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Zhao et al. prepare a Zr-metal single atom catalyst by a ball-milling, solid-solution-
assisted pyrolysis method. The catalyst exhibits notable ORR activity and long-life
structural stability. It is demonstrated that the quintuple nitrogen and oxygen co-
coordinated structure accounts for the high catalytic activity of the atomic Zr-metal
core.
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Atomically dispersed quintuple nitrogen and oxygen
co-coordinated zirconium on graphene-type substrate
for highly efficient oxygen reduction reaction

Xue Zhao,'* Jing Wang,'> Jinming Wang," Meng Yang,' Chenglin Yan,” Guodong Zou," John S. Tse,*

Carlos Fernandez,* and Qiuming Peng':¢*

SUMMARY

A cost-effective and long stability catalyst with decent electro-
chemical activity would play a crucial role in accelerating applica-
tions of metal-air batteries. Here, we report quintuple nitrogen
and oxygen co-coordinated Zr sites on graphene (Zr-N/O-C) by us-
ing a ball-milling, solid-solution-assisted pyrolysis method. The as-
prepared Zr-N/O-C catalyst with 2.93 wt % Zr shows a half-wave
potential of 0.910 V, an onset potential of 1.000 V in 0.1 M
KOH, impressive durability (95.1% remains after 16,000 s), and
long-term stability (5 mV loss over 10,000 cycles). Zn-air batteries
with the Zr-N/O-C electrode exhibit a maximum power density of
217.9 mW cm™? and a high cycling life of over 1,000 h, exceeding
the counterpart equipped with a Pt/C benchmark. Theoretical
simulations demonstrate that nitrogen and oxygen dual-ligand
confinement effectively tunes the d-band center and balances
key intermediates binding energy of intrinsic quintuple coordina-
tion Zr sites.

INTRODUCTION

Zn-air batteries are promising next-generation candidates with sustainable and
safe merits in comparison to Li batteries.'™ However, the shortage of suitable
catalysis becomes a bottleneck in speeding up the pace in the use of Zn-air bat-
teries.”® The commercial Pt-based catalyst has accounted for more than half of
the total cell cost in carrying forward large-scale applications of clean energy de-
vices and suffers from an unsustainable supply and increasing market price.”’” The
bio-inspired M-N-C (M
anchored by N on C substrates bring new opportunities. In these catalysts, MN,

= Fe, Co, Ni, Mn) catalysts composed of individual metals

moieties act as the active sites and can be developed as cost-effective and highly
efficient alternatives.® Nevertheless, studies have reported that catalysts do not
meet the requirements for practical use, mainly due to the limited activity and un-
satisfactory stability.” It has been confirmed that the performance of these M-N-C
compounds is intimately dependent on the metal elements. However, the
available metal species cannot achieve high levels of activity together with
long-term stability.'"'* For example, Fe-N-C was demonstrated to possess
high oxygen reduction reaction (ORR) activity, yet it also tends to degrade quickly
because the Fe?* ion animates in side reactions.'* By contrast, Co-N-C improves
the stability at the expense of selectivity, and the ORR activity of Mn-N-C or
Ni-N-C is far behind that of Fe-N-C and Co-N-C.">"'? Therefore, fabricating oper-
ational MN, motifs with competent elements is of significant importance but a

great challenge.

L))

b

This is an open access article under the CC B

'State Key Laboratory of Metastable Materials
Science and Technology, Yanshan University,
Qinhuangdao 066004, P.R. China

2Suzhou Key Laboratory of Advanced Carbon
Materials and Wearable Energy Technology,
Soochow University, Suzhou 215006, P.R. China

3Department of Physics, University of
Saskatchewan, Saskatoon, SK S7N5B2, Canada

4School of Pharmacy and Life Sciences, Robert
Gordon University, AB107GJ Aberdeen, UK

SThese authors contributed equally

6Lead contact

*Correspondence: penggiuming@ysu.edu.cn
https://doi.org/10.1016/j.xcrp.2022.100773

et Cell Re@orts Physical Science 3, 100773, March 16, 2022 © 2022 The Authors. 1
NC-ND license (http: //creativecommons. org/lwcenses/by nc-nd/4.0/).


mailto:pengqiuming@ysu.edu.cn
https://doi.org/10.1016/j.xcrp.2022.100773
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrp.2022.100773&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

The valence electron configuration of Zr is 4d°5s?, which bestows 5 completely
empty d orbitals, theoretically for its cation (Zr**) and stronger O or N affinity, form-
ing firm Zr-O/Zr-N interactions. The benefit is that the powerful bonding can
improve the structure stability in Zr-N-C material wherein the N acts as an anchor
to fix the Zr singlet. However, the strong electronic affinity will also produce harsh
adsorption ability for other O-containing species during the reaction, hindering
the desorption process and hence resulting in inferior reaction activity. As such,
external coordination modification is an effective strategy to balance the adsorp-
tion/desorption strength of O intermediates.””*' For example, the reaction activity
is determined by removing the second *OH intermediate, which demands
conquering the large energy barrier due to the strong binding ability of FeN, moiety
in Fe-N-C.””?* Recent research has demonstrated that the OH group and pyridine
molecular can be used to weaken the interaction between the adsorbate and the cat-
alytic surface.?*#* Similarly, O species are used near the CoN4 moiety by controlling
the thermal annealing step carefully to optimize the free energy change of the *OOH
intermediate.”® It is inspired that each Zr connects with the 6 nearest Zr-N bonds in
bulk ZrN, which is different from those for the Fe-N bonds in the Fe,N (x = 2-4, with 3
Fe-N bonds at most) compound. This suggests that the Zr element is prone to form a
multi-coordination motif (over 4) intrinsically without sophisticated experimental
conditions or skills. A fabricated Zr singlet holds great promise in affordable, long-
term stable and high-efficient catalysts, with the virtue of its unique intrinsic multi-co-
ordination pattern.

The key point of the experimental method to prepare atomically dispersed intrinsic
multi-coordination Zr lies in forming a homogeneous and well-confined precursor.
To do so, we prepared binary Mg-Zr alloys in which Zr atoms are randomly distrib-
uted as an atomic solid-solute state in a Mg matrix by an industrial high-energy
ball-milling technique.”’*® Subsequently, they were pyrolyzed under an atmo-
sphere of mixed CO, and NHj3, and a C-containing template was formed from the
Mg matrix, in which the O and N act as effective anchoring bonds for the Zr single
atom during the heat treatment process. As a result, an atomically dispersed Zr-N/
O-C catalyst is achieved. The as-prepared Zr-N/O-C catalyst with 2.93 wt % metal
loading exhibits both high electrochemical catalytic activity and extraordinary
long-term structural stability. What is more attractive, the Zn-air battery exhibits a
high power density (217.9 mW cm~2) and long cyclability (>1,000 h) with a low over-
potential (0.913 V). Combinations of X-ray absorption near-edge structure (XANES)
analysis and density functional theory (DFT) calculations confirm that the
outstanding electrocatalytic performance can be attributed to the intrinsic quintuple
N and O co-coordination ZrN4O with 4 in-plane N and an out-of-plane O ligand.

RESULTS

Catalyst synthesis

Atomically dispersed Zr catalysts were synthesized using a ball-milling solid-solution
assistant pyrolysis approach, as illustrated in Figure TA. Specifically, a solid-solution
Mg-Zr alloy formed during the high-energy ball-milling pre-treatment, and then the
solid-solution Mg-Zr alloy in situ changed to a composite single-atom Zr on N and O
doping graphene (labeled Zr-N/O-C) in terms of the chemical reaction Mg matrix
in a mixed gas environment during the pyrolysis process. Notably, according to
the binary Mg-Zr phase diagram, the maximum solubility of Zr in the Mg matrix is
~0.6 wt %. The broadened peaks and shift to low angles in the Mg-1 wt % Zr alloy
reveal that the Zr atoms are well dispersed, revealing the insertion of the larger Zr
atom in the Mg matrix (Mg + Zr — MgZr [solid solution]). Comparatively, the peak
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Figure 1. Synthesis and characterization of Zr-N/O-C

A) Schematic illustration of the synthesis procedure of atomic-dispersed Zr-N/O-C.
B) EDX mapping images of Zr, N, and O.

C) HAADF-STEM image of the Zr-N/O-C.

D) The experimental Zr K-edge XANES spectra.

E) FT k> -weighted Zr K-edge EXAFS spectra.

F-H) WT-EXAFS plots of Zr-N/O-C, ZrO,, and Zr foil, respectively.
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representing Zr appears when the Zr content increases to 1.5 wt %, indicating that
the maximum content of Zr in the Mg matrix is ~1 wt % by high-energy ball milling,
as evidenced by X-ray diffraction (XRD) patterns (Figure STA). Simultaneously, the
high-angle annular dark-field atomic-resolution-scanning transition electron micro-
scopy (HAADF-STEM) image (Figure S1B) further confirms that the doped Zr atoms
are homogeneously constrained by the Mg matrix in Mg-1 wt % Zr alloy.

In addition, the variation of phase composition is investigated by the XRD (Fig-

ure S2), in which the Mg matrix has oxidized to MgO and graphene after pyrolysis
treatment under CO,.”” The main chemical process is as follows:

MgZr + CO, +NH3— MgO + (Zr + ZrO,) -N/O-C(graphene) + H,O.

Cell Reports Physical Science 3, 100773, March 16, 2022 3
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The formation of the in situ N-doped graphene inevitably contains defects
and/or vacancies because of the lattice mismatch during phase transformation
(Mg + CO, — MgO + C[graphene]),30 in which it either directly encapsulates Zr
atoms in graphene or serves as anchoring sites. Moreover, due to a strong affinity
between Zr and N/O, a Zr-N/O-C is formed after removing freestanding oxide res-
idues by hydrofluoric acid (HF) leaching. Experimental condition results show that
the reaction of CO; reduction by Mg is weak at low temperatures. In turn, the C skel-
eton tends to collapse under high temperatures. For the mixed ratio of CO,/NH3,
excessive CO, reacts with Zr to form ZrC, which results in the loss of Zr active sites.
Similarly, Zr is prone to convert to ZrN as long as the content of the NH3 atmosphere
is abundant. Consequently, the best-performing Zr-N/O-C catalyst is obtained un-
der the following experimental conditions: the content of 1 wt % Zr, the CO,/NHj;
gas ratio of 1:0.5, and the temperature of ~900°C (Figure S3). As a reference, a
pure N and O doping graphene (N/O-C) has also been prepared using Mg as a
precursor.

Atomically dispersed Zr sites

XRD patterns (Figure S4A) do not show characteristic peaks for any crystalline
Zr-containing phases or clusters in the Zr-N/O-C catalyst, analogous to that of the
N/O-C reference. Raman spectra indicate that the Ip:lg ratio for the Zr-N/O-C is
slightly higher than the N/O-C substrate, revealing that the thin C layer in Zr-N/
O-C is more disordered (Figure S4B). Moreover, as confirmed by scanning electron
microscopy (SEM) and Brunauer-Emmett-Teller (BET) surface analysis, both N/O-C
and Zr-N/O-C show a three-dimensional honeycomb-like morphology, with
many gradient macropores in a combination of micropores (Figure S5). Compared
with those of the N/O-C reference, the Zr-N/O-C shows a slightly higher specific sur-
face area of 278.80 m? g~' and a marginally larger pore volume of 1.15 cm® g~".
These demonstrate that Zr doping could hardly affect the substrate and
macromorphology.

Evidently, inductively coupled plasma atomic emission spectroscopy (ICP-AES,
2.93 wt %; Table S1), energy dispersive X-ray spectroscopy (EDS) (Figure 1B), and
quantitative analysis of X-ray photoelectron spectroscopy (XPS) (~2.89 wt %; Table
S2) confirm the existence of the Zr species, except for C, N, and O. Simultaneously,
transmission electron microscopy (TEM) images reveal that neither clusters nor
nanoparticles anchor on the substrate of the Zr-N/O-C (Figure Sé). In contrast, in
the HAADF-STEM image (Figure 1C), a number of bright spots are clearly observed
in the Zr-N/O-C, which can be safely attributed to Zr single atoms. The Zr 3d XPS
spectra (Figure S7) can be fitted to 2 peaks—Zr-N (180.99 and 183.27 eV) and
Zr-O (182.08 and 186.18 eV)—suggesting a dual-ligand configuration with N and
0.%>" The N 1 s XPS spectra at 402.51, 400.68 and 398.68 eV are assigned to O-N,
C-N, and Zr-N interaction, respectively.’” Based on the XPS peak intensities, the
estimated atomic content of Zr-N and Zr-O are 0.094 atom % and 0.024 atom %,
respectively, corresponding to an elemental ratio of 4:1 (Table S2).

The Zr K-edge XANES spectra in the Zr-N/O-C is located between the Zr foil and
ZrO;. The energy region of the Zr-N/O-C shifts slightly (Figures 1D and S8), where
the white peak is at a higher energy than the Zr foil but lower than that of ZrO,.
This observation indicates that the valence state of Zr is positive but lower than 4.
The absence of a pre-edge as for a typical MN,4 square planar (Dgp) symmetry dem-
onstrates a different coordination environment of Zr.** The Fourier transform of the
extended X-ray absorption fine structure (FT-EXAFS) curves (Figure 1E) shows a
strong peak at 1.5 A, which can be assigned to Zr-N-O interaction. The Zr-Zr peak
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Figure 2. Electrochemical performance of Zr-N/O-C
(A) LSV curves in O,-saturated 0.1 M KOH solutions at a sweep rate of 10 mV s™'. The inset involves peroxide yield and the calculated electron transfer
number.

(B) Tafel slopes of the catalysts.

(C) LSV curves of Zr-N/O-C before and after accelerated stability tests with 5,000 cycles and 10,000 cycles from 0.2 to 1.1V (versus RHE) at a sweep rate of
10mVs.

(D) Contrasting the Eynset and Eq/, values for Zr-N/O-C and other single-atom catalysts.

(E) Methanol tolerance test.

(F) CA test of the catalysts at 0.6 V with 1,600 rpm in Oj-saturated 0.1 M KOH solutions.

(2.8 A) is not detected, indicating the absence of near-neighbor Zr. Note that the
peak is asymmetrical, with slight variation with a lower k value, implying that
additional coordination causes the distortion of Zr atoms out of the graphene
plane. The wavelet transform (WT) of the I<3—weighted EXAFS spectra (Figures 1F-
1H) suggests only 1 strong peak at 5 A" in the Zr-N/O-C, which can be assigned
to the Zr-N/O bond. This contrasts with the ZrO, compound and the Zr foil, which
show a peak at ~8.2 A", corresponding to the Zr-Zr scattering path. EXAFS fitting
(Table S3) indicates that the average Zr-N/O distance is 2.11 A and the coordination
number is close to 5. This structural feature is consistent with the XPS analysis of a
ZrN4O fragment.

Electrochemical performance

To evaluate the electrochemical catalytic performance of the Zr-N/O-C catalysts,
catalyst-modified rotating disk electrodes were tested in O,- and Ar-saturated
0.1 M KOH solution, respectively, compared with the N/O-C and commercial
20 wt % Pt/C. Cyclic voltammetry (CV) curves display the most positive potential
of 0.81 V for the Zr-N/O-C (Figure S9). Linear sweep voltammetry (LSV) results at
1,600 rpm after normalization by glassy carbon (GC) electrodes (Figure 2A) show
that the half-wave potential (E1,, = 0.910 V versus reversible hydrogen electrode
[RHE]) and onset potential (Eqnser = 1.000 V versus RHE) of the Zr-N/O-C display
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the best ORR activity, surpassing that of the N/O-C (Eq,; = 0.805 V versus
RHE, Egnset = 0.91 V versus RHE) and commercial Pt/C (E1,» = 0.851 V versus RHE,
Eonset = 0.97 V versus RHE), respectively. This outstanding ORR activity is further
identified by the smallest Tafel slopes (Figure 2B)—i.e., 71 mV dec™" (Zr-N/O-C) <
88 mV dec™' (Pt/C) < 311 mV dec™" (N/O-C).

To gain further insightinto its catalyst selectivity, we measured the ORR kinetics. The
electron-transferring number, detected using rotating ring-disk electrode (RRDE)
testing, gives rise to a value of ~3.91 (Figure 2A), rendering a Pt-like 4e~ reaction
mechanism. To estimate potential applications of the Zr-N/O-C electrocatalysis,
the stability is tested by conducting accelerated stability tests between 0.8 and
1.1 V versus RHE at 0.1 V s™" in O,-saturated 0.1 M KOH solutions. Remarkably,
no obvious activity decay is observed for E4,, after 5,000 continuous potential cycles,
and only a 5-mV decrease is witnessed after 10,000 continuous potential cycles (Fig-
ure 2C), outperforming the recently reported single-atom Co-N-C (8 mV loss)."”
The loss of E4; for the control catalysts can be ascribed to the presence of nanoclus-
ters (Figure S10) as a result of atom mobility and aggregation after cycles. The high-
est electrochemical surface area (ECSA) of 74.1 mF cm 2 is calculated for the Zr-N/
O-C (Figure ST1A). Moreover, the Zr-N/O-C exhibits a record-value kinetic current
density (j) of 28.19 mA cm~2 at 0.85 V, which is 20 times higher than that of Pt/C,
further confirming its high ORR catalytic activity (Figure S11B). Meanwhile, the turn-
over frequency (TOF) was calculated to compare the intrinsic activity per active
site to other notable catalysts. Intriguingly, Zr-N/O-C exhibited a high TOF of
2.70 e site 's~' (0.85 V versus RHE), which is 2.7 times higher than that of commer-
cial Pt/C (0.98 e site 's™"). Furthermore, the Zr-N/O-C exhibited higher mass activ-
ity (i.e., catalyst mass loading-normalized kinetic current density) and 0.048 times
higher intrinsic activity (i.e., the BET surface is a normalized kinetic current density)
at 0.85 V versus RHE than those of the N/O-C, confirming the positive effect of
the ZrN4O fragment on intrinsic activity (Figure ST11C). It demonstrates that the
Zr-N/O-C, compared with literally reported pure non-precious single-atom systems,
bestows the highest level of ORR electrocatalysts in terms of Eq1/, and Egnser (Fig-
ure 2D; Table S4).

The Poison effect is a critical concern when catalyst acts on the cathode of fuel cell.
We tested the methanol crossover effect via the chronoamperometric (CA) re-
sponses. The current density of Pt/C drops significantly when methanol is injected
into the solution, while that of the Zr-N/O-C and the N/O-C is maintained (Figure 2E).
The long-term testing of 16,000 s reveals that only 73.3% remains for Pt/C, while
95.1% is retained for the Zr-N/O-C, followed by the N/O-C (87.4%) (Figure 2F).
Poisoning experiments reveal that the Zr-N/O-C is not sensitive to Br~, Cl~, and
CH3OH. However, the E;/, exhibits a negative shift by 65 mV in the presence of
SCN~, a commonly adopted ion to Poisson metal sites,***> implying the ZrN,O moi-
ety, instead of heterogeneous N or C defects, is the active site (Figure S12).

To assess the performance in a real electrochemical device, the Zr-N/O-C was used
in comparison to Pt/C as the cathode in Zn-air batteries (Figures 3A-3C). Not only
are high open-circuit voltage of 1.488 V (Figure 3A) and a maximum power density
of 217.9 mW cm ™2 (Figure 3B) achieved but also a longer cycle life (>1,000 h) and a
lower charge/discharge overpotential (0.913 V) are delivered to the Zr-N/O-C-based
batteries, overwhelming the counterparts equipped with the Pt/C benchmark and
other samples (Figure 3C). The rate capability of the Zr-N/O-C (Figure S13A) shows
better performance than commercial Pt/C, which emphasizes the good reversibility
of the Zr-N/O-C. What is more attractive is that this high performance can also be
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Figure 3. The performance of Zn-air batteries
A) Open circuit voltage curves.
B) Discharge polarization curves and corresponding power density plots.

D) In situ XRD contour plots of Zn-air batteries with the Zr-N/O-C electrodes during discharge.

(

(

(C) Long-term discharge/charge cycling performance.

(

(E) Intensity changes of C peak at 55° of different air cathodes during Zn-air battery operation.

achieved in the temperature range of —10°C to 50°C, illustrating its promise for
wide-temperature industrial applications (Figures S13B and S13C). In addition,
this high ORR activity has been clarified further by in situ XRD measures on Zn-air bat-
teries assembled in a tailor-made mold (Figures 3D, 3E, and S14). Initially, 2 major
peaks of C at 44°C and 55°C were observed for both the Zr-N/O-C and the
N/O-C. It became weak gradually during the discharging procedure, which can be
attributed to the continuous adsorbed O molecular on the cathode surface during
the ORR process.” A more negative slope (—0.88) of the Zr-N/O-C compared
with the N/O-C electrode (Figure 3E) suggests a more efficient ORR activity. In
fact, the deposition of ZnO would gradually clog active sites and hamper O, diffu-
sion, resulting in the degradation of the discharge performance. However, no ZnO
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Figure 4. Theoretical interpretation

(A) Calculated catalytic activity volcano plots. The inset corresponds to ZrN,O moiety.
(B) Color-filled contour plots of the activity as the function of both AG+«oon and AG«op.
(C) Free energy diagram.

(D and E) Differential charge densities of ZrN4 and ZrN,O moieties, respectively.

signal is captured during the whole steady discharge plateaus process, confirming
the completely suppressed metal oxidization on the cathode.

Catalytic mechanism

To characterize the nature of the reaction center, DFT calculations were performed.
Various possible reaction center configurations (ZrN4, ZrN4O, ZrN3O;, ZrNs, ZrNOy,
ZrN4O(Il), and ZrN4OH) and their ORR activities were investigated (Figure S15). The
performances were compared with a literally well-studied FeN4 moiety.' The results
show that the bare ZrN, moiety is not reactive with a severe overpotential, empha-
sizing an endothermic reaction (Figure 4A). The performance gradually increased
and an obvious improvement was achieved for ZrN,O moiety, with a smaller overpo-
tential than that of the FeN, fragment, wherein the metal was confined by 4 in-plane
N atoms and 1 out-of-plane O atom.

To further investigate the catalytic performance, we calculated the adsorption energy of
the key reaction intermediates (*OOH, *O, and *OH). For a family of catalysis, a linear
relationship of AGxoon/AG+o and AGxop can be plotted (Figure S16). Based on the rela-
tionship, the reaction activity can be derived as the function of both AG«o and AG«oop,
which is of great significance in understanding the reaction mechanism.?” As displayed
in Figure 4B, the closer to the corner of the square, the worse the activity because of the
poor adsorption of the intermediates.” Specifically, ZrN, moiety is located on the bot-
tom left, demonstrating poor adsorption of neither *OOH nor *OH. This is consistent
with the volcano plot, in which most dots scatter on the strong interaction side, with
AGxop less than 0.5 eV. Also, from the free energy diagram (Figure 4C), the intense
binding of *OH makes the last step (*OH — H,0O) an uphill step, which is thus the
potential determining step (PDS). By contrast, with varying functional groups, the
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adsorption of reaction intermediates is adjusted, and the points move to the light-blue
triangle region, where all of the AGs tend to be optimal. Specifically, the AG«op for Zr-N/
O-C with ZrN,O motif turns downhill (AG«o = 0.45 eV), giving rise to an overpotential
of 0.78 V. We also noticed that the when the metal attached by another OH group or the
C substrate is oxidized by O, the ZrN,4O fragment remains, with even smaller overpoten-
tial (Figure 4A), which occurs in the aqueous/alkaline solution or in high-temperature py-
rolysis by chance.

We also performed differential charge density calculations to better understand the
above variation of free energy (Figures 4D and 4E). Compared with ZrNy, the charge
depletion on the metal of the unsaturated dual-ligand confining ZrN4O structure is
more obvious, which gives rise to a smaller electron population on the metal. The O
atom is an electron-withdrawing function group, and the accumulation of charge is wit-
nessed on the O atom. Subsequently, the Zr 4d state is shifted downward as electron
density is decreased (Figure S17). According to the d-band center theory,*® the position
of the d-band is linearly related to the adsorption free energy. More specifically, the po-
sition of the d-band down from the Fermi level is lower, and the adsorption becomes
weaker. As a result, the ZrNy4 is in the poor-adsorption energy region, whereas the
ZrN,4O structure is close to the optimal center, with favorable reactant-binding energy.

DISCUSSION

In summary, an atomically dispersed intrinsic quintuple N- and O-coordinated Zr-N/O-C
catalyst has been fabricated through a ball-milling, solid-solution assistant pyrolysis
approach. ZrN,O moieties were verified using XAS, HAADF-STEM imaging, and the
DFT model. The Zr-N/O-C catalyst exhibits both high half-wave potential (E1,, =
0.910V versus RHE) and onset potential (Egnset = 1,000 V vs. RHE) in an alkaline solution,
which also has an ultra-high selectivity for a 4e™ reduction pathway, good methanol
tolerance, and extraordinary long-term stability. Moreover, the Zn-air batteries exhibit
high comprehensive electrochemical properties in a wide temperature range of
—10°C to 50°C, overwhelming the counterparts equipped with the Pt/C benchmark
and other similar catalysts. Taking into account its simple process, low cost, and high
catalytic activity, the work provides a new way to develop large-scale non-noble metal
catalysts in a new generation of sustainable energy devices.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

All queries should be directed to Qiuming Peng (penggiuming@ysu.edu.cn).

Materials availability
This study did not generate new unique materials.

Data and code availability

The authors declare that the data supporting the findings of this study are available
within the article and the supplemental information. All other data are available from
the lead contact upon reasonable request.

Preparation of Zr-N/O-C

The mixed pure Mg and Zr powders (1 wt % Zr, thereafter in wt %) were treated by
ball milling. A total of 495 g Mg and 5 g Zr powder was poured into a stainless-steel
tank, along with 10 stainless-steel balls 5 mm in diameter and 40 stainless-steel balls
3 mm in diameter. This powder mixture was then ball milled at 800 rpm, with 20
consecutive cycles of 30-min segments and 10-min cool-down periods. The powder
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mixture was then pyrolyzed at 800°C-1,000°C under a CO2/NHj; (1:0.2, 1:0.5, and

1:0.8) atmosphere for 5 h, with a heating rate of 5°C min~"

in the subsequent pro-
cess. Finally, Zr-N/O-C is obtained after an acid leaching treatment in a 10% HF so-
lution for 8 h to removing freestanding oxide. N/O-C was synthesized with the same

procedure; however, Mg powders were used instead of Mg-1 wt % Zr.

Material characterization

XRD (D8, Brook) measurements were performed using a powder with Cu Ke radi-
ation (A = 1.5406 A) in a 20 range from 20° to 60°, with a scanning rate of 4° min~".
The morphologies were investigated with high-resolution TEM (HRTEM)-STEM
(JEOL2100; G2: an ultra-high point resolution of 0.1 nm with a Gatan Model-994
CCD digital camera and electron energy-loss spectroscopy [EELS], operated at a
voltage of 300 kV). XPS (ThermoFisher) was performed using Al Ko radiation.
XAS was collected on the beamline BLO7A1 in NSRRC (National Synchrotron Radi-
ation Research Center). The radiation was monochromatized by a Si(111) double-
crystal monochromator. The acquired EXAFS data were processed according to
the standard procedures using the ATHENA module implemented in the IFEFFIT
software packages. XANES and EXAFS data reduction and analysis were pro-
cessed by Athena software.’” The 4 data were Fourier transformed to real (R)
space using a Hann window (d, = 1.0 A™") to separate the EXAFS contributions
from different coordination shells. The quantitative information is obtained by
the least-squares curve fitting in the R space with a Fourier transform k space range
of 2.0-15 A", using the module ARTEMIS in IFEFFIT. The backscattering ampli-
tude Fyy and phase shift @y, were calculated using FEFF8.0 code.

Electrochemical tests

ORR electrochemical measurements were carried out in a 3-electrode system using
an RRDE-3A with an electrochemical workstation (CHI 760E). GC with a diameter of
4 mm was used as the support for the working electrode. A graphite rod was used as
the counter electrode instead of Pt to prevent pollution from long-term electro-
chemical corrosion. The reference electrode was Ag/AgCl (filled with saturated
KCl solution) electrode. All of the potentials were calibrated to RHE potential calcu-
lated from the equation

E(vs.RHE) = E(vs.Ag/AgCl) + 0.198V + 0.059 X pH.

All of the potentials in this study are quoted against RHE. The catalysts’ ink was fabri-
cated by mixing catalyst powder (4 mg) with a mixture of 200 uL isopropanol, 800 pL
H,O, and 20 pL Nafion solution under ultrasonic conditions for 30 min. The ink was

2

drop-cast on the disk electrode with a controlled loading of 0.339 mg cm™ and

dried at room temperature to yield a thin film electrode.

Before the measurement, a stream of Ar or O, flow was delivered to the electrolyte
for 30 min to obtain an Ar- or O,-saturated solution. The ORR curve was acquired
under O-saturated conditions by subtracting the data under Ar-saturated conditions
as a background. CV measurements were carried out in Ar- or Oj-saturated 0.1 M
KOH solutions at a scanning rate of 50 mV s™' in a cycling potential between
0 and 1.2 V versus RHE. The catalytic activity of samples was evaluated by using
LSV at scan rate of 10 mV s™" with different rotation rates (400-2,000 rpm).

Forthe ORR at an RRDE, the electron transferred number (n) and kinetic current den-

sity (jx) were calculated according to the Koutecky-Levich (K-L) plot linear fit lines
from the K-L equation:*°
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where j was the current density measured from the ORR, j, and ji represented the
diffusion limiting and the kinetic current density individually, w was the angular
velocity of the disk, F was the Faraday constant (F = 96,485 C mol™"), Doy was the
diffusion coefficient of O, (1.9 x 107> cm? s7"), Co was the bulk concentration of
0, (1.2 x 107° mol cm™3), and v was the kinematic viscosity of the electrolyte
(0.01 cm? s7"). For the RRDE tests, the hydrogen peroxide yield (H,O, [%]) and

the electron transfer number (n) can be calculated from the LSV at 1,600 rpm using
the following equation:

I
H,0,(%) = 200 x N/
/d+r\rl

I

n=4x
|, +-=
d+N

where |4 was the disk current, I, was the ring current, and N was the current collection
efficiency of the Pt ring with a value of 0.4.

Zn-air battery tests

The temperature was controlled by a programmable box (GDJS-100, Beijing
YaShiLin Testing Equipment). A total of 6 M KOH with 0.2 M Zn(CH3COOH), was
the electrolyte, while the polished Zn plate was used as the anode. Homogeneous
catalyst ink consists of the nanocomposites, ionomer (Nafion solution, 5 wt %), iso-
propanol, and H,O. The air cathode was made by drop casting the catalyst ink onto
hydrophilic carbon paper (HESEN HCP120) with a loading of 1.0 mg cm~2. The po-
larization curves were obtained using a CHI760E electrochemical workstation
(Shanghai Chenhua Instrument), and the galvanostatic charge-discharge tests
were performed on a battery measurement system (Land CT2001A).

In situ XRD characterization of Zn-air battery

In situ XRD measurements were obtained with an X-ray powder diffractometer (D8
ADVANCE, Bruker AXS GmbH). The Zn-air battery was assembled using a tailor-
made mold with a window for X-ray penetration. The constant galvanostatic
discharge curve of the Zn-air battery was measured by the CHI460E (Shanghai
Chenhua Instrument) electrochemical workstation, and the current density was
10 mA cm~2. The XRD pattern recording frequency was 10 min for the same position.

Computational methods

All of the calculations were performed using the projector-augmented wave method
as implemented in the Vienna ab initio simulation package (VASP).*"** The ex-
change-correlation potentials were treated in the generalized gradient approxima-
tion by the Perdew-Burke-Ernzerhof form.***> The energy cutoff of 500 eV was set
for the plane-wave expansion. All of the structural relaxations were performed until
the Hellmann-Feynman forces were <107 eV/A. Brillouin zone with a Gaussian
broadening of 0.05 eV was performed. The centered Monkhorst-Pack k-point
meshes for sampling the Brillouin zone was 5 X 5 X 1. The van der Waals (vdW) inter-
action was involved via the semi-empirical DFT-D2 field method.?® The Gibbs free
energy was calculated as follows:
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AG = AE + AZPE — TAS,

where AE was the DFT calculated adsorption energy difference from the initial to the
final states. AZPE was the change in zero-point energy (ZPE). T was fixed at 289.15 K
in our study and AS was the entropy change. The nature of the stationary point and
ZPE corrections was characterized by calculating the harmonic vibration frequency.
The Gibbs free energy change (AG;, i = 1-4) for each elementary step can be sum-
marized as follows:

AG = 4.92 — AGoon

AG; = AGsoop — AGeo

AG; = AGso — AGsoy
AGy4 = AGsop

The theoretical overpotential n°%% for a given electrocatalyst can be evaluated as

n°fR = 1.23V — min{AG,, AG,, AGs, AG.)e.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2022.100773.
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Figure S1 (A) XRD patterns of the samples. Ball milled Mg-1.5Zr Mg-1Zr and Mg-0.5Zr before
pyrolysis. (B) HAADF-STEM image of the Mg-1Zr, the bright dots are Zr atoms, and the
slightly darker dots are Mg atoms.
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Figure S2 (A) XRD patterns of the Mg-1.5Zr Mg-1Zr and Mg-0.5Zr after pyrolyzed in the
mixing gas of CO2:NH3=(1:0.5) at 900 °C. (B) XRD patterns of different Mg-1Zr samples. The
samples were pyrolyzed at 800, 900 and 1000 °C under the mixing gas of CO,:NH;=(1:0.5)
atmosphere, respectively. (C) XRD patterns of different Mg-1Zr samples. The samples were
pyrolyzed at 900 °C under the mixing gas of CO»:NH3=(1:0.2), CO,:NH;=(1:0.5) and
C03,:NH3=(1:0.8) atmosphere, respectively.
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Figure S3 (A) LSV curves of the Mg-1.5Zr, Mg-1Zr and Mg-0.5Zr after pickling in the mixing
gas of CO,:NH3=(1:0.5) at 900 °C. (B) LSV curves of Mg-1Zr samples pyrolyzed at 800, 900
and 1000 °C under the mixing gas of CO,:NH3=(1:0.5) atmosphere, respectively. (C) LSV
curves of different Mg-1Zr samples pyrolyzed under the mixing gas of CO,:NH3=(1:0.2),
CO,:NH;5=(1:0.5) and CO,:NH3=(1:0.8) atmosphere, respectively, with temperature at 900 °C.
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Figure S4 XRD and Raman patterns of the Zr-N/O-C and N/O-C.
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Figure S5 Effect of Zr doping on microstructure. The overall SEM morphologies of the different
catalysts. (A) Zr-N/O-C and (B) N/O-C. N, adsorption/desorption plots (C) and pore
distribution (D) of the Zr-N/O-C and N/O-C.



Figure S6 The TEM and HRTEM image of the different catalysts. (A-B), TEM and HRTEM
image of the Zr-N/O-C. No metal nanoparticles or oxide was observed. The inset is the
selected area electron diffraction (SAED) pattern of the Zr-N/O-C. (C-D), TEM and HRTEM
image of the N/O-C. It is confirmed that the pristine N/O-C is the porous graphene of ~ 5 layers.
The inset is the SAED pattern of the N/O-C.
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Figure S7 The XPS spectra for Zr 3d (A), C 1s (B), O 1s (C) and N 1s (D) of the Zr-N/O-C. The
C 1s XPS spectra manifests four peaks at binding energies of 284.8, 285.7, 286.8 and 289.4
eV, which are assigned to graphitic sp2 carbon (C-C), carbon coordinated with doped N (C-N),
carbon coordinated with doped O (C-O) and sp2 carbon (C=0) bonds, respectively1. The O 1s
spectra manifests three peaks at binding energies of 529.6, 530.8, 286.8 and 532.4 eV, which
are assigned to Zr-O, C=0 and C-O, respectively. The doping of O changes the charge density
of C matrix, which is beneficial to ORR?.
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Figure S8 (A) The corresponding EXAFS k-space fitting results of the Zr-N/O-C. (B)
FT-EXAFS fitting curves of the Zr-N/O-C. The best-fit structural parameters are listed in
Supplementary Table 3.
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Figure S9 (A-B) CV curves of the N/O-C and Zr-N/O-C in 0.1 M KOH solution within a

potential range from 0 to 1.2 V (Scan rate: 50 mV s™), respectively. (C-D) LSV curves of the

N/O-C and Zr-N/O-C catalysts with different rotation rates during the RDE test.




Figure S10 Morphology changes of Zr-N/O-C after 10000 continuous potential cycle. The
atomic Zr dots are segregated to form some Zr clusters after a long-term cycling.
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Figure S11 The different performance of catalysts. (A) Ca, (B) Comparison of E4,, and ji (0.85
V vs.RHE)3, (C) Mass acitivity and Interinsic acitivity.
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Figure S12 CV and LSV measurements were carried out by adding different anions (0.01 M)
into the solution. (A,B) KCI. (C,D) KBr. (E,F) CH3;OH. (G,H) KSCN.
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Figure S13 (A) Charge—discharge curves at different current densities. (B) and (C) The
charge-discharge cycle performances of Zn-air batteries at -10 and 50 °C, respectively.
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Figure S14 (A) Schematic diagram of in-situ experiments. In-situ XRD patterns of Zn-air
batteries during discharging: (B) Zr-N/O-C electrode and (C) N/O-C electrode. (D) In-situ XRD
contour plots of Zn—air batteries with pure carbon electrodes during discharging.
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Table S1 Metal concentration in the different samples determined by ICP-AES.

Samples Metal concentration (wt.%)

Zr-N/O-C 2.93 (2r)




Table S2 Elemental quantification (wt.%) determined by XPS and TEM elemtnal mapping for
the Zr-N/O-C.

Samples C N 0] Zr

Zr-N/O-C (XPS) 78.30 6.96 11.85 2.89

Zr-N/O-C (TEM) 82.00 4.98 10.24 2.78




Table S3 EXAFS fitting parameters at the Zr K-edge for various samples (802=0.94)

Sample Shell N? R(A)° ?x10°%(A%°  AEy(eV)’ R factor
Zr foil Zr-Zr 12 3.21£0.01 9.8+0.4 -5.040.6 0.003
Zr-0 8.7+2.4  2.11%0.02 12.6+2.5 -8.7+2.4
ZrO, 0.017

Zr-Zr 4.7+1.0 3.45+0.01 6.5£1.0 -90.5+2.2

Zr-N/O-C Zr-N/O 5.2+0.9 2.01+0.01 7.8+1.3 -10.4+1.6 0.018



Table S4 Comparison of ORR performance between the Zr-N/O-C and other non-precious
catalysts reported in the literatures under O,-saturated 0.1 M KOH solution.

Eonset) Er2)
Eletrocatalytsts Ref.
(V vs.RHE) (V vs.RHE)
1 Zr-N/O-C 1.000 0.910 This work
4 CAN-Pc(Fe/Co) 0.940 0.840 4
5 Cu-N/O-C-ICHP 0.970 0.850 °
6 Mn/C-NO 0.940 0.860 6
7 Zn-N/O-C-1 0.960 0.875 !
8 Co-N/S DSHCN-3.5 0.989 0.880 8
9 WN;5 1.010 0.880 °
10 Fe/N/S-CNTs 0.987 0.887 10
11 Fe-0.5-950 0.970 0.890 "
12 Sc@NC-750 0.990 0.890 2
13 Cu-SAs/N/O-C 1.000 0.895 A
14 Fe-ISAs/CN 0.986 0.900 "
15 Fesa-N/O-C 0.960 0.900 1

16 Fe SAs-N/C-20 0.970 0.909 16
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