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Asymmetric defective site-triggered triple
synergistic modulation in nanoconfined aerogel
for superior electrochemical conversion of
low-concentration nitrate into ammonia ¥

Ke Wang, Tong Zhao, Shiyu Zhang, Rupeng Wang, Meng Wang, Zixiang He and
Shih-Hsin Ho &) *

Electrocatalytic conversion of low-concentration nitrate (NO3™) into ammonia (NHz) under ambient con-
ditions is expected to provide an effective solution to the global nitrogen cycle imbalance. However, this
process is hindered by slow reaction kinetics and the competing hydrogen evolution reaction (HER).
Herein, we anchored oxygen vacancy-containing hollow CozO,4 nanoparticles on waste spirulina residue-
derived reduced graphene oxide aerogel (Vo-HCo0304@SRGA) for electrocatalytic low-concentration
NOsz~ reduction. Finite element simulation demonstrates that the nanoconfined SRGA significantly
increases the local concentration of NOs~, thereby accelerating the reaction kinetics. Moreover, the Vo is
able to disrupt the local structural symmetry of Co—O-Co sites. The asymmetric active site (Vo) can sim-
ultaneously enhance NOs~ adsorption, promote water dissociation, and inhibit hydrogen evolution.
Thanks to the triple synergistic modulation of Vo and the nanoconfined effect of SRGA, Vo-
HCo304@SRGA exhibits unprecedented activity (NHz—N vyield rate: 1.53 mg h™ cm™%; NH3—N Faraday
efficiency: 96.5%) superior to most of the reported advanced electrocatalysts under low-concentration
NO3z~ conditions. This work cleverly combines macroscopic modification with microscopic fine tuning of
catalysts, which is expected to open up new opportunities in the direction of pollutant resourcing.

1. This work provides an efficient solution for low-concentration nitrate reduction and ammonia synthesis under ambient conditions. By utilizing oxygen
vacancy-rich hollow Co;0, nanoparticles anchored on waste spirulina residue-derived graphene oxide aerogel (Vo-HC0;0,@SRGA), the combined effects of

oxygen vacancies and confinement accelerate reaction kinetics, offering an energy-efficient solution for wastewater treatment and resource recovery.
Importantly, the preparation process uses only deionized water instead of toxic organic solvents, making it more environmentally friendly.
2. The catalyst achieves an NH;-N yield rate of 1.53 mg h™ ecm ™ and a Faraday efficiency of 96.5%, outperforming many previously reported electrocatalysts.

3. Future research will focus on replacing traditional power sources with solar panels, using renewable energy to create a zero-carbon system for sustainable

nitrogen management.

1. Introduction

reaction (eNO; -RR) enables the conversion of aqueous NO;~
pollutants into value-added ammonia (NH;) using renewable

Nitrate (NO;”) has been widely present in industrial waste-
water and groundwater in recent years as a result of industrial
emissions and agricultural fertilization, and its excessive emis-
sion and accumulation can disrupt ecological balance and the
global nitrogen cycle."™ The electrocatalytic nitrate reduction
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electricity.*”” This approach represents a sustainable win-win
strategy for environmental remediation and chemical pro-
duction. The main research direction of the eNO; -RR at
present focuses on the exploration of the ideal conditions of
high alkaline electrolyte and high NO,;~ concentration.® ™
Unfortunately, it is almost impossible to find ideal scenarios
with both high alkalinity and high NO;~ concentration in
authentic polluted waters, greatly blocking the feasibility of
eNO;™-RR technology in practical applications.* Noteworthily,
the majority of authentic contaminated water bodies around
the globe are typically at low NO;~ concentration levels

This journal is © The Royal Society of Chemistry 2025
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(<10 mM) with near-neutral pH values."® From a practical per-
spective, directly reducing the low concentration of NO;™ also
helps to avoid high energy consumption that is typically associ-
ated with separating and concentrating NO;~. However, the
slow reaction kinetics is caused by the decrease in the number
of reactant molecules and the reduced utilization of active
sites at low NO3;~ concentrations. Furthermore, the competing
hydrogen evolution reaction (HER) severely limits efficient
NO;~ conversion. Consequently, the development of suitable
catalysts to overcome the aforementioned bottlenecks and
enhance the NH; yield rate and selectivity is a critical issue
that requires immediate attention.

Inspired by the nanoconfined effect in natural biological
systems (i.e., the cytoskeleton), a remarkable increase in reac-
tion speed and specificity for efficient chemistry is expected to
be achieved via constructing artificial microscopic nanocon-
fined spaces.'*® Once reactants enter the nanoconfined
space, reduced diffusion freedom significantly increases local
concentration, thus accelerating the reaction kinetics.'”*° For
example, the nanoconfined effect through graphene aerogel
can effectively enrich the reducing intermediates and promote
the reduction of Fe(m), resulting in a 208-fold enhancement in
the phenol degradation rate constant compared with a system
without nanoconfinement.>® Therefore, we envisage that the
unavoidable slow kinetics at low NO3;~ concentrations can be
expected to be solved by rationally designing an electrocatalytic
system with nanoconfined effect. However, to the best of our
knowledge, the application of the graphene aerogel-triggered
nanoconfined effect in the eNO; -RR has yet to be reported
and validated.

In addition, the low catalytic activity due to the competitive
HER cannot be ignored. An effective way to inhibit the HER is
to regulate the adsorption and binding sites of the hydrogen
proton (*H) on the surface of the catalysts. Usually, the asym-
metric defect site (Vo) causes uneven spatial distribution of
active sites, in turn leading to spatial mismatch between the
adsorption and binding sites of *H. This geometric constraint
further prevents the proximity and recombination of two *H
intermediates into hydrogen.*' Moreover, this spatial mis-
match likewise raises the reactive energy barrier for hydrogen
generation, thereby effectively inhibiting the HER.>>** In con-
trast, when *H is adsorbed on active sites with a symmetric
structure, the symmetric structure is capable of effectively low-
ering the reactive energy barrier for the HER through a uni-
formly distributed electron cloud. Proverbially, the eNO;™-RR
requires a large amount of *H to participate in the reaction,
and these *H originate from the dissociation of water mole-
cules. The asymmetry of Vo leads to a distortion of the geo-
metrical configuration of the water molecule via altering the
local electronic environment and creating an asymmetric elec-
tric field. This effect weakens the O-H bond energy and
enhances H,O dissociation probability.>#**> This asymmetric
electric field also exerts a force on NO;™, leading to polarity
induction and thus enhancing the adsorption process. Here,
we uncovered a principal fact that Vo can enhance NO;~
adsorption, promote water dissociation, and inhibit the HER.
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Nevertheless, the current literature lacks sufficient information
to support Vo-triggered triple synergistic modulation.
Furthermore, it has also not been verified whether there is a
synergistic co-operation between the nanoconfined effect and
Vo.

Herein, we anchored Vo-HCo;0, on the surface of the nano-
confined SRGA to address the kinetic limitations and compet-
ing HER issues for the electrocatalytic reduction of low concen-
trations of NO;™ to NH; under neutral conditions. Notably, the
nanoconfined effect generated by the porous skeleton of SRGA
significantly enhanced the local NO3;~ concentration, in turn
effectively breaking through the slow bottleneck in the kinetic
process. Then, the introduced Vo as an asymmetric active site
induced a triple synergistic modulation: enhancement of NO;~
adsorption, promotion of water dissociation and inhibition of
the HER. Thanks to the synergistic co-operation of the above
efficacies, the Vo-HC0o;0,@SRGA exhibits remarkable catalytic
activity for the conversion of low-concentration NO;~ into
NH;,.

2. Experimental section
2.1. Chemicals

All chemical reagents are described in Text S1.t

2.2. Catalyst preparation

2.2.1. Preparation of Co-MOF@SRGO hydrogels. In a
typical synthesis, 20 mg of spirulina-based reduced graphene
oxide (SRGO) was first dispersed in 10 mL of deionized water
and ultrasonicated for 1 h to ensure uniform dispersion. Then,
184 mg of Co(CH;COO0),-4H,0, 184 mg of 2-methylimidazole
(2-mIM), and 20 mg of carboxymethyl cellulose (CMC) were
sequentially added into the SRGO dispersion. Subsequently,
the mixture was vigorously processed using a high-speed dis-
persion machine for 30 min to allow in situ growth of the Co-
MOF on SRGO to form a homogeneous Co-MOF@SRGO hydro-
gel. Finally, the Co-MOF®@SRGO hydrogel was dialyzed in de-
ionized water for 24 h to remove unreacted precursors and
impurities, completing the purification process.

2.2.2. Preparation of Vo-HC03;0,@SRGA. The purified Co-
MOF@SRGO hydrogels were directly coated on the surface of
carbon paper, with the dosage details provided in Table S1.7
Following coating, the hydrogel-loaded carbon paper was
freeze-dried for 12 h to obtain the Co-MOF@SRGO aerogel
(SRGA). Subsequently, the Co-MOF@SRGA composite was pyro-
lyzed at 800 °C for 2 h under an argon atmosphere to obtain
Co@SRGA. Finally, Co@SRGA was thermally treated in a pre-
heated tube furnace (280 °C, O,/Ar atmosphere) for 30, 90, and
180 min to synthesize Y-Co;0,@SRGA, Vo-HCo0;0,@SRGA and
H-Co;0,@SRGA, respectively (Y and H represent yolk-shell and
hollow structures, respectively). These self-standing electrodes
were directly employed for subsequent electrochemical tests.

2.2.3. Preparation of H-Co3;0,. For comparison, commer-
cial cobalt powder with nanoparticle sizes matching those in
H-Co;0,@SRGA was employed as a reference. Meanwhile, pure
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H-Co30, was synthesized under identical conditions as
H-Co;0,@SRGA but without SRGA incorporation, ensuring a
controlled evaluation of the role of SRGA in structural
evolution.

2.3. Preparation of working electrodes of H-Co;0,

First, 21.5 mg of H-Co;0, and 20 pL of 5 wt% Nafion solution
were dispersed in a mixture of 655 pL of ethanol and 325 pL of
deionized water via 60 min ultrasonication to prepare a homo-
geneous ink. Subsequently, 80 pL of the resulting ink was uni-
formly coated onto carbon paper (CP, 1 x 1 cm?) and air-dried
at room temperature to complete the electrode fabrication.

2.4. Characterization

More details on the characterization methods are provided in
the ESI (Text S2).}

2.5. Electrochemical measurements

The electrochemical measurements were conducted using a
CHI 760e electrochemical workstation (Chenhua, Shanghai) in
an H-type electrolytic cell. The as-prepared materials, Ag/AgCl
electrode, and platinum foil were used as the working elec-
trode, reference electrode, and counter electrode, respectively.
The geometric area of the working electrode was set as 1 cm®.
0.1 M Na,SO, solution (70 mL) was evenly distributed within
the cathode and anode chambers, and NaNO; was added into
the cathode compartment containing 140 mg L™" NO;-N. All
potentials were recorded against a reversible hydrogen elec-
trode (RHE):

Erug = EAg/AgCl +0.197 V4 0.059 V x pH

Prior to the NO;™ electroreduction test, the electrolyte was
purged with high-purity Ar for 30 min. The scan rates for
linear sweep voltammetry (LSV) tests and Tafel slope tests were
maintained at 10 mV s™'. Cyclic voltammetry (CV) curves
acquired during electrochemical double-layer capacitance (Cq;)
determinations were measured in a potential window nearly
without faradaic processes at different scan rates of 20, 40, 60,
80, and 100 mV s '. The plot of current density at a given
potential against scan rate has a linear relationship, and its
slope is Cqi. Electrochemical impedance spectra (EIS) were
measured in a frequency domain ranging from 10 kHz to 0.1
Hz with a 5 mV perturbation. The chronoamperometry tests
were conducted at a series of applied potentials.

2.6. Analytical methods

Detailed information on the determination of nitrogen species
concentrations and the calculation of eNO; -RR parameters is
provided in Text S3 and Text S4,T respectively. Detailed steps of
in situ Fourier transformed infrared (FT-IR) spectroscopy and
online differential electrochemical mass spectrometry (DEMS)
measurements are described in Text S5 and Text S6,T respect-
ively. Detailed information on finite element method (FEM)
simulations and density functional theory (DFT) calculations
are presented in Text S7 and Text S8, respectively.
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3. Results and discussion
3.1. Catalyst characterization

SRGO was prepared according to our previously reported work
(Fig. S17). The preparation procedure for in situ growth of Vo-
HCo03;0,@SRGA on carbon paper is shown in Fig. 1a. First, the
Co-MOF@SRGO hydrogel was uniformly coated on the surface
of carbon paper, and then freeze-dried to obtain Co-
MOF@SRGA (Fig. S21). Subsequently, the obtained Co-
MOF@SRGA was subjected to argon pyrolysis (Co@SRGA) and
slow oxidation in air to obtain Vo-HCo0;0,@SRGA. In addition,
we optimized the loading amounts of Vo-HCo;0,@SRGA on
the carbon paper (Fig. S3 and S41). Scanning electron
microscopy (SEM) images clearly demonstrate that Vo-HCo0;0,
nanoparticles present a highly dispersed distribution in the
SRGA backbone without significant agglomeration (Fig. 1b and
¢ and Fig. S5at). In contrast, pure Vo-HCo3;0, undergoes sig-
nificant sintering under the same conditions (Fig. S5bf),
suggesting that the three-dimensional porous network of
SRGA limits the migration of Vo-HCo;0, particles, thus enhan-
cing the structural stability of Vo-HCo;0,@SRGA.
Transmission electron microscopy (TEM) images reveal that
Vo-HCo30, is discretely embedded on the surface of SRGA in
the form of hollow nanoparticles with a diameter of approxi-
mately 20 nm (Fig. 1d). High-resolution TEM (HRTEM) images
show that Vo-HCo3;0, exhibited well-defined lattice diffraction
fringes with a lattice spacing of 2.43 A, consistent with the
(311) plane of Co;0, (Fig. 1le). Additionally, Vo-HC0;0, con-
tains uniformly distributed elements of Co and O, with the C

Co@SRGA

o b0 200 207 ZoT 267 2
g Value

E] %

0w
Binding energy (eV)

illustration of the

Schematic
HCo0304@SRGA. (b and c) SEM, (d) TEM, (e) HRTEM, and (f) elemental
mapping images of Vo-HCo030,4@SRGA. (g and h) TEM and EPR images
of Co@SRGA, Y-Co304@SRGA (30 min), Vo-HCo304@SRGA (90 min),
and H-Co304@SRGA (180 min). (i and j) High-resolution XPS of O 1s of
H-Co030,@SRGA and Vo-HCo30,@SRGA.

Fig.1 (a) preparation of Vo-
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element dispersed throughout the entire Vo-HCo30, structure
(Fig. 1f). In order to reveal the evolution of the hollow struc-
ture of Vo-HC030,, Co@SRGA formed by pyrolysis under an
argon atmosphere was oxidized in air for different times. As
shown in Fig. 1g, Co@SRGA underwent an evolutionary
process from solid to yolk-shell to a completely hollow struc-
ture. This interesting structural evolution process can be
explained via the Kirkendall effect.*® Similarly, solid commer-
cial Co nanoparticles were able to form hollow structures via
the Kirkendall effect (Fig. S67).

X-ray diffraction (XRD) and Raman images further con-
firmed the formation of Co@SRGA consisting of a pure metal-
lic Co phase, Y-Co3;0,@SRGA consisting of a mixed phase of
metallic Co and Co3;0, and Vo-HCo;0,@SRGA and
H-Co3;0,@SRGA consisting of a pure Co;0, phase (Fig. S7t). In
addition to the formation of hollow structures, the Kirkendall
effect can produce structural disequilibria in metal oxides
through the difference in diffusion rates between the metal
and the oxygen, thus contributing to the generation of Vo.”
Electron paramagnetic resonance (EPR) techniques were
applied to probe the presence of Vo in -catalysts. Vo-
HCo03;0,@SRGA exhibited the highest EPR signal intensity,
suggesting that the concentration of Vo could be effectively
controlled by adjusting the oxidation times (Fig. 1h). The high-
resolution X-ray photoelectron spectroscopy (XPS) of O 1s
demonstrated that Vo-HC0;0,@SRGA (90 min) can reach the
highest Vo content of 23.2%, which was higher than that for
H-Co;0,@SRGA (180 min) of 4.5% and Y-Co;0,@SRGA
(30 min) of 13.1% (Fig. 1i and j and Fig. S8af). These results
demonstrate that the controlled adjustment of oxidation time
enables precise construction of different Vo concentrations in
the catalysts. Meanwhile, according to the fine-scanned Co 2p
XPS spectra, similarly high atomic ratios of Co®>*/Co** can be
observed in Y-Co3;0,@SRGA (1.16) and Vo-HCo;0,@SRGA
(1.34), which are ascribed to the incompletely oxidized con-
ditions, being consistent with the large number of Vo
(Fig. S8b-df). In sharp contrast, the atomic ratio of Co>*/Co>*
in H-Co;0,@SRGA decreases to 1.05 because of the oxidation
of Co®* to Co®, leading to the decrease of Vo. The above ana-
lyses are consistent with the EPR results, indicating that
VoHCo03;0,@SRGA indeed has the highest concentration of Vo.
In addition, the Vo content of H-Co30, (5.1%) was not signifi-
cantly different from that of H-Co;0,@SRGA, indicating that
the introduction of SRGA did not affect the Vo content
(Fig. S9t). The photoluminescence (PL) intensity of Vo-
HCo03;0,@SRGA is significantly lower than that of
HCo3;0,@SRGA. This suppression of radiative recombination
is attributed to the presence of oxygen vacancies, which serve
as electron-trapping centres and effectively inhibit the recom-
bination of electron-hole pairs (Fig. S10f). As shown in
Fig. S11,1 the work function of Vo-HCo0;0,@SRGA was signifi-
cantly lower than that of H-Co;0,@SRGA, implying that the
introduction of Vo can reduce the work function of the cata-
lysts, thus enhancing the conductivity and reaction activity.>®
The introduction of SRGA greatly extended the specific surface
area of H-Co;0,@SRGA and Vo-HCo3;0,@SRGA compared with

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

H-Co30,, providing theoretical support for the enrichment of
NO;~ through the nanoconfined effect (Fig. S12 and
Table S21). In addition, we measured the adsorption capacity
of the three catalysts to elucidate the nanoconfined effect of
the SRGA framework on NO; . As shown in Fig. S13 and
Table S3,T compared with the correlation coefficient values R*
of the two kinetic models, the pseudo-second-order kinetic
model was closer to the experimental data than the pseudo-
first-order kinetic model, suggesting that the adsorption
process of NO;~ by the three materials was consistent with the
pseudo-second-order kinetic hypothesis. The adsorption
capacity and kinetic constants of H-Co;0,@SRGA were 2.4
times and 1.9 times those of H-Co30,, respectively. Therefore,
SRGA showed an obvious nanoconfined effect on NO;™,
increased the local concentration of NO;~ on the catalyst
surface, and promoted the reaction kinetics of the electric
reduction of NO;~ to NH;.

3.2. Electrocatalytic performance for the NO;™-RR

To evaluate the impact of Vo and the nanoconfined effect of
SRGA on the eNO; -RR performance, LSV tests were initially
conducted in an H-type electrolytic cell. NO;~, NO,™, and the
product NH; were detected using an ultraviolet-visible (UV-
vis) spectrophotometer (Fig. S14-S16%). The current density of
Vo-HCo3;0,@SRGA with the highest Vo concentration in the
NO;~ electrolyte was greater than that of H-Co;0,@SRGA,
Co@SRGA, and Y-Co;0,@SRGA, indicating that Vo can effec-
tively enhance the eNO;™-RR process (Fig. 2a). Additionally,
the current density of H-Co;0, was found to be significantly
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Fig. 2 (a) LSV curves, (b) NHz-N yield rates, (c) FE, and (d) the fitted
linear relationship between the current density and the scan rate of
H-Co3z04, H-Co03z04@SRGA, Co@SRGA, Y-Coz04@SRGA, and Vo-
HCo304@SRGA. (e) H-NMR results for NH,* using *NOs~ and
15NOs~as the N source. (f) The i—t curves of the Vo-HCoz0,@SRGA at
various work potentials. (g) Cyclic stability test of Vo-HCo030,@SRGA. (h)
Comparison of the eNO3™-RR performance for Vo-HCo030,@SRGA with
some related electrocatalysts under low-concentration NO3z~
conditions.
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lower than that of H-Co3;0,@SRGA, leading to the inference
that SRGA with a nanoconfined effect can also contribute to
the eNO;™-RR process. Notably, Vo-HCo;0,@SRGA also exhibi-
ted the smallest Tafel slope, indicating optimal reaction kine-
tics (Fig. S17at). Subsequently, the NH;-N yield rate of the cat-
alysts was examined at different operating voltages, with Vo-
HCo030,@SRGA demonstrating the highest NH;-N yield rate at
all the corresponding voltages (Fig. 2b). The FE of Vo-
HCo030,@SRGA exhibited a volcano pattern with decreasing
potential (Fig. 2c), indicating a certain starting potential is
required for NO;~ reduction to provide the driving force for
the reaction. The subsequent FE decline at more negative
potentials originates from the competing HER.”>*° The FE of
Vo-HC03;0,@SRGA was the highest at —0.8 V vs. RHE (96.5%),
corresponding to an NH;-N yield rate of 1.53 mg h™" em™2. CV
curves at different scan rates were analysed in a non-FE poten-
tial window (Fig. S17b-f}). The corresponding Cq; values are
shown in Fig. 2d, in which the Cy, value of Vo-HC0;0,@SRGA
is larger than that of Y-Co;0,@SRGA, H-Co;0,@SRGA and
Co@SRGA. Since the electrochemically active surface area is
proportional to the value of Cq, indicating that Vo increases
the electrochemically active surface area, more active sites to
facilitate the eNO; -RR process are exposed. Furthermore, the
Cq1 value of H-Co;0, was only 1.91 mF cm™ in comparison
with H-Co;0,@SRGA, indicating that the nanoconfined effect
of SRGA also facilitates enhancing the amount of active sites.
Vo-HCo03;0,@SRGA exhibited the smallest Nyquist circle dia-
meter, implying that Vo promotes the electron transfer rate in
the eNO;-RR process (Fig. S18f). Further comparison of
H-Co3;0, and H-Co;0,@SRGA revealed that SRGA also acceler-
ates the electron transfer rate to some extent. The product
NH;-N was verified to be derived from NO; -N by designing
blank control experiments with bare carbon paper, an open
circuit potential, and no NO;~ addition. The negligible NH3-N
yield rate under the conditions of the above blank control
group experiments verified that the N in NH; was derived from
NO;™-N and not from other external contamination (Fig. S197).
The nitrogen changes and reaction processes were traced via
"H-nuclear magnetic resonance ("H-NMR). The "H-NMR peaks
of >NH," and "*NH," presented double and triple peaks when
NO,~ and '*NO,~ were used as the N sources, further con-
firming that the NH;3-N does indeed originate from NO; -N
rather than from external sources of pollution (Fig. 2e).*!
Before advancing towards practical applications, the stability
of the catalysts must be addressed. Fig. 2f illustrates the
current versus time curves of Vo-HCo;0,@SRGA at different
operating voltages, and the negligible current density decay
indicates the appreciable stability of Vo-HCo;0,@SRGA.
During 24 consecutive cycles, only the first three cycles
revealed a reduced NH;-N yield rate and FE decay, before
remaining largely stable (Fig. 2g). The crystal structure and
microscopic morphology showed no obvious change before
and after the reaction (Fig. S20t), further illustrating the stabi-
lity of the structure of Vo-HC0;0,@SRGA during the eNO; -RR
process. To investigate the suitability of Vo-HCo;0,@SRGA for
different water qualities, the effects of different inorganic
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anions, inorganic cations and HA on NH;-N yield rate and FE
were also investigated (Fig. S217). Only a high concentration of
Mg>" (10 mM) inhibited the NH;-N yield rate and FE, with no
significant effect of other anions or even high concentrations
of HA. In addition, Vo-HCo3;0,@SRGA exhibited excellent
activity in the pH range of 3-11 and NO;-N of 50-500 mg L™
(Fig. S22t1). All these results indicated the potential applica-
bility of Vo-HCo;0,@SRGA under real water conditions.
Although the catalytic performance of Vo-HCo;0,@SRGA is
greatly enhanced by defect and nanoconfined engineering, the
difference in performance between Vo-HCo;0,@SRGA and
other current state-of-the-art catalytic materials is unknown.
Therefore, we summarized the performance of some advanced
electrocatalytic systems reported in the literature at low con-
centrations of NO;™ (Fig. 2h and Table S41). Among these, Vo-
HCo030,@SRGA demonstrated the highest NH;3-N yield rate
and FE, highlighting its superior performance as an eNO; -RR
electrocatalyst.

3.3. FEM and DFT investigation

The nanoconfined effect of SRGA on NO;~ was successfully
verified by finite element method (FEM) simulations (Fig. 3a
and b and Fig. S23}). Compared with pure Vo-HCo030,,
SRGA@Vo-HCo;0, was able to significantly enhance the loca-
lized concentration of NO;~ due to the nanoconfined effect,
thus greatly increasing the accessibility of NO;™. This nano-
confined effect contributes to the enhancement of NO;~
activity in the eNO; -RR via enriching the localized concen-
tration of NO;~, which further facilitates its conversion
process to NHj. Electron localization function (ELF) calcu-
lations visualize that Vo formation induces a redistribution of
the otherwise uniformly distributed electron density. This
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Fig. 3 (a and b) Simulated concentration distribution of NO3z~ on the
surface of Vo-HCo3zO, and Vo-HCozO, encapsulated with SRGA at
different diffusion times. (c and d) ELF calculations, (¢) DOS, (f and g)
charge density difference, and (h) PDOS of Co3z0,4 and Vo-Co30,. (i)
Spin-down PDOS orbital of d,,—2n* in Coz04/Vo-Co30,4-NOs". (j) Free-
energy diagrams and corresponding reaction intermediates of water
decomposition on Coz0,4 and Vo-Co30,4.
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redistribution disrupts the original symmetry, generating a
localized asymmetric electronic environment (Fig. 3¢ and d).**

Moreover, the Vo induced inhomogeneity in the Co-O bond
length, further reflecting the disruption of the symmetry of the
geometry (Fig. S247). The location of the d-band center is an
important theoretical basis for understanding the interaction
between the catalyst surface and the reactants.**>* Vo raised
the d-band center position of CozO, to —1.53 eV, leading to
stronger electron exchange and NO;~ adsorption (Fig. 3e).
Further exploration is needed to elucidate the interaction
between NO;~ and the asymmetric defect sites. To investigate
this, the adsorption configurations on the surfaces of Co;0,
and Vo-Co;0, were constructed and analyzed (Fig. 3f and g).
The adsorption energy (E.qs) of NO;~ on Vo-Co;0, (—1.58 eV)
was more negative than that of Coz;04 (—1.06 eV), and the
charge transfer number between NO;~ and Vo-Co;0,4 (0.47 €7)
was higher compared to Co;0, (0.21 e7). These results demon-
strated that Vo can strengthen NO;~ adsorption and facilitate
the electron transfer process.’” The dense energy band struc-
ture of Vo-Co30, implies a higher density of electronic states
compared with Coz;0,, contributing to a more efficient electron
transfer with NO;~ (Fig. S251).>® Accordingly, the interaction
between adsorbed NO;™ and the metal-centered orbitals of Vo-
Co30, was further explored. The d,, orbital of Co and the 2=
orbitals of O in NO;™ manifested a significant overlap in the
partial density of states (PDOS) (Fig. 3h and Fig. S267). This
strong interaction triggers the splitting of the bonding and
antibonding states. As the d-band center of Vo-Co;0, was close
to the Fermi energy level, the d,,-2n* energy levels of bonding
and antibonding were subsequently elevated (* represents the
antibonding energy level) (Fig. 3i). In this case, the electron
occupation of the antibonding state in the NO;3; /Vo-Coz0,
system decreased, enhancing the interaction between NO;~
and Vo-C0;0,.*”*® Fig. 3j and Fig. $27 and S281 show the
Gibbs free energy change (AG) plots of Co;0, and Vo-Coz0, in
the electrocatalytic HER and the optimized adsorption models
of the corresponding intermediates. Vo drastically reduced the
dissociation energy barrier of water molecules (0.22 eV to 0.05
eV), promoting easier dissociation of water molecules into H"
to provide the necessary intermediates for the reaction. In
addition, the reaction energy barrier of *H — H, for Vo-Co;0,
(0.35 eV) was significantly higher than that for Co;0, (0.16 eV),
indicating that Vo significantly inhibits the HER side reaction.
In summary, the triple synergistic effect (enhanced NO;~
adsorption, promoted H,O dissociation, and effectively inhib-
ited HER) of the Vo effectively ensures the high activity and
selectivity of Vo-Co;0, in the eNO; -RR process.

3.4. Reaction mechanisms and pathway analysis

Two main mechanisms are commonly thought to drive the
electrochemical reduction of NO;~ to NHj: direct electron
transfer and bonding with H', and indirect reduction facili-
tated by H*. The verification of whether H* plays a dominant
role in the eNO; -RR was done by adding various concen-
trations of tert-butanol (TBA) as a scavenger. Even with the
addition of excess TBA, there was no significant change in
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NO;~ removal, thus ruling out the H*-mediated pathway
(Fig. 4a). Therefore, the main mechanism of Vo-
HCo030,@SRGA in the eNO3; -RR can be identified as direct
electron transfer (Fig. 4b). The intermediate products adsorbed
on the electrode surface were visualized using in situ FT-IR
spectroscopy (Fig. 4c). There was no significant difference in
the type of absorption peaks of H-Co;0,4, H-Co;0,@SRGA, and
Vo-HCo03;0,@SRGA, suggesting that the presence of SRGA and
Vo does not alter the reaction intermediate products (Fig. 4d-
f). The broad bands observed at 1650 cm ™" and 3300 cm ™" are
the O-H bending vibrations of water adsorption (SH-O-H) and
cleavage (vH-O-H),*>"® while the bands located at around
1458 cm ™" and 1690 cm™" belong to N-H and N-O stretching
vibrations, confirming the formation of NH; during the
eNO; -RR process.*"*> Compared with H-Co;0,@SRGA, Vo-
HCo030,@SRGA showed a more pronounced signal intensity
change with H,O and related intermediates at more negative
potentials. This result suggests that Vo can facilitate H,O dis-
sociation and NHj; synthesis. Additionally, online DEMS
further clarified that Vo-HCo;0,@SRGA generates intermedi-
ate products during the eNO;™-RR (Fig. 4g). The strongest m/z
signal was 17, indicating that Vo-HCo;0,@SRGA is able to
efficiently electrocatalyze the synthesis of NH;. Several less
intense mj/z signals, such as 14, 15, 16, and 30, which corres-
pond to *N, *NH, *NH,, and *NO intermediates, confirm the
occurrence of the *N hydrogenation pathway. Combined with
the above detected intermediates and previous reports, the
reaction pathways can be deduced and used for theoretical cal-
culations (Fig. S291). Fig. 4h shows the AG diagrams of Co;0,
and Vo-Co;0, in the eNO;™-RR. For both Co;0, and Vo-Co30,,
NH; was synthesized by an 8-electron reduction of NO;~ via

o
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Fig. 4 (a) Time profile of NO3s~ removal curves with or without the
addition of TBA. (b) Mechanism schematic diagram of the eNOz™-RR on
Vo-HCo0304@SRGA. (c) Schematic illustration of the in situ electro-
chemical FT-IR. In situ FT-IR spectra of (d) H-CozO4 (e)
H-Co304@SRGA, and (f) Vo-HCo3z04@SRGA during the eNOs™-RR. (g)
Online DEMS spectra of Vo-HCo030,@SRGA. (h) Free-energy diagrams
and corresponding reaction intermediates of the eNO3z -RR of Coz0,4
and Vo-Co030,.
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the pathway of NO3;~ — *NO3; — *NO, — *NO — *NOH — *N
— *NH — *NH, — *NH; — NH; (Fig. S30 and S31f).***
During the whole reaction process, there are two steps with
positive AG values, which are the *NO hydrogenation (*NO —
*NOH) and the desorption of *NHj; intermediates from the
catalyst surface (*NH; — NHj3). Because of the high solubility
of NH; in aqueous solution and the low reaction energy
barrier, NH; can be readily desorbed from the surface of Co
atoms, releasing additional reaction sites.*>*® Therefore, the
rate-determining step (RDS) of the eNO; -RR can be con-
sidered as *NO — *NOH. Obviously, Vo significantly reduced
the reactive energy barrier of the RDS from 0.66 eV to 0.26 €V,
improving the efficiency and selectivity of the eNO;-RR.

4. Conclusions

In summary, we successfully anchored Vo-HCoz;0, obtained
via the Kirkendall effect to the surface of SRGA. The porous
skeleton of SRGA can improve the accessibility of the active
sites. It also significantly increases the local NO;~ concen-
tration due to a unique nanoconfined effect, thereby accelerat-
ing the reaction kinetics. In situ FT-IR spectroscopy and DFT
calculations demonstrate that Vo induced a triple synergistic
modulation: enhancement of NO;~ adsorption, promotion of
water dissociation, and inhibition of the HER. Furthermore,
the introduction of Vo raised the bonding and antibonding
energy levels of d,~2n* in NO; /Vo-Coz0, and lowered the
reaction energy barrier of RDS (*NO — *NOH), facilitating the
adsorption and activation of NO;~. As a result, Vo-
HCo03;0,@SRGA exhibited a considerable NH;-N yield rate
(1.53 mg h™" ecm™?), Faraday efficiency (96.5%), and selectivity
(97.2%) in the conversion of low-concentration NO;~ to NHj.
This work highlights the design principles of advanced electro-
catalysts for low-concentration NO;~ conversion, providing
solutions for resource recovery of NO3; -containing wastewater.
We believe that this creative work has the opportunity to be
extended to other electrocatalytic reactions in the aqueous
phase, in addition to being generous in the eNO;™-RR.
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