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ARTICLE INFO ABSTRACT

Keywords:
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The green electricity-driven electrocatalytic nitrates to ammonia conversion emerges as an ideal, economical
solution for transforming the nitrogen-containing contaminants into valuable chemicals. Herein, we put forward
a new lattice distortion strategy in metal-organic frameworks (MOFs) to effectively regulate the d-orbitals
electronic structure of the metal nodes to boost ammonia synthesis performance. The longer nickel-oxygen bonds
extrude the adjacent cobalt-oxygen bonds in the orderly arranged CoNi dual sites, resulting in the distorted
Co—O octahedron. The d-electrons are redistributed, which greatly strengthens the binding of *NHOH inter-
mediate, forming a new energy-efficient rate-determining step in nitrate reduction reaction. Benefitting from the
regulated electronic structure, the bimetallic CoNi-MOF nanosheets array electrode delivers a higher ammonia
yield rate (1.51 mmol cm™ h™') and Faradaic efficiency (94.1 %) compared to the counterpart Co-MOF and Ni-
MOF. Furthermore, the array electrode was assembled into a zinc-nitrate battery, an open-circuit voltage of

Lattice distortion

d-band center
Pseudo-Jahn-Teller effect
Zinc-nitrate battery

1.372 V was achieved, and the maximum output power density reached as high as 8.49 mW cm™2.

1. Introduction

Ammonia (NH3) is an essential major chemical product, mainly used
as raw material for the manufacture of nitrogen fertilizer, pharmaceu-
ticals, refrigeration, and so on. Besides, ammonia is also regarded as the
perfect carbon-free, hydrogen-rich (17.6 wt%) energy medium [1-5]. In
industry, ammonia synthesis is proceeded employing the century-old
Haber-Bosch method, which is operated at harsh conditions (tempera-
ture: 400 —500 °C, pressure: 150 —300 atm). In order to meet the
tremendous demand of ammonia in the global market, ammonia annual
output has reached 235 million tons in 2019, this undoubtedly resulted
in huge fossil fuel consumption and serious carbon emissions [6].
Electrocatalytic nitrate reduction reaction (NOsRR) to ammonia is
regarded as a strong supplement to the conventional Haber-Bosch pro-
cess, mainly due to the abundant sources of nitrates, greatly enlarged
NHj3 yield rate, and higher NH;3 Faradaic efficiency (FE) in comparison to
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the fascinating electrochemical nitrogen reduction reaction (NRR)
[7-17]. Nevertheless, the current electrochemical NOsRR is still
restricted to the low ammonia yield rate and FE toward large-scale in-
dustrial application, especially in the low concentration of nitrates.
Nitrates to ammonia conversion (NO3 + 9 HT + 8e"—=NHj3 + 3 H,0)
is a multistep coupling process involved nine protons and eight elec-
trons, therefore the complicated N-intermediates are produced on the
catalysts surface, and/or the multiple reaction pathways are involved
[18,19]. To achieve efficient NO3RR, the electrocatalysts should possess
abundant active sites with tunable electronic structure to meet the re-
quirements of the appropriate adsorption strength for the corresponding
N-intermediates, and the declined energy barrier of the rate-determining
step (RDS). Lattice distortion, i.e., elongation or compression of the
chemical bonds, influences the redistribution of local charges, the spin
state of the catalytic centers, and the adsorption configurations of in-
termediate species, proving to be an effective method to modulate the
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catalytic performance [20-23]. This lattice distortion is usually caused
by the Jahn-Teller effect of metal ions (Cu?*, Mn>") in octahedral or
tetrahedral fields, which leads to the octahedron and tetrahedron to be
stretched or compressed, and thus the spin states of central metal ion are
split [24,25]. For example, Mn doping can induce the neighboring Ni
site to occur Jahn-Teller distortion, leading to the shorted Ni-O bonds,
which strengthens orbital hybridization with the p-orbitals of CO2 and
significantly improves CO5 conversion to CO [26]. Anomalously, lattice
distortion has been occurred for metal ions with weak or no Jahn-Teller
effect due to the external interactions, which typically attributed to
pseudo-Jahn-Teller effect. It is very challenging to precisely modulate
lattice distortion to achieve high catalytic activity by pseudo-Jahn-Teller
effect, yet very important.

Here, the lattice distortion of the Co-O octahedron was achieved by a
pseudo-Jahn-Teller effect of Ni?* doping in bimetallic CoNi-MOF. Due
to the flexible ligand environment in MOF, the longer Ni-O bonds
extrude the neighboring shorter Co-O bonds, resulting in a stretched
Co-O octahedron unit. The electrons in the d-orbits were redistributed,
up shifting the d-band center of Co site. The adsorption strength of the
involved N-species was optimized, hence the AG value of the potential-
determination step (PDS) was greatly declined. And thus, the electro-
chemical NO3RR performance was boosted. The synthesized CoNi-MOF
nanosheets array delivered excellent NHs yield rate of 1.51 mmol cm™
h™! and NH3 FE of 94.1 % at 0.6 V versus reversible hydrogen electrode
(RHE), much higher than that of the counterpart Ni-MOF nanorods and
Co-MOF nanosheets arrays. Furthermore, CoNi-MOF nanosheets array
electrode was assembled into a zinc-nitrate battery, which delivered an
open-circuit voltage (OCV) of 1.372 V and the maximum output power
density of 8.49 mW cm™2, demonstrating a bright application prospect.

2. Experiments
2.1. Synthesis of CoNi-MOF nanosheets array

The cleaning of nickel foam (NF) was conducted according to the
following procedure: a piece of NF (2.0 x1.0 cm?) was alternately
soaked with hydrochloric acid (1.0 M) and acetone for 30 min to remove
the surface oxidation layer and organic residues, respectively. Subse-
quently, the NF was thoroughly cleaned with pure water and ethanol.
After that, the NF was dried in a vacuum oven at 60 °C for 24 h. The
CoNi-MOF nanosheets array electrodes were prepared according to the
previously reported literature with modification. Nickel acetate tetra-
hydrate (Ni(CH3COO)s-4 H20, 0.12 mmol), cobalt nitrate hexahydrate
(Co(NO3)2:6 Hy0, 0.06, 0.12, 0.18, 0.24 mmol) and benzene-1,4-
dicarboxylate (BDC, CgHgO4, 0.16 mmol) were dissolved in deionized
water (50 mL), the solution was then transferred and sealed in a hy-
drothermal reactor with polytetrafluoroethylene liner. The reaction was
proceeded at 150 °C for 20 h. After it was naturally cooled to room
temperature, the electrode was meticulously extracted using tweezers,
and thoroughly rinsed several times with water/ethanol until the solu-
tion was colorless and transparent. Finally, the electrode was dried in a
vacuum oven at 60 °C for 24 h.

2.2. Electrochemical NO3RR test

The electrochemical experiments were performed in an H-cell with a
typical three-electrode system. The CoNi-MOF nanosheets array
(1 x1 ecm?), Ag/AgCl with saturated potassium chloride solution, and Pt
plate were used as working electrode, reference electrode and counter
electrode, respectively. The cathode and anode chambers were divided
by a commercial Nafion 117 membrane. The electrolytes used in cath-
ode and anode chambers were the mixture of KNO3 (1 M) + KOH (1 M)
and KOH solutions (1 M), respectively. The volume of the electrolytes
was 30 mL both for cathode and anode, the pH of the electrolyte
approached 14. The electrochemical NO3RR test was triggered by
applying a constant potential (-0.1, -0.2, -0.3, -0.4, -0.5, -0.6 V) at the
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cathode versus RHE for 1 h. The ammonia generated in the electrolyte
was spectroscopically quantified using the Indophenol and Nessler’s
reagent colorimetric methods. Griess reagent and gas chromatography
(GC) were used to quantify the by-product (NO3) and gaseous by-
products (Ha, N3).

2.3. Theoretical calculation

The spin-polarized DFT calculations of the structural and electronic
properties were implemented in the Vienna ab initio simulation package
(VASP) [27,28]. The generalized gradient approximation (GGA) real-
ized by Perdew-Burke-Ernzerhof function (PBE) was used to describe
the exchange-correlation energy [29,30]. The plane wave cutoff energy
was set as 450 eV. The DFT-D3 [31], an empirical dispersion correction,
was applied because of its good description of long-range van der Waal’s
interactions. The Brillouin zone integration was utilized witha 2 x 4 x 1
k-point grid. The energy and force convergence criteria were set to 10™*
eV and 0.02 eV/A, respectively. To avoid interactions between periodic
images, a 20 A-thick vacuum layer was used in the z-direction.

The reaction free energy difference (AG) in the nitrate reduction
reaction (NO3RR) process was calculated according to the computa-
tional hydrogen electrode (CHE) model by the following equation [32]:

AG = AE + AZPE-TAS + /deT

where AE, AZPE, T, AS, and C, are the differences in electronic energy,
zero-point energy, temperature (298.15 K), entropy, and heat capacity.
The relevant calculation results were obtained by the Vaspkit software
[33]. The Uy for NO3RR can be determined by the following equation:

U, = —AGnpx/e
where AGp,x and e are the maximum change in Gibbs free energy among
each step and the elementary charge.

3. Results and discussion
3.1. Synthesis and characterization of the array catalyst

As shown in Fig. 1a, high-quality bimetallic CoNi-MOF nanosheets
array was grown on nickel foam using a simple one-step hydrothermal
method, in which benzene-1,4-dicarboxylate (BDC) was used as the
organic ligands. By adjusting the molar ratios of the Co and Ni pre-
cursors (Co:Ni= x), the Co:Ni molar ratios in the final samples were
regulated. X-ray diffraction (XRD, Fig. 1b) patterns of the synthesized
CoNi-MOF samples indicated that the introduction of Ni doping in Co-
MOF to form bimetallic CoNi-MOF did not altered the crystal structure
of the original Co-MOF, as the diffraction peaks for all CoNi-MOF sam-
ples with x (x = 0:1, 0.5:1, 1:1, 1.5:1 and 2:1) were coincided with that
of the Co-MOF (x = 1:0) sample [34]. Furthermore, the presence of the
distinctive functional groups of BDC, such as C-O, C-H, C=0, and C—=C
bonds, were validated by the Fourier transform infrared (FT-IR) spec-
troscopy, confirming the presence of BDC ligands in MOFs structure
(Fig. S1) [35]. Scanning electron microscopy (SEM) characterization
was carried out to examine the morphology of the samples (Figs. 1c, 1d,
S2). The results indicated that the monometallic Ni-MOF and Co-MOF
displayed nanorods array and nanosheets array structure, respectively.
With the increasing of Ni doping level, the morphology gradually
changed from nanosheets array to nanorods array. When the x = 1:1, the
sample still sustained nanosheets structure with the thickness of a single
nanosheet around 50 nm (Fig. 1d). Further improving Ni doping
amount, the sample fully converted to nanorods array structure.
Notably, the electrochemical active area (ECSA) could be increased for
bimetallic CoNi-MOF compared with that of Ni-MOF, boosting the final
electrochemical performance. High-resolution transmission electron
microscopy (HRTEM, Fig. le) image showed a lattice spacing of
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Fig. 1. (a) Schematic demonstration of the one-step hydrothermal synthesis of the bimetallic CoNi-MOF nanosheets array. (b) XRD patterns of CoNi-MOF array
samples with different Co:Ni molar ratios. (c, d) SEM images, (¢) HRTEM image, and (f) elemental mapping images of CoNi-MOF (x = 1:1) nanosheets array. High-

resolution (g) Co 2p and (h) Ni 2p spectra.

0.21 nm, which could be attributed to the (200) plane of CoNi-MOF. As
determined by inductively coupled plasma-atomic emission spectros-
copy (ICP-AES), the molar ratio of Co:Ni for CoNi-MOF (x = 1:1) was
1.06:1, closing to the theoretical value. Elemental mapping images
(Fig. 1f) of the single CoNi-MOF nanosheet confirmed the uniform dis-
tribution of Co, Ni and O elements across the entire nanosheet,
demonstrating the successful formation of bimetallic CoNi-MOF.

X-ray photoelectron spectroscopy (XPS) analysis (Fig. S3) was car-
ried out to reveal the valence state of the Co, Ni elements. A pair of peaks
with binding energy located at 780.9 and 796.6 eV were assigned to the
2ps,2 and 2p; /5 orbitals of Co?*, respectively. Another pair of peaks with
binding energy at 785.8 and 802.0 eV were attributed to the satellite
peaks of Co?" 2p (Fig. 1g) [36]. Similarly, the Ni 2p spectrum showed
the 2ps/5 and 2p; 5 peaks of Ni2t with binding energy at 855.4 eV and
873.0 eV, respectively (Fig. 1h). The satellite peaks of 2p3/2 and 2p; 2 of
Ni%t were displayed at 861.4 eV and 879.5 eV [37]. In accordance with
the structural properties of MOF, the XPS results verified the metal
nodes in the bimetallic CoNi-MOF were Co?t and Ni%*. It should be
noted that the binding energy of Co 2p and Ni 2p for CoNi-MOF was all
negatively moved 0.2 eV and 0.3 eV compared with Co-MOF and
Ni-MOF, respectively. The results indicated that Ni doping in Co-MOF
altered the electronic structure of Co nodes. Furthermore, the bime-
tallic CoNi-MOF array sample showed good thermal stability, as

evidenced by the thermogravimetric (TG) analysis in air, the decom-
position temperature of the bimetallic CoNi-MOF was as high as 400 °C
(Fig. S4).

3.2. Fine structure spectrum characterization of the catalyst

The precise coordination structure of Co and Ni nodes in the bime-
tallic CoNi-MOF sample was resolved using X-ray absorption fine
structure (XAFS) spectrum analysis (Fig. 2). Figs. 2a and 2b showed the
Co K-edge X-ray absorption near edge structure spectra (XANES) in
reference with Co foil, CoO and Co304, and Ni K-edge XANES in refer-
ence with Ni foil and NiO, respectively. Specifically, the pre-edge for Co
K-edge of the CoNi-MOF sample between 7700 and 7720 eV was located
between CoO and Co304, and closer to CoO, suggesting the valence state
of Co®" was lower than + 3 and closer to + 2. Moreover, the pre-edge for
Ni K-edge of the CoNi-MOF between 8330 and 8350 eV was lower than
that of NiO, manifesting the valence state of Ni®* was slightly larger than
+ 2 in the sample, the valence state of Co and Ni elements coincided
with that of the XPS results [38]. Figs. 2¢ and 2d showed the extended
X-ray absorption fine structure spectra (EXAFS) of Co K-edge and Ni
K-edge, respectively. Only Co-O bonds were resolved, while Co-Co
bonds were absent. Notably, two kinds of Co-O bonds were observed, i.
e., tetra-coordinated Co-O bonds with bond length (R) of 1.98 10\, and
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Fig. 2. (a) Co K-edge and (b) Ni K-edge spectra of CoNi-MOF (x = 1:1) nanosheets array. k>-weighted Fourier-transform (c) Co K-edge and (d) Ni K-edge EXAFS
spectra. (e) Schematic illustration of the lattice distortion of Co-O octahedron of CoNi-MOF in comparison with Co-MOF and Ni-MOF. (f) Co K-edge EXAFS (black
line) and (g) Ni K-edge EXAFS spectra and the fitting curves (red circle) of CoNi-MOF array. (h) Wavelet transforms of the k*-weighted Co K-edge EXAFS signal for the

high-coordination shells.

two-coordinated Co—O bonds with R of 2.08 A (Table S1). The result
indicated that Co®>" was coordinated with six oxygen atoms in a dis-
torted octahedral coordination structure. Consistent with the Co case, Ni
K-edge EXAFS spectra also resolved two kinds of Ni-O bonds,
tetra-coordinated Ni—-O bonds with R of 1.82 A, and two-coordinated
Ni-O bonds with R of 2.06 A, confirming the six-coordinated Ni-O
bonds with two kinds of coordination structure in the sample. As pre-
dicted by the theoretical calculation and XAFS results (Fig. S5), the
monometallic Co-MOF and Ni-MOF delivered conventional octahedral
coordination structure with six equal Co-O or Ni-O bonds [39,40]. The
distortion of Co-O bonds in bimetallic CoNi-MOF was the result of the
different Co-O (1.98 [o\) and Ni-O (2.10 A) bond length (Figs. 2e and
S6). In the flexible MOF lattice, the longer Ni-O bonds squeeze the
adjacent Co-O bonds located in x-y plane, and thus the Co-O bonds
located in z-axis are elongated, forming the distorted Co-O octahedron.
Interestingly, the different bond lengths of Co-O and Ni-O bonds were
fully consistent with the results predicted by the theoretical calculations
in which Co and Ni nodes were orderly arranged (see the details in
Fig. S7). This implies that all Co-O octahedrons in CoNi-MOF (x = 1:1)
are distorted, and the electronic structure of Co site could be fully
regulated (Fig. S8). To further confirm the proposed coordination

structure of Co and Ni elements, we also fitted the EXAFS of Co and Ni
K-edge based on the octahedral coordinated Ni-O and Co-O structures,
and compared with the experimental results of R and K space (Fig. S9).
As shown in Figs. 2f and 2g, the fitting curves of Co and Ni EXAFS were
almost overlapped with the experimental data, verifying the accuracy of
the fine structure. Furthermore, wavelet transform (WT) analysis was
performed to further support the above findings. As shown in Fig. 2 h
and S10, only Co-O and Ni-O signal was observed for the bimetallic
CoNi-MOF sample, while Co-Co and Ni-Ni bonds were absent. Putting
together the above results, we came to the conclusion that the bimetallic
CoNi-MOF was formed with lattice distortion of Co-O and Ni-O
octahedrons.

3.3. Evaluation of catalytic performance

The electrochemical NO3RR performance of the CoNi-MOF nano-
sheets array electrodes was assessed in an H-type cell using a standard
three-electrode system at room temperature. Firstly, linear scanning
voltammetry (LSV) tests were carried out to evaluate the current
response. As shown in Fig. 3a, in the mixture solution of KOH and KNOs,
Ni-MOF possessed higher onset potential, but lower current response in
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Fig. 3. (a) LSV curves of CoNi-MOF, Ni-MOF, and Co-MOF array in NO3RR. (b) The Tafel slopes. (c) The relationship of the electrochemical performance for CoNi-
MOF array in NO3RR with different Co:Ni molar ratios. Potential-dependent (d) NHj yield rates and (e) the FEs of the possible products for CoNi-MOF (x = 1:1)
nanosheet array in NOsRR. (f) 'H NMR spectra of the electrolytes using K!*NO3 and K!°NOj3 as N-source. (g) Cycling stability tests.

the more negative potential region between —0.5 V and -0.8 V versus
RHE compared with that of Co-MOF. This implies that the Ni sites in
MOFs can more easily trigger the NO3RR, while Co sites in MOFs
improve the kinetics of NOsRR. It is reasonable to speculate that the
bimetallic CoNi-MOF synchronously delivers higher onset potential and
larger current density in the low potential range by integrating CoNi
dual sites. As expected, the onset potential of CoNi-MOF (x = 1:1)
sample positively moved from —0.14 V (Co-MOF) and 0.05 V (Ni-MOF)
to 0.14 V. In addition, the current density of the CoNi-MOF nanosheets
array was significantly higher than that of the Ni-MOF nanorods and Co-
MOF nanosheets array. The above results indicate that the synergistic
effect of CoNi dual sites really boosted NO3RR performance compared
with the monometallic Ni-MOF and Co-MOF array. To further investi-
gate the impact of the synergistic effect of CoNi dual sites on the kinetics
in NO3RR, the associated Tafel slopes were obtained (Fig. 3b). Consid-
ering the low NH3 FE (<70 %) within the potential range of Tafel con-
version, the NH3 partial current density (jyug3) was employed to replace
the total current density. CoNi-MOF nanosheets array delivered a Tafel
slope of 98.4 mV dec™, much lower than that of Co-MOF (291.3 mV
dec™!) and Ni-MOF (348.4 mV dec’l), manifesting the faster NO3RR
conversion kinetics of CoNi-MOF [41].

To screen the optimal molar ratios of Co:Ni in the sample, the NO3RR
performance of the CoNi-MOF samples with varied x was examined at
-0.6 V (Figs. 3c and S11). The NHj3 generation rates and NH3 FEs showed
a volcano plot relationship with Co:Ni molar ratios. Notably, CoNi-MOF

(x = 1:1) sample delivered the best NOsRR performance with NHg yield
rate of 1.51 mmol cm 2 h! and NH; FE of 94.1 %, respectively. The NH3
yield rate was about 3.0- and 1.6-fold that of Ni-MOF (x = 0:1,
0.51 mmol cm™ h’l, 56.6 %) and Co-MOF (x = 1:0, 0.95 mmol cm™2
hL, 70.3 %). Hence, unless otherwise emphasized, CoNi-MOF refers to
the CoNi-MOF nanosheets array with x = 1:1 in the following text. Upon
confirmation the optimal Co:Ni ratio, we further assessed the potential-
dependent NO3RR performance (Fig. S12). As shown in Fig. 3d, the NH3
yield rates and NH3 FEs greatly increased as the applied potential
negatively shifted from -0.1 V to -0.6 V. However, further decreasing
the applied potential to -0.7 and 0.8 V, the NH3 yield rates were further
improved, while the NH3 FEs declined. Notably, CoNi-MOF nanosheets
array catalyst exceeds the current state-of-the-art MOF-based electro-
catalysts as summarized in Table S2. As NO3RR is a reduction process
involving nine protons and eight electrons, therefore, abundant by-
products could be produced [42]. As such, the FEs of the possible
by-products (NO3, Ny, and Hy) in the NO3RR were determined (Figs. S13
and S14). As shown in Fig. 3e, the main by-product, N, displayed a
highest FE of 28.6 % at —0.1 V, which quickly dropped to 0.8 % as the
potential moved to —0.6 V. Moreover, the NO3 FE was less than 5 % in
the entire potential range, suggesting the effective inhibition of NO3 for
CoNi-MOF. That is because Co element could facilitate NO3-to-NH3
conversion [43]. Notably, Hy FE slightly increased to 10.5 % as the
potential moved to -0.3 V, and then decreased to 1.9 % at -0.6 V. In the
more negative region, the water splitting process produced more active
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hydrogen (*H) atoms, which was consumed by the adjacent N-in-
termediates. Hence, higher NH3 yield rates and lower Hy FE were
simultaneously obtained. Obviously, the abundant Co-Og and Ni-Og
sites and/or the synergistic effect contributed the trade off the NH3 ac-
tivity and FE. Besides, the ECSA and electrical conductivity also deter-
mined the final electrochemical performance. CoNi-MOF nanosheets
array displayed a double layer capacitance (Cqp) of 8.89 mF cm™2, higher
than that of Ni-MOF (3.03 mF cm™2) and Co-MOF (6.61 mF cm™2) ac-
cording to the results of the cyclic voltammetry tests (Fig. S15). The
results indicated that Co doping in Ni-MOF resulted in the decreased
thickness of nanosheets, which really contributed to the larger ECSA and
higher performance. Then, electrochemical impedance spectroscopy
(EIS) tests were also carried out, the CoNi-MOF nanosheets array
delivered a smaller charge transfer resistance than that of Ni-MOF and
Co-MOF samples, manifesting the higher electric conductivity of
CoNi-MOF (Fig. S16).

To confirm the source of ammonia, nitrogen isotope labelling tests
were performed. Hydrogen nuclear magnetic resonance (‘H NMR)
spectrum in Fig. 3f showed a triplet peaks with coupling constant of
52 Hz when using K!*NO; as N-feeding, a typical signal of 1*NH{. In
contrast, only a double peak with coupling constant of 72 Hz was
observed using K'>NOj as N-source, confirming the produced NHs was
really rooted from NO3RR [44]. In addition, we also assessed the per-
formance of NO3RR at different concentrations of NO3 and pH. The re-
sults indicated that the CoNi-MOF nanosheets array electrode performed
well under a wide range of nitrate concentrations and pH conditions
(Fig. S17) [45].

The cycling stability is an important parameter in catalyst evalua-
tion. Generally, MOF-based catalysts display poor cycling stability in
electrocatalysis that is because the metallic ions nodes could be reduced
especially in the low potential range, which is the main obstacle pre-
venting the MOF-based catalysts from achieving large-scale commercial
applications [46]. We then assessed the cycling stability of the
CoNi-MOF nanosheets array at —-0.6 V by repeated NO3RR cycles
(Fig. 3g). Surprisingly, CoNi-MOF electrode could operate stably for
continuous thirty cycles (30 h), in which the NHj yield rates and NH3
FEs were constant without obvious decay, demonstrating the excellent
cycling stability of the CoNi-MOF. Then, SEM, XRD and XPS measure-
ment were carried out to inspect the structure stability. SEM images of
the CoNi-MOF (Fig. S18) after durability test indicated that the nano-
sheets array structure was well maintained despite the fact that some
nanosheets were slightly bent. XPS results and XRD patterns revealed
that the valence state of Co and Ni elements, and phase structure were
also sustained, respectively, verifying the metallic ions nodes were not
reduced in the long-term cycling test (Figs. S19, S20).

3.4. Study of reaction mechanism

In situ spectroscopic characterizations were employed to clarify the
NO3RR pathway, aiming to deeply investigate the reaction mechanism
of the bimetallic CoNi-MOF in NOsRR. The potential-dependent in situ
Raman spectra were firstly acquired to capture the key N-intermediates
(Fig. S21). Figs. 4a and S22 showed the in situ Raman spectra between
the open circuit potential (OCP) and -0.6 V, the symmetric stretching
vibration and N-O bending mode of NO3 located at 1047 cm™ and
858 cm™! emerged starting from OCP [47]. The results indicated that
NO3 was spontaneously adsorbed on the catalyst surface due to the
strong interaction of Co node and NOj3 [48]. The N = O stretching mode
of *NO located at 1135 and 1418 cm™ arose at 0 V, and the intensity
gradually increased as the applied potential negatively shifted to -0.6 V
[49]. Two possible facts could be speculated from the variation trend of
*NOy signal: 1. the conversion of NO3-to-NO3 could be easily occurred at
more positive potential. 2. The accumulation of *NO3 on the catalyst
surface suggests the rate-determining step in NOsRR may root from
NO3-to-NH3 conversion process. Then, *NOH signal at 1560 cm™! arose
at 0.3 V, indicating that *NO, undergone further conversion to *“NOH
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at larger overpotential [50]. The emergence of *NH; and N-H vibrations
located at 1314 cm™* and 1517 ecm™ confirmed the formation of NHj
[51,52]. The aforementioned Raman spectroscopic result confirmed
some key N-intermediates in NOsRR, however, it was still not sufficient
to infer the whole reaction pathway. Then, in situ differential electro-
chemical mass spectrometry (DEMS) measurement was performed to
capture the missing intermediates (Fig. S23). As shown in Fig. 4b, NO,
NOH, NHOH, NH,OH, NH; and NH3 species were detected. According to
the in situ Raman and DEMS results, the specific pathway of NO3RR was
clarified and displayed in Fig. S24.

Upon confirmation the reaction pathway, density functional theory
(DFT) calculations were carried out to deeply understand the reaction
mechanism from the viewpoint of energy. Since both Ni-MOF and Co-
MOF samples have displayed distinct NOsRR activities, and thus Ni-O
and Co-O sites in Ni-MOF and Co-MOF could serve as active sites for
NOsRR [53,54]. Although Co and Ni atoms were uniformly distributed
in the bimetallic MOF, the specific arrangement of Co and Ni nodes
could greatly determine the final NO3RR performance [39]. In our case,
theoretical calculation was further employed to screen the most stable
structure. The results indicated that the Co and Ni atoms preferred to be
individually arranged in an orderly linear sequence, similar with that of
intermetallic compound, and the configuration was the most stable,
consistent with EXAFS results (Fig. S25). Then, differential charge
analysis was carried out to inspect the electronic structure on distorted
Co site (Fig. 4c). The Co site with lattice distortion transferred 1.30 €™ to
the ligands though Co-O bonds, lower than that (1.33 e”) with the
conventional Co-O octahedron (Co-MOF, Fig. 526), suggesting more
d-orbital electrons, consistent with the XPS result (Figs. 1g, 1h).
Accordingly, the d-band center (g4, €V) of CoNi-MOF(Co site) moved
upward from -1.29 eV (Co-MOF) to —1.22 eV, while the d-band center of
CoNi-MOF(Ni site) moved down from -1.58 eV (Ni-MOF) to -1.90 eV
(Figs. 4d and S27). This suggests that the Co site could have stronger
interaction with the N-intermediates in NO3RR, which would improve
the catalytic activity (Fig. S28) [55]. The distorted Co-O octahedron
forced the splitting of the d-orbitals, which resulted in the up-shifted
d-band center (Fig. S29) [56]. To demonstrate the universality of the
lattice distortion in regulating the electronic structure, we also screened
other bimetallic CoM-MOFs (M= Mn, Cu, Zn). As shown in Fig. S30, the
d-band center and the average Co-O bond length display a volcano plot
trend, suggesting the lattice distortion is a universal strategy in regu-
lating the electronic structure. Furthermore, this trend was also verified
by the NO3RR performance of the bimetallic CoM-MOFs. Then, the
limiting potentials of NO3RR at the above four sites were further
calculated in an attempt to validate the aforementioned conjecture.
CoNi-MOF(Co site) delivered a lower absolute value of the limiting
potential than that of the CoNi-MOF(Ni site), suggesting that the Co site
in CoNi-MOF was the real active site for NOsgRR (Fig. S31).

The free energy change (AG) in NOsRR at each site was further
calculated following the above reaction pathway (Fig. S24). Fig. 4e
showed the energy profiles of NOsRR, and the corresponding N-in-
termediates adsorption configurations at the CoNi-MOF(Co site). NO3
ions preferred to adsorb at the Co site of CoNi-MOF, which was
confirmed by the larger adsorption energy than that at Ni site (Fig. S32).
Then, *NOs undergone multistep spontaneous hydrogenation and
dehydration processes to *NO (*NO3—*NO2—*NO;H—*NO). Subse-
quently, the conversion of *NO-to-*NOH process was endothermic with
a AGnax value of 0.14 eV, which was also regarded as the PDS. After
that, *NOH was converted to NH3 through a series of exothermic pro-
cesses. Notably, the reaction pathways were the same with regard to
CoNi-MOF(Ni site), Ni-MOF, and Co-MOF (Figs. S33-S35, Table S3). The
PDS for CoNi-MOF(Ni site) was *NO—*NOH with a AGnpax value of
0.55 eV, much larger than that at Co site of CoNi-MOF. In contrast, the
PDS of Ni-MOF and Co-MOF were *NO—*NOH and *NOH—NHOH,
respectively, with AGpax values of 0.38 eV and 0.36 eV, respectively, all
larger than that of CoNi-MOF (Co site), which well explains the higher
NO3RR performance of CoNi-MOF.
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To further clarify how the distorted Co—-O octahedron affects the
catalytic performance, projected density of states (PDOS) of Co element
in CoNi-MOF and Co-MOF was acquired. As shown in Fig. 4 f and S36,
the position of the five d-orbitals of Co for CoNi-MOF was changed upon
lattice distortion compared with the normal Co-O octahedron (Co-
MOF). Specifically, the energy of d,» moved to the lower energy region,
confirming the elongated Co—O bond located along the z-axis [57,58]. In
addition, the dx yo, dyy, dz2, dy, were more likely to concentrate around
the Fermi level, which contributed the up shifted d-band center of Co site
in CoNi-MOF. And thus, the N-intermediates at Co site delivered an
appropriate adsorption strength (Fig. S37). To examine how the redis-
tributed d-orbitals in CoNi-MOF to determine the final catalytic per-
formance, projected crystal orbital Hamiltonian population (COHP) was
employed to comprehensively evaluate and investigate the binding ca-
pabilities of the respective intermediates before and after lattice
distortion in terms of the adsorption and desorption processes. Consid-
ering the fluctuation of the energy barrier and endothermic feature for
*NO—-*NOH—-NHOH conversions, the interaction of *NO, *NOH and
*NHOH with Co site was investigated. As shown in Fig. 4g, the ICOHP

value for *NO and *NOH on CoNi-MOF(Co site) were -2.28 and
-1.96 eV, respectively, comparable with that on Co-MOF, resulting in
the similar adsorption energy for *NO and *NOH. In contrast, “NHOH on
CoNi-MOF(Co site) delivered a much lower ICOHP value (-2.54 eV)
than that on Co-MOF (-1.90 eV), suggesting stronger hybridization
ability of N atom of *NHOH with distorted Co site. The weak adsorption
energy of “NHOH (-2.67 eV) on the normal Co-O octahedron (Co-MOF)
resulted in large energy barrier (AGpax= 0.36 eV) for “NOH—-NHOH
process, making it to be the PDS in NOsRR. However, the large
adsorption energy (-3.54 eV) of *NHOH on CoNi-MOF(Co site) made
the *NOH—NHOH conversion to be an exothermic process, and the PDS
changed to *NO—NOH process with lower energy barrier.

3.5. Assembly and performance evaluation of zinc-nitrate batteries

In light of the remarkable NO3RR performance, CoNi-MOF nano-
sheets array electrode was further assembled in a zinc-nitrate battery.
The battery could integrate the merits of energy output, the removal of
nitrates and producing valuable ammonia in one device. As shown in
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Fig. 5. Schematic diagram of a Zn-NOj battery. (b) The open-circuit voltage of Zn-NOj cell assembled by CoNi-MOF nanosheets, Co-MOF nanosheets and Ni-MOF
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NO;3 battery at a constant current density of 2 mA cm™2. (h) Photograph of two connected CoNi-MOF Zn-NOj3 batteries used to power the operation of a small fan.

Fig. 5a, CoNi-MOF nanosheets array electrode was used as the cathode
electrode, and a zinc plate served as the anode electrode. The OCV of the
battery equipped with CoNi-MOF electrode reached 1.372V, and
remained stable in 400 s, which was higher than that of Ni-MOF
(1.259 V) and Co-MOF (1.310 V) based batteries (Fig. 5b). We then
tested the discharge curve of the battery, and the corresponding power
density was calculated according to the equation of P = I x V (Fig. 5c¢).
CoNi-MOF array electrode delivered the maximal output power density
of 8.49 mW cm™2, 3.7 and 2.8 times higher than that of the Ni-MOF
nanorods (2.31 mW cm %) and Co-MOF nanosheets (3.05 mW cm2)
array electrodes, respectively. The enhanced battery performance of the
CoNi-MOF array electrode could be attributed to the enhanced nitrate
conversion activity. Notably, CoNi-MOF array electrode exceeded the
currently reported values in terms of power density both for noble- and
non-noble-metal-based cathodes in the literature (Fig. 5d) [59-66].
The rate capability test was further performed by changing the cur-
rent densities from 2 mA cm™2 to 20 mA cm 2 (Fig. 5e). The battery
displayed a stable discharge plateau, demonstrating the excellent rate
capability. To demonstrate the capacity of ammonia production, the
zinc-nitrate battery was operated at different discharge voltages
(Fig. 5f). At an output voltage of 0.1 V, the maximum ammonia yield
reached 2192.2 ugem™ h™! and a NH3 FE of 88.0 %. The charge-
discharge test at a current density of 2 mA cm™ was further carried

out to investigate the stability of the battery (Fig. 5g). Surprisingly, the
battery could sustain stable charge-discharge cycles for 40 h, the voltage
plateau of the battery stayed steady with no discernible degradation.
This suggests the battery has outstanding cycling stability. As shown in
Fig. 5h, two connected batteries could power the small fan to run
continuously for 3.5h, demonstrating the excellent application
prospects.

4. Conclusions

In summary, an efficient bimetallic CoNi-MOF nanosheets array
electrode was constructed for electrochemical nitrate reduction toward
ammonia synthesis. The longer Ni-O bonds in linearly arranged CoNi
sites effectively compressed the neighboring Co-O octahedron, leading
to the stretched distorted Co-O octahedron. The redistributed d-orbital
electrons moved up the d-band center of Co site, strengthened the
interaction of *NHOH with Co site, and finally transferred the PDS from
*NOH—*NHOH to *NO—NOH with much lower energy barrier.
Benefitting from the effective regulation of the electronic structure
induced by lattice distortion, the synthesized CoNi-MOF delivered
enhanced NHj3 yield rate of 1.51 mmol em2h! and NH; FE of 94.1 % at
-0.6 V, as well as excellent cycling stability. Additionally, a zinc-nitrate
battery was assembled using CoNi-MOF nanosheets array electrode as
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the cathode, which delivered a maximum output power density of
8.49 mW cm™ and an OCV of 1.372 V. The battery could power small
device to operate stably. This work offers new insight for efficient
electrochemical nitrate conversion from the angle of lattice distortion
for MOF-base catalysts.
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