordingly, in Ni K-edge FT-EXABBectra (Figure S10), bothJRe@NC
and FeNi@NC samples consistently exhibit a predantipeak centered at a slightly negative
R-space compared with that in Ni foil resultingrfréhe evolution of FexNi alloy.

This series of structural characterizations strprgimonstrate that the incorporation of
Ni is capable of adjusting the oxidation degreswface Fe as well as the electronic structure
of the in-situ formed iron oxide, thereby contrilmgt to the tunable kbli-FeQ-NC tri-phase
interfacial structure. In-depth understanding ore tlvolution mechanism was further
investigated by density functional theory (DFT)azdétions. Commonly, a phase change will
occur on the Fe surface during the oxidation preces. from metallic iron phase to the iron
oxide phase. Therefore, we employed Fe vacancy diom energy (B to evaluate the
complexity to be oxidizedHigure 4). As the E of Fe vacancy decreases, the surface structure
will be destroyed by easify. Obviously, FeNi (111) surface displays a much higher Fe
vacancy formation energy than Fe (110), revealimaf the oxidation was suppressed by
alloying with Ni. Furthermore, we found that it lm@ces more difficult to form Ni vacancy
compared with Fe vacancy on thelRig(111) surface by showing a much higheoENi (3.33
eV), corresponding to the formation of Ni-free axidn the surface. These calculation results
were in line with the decreased FeOx portion indbeved tri-phase interfacial structure upon
Ni doping. To further investigate the interfacidéaronic effect on the surface FgQve
examined the electronic structure of the separstefice Fe atom. In partial density of state
(PDOS) of the separated Fe atom, it can be fouadttte d-band center of separated Fe on
FeNi is closer to fermi level than that of Fe. Thiglicates that separated Fe atom osiNFe
will show stronger affinity to the other O atomisetefore, the separated Fe atom shows higher
valence state in the oxidant layers opNigin consistent with the XPS analysis that thedioig

energy of Fe in surface FegGhifts to higher energy. Consequently, this vald to enhanced



WILEY-VCH

intrinsic activity as the higher valence state pecges have been regarded more active to
catalyze oxygen redox reacti¥n

2.2. Catalytic performance

To assess the bifunctional catalytic activity, thDBR and OER performance based on the
obtained catalysts were evaluated in a typicalet@iectrode electrochemical cell by steady-
state linear sweep voltammetry (LSV) in 0.1 M KOldatrolyte at a rotating speed of 1600
rpm. To demonstrate the superiority of the welligiesd interfacial structure, Fe@NC and
FeNi@NC were also investigated for comparison. @&si the state-of-the-art Pt/C and Ir/C
catalysts were measured as ORR and OER benchmadqsectively. All potentials are
provided vs. RHE. As shown Figure 5aand Table S5, EBi@NC delivers the highest ORR
activity by showing more positive onset potentiBénfe) of 1.02 V and half-wave potential
(E1/2) of 0.89 V than those of Fe@NCki 0.98 V and k2 0.84 V) and FENI@NC (fzsei

1.0 V and k& 0.87 V). This is attributed to the optimal Re@drtion in the FeNi@ NC and
the interfacial electronic transfer betweenNiealloy and Fe@, which not only overcomes the
intrinsically poor conductivity of metal oxide-bakeatalysts, but also boosts the intrinsic
activity synergistically. Besides, the electroniodulation effect of FNi core can activate the
surface graphitic carbon and thus further contabub electrocatalytic activify 1° It should

be noted that the optimal catalystNE@NC also outperforms the commercial Pt/C catalyst
and most of the reported non-precious metal cata(fdMPCs) in catalyzing ORR (Table S6).
The ORR catalytic selectivity was also evaluatedraating ring disk electrode (RRDE)
measurements as shown in Figure 5b. Th@:Hield of FeNi@NC remains below 3.3% in
the potential range 0.05-0.9 V corresponding taga klectron-transfer number of 3.93-4.00,
which approaches the theoretical value for the @®&R process. This result is in good
agreement with the calculation based on the Koytéelich (K-L) equations (Figure S11).

The RO: yield is even lower than that of Pt/C (Figure S12)comparison, the n value is 3.85-
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4.00 and 3.79-4.00 for the FeNI@NC (Figure S13) Ba@NC (Figure S14), respectively,

indicating the easier access to the desirable deagtron ORR pathway on the JRe@NC.
Moreover, the enhanced ORR kinetics oaNt@NC is also confirmed by the smaller Tafel
slope of 43 mV det (Figure 5c) compared with those of FENI@NC (52 de¢'), Fe@NC
(53 mV ded) and Pt/C (52 mV d€l), further manifesting the superior ORR performaote
FeNi@NC electrocatalyst. These results demonstraectimstruction of triphasic interfacial
structure with optimal surface oxide can efficignthprove ORR activity and accelerate ORR
kinetics.

As for the OER activity, the ERiI@NC also outperformed all other comparison cataly
with an onset overpotential {fse) of only 0.23 V and an overpotential to reach entrdensity
of 10 mA cn¥ (E-10) of only 0.308V (Figure 5d). These values weraisigantly lower than
those of the state-of-the-art Ir/C catalystsn{g 0.238 V and Eio: 0.358 V, consistent with
reported values), commercial k®lack (B=10: 0.331 V, Figure S15) and the leading non-
precious metal catalysts (NMPCs) ever reported I€T&7), manifesting its great promise in
developing non-noble metal and cost-effective gatal The improved catalytic kinetics on
FeNi@NC can be also confirmed by its lowest Tafepsl@f 49 mV deé for OER (Figure
5e). The bifunctional activity is assessed by tbkage difference between,/Efor ORR and
Ej=10 for OER ( E= B=10 -E12), Wwhere the smaller E indicates the limited electrochemical
polarization and better bifunctional activity. Ttermodynamic potential gloH /02) = 1.23 V)
is used as the reference to reflect each overpaltevith respect to ORR and OER. As depicted
in Figure 5f, FENI@NCXx exhibits the smallestE of ca. 0.648 V, which surpasses the
commercial Pt/C-Ir/C catalysts and reported exaogllbifunctional catalysts!. Further
evidence for the superior bifunctional activityfsbNi@NC is provided by its highest kinetic
current density at fixed potentials for both ORR &ER, as shown in Figure 5g. Besides, the
intrinsic activity was compared by normalized thenekic current density to the

electrochemically active surface areas (ECSAs)resk@Ni@NC shows the highest intrinsic
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activity (Figure S16 and S17). It should be noteat either increasing or decreasing the Ni

portion in the precursor, the resultant FeNi@NCFe@NC demonstrate inferior catalytic
activity to the optimal E&iI@NCx. This is due to the balance among intrisitivity, active
site density and electronic conductivity achieveithva moderate Ni doping, which further
reveals the critical role of interfacial structumedetermining the final catalytic property.

Since the durability is another significant crigeriparticularly for practical applications,
the obtained catalysts were further subject to lacaed durability tests (ADT) and
chronoamperometry (CA) for stability evaluation.r FdRR, the FENI@NC catalyst shows
only 5 mV negative shift in half-wave potential eaft10,000 potential cycles (Figure 5h),
whereas the counterpart commercial Pt/C catalyst/sta much higher shift of 13 mV (Figure
S18). The FNI@NC also outperforms the Fe@NC and FeNi@NC cstal{fFigure S19).
Moreover, the Tafel slope of FI@NC after ADT test is close to its intimal val{igigure
S20). The excellent stability can be also suppobgedCA curve, where EBlI@NC retains
95.1% current after 10 h test in-Gaturated electrolyte, preponderant than thatherPt/C
catalyst (24% decay in current density). Even urnither harsh conditions for OER, the
FeNi@NC also demonstrates impressive stability wilimated overpotential increase of 10
mV (to 0.318 V) to approach the current densitf @A cm? after 3000 continuous potential
cycles, which is significantly smaller than that tmmmercial Ir/C catalyst (64 mV positive
shift, Figure S21). It should be noted thatNi@NC also exhibit the highest stability among
the Fe@NC, FeNi@NC and FA@NC catalysts (Figure S22). The chronoamperometry
profile also spotlights the prominent stability 6E:NiI@NC catalyst by showing well
maintained current response upon the 10 h testi@igi, inset). Furthermore, the Tafel slope
of FeNi@NC after ADT test confirmed its superior statyil{(Figure S23). The impressive
electrochemical stability of ERiI@NC catalyst is probably ascribed to the tightteat of the
well-designed tri-phase interfacial structure ahne strong electronic coupling effect among

them. The morphology and composition o NC after the durability test is investigated
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(Figure S24), which exhibit a retained morphologd a slight dissolution of surface Fe species
after the harsh electrochemical process.

2.3. Zn-air battery test

To assess the practical applicability of the asetigped bifunctional E&I@NC catalyst, a
homemade single-cell Zn/air battery was fabricatedisisting of a zinc plate as anode, a gas
diffusion layer coated with ERI@NC catalyst as cathodEigure 6a). The Pt/C+Ir/C couple
was also employed as the air cathode for comparativdy. The cell with EAli@NC cathode
clearly exhibits a higher open-circuit voltage (OG) 1.493 V than that based on Pt/C+Ir/C
(1.441 V). Moreover, upon the current increase fadymA cm? to 100 mA crn?, FeNi@NC
cathode shows a constantly higher voltage with allemvoltage fading of 0.505 V than
Pt/C+Ir/C (0.569 V) (Figure 6b), signifying its senor rate capability. As illustrated in Figure
6¢c, the FeNIi@NC-based battery outperforms that with Pt/C+Ib\Cyielding a significantly
higher peak power density (126 mW &nvs. 97 mW cni). Furthermore, the ENI@NC
exhibits admirable discharge capacities of 7707W h kgn*at 10 and 50 mA cr(Figure
S25), respectively, higher than the commericial@aofetal counterpart and approaching to the
theoretical capacity. Figure 6d displays the disgh@nd charge polarization curves for Zn/air
batteries with FNi@NC and Pt/C+Ir/C cathode. Obviously smaller geadischarge voltage
gap can be observed with RB@NC cathode compared with the commercial couatitsp
Specifically, the charge-discharge voltage gapHerFeNi@NC cathode-based Zn-air battery
is 0.805 V at a current density of 50 mA ‘€nwhich is significantly lower than that of the
Pt/C+Ir/C cathode (1.075 V), indicating the greapability of FeNi@NC catalyst in
promoting the oxygen redox efficiency and kinet\hen cycled at a constant current density
of 10 mA cn?, the FeNi@NC cathode-based battery shows an initial veltgap of 0.742 V
and a high round-trip efficiency of 62.1%. After®ycles, the E&iI@NC cathode undergoes

only a slight performance loss with a small incesimsthe voltage gap by 0.064V, whereas the

13
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commercial counterpart suffers from a severe irsgaa voltage gap (0.123 V) after 50 cycles
(Figure S26). In order to quantify the variationcbfarge and discharge voltages with cycling,
the voltage fading rate is calculated on bothNH@NC and Pt/C+Ir/C electrodes, with an
extremely low voltage fading rate of 0.128 mV pgcle on FeNi@NC, while the Pt/C+Ir/C
counterpart exhibits a much severer degradatiom vattage fading rate of 2.46 mV per cycle.
The severe activity degradation of Pt/C+Ir/C benahmis probably due to the dissolution
and/or aggregation of noble metal nanoparticlea assult of carbon corrosion and Ostwald
ripening. Besides, the metallic Pt nanoparticlegl$eto be oxidized in the charge process,
leading to the formation of inactive PtOx speciébese results strongly demonstrate the
superiority of the as-developed Re@NC catalyst in the development of highly durakitec-

air battery (Figure 6e, Figure S26). The hom&de Zn-air battery can easily power a nfiam,

as illustrated in Figure S25c. These good perfooaarin real battery evaluations reveal the
intriguing potential of our catalyst in practicgmication.

3. Conclusion

In summary, we have developed an exquisit&lFEeQ,-NC tri-phase interfacial structure by
an electronic modulation strategy, in which Ni reges the oxidation degree of Fe and
contributes to an optimal FgQportion with tailored electronic structure on thaerface.
Benefiting from the interfacial charge transfereeff and the compositional optimization of
interface structure, well-managed intrinsic acyivéctive site density and conductivity can be
achieved, leading to unprecedent catalytic actigityl stability for oxygen electrocatalysis,
with an ultra-high half-wave potential of 0.890 & ORR and low overpotential of 308 mV at
j=10 mA cm? for OER. Furthermore, when integrated within anedéctrode, a low voltage
gap of 0.742 V was achieved in the charge-dischprgeess with negligible activity decay

after 500 cycles, revealing its promising applioatin practical Zn-air batteries.
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Figure 1. (a) Schematic illustration for the synthesis ofNi@NC catalysts, (b) XRD and (c)
Raman spectra of Fe@NC,-Ne@NC and FeNi@NC.
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Fet+Ni+C+0

Figure 2 (a) HRTEM, (b, c) FFT patterns derived from areantl 2 regions in (a); (d-k)
aberrationcorrected EELS elemental maps obR&NC, (e) Fe, (f) Ni, (g) O, (h) C and
overlaid of (i) Fe, Ni signal, (j) Fe, O signal) (ke, Ni, C and O signal.
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Figure 5 (a) The ORR polarization curves of all sample®.ih M KOH solution; (b) HO>
yield and corresponding electron transfer numbkutated by using RRDE method; (c) Tafel
plots for ORR; (d) the OER polarization curves thfsamples ; (e) Tafel plots for OER; (f)
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Figure 6 Performance of rechargeable Zn-air batteries basedf FeNi@NC catalyst and
Ir/C+ Pt/C catalysts. (a) Schematically depictsstracture of assembled rechargeable Zn-air
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min per cycle.
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A novel triphasic interfacial structure consistewmetal alloy, metal oxide and graphitic
carbon is intentionally manipulated towards boodigdnctional oxygen electrocatalysis for
Zn-air battery. The evolution of the desired stmwetis accomplished by an electronic
modulation strategy, where the conductivity, porta active species and interfacial electronic
interaction can be well regulated simultaneoustyadjusting content of Ni dopants.

Interfacial structure, bifunctional catalyst, Zn-air battery, electronic modulation, atomic
regulation
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Chemicals

Sodium ferricyanide nickel chloride, iron chloride, Poly(diallyldimetlammonium chloride)

(PDDA), melamine and potassium hydroxide, 5 wt%idbtafionomer were purchased from

Sigama-Adrich. Multiwalled carbon nanotube (MWCNWs)h 10-30 m long was purchased

from Cheap Tubes Inc. Commercial state-of-the-d@ 28 wt% Pt TKK) and Ir/C (20 Ir/C,

Johnson Matthey Company) were used as the benchimadomparison. All the chemicals
were used as received without further purificatiditrapure water (Millipore, 18.2 M cm)
was used throughout all experiments.

Catalysts Synthesis.

Prepare PDDA functional carbon nanotube:1g MWCNTs and 2 mL 5 wt.% PDDA were
added into 200 mL deionized water, then the mixtues ultrasonic treated followed by stirring
overnight. The uniform solution was filtered andsivad with deionized water for several times.
And the obtained PDDA functionalized CNTs (PDDA/CHTwere re-dispersed in 200 mL
deionized water by ultrasonication to form a susfmnof CNTs with 5 mg mi.

Synthesis of PBA/CNTs composite (Fe PBA@CNTs, i PBA@CNTs, and FeNi
PBA@CNTS).In a typical synthesis process, 20 mL of the alRDOA/CNTSs suspension was
added to 50 mL deionized water, after stirring@d h, 20 mL sodium ferricyanide solution
(40.2 mg) was dropwise and the mixture was stirforganother hour. After that 20 mL nickel
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chloride solution (8.2 mg) was added to the abaapsnsion and stirring over night to allow
the totally reaction of ferricyanide and nickel idfinally, the suspension was filtered and
washed with deionized water for several times daoh tdried at 80C. Fe PBA@CNTs and
FeNi PBA@CNTs were synthesized with the same psobes vary the metal precursor. For
Fe PBA/CNTSs, 20.1 mg sodium ferricyanide and 21g4gniron chloridevere used while 30.1
mg sodium ferricyanide and 12.2 mg nickel chlondere used for the synthesized of FeNi
PBA/CNTSs.

Synthesis of Ms@NC (M=Fe or FeNi) catalystsTypically, 100 mg of the obtained i
PBA@CNTs composite was mixed with 1g melamine. Thie® mixture was firstly pyrolyzed
at 600°C for 1 h, then 906C for another 1 h at a heating rate ¢C2min in a tubular furnace.
The final sample was denoted asNH@NC. Other samples were synthesized with the same
method.

Material Characterization.

Scanning electron microscopy (SEM) measurements penformed with a LEO FESEM 1530
field emission scanning electron microscope. Trassion electron microscopy (TEM), high
resolution transmission electron microscopy (HRTEMigh-annular dark-field scanning
transmission electron microscopy (STEM) and elenmespping analysis were conducted on
TEM, JEOL 2010F. X-ray diffraction (XRD) measurerntemere performed with a Rigaku
Miniflex 600 diffractometer using a Cu K =1.5405 A) radiation source. To collect Raman
spectra, a 532 nm laser source was employed. Thankh Scienti c K spectrometer was
used to collect XPS spectra. The elemental contatise catalysts were measured by ICP-
AES (Perkin Elmer Ltd., USA). Fe, Ni K-edge X-radysarption spectra were performed on the
9BM-C beam line at Advanced Photon Sources at ArgdWational Laboratory. The EXAFS
raw data were then background-subtracted, norntbdine Fourier transformed by the standard
procedures with the IFEFFIT package. The data wasegsed and fitted using the Athena and

Artemis programgEffective backscattering amplitudegk) and phase shifts (k) of all fitting
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paths were calculated with the ab initio code FEBFBor the as-prepared materialg;range
of 2.8-14 Alwas used and curve fittings were carried olR-space within amR range of [1.0,
3.0] A fork3-weighted (k) functions.
Computational Details.
The calculations were carried out using densitycfiomal theory (DFT) with the Perdew-
Burke-Ernzerbof (PBE) form of generalized gradigpproximation functional (GGA)[1]. The
Vienna ab-initio simulation package (VASP)[2-5] waamployed. The plane wave energy cutoff
was set as 400 eV. The Fermi scheme was employesleictron occupancy with an energy
smearing of 0.1 eV. The first Brillouin zone wasngded in the Monkhord?ack grid[6]. The
3x3x1 k-point mesh is employed in our calculation. Témergy (converged to 1.810°
eV/atom) and force (converged to 0.01eV/A) weresdhe convergence criterion for geometry
optimization. The spin polarization was considaredll calculation.
The Fe (110) is obtained by cutting Fe bulk aldmeg[tL10] direction. For B&li (111), the Fe
(111) is employed and 1/3 number of Fe atoms go&eced by Ni atoms. In all structural
optimization calculations, the bottom atoms aredroto keep the bulk structure, while the
other atoms are relaxed. A vacuum layer as largé dswas used along the ¢ direction normal
to the surface to avoid periodic interactions.

To describe the oxygen process of the Fe surfheesurface Fe vacancy formation energy
with the adsorbed O atom is employed. The forma#nargy E can be estimated by the

following equation:

DEF = Emetal- v EnoV+ Mieta
whereEmeta-vandEnovare the total energy of metal surface with one hvateancy and perfect
metal surface, respectivelymetalis the chemistry potential of a metal atom. Theemmwsitive
of Er, the more difficulty of metal vacancy formattirig.the other word, this suggests that

more difficulty of metal vacancy formation under@sorption configuration will increase the

surface anti-oxidation.
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Electrochemical Performance.

Oxygen Reduction MeasurementsAll electrochemical measurements were conducted in
conventional three-electrode cell at room tempeeafti25°C) using the 60E Bipotentiostat

(CH Instruments). Catalyst ink was prepared byastinically dispersing 5 mg of f@NC
catalyst in a suspension containing 30Nafion (5 wt %) solution and 95Q ethanol, while
Pt/C catalyst (28wt% Pt TKK) ink was prepared bspeirsing 5 mg catalyst ultrasonically in a
mixture solution containing 501 Nafion (5 wt %) solution, 550L isopropanol and 400L
Milli-Q water. The catalyst film coated electrodesvobtained by dispersing the catalyst ink
on a glassy carbon rotating ring-disk electrod¥edd by drying in air. The catalyst loadings
on RRDE were 0.4 mg céfor FeNi@NC catalyst and 40ge: cn? for Pt/C catalyst.

The electrolyte was 0.1 M KOH solution for ORR m@asnent. RRDE measurements were
conducted by liner sweep voltammetry (LSV) from ¥.20 0 V at a scan rate of 5 m\* ait
1600 rpm, while the ring electrode was held atMLv&. RHE. Onset potential is defined as the
potential at which the ORR current is 0.1 mAZrithe HO; collection coefficient at the ring
in RRDE experiments was 0.37, as measured usirg(@N%*/3redox couple. All the ORR
currents presented in the figures are Faradai@wtgyi.e. after correction for the capacitive
current and have already been normalized to tlotrelie surface area. The following equations
were used to calculate n (the apparent numbeeofrehs transferred during ORR) and %k

(the percentage of @, released during ORR).

Wherelpis the Faradaic current at the diskthe Faradaic current at the ring e the HO>
collection coefficient at the ring. The apparenimter of electrons transferred for ORR was

also determined by the Koutechy-Levich equatioregitslow:
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n 9
TR

wherelJ is the measured current densily,is the kinetic current density, is the diffusion-
limited current density, is the electrode rotation raté,is Faraday constant (96485 C il
Co is the bulk concentration of x®1.2x10°mol L™*1 for 0.1 M KOH solution),Do is the
diffusion coefficient of @ (1.9x10°cn? s! for 0.1 M KOH solution) and is the kinetic
viscosity of the electrolyte (0.01 éra* for 0.1 M KOH solution).

The ORR stability was investigated by continuouteptal cycling in oxygen-saturated 0.1
M KOH solution between 0.6 V and 1.2 V with the scate at 0.1 V& And after 10, 000
cycles, the ORR steady-state polarization measursmweere conducted inx3aturated 0.1 M
KOH solution with scanning rates of 5 mV?!sand rotation rate at 1600 rpm.
Chronoamperometric (CA) measurements were condwatbdhe potential holding at 0.8 V
vs RHE Q-saturated 0.1 M KOH electrolyte at a rotating 1@t@600 rpm.

Oxygen Evolution Activity. The activity for the OER was subsequently testeddanning
between approximately 0.8 and 1.8 V in oxygen satar0.1 M KOH with a scan rate of 5 mV
s! and the data were iR compensated. Stability wasstigated by continuous potential cycling
in oxygen-saturated 0.1 M KOH solution between\0dnd 1.8 V with a scan rate of 100 mV
s1. And after 3,000 cycles, the OER steady-staterjzalton measurements were conducted in
O»-saturated 0.1 M KOH solution with scanning raté$ anV s'. CA measurements were
conducted with the potential holding at 1.55 ¥gaturated 0.1 M KOH electrolyte at a rotating
rate of 1600 rpm. Commercial Ir/C (20 wt% Ir, Jobmdatthey Company) catalyst were also
measured at a loading of 20Q cm? for comparisonin all figures, the potentials were

converted to values versus the reversible hydrefgstrode (RHE).
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Zn-air Battery Measurements. For the Zn-air battery test, the air electrode wapared by
uniformly coating the as-prepared catalyst ink argdoon paper then drying it at 80 for 4 h.
The catalyst loading was 1mg @mA Zn plate was used as the anode. Both electroges
assembled into a Zn-air battery, and 6 M KOH aqaemlution with 0.2 M Zn(CkCOO) was
used as the electrolyte. The galvanodynamic chamdedischarge profiles of the battery were
obtained by scaling the current density from 0 {80 mA cn?. The cycling tests were
conducted at a current density of 10 mAZwith 30 min discharge and 30 min charge time

for each cycle. The tests were operated in amhierondition.
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Figure S2SEM images of PBA/CNTSs hybrids(a, b) Fe PBA@CNTSs, (c, d) B
PBA@CNTSs, (e, f) FeNi PBA@CNTSs.
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Figure S4(a, b) SEM images of ERI@NC; (c-f) TEM and HRTEM and the corresponding
of FeNi@NC catalyst.
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Figure S5(a) Nb adsorption—desorption isotherms and (b) the cpomding pore size
distribution curve for E&NI@NC.
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Figure S6 SEM and TEM and the corresponding of Fe@NC catalys
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Figure S7(a, b) SEM images of FeNi@NC; (c, d) TEM and HRTENU the corresponding
of FeNi@NC catalyst.
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Figure S8High resolution N1s XPS spectra of (a) Fe@NC, (eNKONC, (c) FeNi@NC and
Ni 2p for FeNi@NC, FeNi@NC catalysts.
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Figure S9 FT-EXAFS curves of Fe foil, FeO, F&;, Fe@NC, FENi@NC and FeNi@NC
samples.
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Figure S10Fourier transform %weighted (k)-function of the EXAFS spectra at R space of
FeNi@NC and FeNi@NC samples.
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Figure S11(a) Liner sweep voltammetry (LSV) for oxygen retioic on FeNi@NC catalyst
in Oz-saturated 0.1 M KOH at various rotation speeds scah rate of 5 mV-%s (b)
corresponding Koutecky-Levich (K-L) plots derivadr the LSV results.
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Figure S12The yield of HO, on Pt/C calculated using RRDE method.
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Figure S13(a) Liner sweep voltammetry (LSV) for oxygen retiloic on FeNi@NC catalyst in
O»-saturated 0.1 M KOH at various rotation speedssaad rate of 5 mVs (b) corresponding
Koutecky-Levich (K-L) plots derived from the LSVsdlts.
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Figure S14Liner sweep voltammetry (LSV) for oxygen reductimm Fe@NC catalyst in©
saturated 0.1 M KOH at various rotation speeds suah rate of 5 mV-% corresponding
Koutecky-Levich (K-L) plots derived from the LSVadlts.
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Figure S150ER polarization curves of commercial friilack and FENi@NC.
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Figure S16Scan-rate dependent CVs of (a) Fe@NC; (c) FeNi@iC(a) FeNi@NC at
potential of 1.05 V-1.15V in 0.1 M KOH; linear plof capacitive current density vs. scan
rate for (b) Fe@NC; (d) FeNi@NC and (f):Re@NC.
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Figure S17Kinetic current density normalized to the calcethRECSA.
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Figure S18(a) The LSV curves of commercial Pt/C catalyst®t®eand after 10,000 potential
cycles, (b) i-t curve of commercial Pt/C catalys0a8 V (vs RHE) for 10 h.
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Figure S19The LSV curves of (a) Fe@NC and (b) FeNi@NC catslpefore and after
10,000 potential cycles.
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Figure S20Tafel slopes of EANI@NC for ORR before and after ADT test.
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Figure S21(a) The LSV curves of commercial Ir/C catalyst$obe and after 3,000 potential
cycles, (b) i-t curve of commercial Ir/C catalystle65 V (vs RHE) for 10 h.
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Figure S22The OER LSV curves of (a) Fe@NC and (b) FeNi@N@lgats before and after
3,000 potential cycles.
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Figure S23Tafel slopes of E&AiI@NC for OER before and after ADT test.

52



Figure S24TEM and EDX analysis of the ENi@NC after durability test; (a, c) after ORR
durability test, (b, d) after OER durability test.
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Figure S25Energy density plots of Bi@NC (a) and Pt/C+Ir/C (b) air electrode at a enatr
density of 10 and 50 mA cf (c) the homemade rechargeable Zn-air battery used to power

a mini fan.
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Figure S26 Cycling performance of zinc—air batteries assethhlsing Pt/C+Ir/C as air
electrodes with the galvanostatic discharge-chamgeent at 10 mA crh and a duration of 60
min per cycle.
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Table S1Sum of elements contents of the synthesized cdsaly
Elements content / %

Sample

ce o° Ne Fe Fe Ni@ NiP
Fe@NC 87.24 5,49 568 159 9.56 NA NA
FeNi@NC 89.48 4.01 507 1.05 6.61 0.39 3.48
FeNi@NC 89.93 3.49 489 098 5.08 0.71 5.31

a) Derived from XPS, atomic fractio®; ICP-OES and the metal content is normalized tosmas

fraction.
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Table S2Elemental content of N species of the synthesszauples based on the XPS result.

Content/ %

Sample
Total N pyridinic  pyrrolic N graphitic N Oxidized N
N
Fe@NC 5.68 2.78 0.83 1.82 0.25
FeNi@NC 5.07 0.88 2.43 1.39 0.37
FeNi@NC 4.89 0.75 1.27 2.10 0.77
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Table S3Elemental content and type of iron of the synthexdisamples based on the XPS

result.
Content / at. % Fraction / %
Sample < -Fe Fé  Fe& Fe' F& F&*  Fe'
Fe@NC 1.59 0.32 0.91 0.36 20.1 57.2 22.7
FeNi@NC 1.05 0.53 0.24 0.28 50.5 22.9 26.6
FeNi@NC 0.83 0.45 0.12 0.26 54.2 14.5 31.3
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Table S4Fitting parameters of the prepared M@NCXx catalysts

Sample Shell CN R(A) 2(A2) Eo R factor
Fe-O 0.8 1.90 0.00332 3.96

Fe@NC Fe-Fel 7.5 247 0.00737 5.17 0.00059
Fe-Fe2 5.8 2.84 0.00262 -5.56

FeNI@NC Fe-O 0.5 1.93 0.00439 4.98 0.00035
Fe-Ni 10.2 2.50 0.00622 3.31

FeNi@NC Fe-O 04 2.01 0.00229 3.64 0.00068
Fe-Ni 12.3 2.52 0.00771 7.67

CN: coordination numbers; R: bond distanc2; Debye-Waller factors; Eo: the inner
potential correction. R factor: goodness of fli? was set to 0.767, according to the

experimental EXAFS fit of Fe reference by fixing @M the known crystallographic value.
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Table S5Sum of ORR and OER performances for the M@NCxXyst&a

Sample ORR activity OER activity

Eonsed V Ewz/V Eonset V Eiomacm?/ V
Fe@NC 0.98 0.84 1.512 1.601
FeNi@NC 1.02 0.89 1.465 1.538
NiFe@NC 1.00 0.87 1.506 1.562
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Table S6Comparison of the onset and half-wave potential©feR of non-noble metal

catalysts systems from literature reprints andwilaek in alkaline medium.

Catalyst Loadin Electrolyt Eonsetvs RHE Ei2vs RHE/ Ref.
gg/cmz e NV \Y

NiCoMnO4/N-rGO 225 0.1M 0.92 0.75 [7]
KOH

Fe-Cu-N/C 250 0.1 M -- 0.89 [8]
KOH

FeNi-NC 200 0.1M 0.98 0.83 [9]
KOH

N GT(FeCoNi) - 1 M NaOH 1.01 0.89 [10]

Fe/N-CNTs 0.1 M 0.96 0.81 [11]
KOH

Co/N-CNTs 0.1 M 0.95 0.85 [11]
KOH

NiO/CoN PINWs 0.1 M 0.89 0.68 [12]
KOH

NizsFeN/NRGO 100 0.1M 0.9 [13]
KOH

FeCo/NPC 485 0.1 M --- 0.78 [14]
KOH

N GCNT/FeCo3 0.1 M 1.03 0.92 [15]
KOH

NCNT/COO NIO 210 1MKOH 0.97 0.83 [16]

NiCo
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CoZnNC 700

Mo/N-C@MoS

FeCo@NC-750

FeNJ/C 70020
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NiFe LDH/Co,N
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240

800

500

200

120

400

0.1M 0.98
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0.1M 0.91
KOH
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KOH
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Table S7Comparison of the onset and half-wave potentialOf6R of non-noble metal

catalysts systems from literature reprints andwilaek in alkaline medium.

Catalyst Loading Electrolyte E@iomaen? /V  Ref.
ug/cn?

NiFe LDH/Co,N CNF 120 0.1 MKOH  1.542 [22]
nNiFe LDH/NGF 250 0.1 MKOH  1.567 [23]
NCNF 1000 100 0.1MKOH 1.84 [24]
Fen.sC0.50x/NrGO 300 500 1.0MKOH  1.487 [25]
NiC0204/Co,N-CNTs 510 0.1MKOH  1.569 [26]
mgSNT/Cc;(Mnl Ne) 210 1.0MKOH 1.57 [27]
C@NCF900 389 0.1MKOH 1.66 [28]
NC Cos04 30 1200 1.0MKOH 1.582 [29]
LIG-NiFe 220 0.1MKOH 152 [30]
LIG-CoNiFe-1 220 0.1MKOH 1517 [30]
1 nm CoO. 600 0.1MKOH 1.60 [31]
CCO@C 280 1.0MKOH  1.557 [32]
Mn/Fe-HIB-MOF 150 0.1MKOH 151 [33]
CUS/NIS INs 200 0.1MKOH 152 [34]
FeNI@NC 400 0.1M KOH 1.538 W‘(I;nls
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