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ABSTRACT 

The electrocatalytic nitrate reduction reaction (eNO3 RR) offers a sustainable strategy for both NO3 
− wastewater remediation and 

value-added NH3 production. However, its application is hindered by sluggish reaction kinetics in neutral media due to the limited 
availability of protons. Herein, an anionic metal–organic framework (MOF), SU-102, is functionalized with atomically dispersed 
Fe sites to yield SU-102-Fe. This catalyst achieves a Faradaic efficiency (FE) of 96.9% and NH3 production rate of 1.72 mg h− 1 

mgcat − 1 at − 0.7 V versus RHE, far surpassing the commercial Fe2 O3 and pristine SU-102. In situ characterizations reveal that 
the negatively charged Zr ─O units in SU-102 create an anionic microenvironment around the Fe sites, which enriches K+ 

∙H2 O 

species derived from the interfacial hydrogen-bonding network. The facile dissociation of K+ 
∙H2 O improves local proton supply, 

facilitating NO3 
− -to-NH3 conversion and accounting for the superior eNO3 RR performance of SU-102-Fe. 
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 Introduction 

he global nitrogen cycle underpins ecological stability [ 1, 2 ], yet
xcessive NO3 

− accumulation in industrial and agricultural efflu-
nts threatens both environment and human health. Traditional
itrate removal methods, including biological denitrification
nd physicochemical treatments [ 3–6 ], are energy-intensive and
ffer limited potential for recovering valuable products [ 7, 8 ].
lectrocatalytic nitrate reduction (eNO3 RR) offers a promising
lternative by converting nitrate into ammonia, thereby reduc-
ng pollution while producing useful chemicals [ 9–12 ]. With a
heoretical energy consumption of only 6.5 kWh ⋅kg− 1 for NH3 ,
NO3 RR is considerably more energy-efficient than the Haber–
osch process (10–13 kWh ⋅kg− 1 ) [ 13, 14 ]. Despite this advantage,
ong Chen and Yunyang Qian contributed equally to this work. 
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existing eNO3 RR catalysts often operate at high potentials and
suffer from low selectivity, generating undesired byproducts such
as H2 and nitrite (NO2 

− ), which present challenges for the
effective operation of eNO3 RR [ 15–17 ]. 

Iron (Fe)-based catalysts are widely used in eNO3 RR due to
their intrinsically low activity for the hydrogen evolution reaction
(HER) [ 18, 19 ]. However, the complete reduction of NO3 

− to NH3 
involves an eight-electron, nine-proton process (NO3 

− + 8e− +
9H+ 

→NH3 + 3H2 O), and insufficient proton supply can limit cat-
alytic performance [ 17, 20–22 ]. In a neutral aqueous electrolyte,
most H2 O molecules participate in hydrogen-bonded networks
that prevent their dissociation into protons, thereby suppress-
ing the hydrogenation of surface-bound NO3 RR intermediates
1 of 10
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 23–25 ]. In contrast, weakly coordinated species such as potas-
ium ion hydrated water (K+ 

∙H2 O), can dissociate more readily
nder an applied potential and serve as more effective proton
onors [ 26, 27 ]. Therefore, local enrichment and adsorption of
+ 
∙H2 O around the Fe sites may improve proton supply and facil-

tate reaction kinetics. Furthermore, designing Fe-based catalysts
ith atomically dispersed sites and high surface accessibility is
ssential for improving the utilization of active sites and mass
ransport of substrates, both of which are critical for achieving
fficient nitrate reduction [ 28–31 ]. 

o this end, metal–organic frameworks (MOFs), a class of crys-
alline porous materials with tunable and well-defined structures
 32–40 ], provide an ideal platform for stabilizing atomically
ispersed metal sites [ 41–43 ]. Amongst them, anionic MOFs are
articularly attractive because their negatively charged skele-
ons not only stabilize single-atom metal sites but also create
istinctive microenvironment that facilitates the adsorption of
ositively charged species around metal sites [ 44–47 ]. Therefore,
nchoring single-atom Fe sites onto anionic MOF skeleton would
old great promise for improving the catalytic performance of
NO3 RR, yet this strategy has not been reported. Herein, a stable
nionic MOF, SU-102, has been synthesized using ellagic acid as
he organic linker and Zr-oxo unit as the metal node. Through
 simple post-synthetic modification, single-atom Fe sites are
nchored onto the skeleton, yielding SU-102-Fe as an efficient
atalyst for nitrate reduction (Scheme 1 ). The crystalline and
orous structure of the MOF ensures spatial dispersion of Fe sites,
hereby guaranteeing substrate accessibility. Additionally, the
egatively charged Zr-oxo units create an anionic microenviron-
ent that electrostatically attracts K+ 

∙H2 O species, promoting
heir dissociation into H+ and improving active hydrogen (*H)
upply for NO3 

− reduction. Consequently, SU-102-Fe achieves a
aximum Faradaic efficiency of 96.9% and an NH3 production
ate of 1.72 mg h− 1 mgcat − 1 at − 0.7 V versus RHE. The rate is twice
hat of commercial Fe2 O3 and nearly 70 times higher than that
f pristine SU-102. These results demonstrate that the anionic
icroenvironment surrounding the Fe sites enhances eNO3 RR
erformance, providing a promising strategy for the design of
igh-efficiency nitrate electroreduction catalysts. 

 Results and Discussion 

he SU-102 ((C2 H8 N)2 [Zr(C14 H3 O8 )2 ]∙6H2 O) was synthesized by
efluxing ellagic acid and ZrOCl2 ∙8H2 O (linker:metal mole ratio
pproximately 2:1) in a mixed solvent of N , N -dimethylformamide,
H3 COOH and ultrapure H2 O at 90◦C for three days [ 48 ]. SU-
02 features one-dimensional honeycomb channels, where Zr4 +
enters exist as isolated ZrO8 units with square antiprismatic
oordination. Each Zr4 + is coordinated to four partially deproto-
ated ellagic acid anions, generating a negatively charged three-
imensional network. To maintain charge neutrality, dimethy-
ammonium (Me2 NH2 

+ ) cations are incorporated within the
ores (Figure S1 ). The negative charge and abundant hydroxyl
roups in the Zr-oxo unit provide the potential for chelation with
etal ions. Specifically, SU-102 was stirred with Fe3 + ions under
mbient conditions, and a rapid color change from yellow to
lack was observed upon addition of Fe3 + (Figure S2 ). Elemental
nalysis confirms complete replacement of Me2 NH2 

+ ions with
e3 + (Table S1 ), yielding the target catalyst SU-102-Fe (Figure S3 ).
of 10
Notably, SU-102-Fe can be synthesized quantitatively on the
gram scale, underscoring its ease of preparation and practical
applicability (Figure S4 ). 

As shown in the powder X-ray diffraction (PXRD) patterns of SU-
102-Fe samples loaded with varying amounts of Fe3 + (Figure S5
and Table S2 ), the crystallinity of SU-102 is retained after Fe
incorporation. The N2 sorption isotherms of SU-102 at 77 K
display a type I isotherm with a Brunauer–Emmett–Teller (BET)
surface area of 545 m2 g− 1 , while SU-102-Fe shows a reduced BET
surface area of 360 m2 g− 1 (Figure S6 ), indicating the retention of
permanent porosity along with partial pore/mass occupation by
Fe ions. The gram-scale SU-102-Fe maintains high crystallinity
and exhibits surface area comparable to that of the small-scale
material (Figures S5 and S6 ). The scanning electron microscope
(SEM) image reveals that SU-102 exhibits a rod-shaped mor-
phology (Figure S7 ). Despite a noticeable color change from
yellow to black after introducing Fe3 + ions, SU-102-Fe retains the
same morphology and particle size as SU-102. The transmission
electron microscope (TEM) image of SU-102-Fe clearly displays
a lattice stripe of 1.8 nm, corresponding to the ( − 120) crystal
plane, matching that observed for SU-102 (Figures S8 and S9 ).
Energy dispersive spectroscopy (EDS) mapping confirms the uni-
form distribution of Fe throughout the skeleton. The high-angle
annular dark field scanning transmission electron microscope
(HAADF–STEM) further reveals the absence of Fe2 O3 , FeO, or Fe
nanoparticles, displaying instead discrete atomic-scale features
consistent with isolated Fe and/or Zr sites (Figure 1a ). 

The X-ray photoelectron spectroscopy (XPS) spectrum of SU-
102-Fe shows a Fe 2p3/2 binding energy at ∼ 711.1 eV, a typical
Fe3 + signal, confirming that no redox process occurs during the
incorporation of Fe (Figure 1b ). The O 1s spectra show a decrease
in the intensity of the hydroxyl signal and the emergence of a
new Fe–O peak at 530.3 eV upon Fe incorporation (Figure 1c ),
suggesting that Fe3 + binds to the hydroxyl groups in the skeleton
[ 49, 50 ]. The Fe K -edge X-ray absorption near-edge structure
(XANES) spectrum of SU-102-Fe further confirms the presence
of Fe3 + in SU-102-Fe (Figure 1d ), in agreement with the XPS
results. The Fe K -edge extended X-ray absorption fine structure
(EXAFS) analysis reveals a dominant peak corresponding to
Fe ─O coordination at 1.62 Å, with no detectable signals for Fe ─Fe
or Fe ─O ─Fe bonds (Figure 1e ). EXAFS fitting indicates that Fe
is six-coordinated by oxygen atoms of ─O/OHx groups from the
Zr-oxo unit and H2 O molecules, forming an octahedral [FeO6 ]
environment (Figure 1f and Table S3 ). To better understand the
coordination environment, wavelet transform (WT) analysis is
performed on the EXAFS data for SU-102-Fe and the reference
compounds (Figure 1g ). The FeO and Fe2 O3 demonstrate similar
scattering patterns for Fe ─O and Fe ─O ─Fe, whereas Fe-foil only
shows the Fe ─Fe signal. In contrast, the WT-EXAFS contour map
of SU-102-Fe displays a single dominant signal at approximately
3.8 Å− 1 , corresponding to Fe ─O scattering, further supporting
the formation of isolated Fe centers coordinated by ellagate
ligands. Collectively, these results demonstrate that when Fe3 + 
is introduced into the negatively charged SU-102 framework,
the ─OH groups on SU-102 rapidly chelate with Fe3 + , forming
SU-102-Fe with atomically dispersed Fe sites. 

The eNO3 RR performance has been evaluated in a traditional
three-electrode configuration with an H-type cell using a neutral
Angewandte Chemie International Edition, 2026
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SCHEME 1 Schematic illustration of SU-102-Fe synthesis and eNO3 RR promotion by anionic microenvironment. 
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lectrolyte of 0.2 M K2 SO4 and 50 mM KNO3 under ambient
onditions. The concentration of the main products of eNO3 RR
s determined using UV–vis colorimetric or NMR methods with
nternal standards (Figures S10 and S11 ). The only gaseous
roduct is hydrogen, which is determined by gas chromatography
Figure S12 ). Linear sweep voltammetry (LSV) curves for SU-102,
U-102-Fe, and commercial Fe2 O3 samples reveal increased cur-
ent densities in the presence of NO3 

− , confirming their eNO3 RR
ctivity (Figure 2a ). Notably, SU-102-Fe exhibits a significantly
igher current density than either SU-102 or Fe2 O3 , indicating
 substantial enhancement in activity upon Fe incorporation.
uided by the LSV results, chronoamperometry and colorimetric
ssays are conducted across a potential window of − 0.5 to − 1.0 V
ersus RHE to further evaluate catalytic performance. The FEs for
O3 

− -to-NH3 conversion display a volcano-shaped dependence
n the applied potential, with SU-102-Fe outperforming both SU-
02 and Fe2 O3 at all applied voltages (Figure 2b ). Specifically,
U-102-Fe achieves a maximum FE of 96.9% at − 0.7 V versus
HE, which is 6.5 times higher than that of SU-102 at the same
otential. In contrast, commercial Fe2 O3 achieves a maximum
H3 FE of 85.7% at − 0.8 V versus RHE. At the same time, the
H3 yield rate for SU-102-Fe increases with potential, reaching
 yield rate of 0.86 mg h− 1 cm− 2 (1.72 mg h− 1 mgcat − 1 ) at − 0.7 V
ersus RHE, representing a 60-fold enhancement over SU-102
nd surpassing that of commercial Fe2 O3 (Figure 2c ). Comparable
ngewandte Chemie International Edition, 2026
catalytic activity is also observed for the gram-scale synthesized
SU-102-Fe (Figure S13 ). When other metal ions (Co, Ni, and
Cu) are incorporated into the SU-102 framework at comparable
loadings (Table S4 ), SU-102-Fe still delivers the highest Faradaic
efficiency and NH3 yield, highlighting the superior catalytic
performance of Fe sites (Figure S14 ). Additionally, among MOF
electrocatalysts, SU-102-Fe exhibits nearly the highest FE under
neutral conditions and is superior to other reported MOF elec-
trocatalysts (Figure 2d and Tables S5, S6 ). It is noteworthy
that compared with SU-102, SU-102-Fe samples loaded with
decreasing amounts of Fe show lower NO2 

− FE, H2 FE and higher
NH3 FE and yield (Figures S15 and S16 ). These results suggest
that Fe functions as the primary active site, accelerating NO2 

− 

reduction while inhibiting H2 release. Furthermore, the use of
Fe salts with different anions as Fe sources has little impact
on catalyst preparation, as evidenced by consistent performance
under identical conditions (Figure S17 ). These results collectively
demonstrate that SU-102 serves as an effective scaffold for
anchoring Fe ions, enabling the construction of efficient eNO3 RR
electrocatalysts. 

To evaluate the catalyst performance under varying nitrate
concentrations, electrolysis experiments have been conducted
using SU-102-Fe in 1–100 mM KNO3 solutions at − 0.7 V versus
RHE potential. Notably, the catalyst can preserve over 80%
3 of 10
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H3 FE at a concentration as low as 10 mM, indicating its
trong potential for practical applications (Figure S18 ). Beyond
oncentration effects, SU-102-Fe also maintains high selectivity
n a simulated industrial wastewater containing suspended solids,
hemical oxygen demand, representative co-existing anions, and
eavy metal cations [ 51–54 ], delivering a Faradaic efficiency of
2.93% at − 0.7 V versus RHE, with less than 3% loss compared to
 pure-water-based electrolyte of identical nitrate concentration
Figures S19, S20 and Table S7 ). In addition to activity, long-
erm stability is crucial for evaluating electrocatalysts. SU-102-Fe
nd SU-102-Fe (gram-scale) demonstrate highly stable current
ensity, NH3 output, and FE over 10 h of continuous elec-
rolysis (Figures S21 and S22 ). Post-electrolysis characterization
urther confirms the preservation of morphology and crystallinity
Figures S23 and S24 ), underscoring the structural robustness of
he catalyst. Inductively coupled plasma (ICP) analysis shows
egligible Fe leaching into the electrolyte after electrolysis in
oth pure nitrate solution and simulated wastewater, while the
e content remaining on the MOF catalyst is nearly unchanged,
onfirming the strong immobilization of Fe species on the
of 10
framework (Tables S8 and S9 ). XANES and EXAFS analyses of
the post-reaction catalyst reveal that the Fe centers in SU-102-
Fe retain their + 3 oxidation state and exhibit negligible changes
in coordination numbers (Figure S25 and Table S3 ), confirming
that the Fe coordination environment remains structurally intact
during catalysis. Moreover, the consistent NH3 yields obtained
over 14 alternating electrolysis cycles with and without nitrate
verify the electrolyte as the nitrogen source and highlight the
exceptional durability of SU-102-Fe (Figures 2e and S26 ). 

Control experiments were conducted to verify the origin of
the produced NH3 . Without applied current or in the absence
of NO3 

− electrolyte, no NH3 was detected during electrolysis,
excluding the possibility of external contamination. Furthermore,
carbon paper and acetylene black alone contributed negligibly
to NH3 formation (Figure S27 ). Isotope-labeling experiments
using 15 NO3 

− or 14 NO3 
− as the nitrogen source, analyzed by 1 H

NMR spectroscopy, yielded distinct doublet and triplet signals
corresponding to 15 NH4 

+ and 14 NH4 
+ , respectively (Figure 2f ) [ 55,

56 ]. Time-resolved 1 H NMR spectra during prolonged electrolysis
Angewandte Chemie International Edition, 2026
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onfirm the continuous formation of NH4 
+ from both labeled

itrate sources (Figure S28 ), demonstrating sustained catalytic
ctivity and verifying the nitrogen origin of NH3 . Further charac-
erization shows that NH3 is the only nitrogen-containing product
fter prolonged electrolysis (Figure S29 ), with no evidence of
atalyst degradation or MOF skeleton dissolution. The excellent
greement between NMR-based quantification and colorimetric
esults affirms the reliability of the NH3 detection methods
Figure 2g ). To probe the active site responsible for eNO3 RR,
CN− is introduced as a poisoning agent. A significant drop
n NH3 yield upon SCN− treatment of SU-102-Fe indicates that
e centers serve as the primary active sites (Figure 2h ). Elec-
rochemical impedance spectroscopy (EIS) further supports this
onclusion, as SU-102-Fe exhibits the lowest charge transfer resis-
ance among the investigated samples (Figure S30 ). Additionally,
U-102-Fe shows a markedly higher electrochemically active
urface area (ECSA) than both SU-102 and Fe2 O3 , consistent with
ts superior intrinsic activity for eNO3 RR (Figure S31 ). 
ngewandte Chemie International Edition, 2026
To elucidate the eNO3 RR mechanism of SU-102-Fe, attenuated
total reflection Fourier transform infrared spectroscopy (ATR–
FTIR) is employed to monitor surface-bound intermediates
during electrolysis (Figure S32 ). A characteristic peak at 1365
cm− 1 , attributed to adsorbed *NO3 species, is clearly observed on
SU-102 but nearly absent on SU-102-Fe and Fe2 O3 (Figures 3a–
c ), indicating that SU-102, lacking active metal sites, accumulates
*NO3 due to slower reaction kinetics, whereas SU-102-Fe and
Fe2 O3 facilitate its efficient transformation [ 57, 58 ]. For SU-102-
Fe, emerging distinct peaks of *NO2 and *NO at ∼ 1194 and 1264
cm− 1 signify the involvement of these intermediates in the early
stages of NH3 formation [ 27, 59, 60 ]. Moreover, characteristic
peaks at ∼ 1064 and 1100 cm− 1 , respectively assigned to *NH2 
and *NH3 [ 61–63 ], appear strongly on SU-102-Fe, moderately
on Fe2 O3 , and are nearly absent on SU-102, especially as elec-
trolysis progresses. This trend underscores the superior ability
of SU-102-Fe to drive the complete reduction pathway toward
NH3 . 
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otably, long-time In-situ ATR–FTIR measurements of SU-102-
e at − 0.7 V versus RHE show that all the above characteristic
ands increase monotonically with electrolysis time, indicating
he progressive accumulation of surface-bound intermediates and
upporting their assignment (Figure S33 ). To exclude impurity
ontributions, control experiments were further conducted in
itrate-free electrolyte (MOF-only control) and in the absence
f the MOF catalyst (NO3 

− -only control) over a potential range
rom − 0.2 to − 1.0 V (Figures S34 and S35 ). In both cases, no
ntermediate-related bands were observed, confirming that the
etected signals do not originate from impurities. 

o further clarify the eNO3 RR pathway on SU-102-Fe, in situ
ifferential electrochemical mass spectrometry (DEMS) has been
onducted over six consecutive measurements (Figure S36 ). The
rominent mass-to-charge ratio ( m/z ) signals at 2, 14, 15, 16, 17,
0, 31, 32, 33, and 46 correspond to H2 , N, NH, NH2 , NH3 , NO,
OH, NHOH, NH2 OH, and NO2 , respectively (Figures 3d and
37 ). Notably, 15 N-labeled in-situ DEMS experiments show that
ll nitrogen-containing signals exhibit systematic + 1 m/z shift
elative to those obtained with 14 NO3 

− , while preserving similar
elative intensity trends, unambiguously confirming the nitrate-
erived origin of the detected intermediates (Figures 3d and S38 ).
n contrast, in nitrate-free electrolyte, only the H2 signal (m/z = 2)
of 10
is observed, with nitrogen-related signals being essentially absent
(Figure S39 ), excluding contributions from nitrogen-containing
impurities. The relatively weak *NO2 signal and strong *NO
signal suggest that *NO2 is a short-lived intermediate, rapidly
converting to subsequent species, consistent with the trace
amount of NO2 

− observed in ATR-FTIR. Two main pathways
have been proposed for NO3 

− -to-NH3 conversion in eNO3 RR:
the NOH pathway and the NHO pathway. The NOH pathway
proceeds via *NO3 → *NO2 → *NO → *NOH → *N → *NH →

*NH2 → *NH3 while the NHO pathway involves *NO3 → *NO2 
→ *NO → *NHO → *NH2 O → *NH2 OH → *NH2 → *NH3 . The
observed weak *NH2 OH signal, alongside strong signals for *N
and *NH in the DEMS spectra indicates that the NOH pathway
is the dominant route. Together with ATR-FTIR findings, these
results corroborate that the eNO3 RR on SU-102-Fe predominantly
follows the NOH pathway. 

The above pathway involves multiple hydrogenation steps, likely
facilitated by the generation and spillover of *H species. To
probe the presence of *H, electron paramagnetic resonance
(EPR) spectroscopy is conducted using 5,5-dimethyl-1-pyrroline-
N -oxide (DMPO) as the radical trapping reagent (Figures 3e and
S40 ). A clear decrease in the DMPO-H signal after eNO3 RR
suggests the participation of *H in the reaction over SU-102-
Angewandte Chemie International Edition, 2026
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e. Furthermore, radical quenching experiments using tert-butyl
lcohol ( t -BuOH) as a scavenger result in a marked decline in
oth NH3 yield and current density (Figures 3f and S41 ), further
onfirming the crucial role of *H in this process [ 64, 65 ]. 

t is assumed that the interfacial H2 O structure plays a critical
ole in the water dissociation step to generate *H in eNO3 RR.
o investigate this, in situ ATR–FTIR is adopted. Given the
omplexity of interfacial H2 O, the broad ─OH stretching peak
3800 to 2800 cm− 1 ) is deconvoluted into three Gaussian peaks,
orresponding to tetrahedrally coordinated hydrogen-bonded
2 O (4-HB∙H2 O, low-wavenumber region, green), doubly H-
onded H2 O (2-HB∙H2 O, middle-wavenumber region, blue),
nd K+ -hydrated H2 O (K+ 

∙H2 O, high-wavenumber region, red)
Figure 4a–c ) [ 25, 66 ]. The normalized proportions of H2 O
omponents on SU-102-Fe, Fe2 O3 , and SU-102 reveal that SU-
02-Fe exhibits a more pronounced increase in the proportion
f K+ 

∙H2 O across varying potentials (Figures 4d and S42 ). This
bservation suggests that K+ 

∙H2 O is enriched on the surface
f SU-102-Fe, because its negatively charged Zr ‒O units attract
+ 
∙H2 O from the aqueous electrolyte solutions through electro-

tatic interactions [ 67, 68 ]. Therefore, maintaining a sufficient K+

oncentration is essential for the reaction. Under constant NO3 
–

oncentration, K+ -concentration gradient experiments show that
ower K+ levels result in reduced FE(NH3 ) and NH3 yield, along
ith higher FE(NO2 

− ). This behavior indicates that insufficient
+ limits the enrichment of K+ 

∙H2 O species (Figure S43 ). Fur-
hermore, replacing K+ with Na+ or Li+ in the electrolyte solution
esults in a decrease in FE(NH3 ) and NH3 yield, demonstrating
ngewandte Chemie International Edition, 2026
that K+ provides the most favorable environment for eNO3 RR
(Figure S44 ). 

The accumulation of K+ 
∙H2 O near Fe sites in SU-102-Fe facilitates

its dissociation and generates active *H species, which is essential
for NO3 

− -to-NH3 hydrogenation. At all potentials, the proportion
of product (*NH3 ) and key intermediate (*NO2 ) in SU-102-Fe is
significantly higher than that of Fe2 O3 and SU-102, indicating that
more active *H species are involved in the reaction, promoting the
conversion of NO3 

− to NH3 in the former (Figure 4e ). To confirm
the role of the negatively charged microenvironment around Fe
sites in promoting H2 O dissociation, kinetic isotope effect (KIE)
measurements are conducted using H2 O/D2 O isotope control
experiments (Figure 4f ). A KIE value greater than 1 generally
signifies that a proton-coupled transfer step, rather than electron
transfer, is rate-limiting in the electrochemical process [ 67, 68 ].
All three catalysts, SU-102-Fe, SU-102, and Fe2 O3 , display KIE
values above 1, confirming that proton transfer derived from
water splitting governs the reaction kinetics. Notably, SU-102-
Fe exhibits a markedly smaller KIE than SU-102 and Fe2 O3 ,
indicating that the locally enriched K+ 

∙H2 O environment on
SU-102-Fe facilitates water dissociation and thereby alleviates
the kinetic barrier associated with the rate-determining step [ 22,
67, 69 ]. Moreover, the addition of bulky cations (triethylbenzy-
lammonium, TEA+ ), which partially neutralize the negatively
charged MOF surface and hinder the accumulation of K+ 

∙H2 O,
leads to a marked decline in NH3 FEs and yield (Figure S45a ).
Consistently, zeta potential measurements show that the surface
potential of SU-102-Fe increases from − 14.3 to − 5.3 mV upon
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EA+ addition (Figure S45b ), accompanied by a pronounced
ecrease in Faradaic efficiency and product yield, directly corrob-
rating the crucial role of a negatively charged microenvironment
n K+ 

∙H2 O adsorption and activation. These results indicate that
he catalytic performance is sensitive to the strength of the local
egative charge. Further increases in cluster electronegativity
ay introduce additional effects or limitations but are currently
onstrained by the framework structure, motivating future explo-
ation of the strength boundaries of anionic microenvironment
odulation. 

 Conclusion 

n summary, an efficient electrocatalyst, SU-102-Fe, has been
eveloped by anchoring single-atom Fe sites onto the anionic
OF SU-102 skeleton. Its crystalline porous framework ensures
niform dispersion of Fe sites, while the negatively charged
r ─O units create an anionic microenvironment that enriches
eakly bonded K+ 

∙H2 O species near the single-atom Fe sites.
his promotes potential-driven H2 O dissociation and improves
roton supply, effectively addressing the limited H+ availability
n the NO3 

− -to-NH3 conversion. As a result, SU-102-Fe achieves
xcellent performance at − 0.7 V versus RHE, with a FE of
6.9% and an NH3 production rate of 1.72 mg h− 1 mgcat − 1 ,
ignificantly outperforming the benchmark catalyst. This work
nderscores the potential of combining specific microenviron-
ent with single metal atoms to develop efficient and robust
lectrocatalysts for sustainable nitrate reduction and ammonia
ynthesis. 
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