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ARTICLE INFO ABSTRACT

Keywords: We provide the rational design of dual atom catalysts (DACs) supported on nitrogen-doped graphene for the
Single ato“f catalyst oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) through high-throughput computational
Overpotential screening of M;MaN6-DAC systems, where M; and Mj represent Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, or Pt metals. We
Electrocatalyst

predict that FeRuN6-DAC at the summit of the volcano plot exhibits a low theoretical ORR overpotential (nORR)

of 0.24 V and a low theoretical OER overpotential (1°%%) of 0.19 V. The low n°** and 1R result from the
catalytic performance of the Fe site being tuned to electronic properties that facilitate adsorption and desorption
of the OH* intermediate. Inspired by these hybrid density functional theory (DFT) computational and machine
learning (ML) results, we synthesized FeRuN6-DAC, FeN4-SAC, and RuN4-SAC and characterized them using X-
ray photoelectron spectroscopy (XPS), X-ray absorption spectroscopy (XAS), scanning transmission electron
microscopy (STEM), and in-situ electron spin resonance (ESR). Our in-situ ESR spectroscopy signifies that the spin
of the Fe active site increases with increasing applied potential due to the increase in the concentration of OH*
intermediate on Fe. We verified experimentally the predicted catalytic performances, finding that FeRuN6-DAC
leads to an experimental ORR overpotential of 0.29 V with a Tafel slope of 104 mVdec™! and an OER over-
potential of 0.27 V with a Tafel slope of 124 mVdec™!. The rechargeable Zinc-air battery setup was fabricated
with FeRuN6-DAC in place of the cathode, showing a maximum power density of 0.45 W/cm? at the current
density of 0.44 A/cm? and good stability after 120 cycles. According to our findings, we demonstrate that DFT-
guided strategies are useful for designing advanced DACs applicable to ORR, OER, and Zinc-air battery
applications.

Spin state
Machine learning
Descriptor

1. Introduction cells to ensure rapid reaction kinetics towards appropriate discharge and
charge processes [1]. Dual atom catalysts (DACs), in which one metal

Efficient oxygen reduction reactions (ORR) and oxygen evolution atom normally acts as the active site and another metal acts as the
reactions (OER) are required for rechargeable Zinc-air batteries and fuel counterpart site, provide high electrochemical performances [2].
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Previous works have reported theoretical calculations and experimental
efforts to synthesize and use DACs for the CO, reduction reaction
(CO2RR), hydrogen evolution reaction (HER), nitrogen reduction reac-
tion (NRR), ORR, and OER [3-16]. By using the counterpart metal next
to the active metal site in DACs structure, the spin state, d orbital elec-
tron distribution, and electronic structure of the metal sites can be
regulated by exchanging charges through ligands [17]. For instance, the
spin state of Fe sites has been regulated by introducing the Mn coun-
terpart metal, resulting in enhanced ORR performance [18]. Similarly,
the non-bonding effect of Ni counterpart sites was reported to modify
the electronic properties and spin state of Fe active sites towards
enhanced CO2RR and ORR [19,20]. It was also reported that the pres-
ence of Zn counterpart sites can modify the d-orbital electron distribu-
tion of Cu active sites, enhances the O-O cleavage and promotes the
adsorption and desorption of ORR intermediates towards enhanced
electrocatalytic activity [21].

Although several studies have been reported on the application of
DACs for ORR and OER, a significant challenge in the discovery and
development of DACs is how to find the best combination of two metal
atoms in the vast parameter space. For example, the use of 9 transition
metal atoms in the DAC structure leads to 72 pairwise combinations to
be calculated towards enhanced ORR and OER. To solve this problem,
we use high-throughput computational screening.

Here, we apply density functional theory (DFT) calculations to pre-
dict high-performance M;M3yN6-DACs, in which M; and M, represent Fe,
Co, Ni, Ru, Rh, Pd, Os, Ir, or Pt metals towards ORR and OER. Accord-
ingly, Fe metal in FeERuN6-DAC was found to have the best ORR and OER
overpotentials of 0.24 V and 0.19 V, respectively, better than FeN4-SAC
which led to ORR and OER overpotentials of 0.43 V and 0.58 V,
respectively, and RuN4-SAC with ORR and OER overpotentials of 1.08 V
and 0.83 V, respectively. Therefore, we observed that the interplay of
the Ru atom can considerably modulate the ORR and OER activities of
the Fe site. Based on these DFT results, we synthesized and characterized
FeRuN6-DAC, FeN4-SAC, and RuN4-SAC samples. Then the ORR and
OER performances of the synthesized samples were measured, where we
found low experimental ORR and OER overpotentials of 0.29 V and
0.27 V, respectively, indicating high ORR and OER performances for
FeRuN6-DAC, consistent with our DFT results. The rechargeable Zinc-air
battery setup was fabricated with FeRuN6-DAC in place of the cathode,
showing good performance and stability after 120 cycles. Our findings
suggest that employing the DFT-guided rational design of DACs has the
potential to expedite the discovery of enhanced DACs.

2. Materials and methods
2.1. Chemicals

Ultrapure deionized water (DI, 18.2 MQ) and Graphite with an
average particle size of 350 mm (grafguard) are used. KMnO4, Nafion
(5 wt%), HaSO4 (95%), KOH (>85%), H202 (30 wt%), acrylamide
(99%), FeClze6H20 (97%), and RuCl3exH0 (99.9%) are purchased
from Sigma Inc. USA. Ethanol (96%) is purchased from the Merck Inc. of
Germany. All the chemicals are used as received.

3. Synthesis of graphene oxide (GO)

GO is prepared using the modified hummers method [22]. 30 ml of
H2S04 (98%) was added to 1 g of microwave-expanded graphite inside a
500 ml round bottom flask, placed in an ice bath. After 2 hours, 5 g of
KMnOy is slowly added to the suspension, while the suspension was kept
stirring at room temperature for an additional 4 hours until the color
changed to pale brownish. Then, 50 ml of deionized (DI) water was
added to the suspension while the color became brown. After that,
200 ml of DI water was added to the suspension while stirring for
another 2 hours at room temperature. Subsequently, to reduce the re-
sidual KMnOy4, H202 (30 wt%) was added dropwise to the suspension
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until the solution’s color changed to bright green. Following by stirring
for another 2 hours, the solution was then allowed to settle for 1 day.
The GO solution is then centrifuged and washed at least 9 times with DI
water at 15000 rpm for 30 min and reached 8 mg/ml concentration by
adding DI water.

4. Synthesis of catalysts

In order to synthesize FeRuN6-DAC, FeCl3e6H20 and RuClzexH,0
salts as the metal precursors, are used to prepare 0.05 M solutions of
Fe®* and Ru®*, respectively [23,24]. 12.5 ml of 8 mg/ml GO was added
into 120 ml of DI water containing 125 pl of 0.05 M of Fe>* and Ru®*
solutions and 1.2 ml of acrylamides (25 wt%, nitrogen precursor)
following by stirring for 36 hours. The suspension is freeze-dried for four
days before undergoing a two-step annealing method [25]. The
brownish freeze-dried sample (Figure Sla) went through the first
annealing step in a 1-inch quartz tube furnace at 450 °C for 3 hours
under Ar (200 sccm). Then the blackish sample is washed using HaSO4
(0.05 M) and ethanol (96%) five times before being freeze-dried. Sub-
sequently, the freeze-dried sample went through a second annealing
process at 590 °C for 3 hours under Ar (200 sccm) to produce blackish
FeRuN6-DAC sample (Figure S1b). Similarly, FeN4-SAC and RuN4-SAC
as the control samples are prepared with adding only Fe** and Ru®*
metal precursors, respectively.

5. Characterization and analysis

The structure and morphology of FeRuN6-DAC, FeN4-SAC, and
RuN4-SAC were investigated by scanning transmission electron micro-
scopy (STEM, JEOL JEM-2100 F and aberration corrected STEM, Ther-
mofisher Spectra 300) and scanning electron microscopy (SEM, JEOL
JSM-7800 F). Elemental mapping was performed using energy disper-
sive X-ray analysis (EDX, JEOL JEM 100CXIl, and JEOL JSM-7800 F). To
determine the metal concentration in the samples, the inductively
coupled plasma (ICP) technique was employed using an Optical Emis-
sion Spectrometer by Perkin Elmer (Optima 7300 DV). Elemental
bonding states were obtained from X-ray photoelectron spectroscopy
(XPS) with a PHI 5000 VersaProbe III (ULVAC-PHI). The Fe-K and Ru-K
edge X-ray Absorption Fine Structure (XAFS) spectra were acquired
through the synchrotron radiation-based Wide-XAFS facility, BL10C at
Pohang Accelerator Laboratory (PAL) used to examine the local envi-
ronment surrounding the Fe and Ru metals. FeRuN6-DAC, FeN4-SAC,
and RuN4-SAC samples were then characterized using X-ray diffraction
analysis (XRD) (PANalytical) and Raman spectroscopy (Renishaw
Raman RM3000 scopes with a 514 nm laser source) to investigate the
interlayer spacing, crystallinity, and the ratio of G band to D band. The
ORR and OER performances were taken using a rotating ring disk
electrode device (RRDE-3A, ALS Co.).

6. Electrocatalytic activity

The ORR and OER experiments were performed by taking 2.5 mg of
each of FeN4-SAC, RuN4-SAC, or FeRuN6-DAC samples, 350 ul of DI
water, 150 ml of ethanol, and 50 pl of Nafion. The suspension was
sonicated for 1 day to make a homogeneous black ink. After that, 3
droplets of 10 ul of ink was dropped on the surface of the neat and clean,
glassy carbon electrode (GCE) with a diameter of 0.5 cm and a surface of
0.196 cm?. Therefore, the catalyst loading is 0.695 mg/cm2. We used a
three-electrode cell loaded with 0.1 M KOH aqueous electrolyte for both
ORR as well as OER performance measurements. The GCE loaded with
catalysts was used as a working electrode, Pt wire was used as a counter
electrode, and an Ag/AgCl electrode was used as a reference electrode.
The reversible hydrogen electrode (RHE) potentials were then obtained
from ERHE:EAg/AgCl+0~ 197+0.0592xpH leading to ERHE:EAg/
Agc1+0.967. O3 (99.99%) and Ar (99.99%) were purged to the 0.1 M
KOH electrolyte for 40 min before testing our catalysts. The cyclic
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Scheme 1. Schematic for the application of DACs to ORR, OER, and rechargeable Zinc-air battery. (a) The schematic of Zinc-air battery with M;M,N6-DAC. M; and
M, represent Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, or Pt. The metals are anchored on moiety sides. (b) Side view of reaction intermediates along the ORR and OER pathways

for FeRuN6-DAC, showing the spin crossover.

voltammetry (CV) tests were conducted with a scan rate of 50 mVs ™!
and step size of 5 mV, while the linear sweep voltammetry (LSV) tests
were performed from positive to negative potentials with a scan rate of
10 mVs ™, step size of 5 mV, and 2000 rpm rotating speed. To obtain
Tafel slopes for ORR and OER, applied potential (vs. RHE) is plotted
versus logarithmic scale current density which is obtained from corre-
sponding LSV polarization curves.

In order to conduct Zinc-air battery tests, 59 mg of FeRuN6-DAC,
563 pl of DI water, 563 ml of ethyl alcohol, and 375 pl of Nafion were
mixed and the suspension was mixed for 15 minutes to make a homo-
geneous black ink of the catalyst. Subsequently, the black ink was coated
on the carbon cloth with the height of 260 um and was dried out over-
night in an oven with the temperature of 50 °C leading to the loading of
0.97 mg/cm?. After that, the carbon cloth coated with the catalyst was
utilized as the cathode, a zinc plate with a thickness of 1 mm was used as
the anode, and the Zinc-air cell was filled with 6 M KOH electrolyte.
Polarization curves were measured at room temperature on a Gamry
5000E workstation to obtain voltage and power density versus current.
The galvanostatic discharge-charge curve at 1 mAcm ™2 under ambient
air atmosphere was performed on a Land Battery Test System CT3001A
(Wuhan Land Electronic).

7. DFT calculations

Density functional theory (DFT) was carried out in Gaussian 16
software for the geometry optimizations and energy calculations at the
Becke, 3-parameter, Lee-Yang-Parr (B3LYP) exchange functional level.
The 6-31 G (d, p) basis set was used for C, N, O, and H elements while
the LANL2DZ basis set was used for the metals [26,27]. We used the
DFT-D3 method to consider van der Waals interactions [28] and the

solvation model density (SMD) to consider solvent (water) effects [29].
In all the DFT calculations, the influence of magnetic coupling was taken
into account [15]. Multiwfn 3.8 program was used to obtain electron
density and projected density of states (PDOS) [30]. The vibrational
frequencies were also calculated to obtain Gibbs free energies.

8. Machine Learning (ML) calculations

Support vector regression (SVR) [31] was applied to predict the
Gibbs free energy of reaction intermediates based on DFT-calculated
results. NumPy, Scikit-learn, Pickle, and Matplotlib libraries were used
in Python 3.7 to read the data, train and save the SVR model, and predict
feature importance values. In this work, simple and physically inter-
pretable input features were used to construct an interpretable ML al-
gorithm, [32,33]. Accordingly, the input features used in our SVR model
are composed of the intrinsic properties of both the metal atoms (M; and
M) and also reaction intermediates such as: the atomic radius of metal
M (AtRy1), atomic radius of metal My (AtRy2), atomic number of metal
M; (AtNyy), atomic number of metal My (AtNy2), electronegativity of
metal My (ENypp), electronegativity of metal My (ENyo), ionization en-
ergy of metal M; (IEy1), ionization energy of metal My (IEy2), electron
affinity of metal M; (EAm1), electron affinity of metal My (EApp),
number of d orbital electrons of metal M; (0dy;;), number of d orbital
electrons of metal M (0dy2), and the number of valence electrons of the
intermediate (VEiy). The input dataset consists of 244 DFT-calculated
Gibbs free energies for OH*, O*, and OOH* intermediates and was
randomly divided into the training set (90%, 220 data points) and the
test set (10%, 24 data points). We used the mean squared error (MSE,
equation S12) and R? value to study the training quality of the SVR
model [31]. Subsequently, we used the permutation method [34],
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Fig. 1. DFT calculations results. (a) The high-throughput computational screening of ORR overpotential for M;M,N6-DAC, indicating Fe as the most active site with
the lowest ORR overpotential. M; and M, represent Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, or Pt metals. (b) ORR activity volcano plot as a 2D counterplot of overpotentials
based on Gibbs free energy of O* and OH* intermediates, indicating that FeRuN6-DAC leads to the low overpotential of 0.24 Vgyg. (c) Volcano plot of DFT-predicted
n°RR versus AGep, indicating FeRuN6-DAC at the summit . (d) The Gibbs free energy profiles of FeRuN6-DAC with the ORR and OER overpotentials of 0.24 Vgug

and 0.19 Vyyg.

mutual information (MI) method, and Pearson correlation coefficient
[35] to evaluate the influence of each parameter on the model output.

9. Results and discussion

We predicted the Gibbs free energy profiles of M;MaN6-DAC (M; and
M,: Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, or Pt) for ORR and OER and for
rechargeable Zinc-air battery. Schemela shows a schematic of the
rechargeable Zinc-air battery and structure of M;MyN6-DAC using an
M;-M, distance of 2.57 10\, based on the DFT-optimized structure. The
blue semi-circles signify the influence of My metal on the M; active
metal. Here My can provide charges to the M; or take charges from M;
active site through the intervening ligands to tune its spin state and ORR
along with OER activities. Schemelb shows the side views of ORR and
OER intermediates, signifying the spin crossover during the reaction
[36]. The interplay between the n* orbital of the reaction intermediates
and the d orbitals of the metal active site results in the change in the
d-orbital splitting and electron delocalization from low-lying orbitals
(dy, and dyy) to the high-lying orbital (dyo.y2) of Mj, resulting in the
changes in its spin state [36]. OER and ORR may proceed, respectively,
through the forward and backward directions of following fundamental
steps [37]:

*+H,0=0H"+H" +e (€D)
OH'=0" +H' +e 2
0"+ H,0=00H" +H" +e 3)

OOH'=0, + H" + e+« “4)

Due to the difficulties in calculating accurate free energies of OH, O,
and OOH radicals in the electrolyte solution, the Gibbs free energies of
OH*, O*, and OOH* intermediates are calculated with reference to the
free energy of stoichiometrically balanced amounts of H20 (g) and Hj
(g) [371:

AGon+ = Epac-on — Epac + 0.5Ey, — En,0 + AZPE — TAS 5)
AGo: = Epac_o* — Epac + En, — Enyo + AZPE — TAS (6)
AGoon = Epac-oon’ — Epac + 1.5En, — 2Ep,0 + AZPE — TAS 7

En2, En20, Epac, Epac-ons, Epac-os, and Epac.oon+ are the total en-
ergy of Hy (g), H20O (g), DAC surface, DAC-OH*, DAC-O*, and DAC-
OOH*, respectively. AZPE is the zero-point energy (ZPE) correction at
298 K to consider the enthalpy change from 0 to 298 K. TAS is the en-
tropy correction and T is the absolute temperature (298 K).

It is assumed that the Gibbs free energies of the OH*, O*, and OOH*
intermediates decrease linearly with the applied potential, regardless of
the pH of the electrolyte. [38]. The theoretical ORR and OER over-
potentials ("°%* and n°™R) can be calculated based on the difference
between limiting potential and U=1.23 Vgyg as the equilibrium poten-
tial. The ORR and OER limiting potentials are the highest potentials at
which all the reaction steps are downhill and uphill in free energy,
respectively, (see Supporting Information) [39].

Fig. 1a and S14a demonstrate the high-throughput computational
screening of ORR and OER overpotentials for M;M;N6-DAC, indicating
Fe to be the most active site with low ORR and OER overpotentials, in
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Fig. 2. Machine learning (ML). (a) Violin plot and the histogram of variation of Gibbs free energies obtained from DFT-D3 calculations, containing 244 data points
with an average of 2.36 eV and a standard deviation (std.) of 1.38 eV. (b) Weakened scaling relationship limit between OH*, O*, and OOH* intermediates. (c) ML-
versus DFT-predicted Gibbs free energies, indicating the good performance of the ML model. (d) Permutation feature importance values along with Mutual Infor-
mation (MI) and Pearson coefficients. This signifies that the number of valence electrons of the intermediate (VE;,,) and the number of d orbital electrons of the active

metal (0dy) as the most important parameters.

agreement with previous studies [38]. For example, the ORR theoretical
overpotentials for FeCoN6-DAC, FeNiN6-DAC, FeRuN6-DAC, FeRhN6--
DAC, FePdN6-DAC, and FelrN6-DAC are 0.26, 0.22, 0.24, 0.18, 0.25,
and 0.17 Vgyg, respectively, comparable with DFT-predicted n°%® of
0.43 V for FeN4-SAC [40], 0.28 V for FeCoN6-DAC [40], 0.43 V for the
benchmark Pt (111) [37], 0.33 V for CORu@N8V4 [41], and 0.34 for
CoCuN6-gra(OH) [15]. In addition, we predict the OER overpotentials of
FeNiN6-DAC, FeCoN6-DAC, FeRuN6-DAC, FeRhN6-DAC, FePdN6-DAC,
and FeIrN6-DAC are 0.41, 0.61, 0.19, 0.35, 0.60, and 0.44 Vgyg,
respectively. Therefore, FeRuN6-DAC is predicted to possess the best
overpotentials, applicable for both ORR and OER of the rechargeable
Zinc-air battery. Fig. 1b and S14b demonstrate ORR and OER activity
volcano plots as a 2D counterplot of overpotentials based on the Gibbs
free energy of O* and OH* intermediates. They suggest that the ORR and
OER overpotentials reach their lowest values around AGop=1.1eV.
Fig. 1c and S14c show the volcano plots of ORR and OER overpotential
versus the Gibbs free energy of OH* intermediate, indicating
FeRuN6-DAC at the summits. This further indicates that AGoy can be
used as the descriptor for both ORR and OER activity of dual atom
catalysts.

Figure $14d displays OER overpotential (n°™%) versus ORR over-
potential (n°F®) for M;M,N6-DAC. Fig. 1d shows the ORR and OER
pathways for FeRuN6-DAC with the ORR and OER overpotentials of
0.24 Vryg and 0.19 Vgyg, respectively (see Figure S10 for ORR and OER
pathways of FeN4-SAC and RuN4-DAQC). Fig. 1d signifies that the ORR
potential determining step is the proton transfer to OH*, because this
particular reaction step, represented by a blue dashed circle, exhibits a

flat free energy profile at the ORR limiting potential of 0.99 Vgyg.
Similarly, the OER potential determining step is the deprotonation of
OH*, because this reaction step, represented as a green dashed circle,
exhibits a flat free energy profile at the OER limiting potential of
1.42 Vgyg. From Fig. 1d, the ORR and OER overpotentials of FeRuN6-
DAC are [1.23-0.99|=0.24 Vggg and  |1.23-1.42|=0.19 Vggg,
respectively.

We further analyzed the DFT-calculated data for the implementation
of machine learning (ML). Fig. 2a shows the violin plot and the histo-
gram of the Gibbs free energies (AG) of OH*, O*, OOH* intermediates
obtained from DFT-D3 calculations, including 81 data points for each
intermediate and an average of 2.36 eV (the standard deviation (std.) is
1.38 eV and the skewness is —0.22). Fig. 2b indicates a weakened
scaling relationship limit between OH*, O*, and OOH* intermediates.
This enables us to separately tune the adsorption energy of a specific
intermediate toward the desirable electrochemical reaction. Fig. 2c
demonstrates ML- versus DFT-predicted Gibbs free energies, indicating a
good performance of the ML model with the R? values of 0.942 and
0.858 and MSE values of 0.11 eV and 0.25 eV2, respectively, for
training and test data. Fig. 2d indicates the feature importance values
based on the permutation method along with the corresponding Mutual
Information (MI, solid green triangle), and Pearson correlation co-
efficients (solid red circle). This suggests that the number of valence
electrons of the intermediate (VE;y;) and the number of d electrons of the
active metal (0dy1) are the most important parameters, in agreement
with previous works [32]. This also agrees with volcano plots shown in
Fig. 1c and S14c¢, which suggest that the ORR and OER overpotentials
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Fig. 3. Spin population and Mulliken charge analysis. (a) The spin population and Mulliken charge of the Fe atom in FeRuN6-DAC along the ORR pathway. This
indicates the highest spin values occur after bonding with OH* intermediate. The inset shows the side view of the Mulliken charge transfer to OH* intermediate from
FeRuN6-DAC (Isosurface value = 0.01 e/A®). Green and yellow colours represent, respectively, the charge deficiency and charge availability. (b) The theoretically-
obtained concentration of ORR intermediates on the Fe site of FeRuN6-DAC versus applied potential signifying that at high potentials, the surface is predominantly
covered with OH* intermediates. (c) In-situ electron spin resonance (ESR) spectra of FeRuN6-DAC obtained at room temperature. This indicates a higher spin
population at 1.2 Vyyg compared to 0 Vryg. The inset shows the spatial spin density of FeRuN6-DAC bonded with OH* (Isosurface value = 0.005 e/A®). Green and
blue colours represent the down-spin (beta) and up-spin (alpha) density, respectively. (d) Density of states (DOS) of 3d hybrid orbitals of Fe atom in FeRuN6-DAC

before and after the adsorption of OH*.

can be described based on the Gibbs free energy of OH* intermediate.
We also analyzed the spin state, Mulliken charge, and charge transfer
of active sites. Fig. 3a shows the spin population of Fe, Mulliken charge
of Fe, and charge transfer from Fe to reaction intermediates in FeRuN6-
DAC along the reaction pathway indicating the highest values after
bonding with OH* intermediate. The inset shows the side view of Mul-
liken charge transfer (0.767 e’) to OH* intermediate with the Isosurface
value of 0.01 e/A3, in agreement with previous work [40]. Green and
yellow colours represent, respectively, the charge deficiency and charge
availability. By assuming that the Gibbs free energy of intermediates
decreases linearly with the increase in the potential, we may use the
Eyring rate equation to roughly calculate the concentration of in-
termediates along the ORR pathway (see Supporting Information).
Fig. 3b depicts the concentrations of O*, OH*, and OOH* intermediates
on the Fe site of FERuN6-DAC verses applied potentials, suggesting that
at high potentials, the Fe surface is predominantly covered with OH*
intermediate [42]. The proton transfers to OH* and O* intermediates are
the rate-limiting steps at high and low potentials, respectively, consis-
tent with previous studies [42]. Subsequently, based on Fig. 3a-b, we
conclude that at potentials >1 Vgyg, the spin population of the Fe site
increases, while at lower potentials the spin population decreases. These
findings are consistent with the in-situ electron spin resonance (ESR)
spectroscopy results for FeRuUN6-DAC. Fig. 3¢ demonstrates the in-situ
ESR spectra of Fe metal measured at room temperature with 1 M KOH
electrolyte saturated with O. This indicates a higher spin population at
1.2 Vgyg compared to 0 Vgyg, which agrees with the theoretical results.
In fact, the higher spin population at 1.2 Vgyg is due to the saturation of
Fe active sites with OH* intermediates. The g-value of approximately
2.052 in the in-situ ESR spectra is attributed to the presence of unpaired
electrons in the 3dx2_y2 and 3d, orbitals of Fe site [43]. The inset shows

the spatial spin density of FeRuN6-DAC bonded with OH* with the
Isosurface value of 0.005 e/A>. Green and blue colours represent the
down-spin (beta) and up-spin (alpha) density, respectively.

To shed more light on the binding of OH* intermediates with the Fe
active site, we provided the density of states (DOS). Fig. 3d depicts the
DOS of 3d orbitals at the Fe active site in FeRuN6-DAC before and after
the adsorption of OH*. Peaks corresponding to 3d,z orbital of Fe atom
disappeared and new peaks appeared after the adsorption of OH* which
are shown as bonding (¢) and antibonding (¢*) orbitals [23].

Inspired by the above findings, we synthesized FeN4-SAC, RuN4-
SAC, and FeRuN6-DAC samples. The metal loading of the synthesized
catalysts was investigated using inductively coupled plasma (ICP),
showing:

o the Fe and Ru metal contents are 0.25 and 0.49 wt%, respectively, in
the FeN4-SAC and RuN4-SAC samples

o the Fe and Ru metal contents are, respectively, 0.26 and 0.51 wt% in
the FeRuN6-DAC sample.

This indicates a molar ratio of almost 1:1 for Fe/Ru. The chemical
states of the synthesized catalysts were investigated using X-ray photo-
electron spectroscopy (XPS).The N 1 s peak is deconvoluted, to identify
different types of nitrogen in the DACs for synthesized samples
(Figs. S2-4). For example, Figure S4b displayes that the deconvoluted N
1 s peak for FeRuN6-DAC is composed of pyridinic-N (397.9 eV), Fe/Ru-
N (398.6 eV), and pyrrolic-N (400.0 eV)[23]. Fig. 4a-b displayes a
high-resolution XPS peak spectrum for Fe 2ps,; and Ru 2psz,e of
FeN4-SAC, RuN4-SAC, and FeRuN6-DAC, signifying the partially
oxidative states [19,38]. The binding energy of Fe 2p3,, in FeRuN6-DAC
shifts by +1 eV compared with that in FeN4-SAC, indicating a higher
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Fig. 4. XPS and XAS characterizations. (a) The high-resolution XPS spectra for (a) Fe 2p3,» and (b) Ru 2p3,». (c) Fe K-edge and (d) Ru K-edge XANES spectra of our
synthesized FeN4-SAC, RuN4-SAC, and FeRuN6-DAC and their corresponding reference bulk samples. Three peaks result from 1 s—3d/4d, 1 s—4p,/5p,, and
1 s—4pyy/5pxy transitions [43]. Fourier transformations (FT) EXAFS spectra in R space of (e) Fe and (f) Ru with their corresponding reference bulk samples. The main
peaks attributed to Fe-N and Ru-N are different from Fe-Fe and Ru-Ru peaks, respectively.

oxidation state for Fe in FeRuN6-DAC [19]. This is consistent with the
Mulliken charge analysis of Fe, decreasing from +0.681 e~ for
FeRuN6-DAC to +0.591 for FeN4-SAC, implying that the Ru site
removes electrons from Fe site [44] due to its higher electronegativity
(2.2) than Fe (1.83).

XANES and EXAFS were used to study the atomic configuration and
electronic states of the Fe and Ru metals in FeN4-SAC, RuN4-SAC, and
FeRuN6-DAC samples. Fig. 4c-d depict the Fe and Ru K-edge XANES
spectra for, FeN4-SAC, RuN4-SAC, and FeRuN6-DAC, suggesting that
the local atomic structure around Fe and Ru metals differs from their Fe

and Ru bulk metals. In Fig. 4c-d, a blue-shift is observed in the Fe and Ru
absorption edge when compared to their respective bulk samples, indi-
cating a higher oxidation state than 0 for both Fe and Ru atoms. The
observed higher oxidation state is attributed to the coordination envi-
ronment around the Fe and Ru metals. This coordination leads to a
modified electronic structure, which results in the observed blue-shift in
the Fe and Ru absorption edges compared to their bulk counterparts [23,
24,43]. In addition, three peaks observed for Fe metal in Fig. 4c are
because of 1 s—3d, 1 s—4p,, and 1 s—4pyy transitions [43], while three
peaks observed for Ru metal in Fig. 4d are because of 1 s—4d, 1 s—5p;,
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Fig. 5. SEM, TEM, and STEM characterizations. (a) SEM and (b,c) STEM images of FeRuN6-DAC. STEM image of the (d) FeN4-SAC (e) RuN4-SAC, and (f) FeRuN6-
DAC samples signifying a homogeneous dispersion of individual Fe and Ru metals (represented as white dots) on the nitrogen-doped graphene support.

and 1s—5py transitions. The existence of tetravacancy and
divacancy-based M;M,-N6C6 and M-N4C4 moieties bonded axially with
broken D4h symmetry confirms the higher main peak intensity
(1 s—4pxy/5pxy) observed in Fig. 4c-d for Fe and Ru K-edge spectra
compared to their respective bulk metals [23]. Moreover, as shown in
Figs. 4c, 1s—4p, transition peak in the Fe K-edge XANES spectra of
FeRuN6-DAC possesses a blue-shift compared to FeN4-SAC, suggesting a
higher oxidation state for Fe in FeRuN6-DAC [44], consistent with our
XPS results. The theoretical calculation using the accurate finite differ-
ence (FD) approach implemented in the FDMNES software [23,45], can
reproduce the blue-shift observed in the Fe K-edge XANES spectra, as
shown in Figure S11. It is worth mentioning that the observed changes
in both experimental and theoretical XANES spectra of Fe metal are
much greater than for Ru metal. This may be attributed to the higher
exchange sensitivities in 3d transition metals compared to 4d transition
metals [46].

The bonding and coordination environment around the Fe and Ru
metals were further confirmed using EXAFS Fourier transform (FT).
Fig. 4e-f indicates that the EXAFS FT spectra of FeN4-SAC, RuN4-SAC,
and FeRuN6-DAC possess prominent peak associated with Fe-N and Ru-
N bonding at around 1.50 A, distinct from the Fe-O peak observed at
1.55 A [38] and Fe-Fe and Ru-Ru peaks observed at 2.16 and 4.46 A.
These findings confirm that the coordination environment surrounding
the Fe and Ru metals is associated with Fe/Ru-N interactions. Minor
peaks, belonging to metal-metal coordination, appear in the EXAFS
spectra of RuN4-SAC and FeRuN6-DAC in Fig. 4f, which can be attrib-
uted to the noise or the interaction of metal-metal coordination (Fe-Ru)
in our catalyst.

The surface morphology, surface structure, and elemental mapping

of FeRuN6-DAC are further investigated by SEM, STEM, and EDX.
Fig. 5a demonstrates the SEM imaging of FeERuN6-DAC and Figure S6
shows the EDX elemental mapping, suggesting the uniform presence of
Fe, Ru, N, and C elements throughout the nitrogen-doped graphene
support. In Fig. 5b,c, the STEM images for the FeRuN6-DAC sample are
presented and no significant aggregation is observed. These results are
in agreement with the XRD spectrum presented in Figure S5 for FeN4-
SAC, RuN4-SAC, and FeRuN6-DAC. The XRD spectra exhibit a single
broad graphitic carbon peak at 24.9° (002) corresponding to the inter-
layer spacing of d=3.6 A. No additional peaks corresponding to Fe and
Ru metals aggregation or their oxides, carbides, or nitrides compounds
are detected in the XRD spectra [23]. Fig. 5d-f show the STEM high angle
annular dark field (STEM-HAADF) images of FeN4-SAC, RuN4-SAC, and
FeRuN6-DAC where the Fe and Ru metals (white dots) are distributed
uniformly throughout the entire nitrogen-doped graphene support.

According to the Raman spectra provided in Figure S7, the intensity
ratio of D band to G-band (Ip/Ig) for FN4-SAC, RuN4-SAC, and FeRuN6-
DAC is 0.78, 0.73, and 0.89 leading to a density of defect vacancies (np)
of 0.0024 nm ™2, 0.0022 nm ™2, and 0.0027 nm 2, respectively. The rise
in the defect density for FeRuN6-DAC is due to the higher metallic
species compared to FeN4-SAC and RuN4-SAC [47].

The ORR and OER performances of all synthesized materials in 0.1 M
KOH electrolyte were checked using the rotating disk electrode. Cyclic
voltammetry (CV) measurements were performed under Oz- and Ar-
saturated electrolytes, as provided in Figure S9. The CV curve of
FeRuN6-DAC under O,-saturated electrolyte exhibited a main ORR peak
at 0.73 Vgyg, indicating that dioxygen is reduced by FeRuN6-DAC.
Fig. 6a shows the ORR linear sweep volumetry (LSV) of FeN4-SAC,
RuN4-DAC, and FeRuN6-DAC samples for the rotation speed of
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Fig. 6. ORR and OER catalytic performance. (a) ORR LSV of FeN4-SAC, RuN4-DAC, and FeRuN6-DAC samples for the rotation speed of 2000 rpm. (b) The ORR Tafel
plot of samples indicates the low Tafel slope of 104 mV/dec for FeRuN6-DAC. (c) OER LSV of FeN4-SAC, RuN4-DAC, and FeRuN6-DAC samples. (d) The OER Tafel
plot for various samples indicates the low Tafel slope of 124 mV/dec for FeRuN6-DAC. The catalytic performance of all samples was evaluated in an O,-saturated
electrolyte of 0.1 M KOH. (e) Experimental versus DFT-predicted ORR and OER overpotentials at the current density of 1 mA/cm? indicating good agreement

between DFT and experimental results.

2000 rpm under Oq-saturated electrolyte. As provided in Fig. 6a, the
ORR onset potential and overpotential for the FeRuN6-DAC sample are
+0.94 Vgyg, 0.29 V, respectively. The experimental ORR overpotential
of 0.29 V is in consistent with the DFT-predicted overpotential of 0.24 V,
Fig. 1b. FeN4-SAC and RuN4-SAC display a more negative ORR onset
potential compared to FeRuN6-DAC, leading to the ORR overpotentials
of 0.43 V and 0.50 V, respectively. Fig. 6¢ shows the OER LSV of FeN4-
SAC, RuN4-DAC, and FeRuN6-DAC samples under Oj-saturated elec-
trolyte. The OER onset potential and overpotential for the FeRuN6-DAC

sample are 1.50 Vryg and 0.27 V, respectively. The experimental OER
overpotential of 0.27 V is consistent with the DFT-predicted over-
potential of 0.19 V. FeN4-SAC and RuN4-SAC display the OER onset
potentials of 1.58 Vgyg and 1.62 Vyyg, leading to the OER over-
potentials of 0.35V and 0.39 V, respectively. Figs. 6b and d show the
Tafel slope values obtained from the ORR and OER LSV curves. The
FeRuN6-DAC sample possesses an ORR Tafel slope of 104 mVdec ?,
significantly lower than the ORR Tafel slopes of 386 mVdec ™! for FeN4-
SAC and 606 mVdec ! for RuN4-SAC. Besides, the FeRuN6-DAC sample
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Fig. 7. Zinc-air battery performance. Polarization curve and power density plots of an assembled Zinc-air battery using FeRuN6-DAC in place of the cathode for
discharge and charge processes. This indicates an open circuit potential (OCP) of around 1.6 V. (b,c) The galvanostatic discharge-charge curve at 1 mAcm ™2 under
ambient air atmosphere for 40 hours and 120 cycles. 6 M KOH is used as the electrolyte for all results.

possesses an OER Tafel slope of 124 mVdec ™, significantly lower than
the OER Tafel slopes of 178 mVdec ! for FeN4-SAC and 201 mVdec !
for RuN4-SAC. The low ORR and OER Tafel slope values observed for
FeRuN6-DAC indicate favorable ORR and OER Kkinetics.

In order to compare our theoretical and experimental results, we plot
the experimental versus the DFT-obtained OER and ORR overpotentials
at the current density of 1 mA/cm? for FeN4-SAC, RuN4-SAC, and
FeRuN6-DAC. Fig. 6e, indicates good agreement between DFT and
experimental results, with the best performance for FeRuN6-DAC.
Therefore, our DFT calculations and experiments demonstrate that the
combination of Fe and Ru metals in FeRuN6-DAC surpasses the ORR and
OER activities of FeN4-SAC and RuN4-SAC due to their interactions in
the DAC.

These good ORR and OER performances provide the opportunity for
developing a rechargeable Zinc-air battery. Therefore, we tested the
performance of the designed FeRuN6-DAC in a rechargeable Zinc-air
battery setup. Fig. 7a shows discharge (blue line) and charge (green
line) polarization curves and discharge power density (red line) plots of
Zinc-air battery using FeRuN6-DAC in place of the cathode, leading to an
open circuit potential (OCP) of 1.6 V versus Zinc. This indicates that the
FeRuN6-DAC can give a maximum power density of 0.45 W/cm? at the
current density of 0.44 A/cm? Fig. 7b,c show the galvanostatic
discharge-charge plot of the Zinc-air battery with FeRuN6-DAC in place
of cathodes for 40 hours at the current density of 1 mAcm 2, under
ambient air atmosphere, using the 6 M KOH electrolyte. As provided in
Fig. 7b, each charge and discharge process were set to 10 min in dura-
tion, following by 1 min duration for relaxation. The discharge and

charge potentials reach 1.2 V and 2.4 V, respectively, with a 1.2 V gap
for the discharge and charge potentials. In addition, the stability of the
catalyst for 120 discharge-charge cycles is confirmed in Fig. 7c. We
found that the initial voltage for the Zinc-air battery is different for both
the charge and discharge processes than the steady state long-time
value, in agreement with the data reported in the literature [48,49].
We attribute these early-stage changes in the voltage to the fact that the
zinc surface is quite clean without oxide on the surface and that there is
no zinc ion in the electrolyte which can hugely affect the voltage of the
zinc battery, especially in the charging process [49]. To show the
durability of the prepared FeRuN6-DAC at high current densities, we
performed the galvanostatic discharge of the Zinc-air battery for
13 hours at the current densities of 1 mAcm ™2 and 7.14 mAcm ™2 under
ambient air atmosphere, using the 6 M KOH electrolyte (Figure S16).
The current densities of 1 and 7.14 mAcm 2 lead to the voltages of 1.28
and 0.98V vs. Zn, and power densities of 110 and 632 mWh,
respectively.

10. Conclusion

We performed the high-throughput computational screening for the
rational design of dual atom catalysts (M;M2N6-DAC) for the oxygen
reduction and evolution reactions (ORR and OER), where M; and M,
represent Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, or Pt metals. Among all the
combinations, FeRuN6-DAC shows the low predicted ORR and OER
overpotentials of 0.24 V and 0.19 V, respectively, with Fe as the active
site for both ORR and OER. The tuning of the Fe active site towards

10
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facilitating the adsorption and desorption of OH* intermediate was
confirmed based on in-situ electron spin resonance (ESR), indicating that
the increase in the concentration of OH* intermediate on Fe, increases
the spin state of Fe sites. Based on our hybrid density functional theory
(DFT) calculations, we synthesized and characterized FeRuN6-DAC,
FeN4-SAC, and RuN4-SAC samples. We observe that FeRuN6-DAC has
an experimental ORR and OER overpotentials of 0.29 V and 0.24 V,
respectively, with Tafel slopes of 104 mVdec ! and 124 mVdec ™. The
rechargeable Zinc-air battery setup was fabricated with FeRuN6-DAC in
place of the cathode, showing good performance and stability after 120
cycles. Based on our theoretical and experimental findings, we designed
a new catalyst for electrochemical ORR, OER, and Zinc-air battery
applications.
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