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a b s t r a c t 

Electrocatalytic reduction of nitrate (NO3 
− ) to ammonia (NH3 ) is a promising approach for addressing water 

pollution caused by nitrate and producing industrial feedstock NH3 . However, a significant challenge lies in 
effectively suppressing the formation of undesired byproducts such as H2 , N2 , NO2 

− , and N2 H4 . In this study, 
three Pd single-atom catalysts (SACs) supported on graphdiyne (GDY) derivatives functionalized with electron- 
withdrawing and electron-donating groups denoted as Pd/GDY-F, Pd/GDY-H and Pd/GDY-OMe were prepared. 
Structural characterization showed that due to the electron induction effect of the functional groups, Pd/GDY-F 
displays the highest Pd valence state, followed by Pd/GDY-H and Pd/GDY-OMe. Interestingly, the nitrate reduc- 
tion activity also follows the order Pd/GDY-F > Pd/GDY-H > Pd/GDY-OMe, indicating that the nitrate reduction 
activity of Pd depends on the Pd oxidation state. In addition, the anion exchange ionomers and high nitrate con- 
centrations are beneficial for nitrate reduction. Under optimized conditions, Pd/GDY-F displays a high Faraday 
efficiency (FE) of 96.2% ± 2.5% toward NH3 . Mechanistic studies revealed that high-valence Pd atoms favor the 
adsorption of nitrate reduction intermediates, leading to a high Faraday efficiency for NH3 . 
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. Introduction 

The excessive use of nitrogen fertilizer and discharge of large
mounts of domestic sewage and industrial wastewater have resulted
n the significant presence of NO3 

− in wastewater and groundwater.
lectrocatalytic NO3 

− reduction (NO3 RR) to NH3 has emerged as an
nvironmentally friendly approach to address NO3 

− pollution [ 1 , 2 ].
owever, during the reduction process from NO3 

− to NH3 , the valence
f N is reduced from + 5 to − 3, involving the participation of a total of
 electrons and 9 protons [ 3 ], which leads to the formation of various
ntermediates throughout the reaction process [ 4 , 5 ]. The production of
ultiple intermediates may give rise to the formation of by-products

uch as NO2 
− , N2 H4 , and N2 [ 6 ]. Additionally, the Faradaic efficiency

FE) for this process is also affected by the competing hydrogen evo-
ution reaction (HER). While ∗ H participates in the reduction process
f NO − , excessive ∗ H or its reaction with protons generates H as a
3 2 
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y-product. Therefore, it is necessary to balance the ∗ H generation rate
o inhibit HER while enhancing NH3 selectivity [ 7 , 8 ]. Achievement of
imultaneous reduction in the HER rate and inhibition of by-product
ormation poses a significant challenge in electrocatalytic NH3 synthesis
ia NO3 RR. In catalysis, regulation of the electronic structure at active
enters is a viable method for improving catalyst performance [ 9 ].
imilarly, in NH3 synthesis via NO3 RR, the electronic structure at the
ctive sites can be regulated to promote intermediate adsorption while
nhibiting HER progress, resulting in enhanced catalytic activity and
electivity [ 10 , 11 ]. 

An increasing number of high-performance catalysts have been de-
eloped by manipulating the electronic structure of the active center
o enhance catalytic activity [ 12 ]. For instance, the doping of B atoms
nto a Cu-based catalyst increases the valence state of the local Cu sites,
hereby achieving higher NH3 selectivity [ 13 ]. The construction of Cu-
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he Cu metal, enabling the regulation of the electronic structure at the
atalytic active center, and resulting in an alloy catalyst with superior
atalytic activity [ 14 ]. For such Cu-Pd catalysts, the oxidation states of
he metal active centers can be regulated by creating diverse coordina-
ion environments, obtaining molecular catalysts with varying catalytic
ctivities [ 15 ]. Single-atom catalysts (SACs) have attracted significant
ttention in various catalytic fields because of their advantage of ultra-
igh atomic utilization [ 16–18 ]. In the NO3 RR used for the production
f NH3 , the atomically dispersed active sites can impede ∗ N coupling and
nhibit N2 formation [ 19 , 20 ]. Furthermore, modifying the coordination
nvironment of SACs allows for the regulation of the electronic struc-
ure at the active center, influences the adsorption of the intermediates,
nd improves NH3 selectivity [ 21 , 22 ]. Liu’s group successfully doped
alogen elements (Cl) into a Pd SAC supported on Cu2 O to control the
lectronic structure of the Pd 3d orbital. This modification enhanced the
 H generation rate under high-pH conditions and enabled a high FE of
H3 at a current density of 2.0 A cm− 2 [ 23 ]. 

As a precious metal, Pd shows excellent corrosion resistance (which
s highly important in sewage treatment), but also good hydrogen evo-
ution activity [ 24 , 25 ], mainly because its d orbital can interact with the
 orbital of ∗ H to form a strong Pd− H bond [ 23 ]. However, atomically
ispersed Pd can effectively reduce the coupling of ∗ H and decrease
he generation of H2 . Therefore, it is possible to achieve equilibrium
etween the production and consumption of ∗ H in the NO3 RR by reg-
lating the electronic structure of the Pd atoms [ 26 , 27 ]. Graphdiyne
GDY) is a novel two-dimensional carbon nanomaterial composed of sp-
nd sp2 -hybridized carbon atoms that was first synthesized by the Li
roup in 2010 [ 28 ]. The porous structure and coordinating C ≡C triple
onds of GDY make it an ideal substrate for attaching metal atoms [ 29–
1 ]. Additionally, different functional groups can be introduced into
DY to modulate the electronic structure of the attached single atoms

SAs) [ 32 ]. Moreover, stable d− π interaction can be formed between
d and C ≡C triple bond in GDY, which prevents the aggregation of Pd
As [ 33 ]. Therefore, the use of various functional groups to regulate the
lectronic structure of GDY-supported Pd SAs is a feasible approach for
he modification of their performance in NO3 RR to NH3 . In this study,
ifferent electron-withdrawing and electron-donating groups (− F, − H,
nd − OMe) were introduced into GDY to alter the electron density of
he conjugated π system, obtaining Pd SACs (Pd/GDY-F, Pd/GDY-H and
d/GDY-OMe) with distinct oxidation states. The structure-activity re-
ationship governing the NO3 RR to NH3 was investigated by regulating
he electronic structure of the Pd SAs. Through structural characteriza-
ion, the order of the Pd valence in the three catalysts was determined
o be Pd/GDY-F > Pd/GDY-H > Pd/GDY-OMe. The FE toward NH3 of
d/GDY-F was approximately three times higher than that of Pd/GDY-
Me under similar conditions, suggesting that the high-valence Pd SA
xhibited superior catalytic activity and selectivity. This finding demon-
trates the successful regulation of the electronic structure and catalytic
ctivity of Pd using a molecular engineering strategy. The catalytic
roperties of Pd/GDY-F were optimized by changing the ion-exchange
onomers and varying the reaction time and NO3 

− concentration. Under
ptimized conditions, Pd/GDY-F displayed a high FE of 96.2% ± 2.5%
Fig. 1. Synthetic routes for Pd/G

322
oward NH3 at − 0.7 V. The reaction mechanism was investigated using
n situ infrared spectroelectrochemistry and density functional theory
alculations. To the best of our knowledge, few studies have focused
n the structure-activity relationship for the regulation of the electronic
tructure of SAs supported by GDY and its effect on NO3 RR to NH3 . The
lectronic structure perturbation strategy used in this study is effective
or single-atom catalysts and can be used to investigate the effects of
lectronic structure modification for other metal SACs used as catalysts
or various chemical reactions. 

. Results and discussion 

.1. Material synthesis and characterization 

The synthetic routes for Pd/GDY-R materials are shown in Fig. 1 .
irst, 3, 6-substituted 1, 2, 4, 5-tetrakis((trimethylsilyl)ethynyl)benzene
olecules ( 1a− c ; Fig. 1 ) with different electron-withdrawing and

lectron-donating groups, such as − F, − H, and − OMe, were synthesized
ccording to the reported methods (see more details in the Supporting
nformation and Figs. S1–S3). As shown in Fig. 1 , deprotection of the
rimethylsilyl groups from the above precursors by fluoride yields 1, 2, 4,
-tetraethynyl-3, 6-difluorobenzene ( 2a ), 1, 2, 4, 5-tetraethynylbenzene
 2b ), and 1, 2, 4, 5-tetraethynyl-3, 6-dimethoxybenzene ( 2c ), respec-
ively. Then, the copper-ion-catalyzed Eglinton reaction was used to
ynthesize GDY derivatives according to the reported method [ 34 ],
ielding GDY-R (R = − F, − H, and − OMe; their characteristics are in
ine with previous reports, but are not discussed herein as they are
nown materials). With these three materials in hand, GDY-R-supported
d SACs (Pd/GDY-R; see their chemical structures in Figs. 2 (a)(e)(i)
ere prepared by mixing GDY-R and K2 PdCl4 in DMF at low tem-
erature (0 °C) according to the procedure reported by the Lu group
 35 ]. The contents of Pd in the three catalysts, detected by the induc-
ively coupled plasma mass spectrometry (ICP-MS), are close to each
ther with 0.18 wt% for Pd/GDY-F, 0.19 wt% for Pd/GDY-H, and 0.22
t% for Pd/GDY-OMe. The morphology of Pd/GDY-R was character-

zed by transmission electron microscopy (TEM). The TEM images of
d/GDY-R show that these catalysts exhibit a typical layered morphol-
gy (Figs. S4(a)(c)(e)). Moreover, no metal nanoparticles were observed
n the high-resolution transmission electron microscopy (HR-TEM) im-
ges (Figs. S4(b)(d)(f)). The atomic dispersion of Pd on the GDY-R sup-
orting material was verified by aberration-corrected high-angle annu-
ar dark-field scanning transmission electron microscopy (AC-HAADF-
TEM). As shown in Figs. 2 (b)(c)(f)(g)(j)(k), a large number of isolated
right dots can be observed in the images at both 5 nm and 2 nm scales,
ith no apparent nanoparticles or nanoclusters. Additionally, energy-
ispersive spectroscopy (EDS) mapping images revealed uniformly dis-
ersed C and Pd in all three Pd/GDY-R materials while the F element
s present solely in Pd/GDY-F ( Figs. 2 (d)(h)(l)). In addition, contact an-
le measurements (Fig. S5) show that their contact angles are between
17.80° and 131.30°; such small differences in contact angles indicate
hat the catalytic properties of these three materials are not drastically
ffected by the differences in hydrophobicity. 
DY-R (R = − F, − H, − OMe). 
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Fig. 2. Chemical structures of catalysts (a) Pd/GDY-F, (e) Pd/GDY-H and (i) Pd/GDY-OMe. AC-HAADF-STEM images of (b)(c) Pd/GDY-F, (f)(g) Pd/GDY-H and (j)(k) 
Pd/GDY-OMe. Corresponding EDS mapping images of (d) Pd/GDY-F, (h) Pd/GDY-H and (l) Pd/GDY-OMe. 
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The catalysts were characterized by X-ray diffraction (XRD), Raman
pectroscopy, Fourier-transform infrared spectroscopy (FTIR), and X-
ay photoelectron spectroscopy (XPS). From the results of XRD anal-
sis (Fig. S6(a)), it is observed that there were no characteristic sharp
iffraction peaks of crystalline metals, and only a wide peak at 21° was
bserved for all three catalysts. Therefore, there was no metal aggre-
ation in the materials, which is in good agreement with the electron
icroscopy results. The Raman spectra (Fig. S6(b)) clearly reveal the
 band at 1356 cm− 1 and the G band at 1576 cm− 1 . The D and G
ands were assigned to the vibrations of sp2 -hybridized disordered car-
on and ordered graphitic carbon, respectively. Weak peaks at 2180
nd 2250 cm− 1 caused by the oscillation of the diacetylene bond were
lso observed [ 36 ]. In their FTIR spectra (Fig. S6(c)), the stretching vi-
ration peaks of C− F of Pd/GDY-F and C− OMe of Pd/GDY-OMe were
bserved near 900 and 1000 cm− 1 , respectively. The C and O ratios re-
ealed by the XPS data were consistent with the EDS data (Figs. S7),
here Pd/GDY-OMe displayed a higher O content than Pd/GDY-F and
d/GDY-H (Figs. S7(a)(c)). In the high-resolution C 1s XPS spectra (Fig.
7(b)), the peaks of C ≡C(sp) and C = C(sp2 ) were observed for all three
atalysts, while C− F and C− C(sp3 ) signals were found for Pd/GDY-F and
d/GDY-OMe, respectively. Further XPS analysis ( Figs. 3 (a)− (c)) reveals
hat the binding energies of Pd are clearly different for all three Pd/GDY-
323
 catalysts. The binding energy values of Pd 3d3/2 (3d5/2 ) are 342.6 eV
337.34 eV) for Pd/GDY-F, 342.38 eV (337.12 eV) for Pd/GDY-H, and
42.21 eV (336.95 eV) for Pd/GDY-OMe, respectively. As expected, the
d binding energy displayed a decreasing trend due to the electronic in-
uction effect of the functional groups, indicating that the valence state
f Pd was decreased by changing the R groups from − F to − H and fur-
her to − OMe. Therefore, electronic perturbation of the GDY-supported
d SACs was successfully achieved by introducing different electron-
onating and -withdrawing groups. 

The electronic structure and coordination environment of the Pd SAs
n GDY-R were further characterized by X-ray absorption spectroscopy
XAS). Fig. 3 (d) shows the K-edge X-ray absorption near-edge structure
XANES) spectra of Pd for a series of Pd-containing materials including
d foil, PdO, and Pd/GDY-R. The near-edge positions of Pd/GDY-R are
etween those of the Pd foil and PdO, indicating that the Pd valence
tate of Pd/GDY-R is between 0 and 2 [ 33 ]. Moreover, the Pd valence
tates are in the order Pd/GDY-F > Pd/GDY-H > Pd/GDY-OMe, and the
lectron-withdrawing group shifts the Pd valence state in the positive
irection, which is consistent with the XPS results mentioned above.
n the Fourier-transformed k2 -weighted extended X-ray absorption fine
tructure (FT-EXAFS) spectra ( Fig. 3 (e)), a clear peak at approximately
.4 Å appears in Pd foil, which is assigned to the Pd− Pd bond [ 37 ].
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Fig. 3. High-resolution XPS Pd 3d spectra of (a) Pd/GDY-F, (b) Pd/GDY-H and (c) Pd/GDY-OMe. (d) Pd K-edge XANES spectra of the prepared Pd/GDY-R with Pd foil 
and PdO. (e) Fourier transformation k2 -weighted EXAFS spectra in R space. (f) First-shell (Pd− C) fitting of Fourier transformations of EXAFS spectra for Pd/GDY-F. 
The top and bottom traces show the real and imaginary parts, respectively. (The inset shows the atomic structure model of Pd/GDY-F). 

Fig. 4. Electrocatalytic performance of NO3 RR. (a) LSV curves of Pd/GDY-R in the Ar-saturated 0.1 M KOH with and without 0.1 M KNO3 electrolyte. (b) Rate of 
NH3 production in the NO3 RR for Pd/GDY-R. (c) Corresponding calibration curve for NH3 . FEs of all products on (d) Pd/GDY-F, (e) Pd/GDY-H and (f) Pd/GDY-OMe 
in the NO3 RR experiments. 
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or Pd/GDY-R, a major signal peak at approximately 1.5 Å appears for
ach sample, which was assigned to the Pd− C bond, whereas the Pd-Pd
cattering signal was not observed [ 38 ]. In addition, wavelet transform
WT) was used to probe the Pd K-edge EXAFS oscillations (Fig. S8), and
he WT-EXAFS contour plots show one intensity maximum at ∼5 Å− 1 ,
ue to the Pd− C scattering path. Furthermore, the proposed chemical
324
tructures of Pd/GDY-R were optimized using density functional theory
DFT) and then used for quantitative EXAFS fitting. The fitting results
how that the Pd atom of Pd/GDY-R is coordinated to four C atoms (Figs.
(f) and S9, Table S1), similar to the structure proposed for Pd/GDY
y the Lu group [ 35 ]. The XAS data further demonstrate that Pd was
tomically dispersed over GDY-R, and that its electronic structure was
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Fig. 5. Chemical structures of ionomers (a) Nafion, (b) FAA-3 and (c) XA-9. (d) FEs of total products under different ion exchange solutions. (e) FEs of total products 
at different concentrations of KNO3 . (f) FEs of total products at different sampling time. (g) Chronoamperometry curve of Pd/GDY-F via 10 h electrolysis at − 0.7 V. 
(h) Rate of NH3 production and FE of Pd/GDY-F obtained for five cycle tests. (i) Comparison of catalytic performance between Pd/GDY-F and other catalysts. 
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egulated by introducing electron-withdrawing and -donating groups on
he GDY skeleton. 

.2. Electrochemical NO3 RR 

The fine-tuned electronic structures of Pd/GDY-R provide good
odel catalysts to reveal the structure-activity relationship of Pd SAs to-
ard the NO3 RR. Therefore, the electrochemical NO3 RR using Pd/GDY-
 was carried out in an H-type electrochemical cell, with a catalyst-
odified carbon paper as the working electrode, an Ag/AgCl (filled with

aturated KCl electrolyte) electrode as the reference electrode, and a Pt
oil as the counter electrode. The electrolyte employed for the electro-
atalysis was a mixed aqueous solution of KOH (0.1 M KOH and 100 mM
NO3 . The main byproducts (H2 and NO2 

− ) and target product (NH3 ) of
he NO3 RR were analyzed by gas chromatography and the colorimetric
ethod, respectively. The results are shown in Fig. 4 and the standard

alibration curves are shown in Fig. 4 (c) and Figs. S10–S12. All poten-
ials reported herein are relative to the reversible hydrogen electrode
RHE). 

Linear sweep voltammetry (LSV; Fig. 4 (a)) was applied to Pd/GDY-
 in an Ar-saturated 0.1 M KOH solution with and without 100 mM
NO3 . Compared to the electrolyte without KNO3 , the current density
f all three catalysts increased in the presence of KNO3 , indicating the
ccurrence of NO3 RR. Notably, Pd/GDY-F exhibited a more favorable
nset potential and a higher current density than the other two cat-
325
lysts, suggesting good reactivity toward NO3 
− . To further assess the

atalytic performance, potentiostatic electrolysis was conducted over
 potential range of − 0.5 to − 1.1 V, and the reaction products along
ith the corresponding FEs were recorded. Among the three catalysts,
d/GDY-F demonstrates the best catalytic performance, achieving the
ighest FE (74.9% ± 1.8%) at − 0.7 V, with an NH3 synthesis rate of
812.8 ± 40.8 μg h− 1 mgcat. 

− 1 ( Fig. 4 (b)). At this potential, the FE
as approximately 1.5 times that of Pd/GDY-H and three times that
f Pd/GDY-OMe ( Figs. 4 (d)–(f)). Moreover, Pd/GDY-F significantly out-
erformed the other two catalysts in suppressing HER, with the most
ronounced inhibition observed at − 0.7 V. These findings suggest that
he presence of high-valence Pd in Pd/GDY-F can effectively reduce

2 generation and enhance the selectivity and catalytic activity toward
H3 synthesis. Additionally, the double-layer capacitance ( Cdl ) values

or Pd/GDY-F, Pd/GDY-H, and Pd/GDY-OMe are measured to be 9.26,
.12, and 8.82 mF cm− 2 , respectively, indicating that their electrochem-
cal active surface areas (ECSA) are nearly identical (Fig. S13). 

Subsequently, a systematic comparative study on the performance of
d/GDY-F was conducted using different ion-exchange ionomers, vary-
ng concentrations of the KNO3 electrolyte, and controlling electroly-
is duration. First, we assessed the performance differences by prepar-
ng working electrodes using different ion-exchange ionomers, such as
he cation-exchange ionomer Nafion and two anion-exchange ionomers,
A-9 and FAA-3 ( Figs. 5 (a)–(c)). As shown in Fig. 5 (d), compared to the
afion ionomer, the electrodes prepared with anion-exchange ionomers



C. Wang, T. Song, H. Dai et al. ChemPhysMater 4 (2025) 321–329

e  

−  

r
s  

a  

t  

i  

i  

p  

p  

t  

T  

8  

8  

s  

i  

e  

F  

t  

t  

w  

w  

9  

(
 

o  

t  

K  

F  

s  

m  

P  

S  

o  

s  

F  

e  

W  

t  

b  

a  

r
 

o  

a  

t  

S  

t  

t  

s
c  

w  

d  

c  

P  

t  

w  

t  

t
 

e  

c  

c  

A  

t  

o  

Fig. 6. In situ ATR-SEIRAS spectra of (a) Pd/GDY-F, (b) Pd/GDY-H and (c) 
Pd/GDY-OMe recorded at a potential range from − 0.1 to − 1.1 V. 
xhibited higher FE for NH3 and lower FE for H2 . At a potential of
 0.7 V, the FEs of the electrodes with the two anion exchange ionomers

eached 77.5% ± 1.4% and 84.8% ± 5.2%, respectively, while the NO2 
− 

electivity increased significantly, from 3.0% ± 0.5% to 10.9% ± 1.8%
nd 11.4% ± 3.2%. The observed phenomena were most likely due
o the cationic head groups of the anion exchange ionomers attract-
ng NO3 

− anions, increasing the surface NO3 
− concentration, and thus

mproving the NH3 production rate of NO3 RR. Next, using the best-
erforming anion exchange ionomer, FAA-3, we explored the catalytic
erformance of Pd/GDY-F at different KNO3 concentrations. As illus-
rated in Fig. 5 (e), increasing KNO3 concentration enhances the NO3 RR.
he NH3 /NO2 

− FEs at − 0.7 V were 58.6% ± 1.3%/8.5% ± 2.5%,
4.8% ± 2.0%/11.4% ± 3.6%, 82.1% ± 2.9%/11.8% ± 3.7% and
5.3% ± 2.2%/15.8% ± 2.1% for 0.05, 0.10, 0.50, and 1.00 M KNO3 , re-
pectively. Moreover, the FE of H2 decreased significantly with increas-
ng concentration and was almost completely suppressed at the high-
st KNO3 concentration (1.0 M). These results indicate that Pd/GDY-
 shows better performance at high KNO3 concentrations. Based on
he optimal KNO3 concentration, the product distribution was moni-
ored as a function of electrolysis time at − 0.7 V. As shown in Fig. 5 (f),
ith increasing electrolysis duration, the FE for NH3 gradually increased
hile that for NO2 

− decreased. The FE for NH3 reached a maximum of
6.2% ± 2.5% at 120 min and remained relatively stable at 150 min
95.3% ± 1.2%). 

Potentiostatic electrolysis and cycle tests ( Figs. 5 (g)(h)) were carried
ut under the following conditions: Pd/GDY-F as the catalyst, − 0.7 V as
he applied potential, FAA-3 as the anion exchange membrane, 1.0 M
NO3 aqueous solution as the electrolyte, and 120 min for each run.
ive experiments repeated over 10 h showed that the current den-
ity remained stable. In addition, the FE and synthesis rate of NH3 re-
ained unchanged during the cycle tests, indicating the good stability of
d/GDY-F in NO3 RR. The catalyst was characterized using AC-HAADF-
TEM after potentiostatic testing (Fig. S14), and many bright spots were
bserved, indicating that the Pd SAs did not agglomerate, which is con-
istent with the EDS mapping images showing well-dispersed elements.
ig. 5 (i) compares Pd/GDY-F with other catalysts in terms of energy
fficiency (EE), turnover frequency (TOF), and selectivity toward NH3 .
hile Pd/GDY-F shows only slight differences in EE (26.91%) and selec-

ivity (91.25%) from other catalysts, its TOF (6.96 s− 1 ) is significantly
etter than those of the other catalysts. Table S2 compares Pd/GDY-F
nd other catalysts in terms of the FE and yield rate toward NH3 . The
esults showed that Pd/GDY-F is a state-of-the-art catalyst for NO3 RR. 

To further investigate the impact of electronic structure modulation
f the Pd SAs on catalytic reactivity and product selectivity, in situ
ttenuated total reflection surface-enhanced infrared absorption spec-
roscopy (ATR-SEIRAS) was employed for all three catalysts. The ATR-
EIRAS experiments were conducted in an Ar-saturated electrolyte con-
aining 0.1 M KOH and 0.1 M KNO3 , using an H-type cell. The poten-
ial sweep was carried out from − 0.1 to − 1.1 V, where several specific
ignals were detected ( Figs. 6 (a)–(c)). The upward peak at 1210 cm− 1 

orresponds to the formation of the ∗ NO2 intermediate, while the down-
ard peak at 1640 cm− 1 arises from the H–O–H vibration during the
ecomposition of H2 O [ 39 ]. Two key intermediate signals, ∗ NH ( ∼1515
m− 1 ) and ∗ NH3 ( ∼1460 cm− 1 ), were identified for both Pd/GDY-F and
d/GDY-H [ 20 , 40 ]. As the reduction potential increased, the intensity of
he signal peaks in Pd/GDY-F becomes stronger compared to Pd/GDY-H,
hile Pd/GDY-OMe showed a weaker ∗ NH signal. These results indicate

hat Pd/GDY-F exhibits stronger adsorption capacity for the reaction in-
ermediates, which enhances its selectivity toward NH3 production. 

Finally, DFT calculations were conducted to further investigate the
xperimental results. Bader charge calculations revealed that the Pd
enters in Pd/GDY-F, Pd/GDY-H, and Pd/GDY-OMe were positively
harged by 0.30, 0.26, and 0.25 e respectively, consistent with the EX-
FS spectra [ 41 ]. While the differences in the Bader charges were sub-

le, Fig. 7 (a) highlights significant variations in the projected density
f states (PDOS) of Pd, which can influence its interactions with adsor-
326
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Fig. 7. (a) Projected density of states of Pd in three graphdiyne derivatives. (b) Free energy surface for the hydrogen evolution reaction. 
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ates. The adsorption energy of NO 

− 
3 was calculated as − 0.62, − 0.52,

nd − 0.58 eV on Pd/GDY-H, Pd/GDY-F, and Pd/GDY-OMe, respectively,
uggesting that F and OMe substitution promotes nitrate adsorption.
he trend of NO 

− 
3 adsorption energy does not follow that of the Bader

harge of Pd, likely due to the influence of the detailed electronic struc-
ure of the Pd centers. Furthermore, the binding strength of ∗ H was the
trongest for Pd/GDY-OMe and weakest for Pd/GDY-F ( Fig. 7 (b)), sug-
esting that Pd/GDY-F can more effectively suppress the HER, which is
onsistent with the experimental findings. 

The free-energy surfaces (FES) are shown in Fig. S15. The optimized
tructures of the intermediates are summarized in Fig. S16. The binding
ree energies of the intermediates of the three derivatives are relatively
imilar. Generally, the intermediates bind most strongly to Pd/GDY-
Me and show the weakest binding for Pd/GDY-F, likely due to the elec-

rophilic nature of the intermediates. The potential-limiting step is iden-
ified as the reduction of ∗ NO to ∗ NHO, with limiting potentials ( UL ) of
 0.11, − 0.05, and 0.01 V for Pd/GDY-F, Pd/GDY-H, and Pd/GDY-OMe,

espectively. Although this trend does not align with the experimentally
bserved activity, the small UL values suggest that other reaction steps
ay also be rate-limiting and that kinetic effects should be considered.

or instance, although ∗ NH is thermodynamically less favorable than
 NH2 OH based on FES, ∗ NH was observed in the ATR-SEIRAS spectra,
uggesting that the reduction of ∗ NHOH to ∗ NH may be kinetically pre-
erred. Additionally, ∗ NO2 appeared as an intermediate, and the trend in
he reaction energies for its reduction are consistent with the experimen-
al activity observations. However, ∗ NH was thermodynamically less fa-
orable than ∗ NH2 OH based on the FES, and ∗ NH was observed in the
TR-SEIRAS spectra, suggesting that the reduction of ∗ NHOH to ∗ NH
ay be kinetically preferred. However, calculations of kinetic barriers

or the proton-coupled electron transfer steps remain challenging [ 42 ].
n addition, the differences in energetics were comparable to the typical
rror margins in DFT calculations; therefore, kinetic barriers were not
etermined in this study. 

. Conclusion 

In summary, three Pd SACs, Pd/GDY-F, Pd/GDY-H, and Pd/GDY-
Me, were synthesized and their Pd valence states were regulated by

ntroducing different electron-withdrawing and -donating groups (–F, –
, and –OMe) onto the supporting graphdiyne materials. The electronic

tructure regulation and structure-activity relationships of Pd/GDY-R
oward NO3 RR were systematically studied. Structural characterization
evealed that the valence state of Pd in the catalysts followed the or-
er Pd/GDY-F > Pd/GDY-H > Pd/GDY-OMe. In the subsequent perfor-
ance evaluation, Pd/GDY-F exhibited the highest FE for NH3 produc-

ion, reaching 74.9% ± 1.8% at − 0.7 V with 0.1 M KOH and 0.1 M KNO3 
s the electrolyte, which is approximately three times that of Pd/GDY-
327
Me under the same conditions. The NH3 production rate of Pd/GDY-
 was 2812.8 ± 40.8 μg h− 1 mgcat. 

− 1 . These results demonstrate that
igher-valence Pd SACs possess enhanced catalytic activity and selec-
ivity for NO3 RR. Further exploration of Pd/GDY-F under different con-
itions, such as by varying the ion exchange ionomers, NO3 

− concen-
ration, and reaction time, revealed that the highest performance was
chieved using the FAA-3 anion exchange ionomer in a highly concen-
rated NO3 

− electrolyte, with optimal results (96.2% ± 2.5% FE) ob-
erved after 120 min of reaction time. In-situ ATR-SEIRAS experiments
rovided insights into the reaction mechanism, showing that Pd/GDY-
 exhibited stronger adsorption of reaction intermediates, which im-
roved NH3 selectivity. Finally, we found positive charges for the Pd
enters of the three catalysts by DFT calculations, in good agreement
ith the EXAFS results. Pd/GDY-F inhibits HER much more strongly

han the other two catalysts. Our work demonstrates a feasible approach
or preparing SACs with varying metal electronic structures, and these
ACs serve as model catalysts to investigate the relationship between
he metal electronic structure and the catalytic performance in various
eactions beyond NO3 RR. 

. Outlook 

To address the water pollution caused by NO3 
− , a variety of treat-

ent methods have emerged, such as physical adsorption, biochemi-
al processing, and chemical transformation. Among these, the chem-
cal transformation method has many advantages, such as high selec-
ivity, low cost, and safety [ 43 ]. As a form of chemical transformation,
O3 RR has broad application prospects. To date, while a wide variety
f high-performance catalysts with a variety of structures have been in-
estigated [ 44–46 ], maintaining high selectivity at low concentrations
50 mg N/L) is still challenging [ 47 ]. Wang’s al. realized the transfor-
ation of industrial wastewater (2000 ppm) into drinking water ( < 50
pm) under an industrial current and maintained an FE of > 90% to-
ard NH3 using Ru-Cu NWs as the catalyst [ 48 ]. The successful cata-

yst promoted the application of NO3 RR in wastewater treatment at the
ndustrial level. Nevertheless, to truly promote its commercial use, it
s still necessary to overcome the technical barriers between basic re-
earch and practical applications. This requires combined expertise in
nvironmental technology, electrochemistry, chemical engineering, and
hemical economics [ 49 ]. 
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