Journal Pre-proof

materialstoday

[Fe(CN)g] Vacancy-boosting Oxygen Evolution Activity of Co-based Prussian Blue
Analogues for Hybrid Sodium-air Battery

Yao Kang, Shuo Wang, Kwan San Hui, Hai-Feng Li, Feng Liang, Xin-Lin Wu, Qiuju
Zhang, Wei Zhou, Liang Chen, Fuming Chen, Kwun Nam Hui

PII: S2468-6069(20)30191-X
DOI: https://doi.org/10.1016/j.mtener.2020.100572
Reference: MTENER 100572

To appearin:  Materials Today Energy

Received Date: 18 June 2020
Revised Date: 15 October 2020
Accepted Date: 20 October 2020

Please cite this article as: Y. Kang, S. Wang, K. San Hui, H.-F. Li, F. Liang, X.-L. Wu, Q. Zhang, W.
Zhou, L. Chen, F. Chen, K.N. Hui, [Fe(CN)g] Vacancy-boosting Oxygen Evolution Activity of Co-based

Prussian Blue Analogues for Hybrid Sodium-air Battery, Materials Today Energy, https://doi.org/10.1016/
j.-mtener.2020.100572.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier Ltd.


https://doi.org/10.1016/j.mtener.2020.100572
https://doi.org/10.1016/j.mtener.2020.100572
https://doi.org/10.1016/j.mtener.2020.100572

Credit Author statement

Yao Kang: Investigation, Conceptualization, Methodology, Writing-Original Draft.
Shuo Wang: Software, Validation. Kwan San Hui: Validation, Writing-review &
editing, Funding acquisition. Hai-feng Li: Software. Feng Liang: Writing Reviewing
& Editing. Xi-Lin Wu: Writing Reviewing & Editing. Qiuju Zhang: Writing-review
& Editing. Wel Zhou: Data curation. Fuming Chen: Funding acquisition,
Writing-review & editing. Kwun Nam Hui: Supervision, Funding acquisition,

Writing-Reviewing and Editing.



oo
o

—a— D-Co-PBA
| —@— Co-PBA
. —@— 1r/C

o
o

SN
o

N
o

T T T - T

o

Current density (mA cm™)

13 14
Potential (V) vs.RHE

15 16 17



10
11
12
13
14
15
16
17
18
19
20
21
22
23

24

25

26

[FE(CN)g] Vacancy-boosting Oxygen Evolution Activity of Co-based Prussian

BlueAnaloguesfor Hybrid Sodium-air Battery

Yao Kang™* Shuo Wang * Kwan San Huf'*, Hai-Feng LF, Feng Lian§ Xin-Lin Wu°,

Qiuju Zhang, Wei Zhol, Liang Cherf"**, Fuming Cheff **** Kwun Nam Huij & ***+*

& Joint Key Laboratory of the Ministry of Educatiomstitute of Applied Physics and
Materials Engineering, University of Macau, Avenida Universidade, Taipa, Macau SAR
999078, China.

® Engineering, Faculty of Science, University of Easglia, Norwich, NR4 7TJ, United
Kingdom.

¢ State Key Laboratory of Complex Nonferrous MetakBurces Clean Utilization, Kunming
University of Science and Technology, Kunming 65800hina.

4 College of Geography and Environmental Sciencesjizhg Normal University, Jinhua
321004, China.

®Ningbo Institute of Materials Technology and Engirieg, Chinese Academy of Sciences,
Ningbo, Zhejiang 315201, China.

" Department of Mechanical & Electrical Engineeridgamen University, Xiamen 361005,
China.

9 Guangdong Provincial Key Laboratory of Quantum iBegring and Quantum Materials,
School of Physics and Telecommunication Engineeriguth China Normal University,
Guangzhou 510006, China.

# These authors contribute equally

* Corresponding author

Kwan San Hui, E-mail: k.hui@uea.ac.uk
Liang Chen, E-mail: chenliang@nimte.ac.cn
Fuming Chen, E-mail: fmchen@m.scnu.edu.cn

Kwun Nam Hui, E-mail: bizhui@um.edu.mo
1



10

11

12

13

14

15

16

17

18

19

20

21

22

Abstract

Prussian blue analogues (PBAs) have emerged adesfficatalysts for oxygen
evolution reaction (OER) due to their porous sutetwith well-dispersed active sites.
However, Co-based PBA (Co-PBA) electrocatalysts draracterized by moderate
OER Kkinetics. In this study, we developed a fatiigh-yield strategy to fabricate
defective Co-PBA (D-Co-PBA) with [Fe(CR])vacancies and exposed Co (lIl) active
sites by post-oxidation treatment of the pristireeRBA with aqueous $D,. Rietveld
refinement results show that the lattice param@grand unit-cell volume (V) of
D-Co-PBA are smaller than those of the pristine RBA, thereby confirming the
generation of [Fe(CN) vacancies. Density functional theory calculatioegeal that
the [Fe(CNy] vacancy can effectively regulate the electromiacture of D-Co-PBA;
this condition reduces the reaction barrier ofrtite-determining step toward OER. In
OER, the D-Co-PBA catalyst achieves a lower ovenpiidl of 400 mV at a current
density of 10 mA cnif, which is superior to that of Ir/C (430 mV) and-EBA (450
mV). A hybrid sodium-air battery assembled with@P#nd D-Co-PBA catalysts
displays a discharge voltage of 2.75 V, an ultratharging—discharging gap of 0.15
V, and a round-trip efficiency of 94.83% on the @B@ycleat the current density of
0.01 mA cn?. This study is highly promising for large-scal®guction of affordable
and effective PBA-based materials with desirabldRCGietivity for metal-air batteries
and water-alkali electrolyzers, thus helping achithe goal of sustainability.
Keywords. Prussian blue analogues, [Fe(G]N)acancies, surface electronic

configuration, aqueous sodium-air battery
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I ntroduction

The rapid development of zero-emission vehicles gged by hydrogen or
electricity for net-zero society has stimulated amcreasing demand for
high-performance energy storage and conversiomtdobies, such as fuel cells [1,
2], water-alkali electrolyzers [3, 4], and metaldaatteries [5-7]. The performances of
these technologies highly depend on catalystsvisigtitoward oxygen evolution
reaction (OER). Thus, the exploration of highlyi@éint and cost-effective catalysts
for OER is crucial. In recent years, Prussian ldonalogues (PBAs) with a general
structure of AM[Fe(CN)]y - mH,O (0<x< 2,y <1) (A: alkaline metal, M: transition
metal) have emerged as efficient catalysts for @ER to well-dispersed active sites
and charge states [8-12]. In particular, Co-baseddfan blue analogues (Co-PBAS)
are robust and stable in a broad pH range due & dtiabilization of the
hexacyanoferrate group. However, most reported BAsPexhibit unsatisfactory
OER activities because of the slow reaction kisetitmulti-electron transfer steps in
OER processes, resulting in high overpotential [¥3, Therefore, it is imperative to

develop a facile approach to improve the OER aaiwiof Co-PBAs.

According to the Sabatier principle, the best gatalshould bond atoms or
molecules with an intermediate strength; an exthgnweeak interaction is not
conducive to the activation of reactants and ex#tgnstrong interaction is not
beneficial for the desorption of products. Previoeisperimental studies have

demonstrated that a regulated oxidation state ofiliCcactive sites lower the
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adsorption energy of reaction intermediates [15¢giRating the surface charge
properties of catalysts by creating defects is @grized approach to enrich the
catalytic sites with improved activity. Recently; @nd N-enriched PBA materials
possessing abundant [Fe(GN)yacancies have been prepared through a plasma
treatment approach [9, 16]. These PBA materialb yHe(CN)}] vacancies possessed
high OER activity due to the exposure of the Cb @dcttive sites, which decreased the
reaction barrier of the rate-determining step taMV@ER. Studies have shown that
Co(lll) active sites are favorable for enhanced Qftipared to Co(ll) owing to its
enhanced electrical conductivity and electronssi@mnduring OER processes [17-19].
Unfortunately, the reported plasma approach regusophisticated equipment and
high operation cost, making it less competitiveléoge-scale productions. As a result,
a cost-effective and high-yield approach to prepdiicient PBAs for OER has yet to
be developed and remains challenging. Moreoverntieeplay between the [Fe(C§)
vacancy on the charge distribution of Co-PBA andaulying improved OER activity
is not sufficiently understood. This knowledge diegs to be addressed to unleash the
potential of Co-based PBAs in many industrial epesjorage and conversion
technologies. This study is the first to report aile high-yield post-oxidation
strategy for creating [Fe(C})vacancies and simultaneously exposing Co (lltjvac
sites in Co-PBA (D-Co-PBA) by breaking bonds ohirmarbon—nitrogen—cobalt units
by stirring the synthesized Co-PBA in®} solution. Density functional theory (DFT)
calculations reveal that the [Fe(GNyacancy, as confirmed by Rietveld refinement

analysis, effectively regulates the electronicatice of D-Co-PBA, thereby reducing
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the reaction barrier of the rate-determining stepard OER. A hybrid sodium-air
battery (HSAB), which utilizes Pt/C and D-Co-PBAalgsts in the air cathode, was
evaluated for its charge—discharge polarization eundarious discharge current
densities (0.01-4 mA chR), compared with the HSAB using commercial Pt/C and
Ir/C catalysts in the air cathode.

Experimental

Synthesis of Co-PBA. First, 6.0 mmol of Co(Ng),*s 6H,O and 4.0 mmol of
Nay[Fe(CN)] was dissolved in 50 mL deionized (DI) water tonfiosolutions A and B,
respectively. Thereafter, solution A was added istdution B to obtain a brown
precipitate, which was then collected by centrifiegg washed, and dried overnight

at 80 °C in a vacuum oven.

Synthesis of D-Co-PBA. The prepared Co-PBA was continuously stirred imB®I
water under 600 rpm for 0.5 h to obtain a highlgpérsed solution. Then, 5 ml of

H,0O, was added to the solution to synthesize D-Co-PB#b following equation:
Fe[(CN)]* + H,0,+ H,O « HCO; + NHz+ Fe™*. (1)
After another 0.5 h of stirring, the sample was leakthrice with DI water.

Characterizations. Rigaku SmartLab X-ray diffractometer (SmartLabg&du) was
used to obtain powder X-ray powder diffraction (AXRpatterns. Field emission
scanning electron microscopy (Sigma, Zeiss) wasfopeed to analyze the
morphologies and composition samples. Transmissientron microscopy (TEM)

and selected area electron diffraction (SAED) wasgomed using a microscope
5
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(Talos F200X, FEI). Raman spectra were obtaineth wit320 nm laser by using a
Horiba LABHRev-UV system. X-ray photoelectron spestopic (XPS) studies were
performed using a Thermo instrument (Thermo Fisheourier transform infrared
spectroscopy (FT-IR) was conducted with on Nic@@00 spectrometer (Thermo
Scientific). The specific surface area of samples vested by a nitrogen adsorption—

desorption method (Micromeritics 3Flex).

Electrochemical Measurements. To obtain the homogeneous catalyst inks, 10 mg
catalyst was dispersed by ultrasonication for 3@ mil ml solution containing 940
puL ethanol, 40 uL kD, and 20 pL 5% Nafion solution. To obtain the desiworking
electrode, 20 pL of the prepared inks were droppetb a glassy carbon (GC)
electrode. The electrochemical performance was uneds by a CHI 760E
electrochemical workstation (Shanghai Chenhua, &hin nitrogen saturated 1 M
KOH. Here, the GC electrode with a layer of cattdy Ag/AgCl (saturated KCI
solution), and Pt wires was used as working eldetraoreference, and counter
electrodes. All the electrochemical performance veg®orded at a rotating speed of
1600 rpm with a sweep rate of 10 mV. Rotation ring disk electrodes (RRDE) were
used to study the mechanism of the OER process-satdrated 1 M KOH solution.
To obtain the content of the intermediates {AQthe ring potential was fixed at 1.5 V
vs. RHE. The Faradaic efficiency) (was calculated by obtaining the ring potential at
0.4 V (vs. RHE) and disk current at 608 in N,-saturated 1 m KOH solution.

L

€= (2)

T IpxN'’
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where |, stands for ring currently represents disk current, aridl is collection

efficiency (0.38).

Cyclic voltammetry (CV) curves at different scaiesa(10—80 mV <) were recorded
to reflect the electrochemical surface area (EC8Akamples by measuring the
double layer capacitance as follows:

Ic
Cq = >’ (3)

where Cy represents double-layer capacitarigas charging current, and is scan

rate.
The turnover frequency (TOF) was calculated a®vet

TOF = X~ 4

4 xmxF'’

whereJ is the current density at an overpotential of 453 A is the area of the
electrode,m is the number of moles of the active materialsodépd onto the

electrode, ané is Faraday constant (96485 C nfpl

Assembly of hybrid sodium-air battery (HSAB): A liquid anode was prepared
based on our previous wotkThe liquid anode was prepared by dissolving sodium
metal in a solution of tetraethylene glycol dimetlether. NaZr.Si,PO,, solid
ceramic with ionic conductivity of 8.9 x 08 cm' at room temperature was utilized
as a separator. Oxygen-saturated 0.1 M NaOH salutith O, (99.999%) was fed for
30 mins as an aqueous electrolyte and sealed ube& For the preparation of air

electrode, the catalyst, active carbon, and sodiuifate anhydrous with a weight
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ratio of 0.1:0.03:0.02 g were milled with polytdtuemroethylene (60 wt.%, 0.2 mL) to
produce a uniform mixture. Ethanol was used asrganic solvent that was added
into the mixture to produce a paste. The catalglyer was pressured to 0.3 mm by
the roller press from the paste. The nickel foans wdopted as a current collector,
and the catalytic layer was laminated on one sidéhb rolling method. The HSABs
were assembled in a glove box filled with high-pudrgon (Q and HO < 0.1 ppm),
which consists of liquid anode | NASICON | catheljt catalytic cathode. The
electrochemical performance of the HSABs was testedom temperature.
Calculation methods

All calculations of core electrons on the valenbéecteon density were performed
using the projector augmented wave (PAW) poterdiadl a plane-wave DFT as
implemented in the Viennab Initio Simulation Package (VASP 5.4.1) [20, 21]. The
bulk and surface properties of PBA were optimizgd Herdew—Burke—Ernzerhof
functional within the generalized gradient approaxiion [22, 23]. The 3x3x1
Monkhorst—Pack-point sampling was used to optimize the bulk ¢atitonstants, a =
10.12, b = 10.12, ¢ = 33.31 and = B = y = 90. All elements adopt the
pseudo-potential document recommended by the VAfsttab website. Furthermore,
450 eV was set as the cut-off energy for plane-waasis functions with a 1xIDeV
convergence criterion for the energy [24]. The @gence criterion for the force of
atoms in the system was set as 0.03 é¥ A vacuum distance of 15 A was set for
PBA (200) to ensure sufficient vacuum to avoid riattions between two periods.

Van der Waals interactions in the systems wereribestbased on Grimme’s DFT-D3

8
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scheme [25, 26]. We also considered spin poladrati all the calculations.

Results and discussion

The Co-PBA was prepared by a co-precipitation neth®in previous literature
(Fig. 1a) [9, 27]. The XRD pattern indicates tha tis-prepared Co-PBA corresponds
to Ca[Fe(CN)]. crystal structure (JCPDS#86-0502) [9, 27]. D-CAARias obtained
by performing the post-oxidation treatment with(GHd solution (Fig. 1a). The XRD
pattern of the D-Co-PBA remains identical to tho6€o0-PBA, and slight peaks shift
to higher angles were observed. To explain thecefié [Fe(CN)] vacancies on the
structural properties of Co-PBA, we used FullPrait& (UT-Battelle) to analyze the
Rietveld refinement using the collected room-terapge PXRD patterns of the
Co-PBA and D-Co-PBA material data [28]. The refirmeresults of the Co-PBA and
D-Co-PBA materials (Fig. S1) show that the latpegameter (a) and unit-cell volume
(V) of D-Co-PBA are both smaller than that of CoA&Bwhich indicates that the
decrease in the lattice space is attributed t@émeration of the [Fe(CRk])vacancies.
The lattice parameter values are calculated framrefinements and are found to be a
= 10.2436(21) A and 10.1982(3) A for Co-PBA and BEBA, respectively (Table
S1). The surface morphology of Co-PBA and D-Co-P®Are examined with
FESEM. The results show uniform nanoparticles i size of 50 nm and smooth
surface (Fig. 1c and S2), indicating that the mostlation treatment did not change
the structure and surface property of Co-PBA. TENages of the as-prepared
D-Co-PBA (Fig. 2a) also show a highly uniform spbar morphology with an

average size of 50 nm. HRTEM images in Fig. 2b shoset of lattice fringes with
9
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interplane distances of 0.252 nm correspondindi¢o(200) planes of orthorhombic
Co-PBA [9]. The inserted HRTEM images of D-Co-PBiagday crystalline domains
with the discontinuous atomic arrangement (zonesd 2), as further demonstrated
by the peak valleys of the atomic intensity profikuggesting the presence of
[Fe(CN)] vacancies (insets of Fig. 2b and S3). The criysiigl of D-Co-PBA was
also investigated by the SAED pattern, and threded indexed to the (200), (220),
and (400) planes were observed [9] (Fig. 2c). Haghte annular dark-field scanning
TEM (HAADF-STEM) indicates that D-Co-PBA also hasianopatrticle structure, as
shown in Fig. 2d. Energy-dispersive X-ray spectopscin Figs. 2e—h suggest that Co,
Fe, C, and N elements were homogeneously distdbuteall of the materials.
Electron paramagnetic resonance (EPR) spectromesy performed to verify the
defect and presence of [Fe(GNYyacancies in the lattice. As shown in Fig. S4& th
samples show a symmetrical signal at the magnietid €orresponding to g 2.00,
indicating the presence of [Fe(GNyacancies in the lattice. We can observe that the
EPR intensity of D-Co-PBA is much larger than tloatCo-PBA, suggesting that

additional [Fe(CNg] vacancies are created in D-Co-PBA.

The surface property and chemical states of Co-RBé D-Co-PBA were further
examined by XPS. XPS survey spectra identify tlesg@mce of Co, Fe, C, and N for
Co-PBA and D-Co-PBA (Fig. S5 and Table S2), sugggsto significant change in
the composition of materials. Specifically, the 218’2 core level region of Co-PBA
shows two peaks at 781.5 eV and 782.6 eV (Fig.\8aich corresponds to the &€o

and CG" states [9, 29], respectively. A positive shift high binding energy is
10
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observed from the fitted Gband C8" peaks in D-Co-PBA after post-oxidation. This
condition is mainly attributed to the combinatioheaposed Co and 4@ molecules.
The oxidative property of [Co(Ch)}~ was less than that of [CofB)s]*>*, which
enables the negatively charged GiMoup to effectively stabilize Gb[8]. Therefore,
the electron-withdrawing oxo group makes the Ce sibre oxidative and favorable
for OER, as demonstrated in molecular complexeg dXidation states of Co are
quantitatively corroborated by the fitted ratio 66°" and C8" in Co-PBA and
D-Co-PBA (Table S2), indicating that more ¥ exposed to the surface and the
chemical environment of Co ion was modified. The2pespectra (Fig. 3b) show two
main peaks at 709.9 eV and 708.3 eV in F&2Zpectrum, which correspond to the
Fe’* and Fé&" species [9, 30], respectively. Similar to the Gospectra, the binding
energies of Fe peak also shift to higher energygesting more oxidized Fe atoms in
D-Co-PBA materials. This condition may be attrilalite the introduction of [Fe(CRl)
vacancies and partial oxidation offFeaused by bD,. According to the XPS results,
the specific formula of Co-PBA and D-Co-PBA is ssied at CgFe; 1(Co2MNo.1)6)2
and Caq[Fey.od Co.2No.0ge]2, respectively, and the content of [Fe(GNJecreased from
96.09% to 87.04%, indicating generation of [Fe(g}Nacancies. Fourier transform
infrared spectroscopy (FTIR) was performed to comfihe oxidation states and spin
state of metal active sites [29, 31-34]. As shownFig. 3c, both Co-PBA and
D-Co-PBA display a narrow and intense band centere®106 cr, which is
attributed to Co(lll)-CN [35]. Notably, the Co-CNeak of D-Co-PBA is increased

compared with Co-PBA, indicating higher oxidatioh@o atoms in D-Co-PBA |9,

11
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35]. Compared with Co-PBA, the position of the CH-@eak of D-Co-PBA shifts to
a higher wavenumber, indicating the electron tm$fom the metal center to the
antibondingn* orbital of the cyanide group [9]. Thus, the rdsusignify a higher
oxidation state of the Co metal (Co Ill) during fleemation of D-Co-PBA. The work
function of D-Co-PBA and Co-PBA was measured byawiblet photoelectron
spectroscopy (UPS). Fig. 3d shows that D-Co-PBAsesses a lower work function
of 4.62 eV compared with that of Co-PBA (4.68 eMpyicating improved electronic
conductivity for electron transfer to and from thetive sites and therefore superior
catalytic capability [36-38].

The electrocatalytic OER activities of the D-Co-PBAd Co-PBA toward OER
were evaluated in 1 M KOH solution. Linear sweeftarametry (LSV) polarization
curves were first performed on glass carbon (GE€gteddes with different samples,
as shown in Fig. 4. Notably, a smaller onset paéemtf 1.57 V was observed for
D-Co-PBA compared with those of Co-PBA (1.65 V) dni€ (1.62 V), indicating
best OER performance of D-Co-PBA (Fig. 4a and Tab®. Besides, Co-PBA
required an overpotential of 450 mV to reach theent density of 10 mA cif,
whereas this value decreased to 400 mV for D-Co-BBd\was even superior to Ir/C
(430 mV) (Fig. 4b). The enhanced OER performancB-@fo-PBA was attributed to
the destructive impact of the post-oxidation treatnwhich promoted the breakage
of the Co=N coordination bond, and the abundan{i@pspecies were exposed on
the surface. Furthermore, the specific activity BT normalization) of D-Co-PBA

was higher than that of Co-PBA, indicating the pesieffect of [Fe(CNy] vacancies

12
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(Figs. 4c and S6). 10 mM potassium thiocyanate (Kpi@ 1 M KOH was used to
confirm the acceptable Co active sites instead ah@ N atoms by complexing with
the Co atoms. A negligible OER current density vadserved from the LSV
polarization curve in Fig. S7, suggesting that @Ctec as the real electrocatalytic
active sites for OER instead of C and N atoms.eady-state Tafel plot is depicted in
Fig. 4d to evaluate the kinetics of catalysts. Acmsmaller Tafel slope of 70.3 mV
dec’ was observed for D-Co-PBA compared with the odbiBo-PBA (108.8 mV
dec?), indicating high OER kinetics for D-Co-PBA. Torfher study the electrode
reaction kinetics, electrochemical impedance spsctpy (EIS) was conducted on
the materials. Nyquist plots reveal a dramaticalgcreased R value (3.1Q) for
D-Co-PBA compared with Co-PBA (3Q) (Fig. 3e), which suggests a rapid charge
transfer in the D-Co-PBA electrode. This result edso be demonstrated by Bode
plots in Fig. S8, which shows the smallest resistan the tested frequency range for
D-Co-PBA compared with Co-PBA. Double-layer capawites Cq) were also
calculated to reflect the electrochemical activdase area (ECSA) of D-Co-PBA and
Co-PBA (Fig. S9). The results indicated that D-G®APpossessed a larg€y of
177.2 mF crit than that of Co-PBA (83.9 mF ¢f), revealing that D-Co-PBA
possessed a higher density of catalytic active ¢key. 4f). The increased ECSA was
attributed to the introduction of [Fe(C#ll)vacancies, which improved the ion
exchange between the electrolyte and catalyticaltyive sites. The TOF of
D-Co-PBA was determined to be 0.041 at an overpotential of 450 mV, which was

larger than the TOF of Co-PBA (0.015)s indicating a greater number of exposed
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active sites due to the generation of [Fe(§fNacancies. To investigate the stability
of D-Co-PBA under continuous operation, we recordetbnoamperometric curves,
which show that D-Co-PBA affords a much larger entrretention (72%, 10000 s)
than that of the benchmark Ir/C (45%, 10000 shaligg the outstanding durability
of D-Co-PBA for OER electrocatalysis (Fig. S10).

To understand the electron transfer theory of OE® performed RRDE with a
ring potential of 1.5 V (vs. RHE) under the OER dibion (1600 rmp). Fig. 49 shows
that a small ring current of 8—10A was observed for D-Co-PBA compared with its
disk current, which suggests the possible formatioH,O, during OER. In addition,
the observed ring current drops rapidly when tis& giotential reaches as high as 1.5
V, indicating that few peroxide products were gatext even at a high potential range
[39]. Furthermore, no significant current was degdat the Pt ring (Fig. 4h), thereby
verifying a favorable four-electron pathway duentgligible peroxide oxidation. To
demonstrate that the significantly increased curmesults from water oxidation
instead of peroxide oxidation, we also calculated Faradaic efficiencye). As
shown in Fig. 4i, the ring current was observed&o200uA when the disk current
was applied at 60QA, resulting in high Faradaic efficiency of 92%.

Inspired by the remarkable OER performance of §rehesized catalysts, we
further investigated the electronic configuratioasd related [Fe(CN) vacancy
through DFT calculations. The (200) surface comesing to the edge of the
Co-PBA structure is considered for the DFT calcatat(Fig. 5a). To simulate the

oxygen vacancy, a [Fe(CH)group was removed from the sublayer of (200), tuh
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the exposed Co site became the active site for QBR.structures of Co-PBA with
and without [Fe(CNj vacancy are presented in Fig. S11. The calcul&ibibs free
energy of elementary coordinate steps and an oterpal for OER in alkaline media

are based on the following 4mechanism [40, 41]:

*+ OH™ (ag)— *OH + €, (6)
*OH + OH" — *O + H.O + €,
(7)

*O + OH — *OOH + €, (8)
*OOH+OH - O+ H,O +e +*, (9)

The free energy pathways of the OER process acecalsulated by simulating the
adsorption energies of intermediates, as depiciédg. 5a—c. Intermediate *OH, *O,
and *OOH are attached to the Co active site wisimgle bond through oxygen (Figs.
5a and S12). Figure 5b—c shows the OER Gibbs fneegg (1G) diagram for the

(200) surface of Co-PBA and D-Co-PBA with correlatintermediates at different
reaction steps. The OER rate-determining step wasd to be the formation of
*OOH from the *O for the Co-PBA and the formatioh*®H for the D-Co-PBA. To

verify the active sites responsible for the enhdn@&R kinetics, we selected Fe
atoms in the (200) crystal plane of the D-Co-PBAetive sites for DFT calculations.
The results revealed that the overpotential (0.49nvthe Fe atoms (Fig. S13) is
higher than that in the Co sites (0.43 V) of D-(®AR(Fig. 5c¢), suggesting that Co
atoms have more favorable kinetics toward OER coetpavith Fe atoms. By

comparing the free energy plots in Figs. 5b—c, ouadl that the Co active sites on the
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(200) surface of the D-Co-PBA showed a lower Gille® energy (1.66 eV vs.
overpotential of 0.43 V) of the rate-determiningpstthan that of Fe (1.75 eV vs.
overpotential of 0.52 V) and Co (2.33 eV vs. ovéeptial of 1.01 V) active sites on
the surface Co-PBA (Fig. S14), thereby confirmihgttCo active sites are favorable
OER kinetics in D-Co-PBA.

We studied the electronic structure of Co-PBA andC®PBA to further
understand the effect of [Fe(Gd\yacancy on OER performance. The density of state
(DOS) functions of Co-PBA and D-Co-PBA were calteth as shown in Fig. 5d. For
the Co-PBA materials, the surface Co atoms withpa{CN)] vacancies indicated
that the major spin-down components become conaueis evidenced by the DOS
found around the Fermi energy level, which verifikmt the Co-PBA without
[Fe(CN)] vacancies already have a half-metal-like conditgti{42]. However, the
formation of [Fe(CNg] vacancies in D-Co-PBA further increases the gpnbOS
near the Fermi level compared with that of Co-PBW aesults in a decrease of the
spin-down DOS. The asymmetry of the DOS in the n@eband leads to the
generation of magnetic moments, which suggest[BFe&{CN)] vacancies lead to the
formation of the metallic performance of the D-CBA? thereby benefiting their
charge transfer capability during electrochemiaslctions [42]. These calculations
agree well with the EIS measurements (Fig. 4e) hiciw a much lower charge
transfer resistance of the D-Co-PBA than that ef @-PBA implies more favorable
charge transport kinetics. Theband centers of Co-PBA and D-Co-PBA are also

calculated for the OER catalytic activity. The cddtedp-band centers of the cyano

16



10

11

12

13

14

15

16

17

18

19

20

21

22

group in D-Co-PBA (-0.21 eV) shift away from therae level compared with those

of Co-PBA (-0.18 eV), suggesting higher OER catalyctivity [43-47]. This
enhanced OER activity is due to the [Fe(g}Nyacancies on the surface; these
vacancies promote Cod3g;t near the top of the valance band and the electron
transfer to thex-band of the cyano group, thereby enhancing OERpeance (Fig.

5d) [43]. The electron density contour maps of Genalso studied to investigate the
electronic structure of the Co-PBA before and aftmnerating the [Fe(Ch))
vacancies, as shown in Fig. 5e. The electronic ifew$ Co decreased after the
introduction of [Fe(CNj] vacancies demonstrating a higher valence statechw
agreed with our XPS results.

To show the electrocatalytic performance for am@capplication, we fabricated
an HSAB with the air electrode consisting of D-CBAP(acting as OER) and Pt/C
(acting as ORR) electrocatalysts (Fig. 6a) [48-30je battery reaction during the
charge and discharge process is as follows: sothantransfer to the catholyte and
back for discharge and charge, respectively, whghdistinguished from the
traditional HSAB with sodium metal [51].

| [ ,r:"_"\ ]

Anode: Na j—&_ oNa+e+ ([ )

Cathode: 40H« 2H,0 + O, + 4e

Fig. 6b shows the charge—discharge profiles of H®ABs with different
catalysts, andV is the voltage gap of the battery. At the curmersity of 0.01 mA

cm 2, the HSAB utilizing D-Co-PBA and Pt/C as the diatrode exhibited a higher

discharge voltage of 2.75 V and charge voltage.80 2/, resulting in an improved

17



10

11

12

13

14

15

16

17

18

19

20

21

performance with a lowekV of 0.15 V compared with that of the reference tetete
containing Pt/C+Ir/C (0.23 V). Correspondingly, th& cycle round-trip efficiency
(charge-to-discharge voltage ratio) of the HSABngsD-Co-PBA and Pt/C reached
94.83% compared with Pt/C+Ir/C (93.2%). Polarizatmurves of the HSAB using
D-Co-PBA and Pt/C also indicate a relatively lovserpotential gap, suggesting
superior catalytic activity than that using Pt/G€Ir(Fig. 6¢). To demonstrate the
feasibility of the D-Co-PBA catalyst in the fulldteonfiguration, we operated the
battery under continuous 20 min per charge—disehatd).01 mA ci curves up to
1000 cycles, as shown in Fig. 6d. Minimal decayeirminal discharge voltage was
detected during the 1000 cycles, indicating eercellreversibility of the battery.
Notably, a slight voltage increase from 2.78 V 1812V (0.03 V) was observed during
the first 100 cycles (Fig. 6e) because of the deme interface resistance between
NASICON and liquid anode, between NASICON and Na€déttrolyte, and between
NaOH electrolyte and air electrode during the ofp@naHowever, no obvious change
in voltage was obtained during the long-term chadigcharge process of the
batteries. Overall, the HSAB shows a slight de@eéaslischarge voltage (by 0.13%)
during the 1000 cycles (Fig. 6e), suggesting are@tedle cyclability in practical
application. The performance of HSAB was compardith Whose of other reported

batteries (Table S4).

Conclusions

We demonstrated a facile large-scale approach mthegize the D-Co-PBA
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catalyst with rich [Fe(CN) vacancies and exposed Co (lll) sites through a
post-oxidation treatment of the pristine Co-PBA hwiaqueous bD,. Rietveld
refinement analysis confirms the generation of (ié¢)] vacancies in the D-Co-PBA
catalyst. DFT calculations reveal that the electratructure of Co-PBA can be tuned
by [Fe(CN)}] vacancy, decreasing the energy barrier toward O&BRI thereby
improving OER kinetics. An HSAB, which utilized Bt/(for ORR) and D-Co-PBA
(for OER) catalysts in the air cathode, exhibitexltdr performance with a lower
charging—discharging gap (0.15 V) at the curremssitg of 0.01 mA crif compared
with that of the same device containing commereiaC and Ir/C catalysts (0.23 V).
This study proposed a new synthesis strategy fodyming PBA catalysts with high
OER activity for a wide range of valuable applioas in energy storage and

conversion.
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Fig. 1 (a) Schematic of fabrication route of Co-PBA andCB-PBA. (b) XRD

patterns of Co-PBA and D-Co-PBA. (c) SEM image ofCB-PBA (inset shows

enlarged SEM image).
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Fig. 2 (a) TEM image of D-Co-PBA. (b) HRTEM image of D-&BA (inset shows
enlarged HRTEM images). (c) SAED image of D-Co-PE&) HADDF image of

D-Co-PBA. (e—f) EDX mapping of D-Co-PBA.
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current of D-Co-PBA on RRDE in MNsaturated 1 M KOH solution (ring potential:

0.40 V).
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Fig. 5 DFT calculation for OER mechanism. (a) Schemati©O&R mechanism on
D-Co-PBA catalyst in alkaline electrolyte. The pirlellow, brown, and blue circles
represent C, N, and Co atoms, respectively. Freeggndiagram for OER on (b)
Co-site of Co-PBA and (c) Co-site of D-Co-PBA (s&RDS). (d) Calculated density
of states of Co-PBA and D-Co-PBA. (e) Electron dignsontour maps of Co atom in
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Fig. 6 (a) Schematic of HSAB. (b) Charge—discharge veltagrves of HSABs using
different catalysts at current density of 0.01 m#n% (c) Charge—discharge
polarization curves of HSABs with different catdb/s(d) Round-trip efficiency and
cycling performance of discharge voltage of HSAB1gD-Co-PBA + Pt/C catalysts
at current density of 0.01 mA ¢m (e) Galvanostatic cycling of HSAB with
D-Co-PBA + Pt/C catalysts at current density of 10.enA cni® (20 min

per-charge-discharge).



Highlights:

1. We develop a facile high-yield strategy to fabricate defective Co Prussian blue
analogue (D-Co-PBA) by breaking bonds of iron carbon-nitrogen-cobalt units,
forming abundant [Fe(CN)g] vacancies.

2. Benefiting from the optimized intrinsic properties and electronic density while
exposing Co (Ill) active sites in PBAs, the catayst shows a remarkable
performance with enhanced kinetics and activity for OER.

3. Density functional theory (DFT) calculations suggest the electronic structure of
D-Co-PBA can be tuned by introducing [Fe(CN)e] vacancy defects, which reduces
the reaction barrier of the rate-determining step towards OER, thus improving
catalytic performance.

4. A hybrid sodium-air battery assembled with Pt/C and D-Co-PBA catalysts
displays a low charging-discharging gap of 0.15 V and high stability up to 1000
cycles. This work demonstrates an excellent promise for large-scale production of

cheap defective PBA based materials with desirable OER catalytic activity.
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