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Supplementary Figure 1. (a, b) TEM images of Fe SAC, indicating that it has an
interconnected vesicle-like structure.



Supplementary Figure 2. (a) MAADF-STEM and (b-d) AC MAADF-STEM images of
Fe SAC. We only find individual metal atoms in Fe SAC. No cluster or nanoparticle is
observed for Fe SAC.
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Supplementary Figure 3. (a, c) AC MAADF-STEM images of Fe SAC at different areas.
(b, d) EELS point spectra from the marked areas in (a) and (c). Fe-N-C coordinate
structures are existed in these areas.



Supplementary Figure 4. HRTEM image of Fe SAC. Randomly orientated graphitic
layers are observed in the Fe SAC.
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Supplementary Figure 5. Raman spectrum of Fe SAC. The Ip/lc of Fe SAC is 0.99,
indicating its high graphitic degree.
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Supplementary Figure 6. (a) XPS survey, (b) Si 2p, and (c) Fe 2p spectra of Fe SAC.
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Supplementary Figure 7. Fitting results of the EXAFS spectra of (a) Fe foil and (b) Fe20s.



Supplementary Figure 8. TEM images of (a, b) Co SAC and (c, d) Ni SAC, indicating
that they have an interconnected vesicle-like structure.
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Supplementary Figure 9. N2 adsorption-desorption isotherms of (a) Co SAC and (c) Ni
SAC. Pore-size distribution curves of (b) Co SAC and (d) Ni SAC. The Co SAC and Ni
SAC exhibit remarkable hysteresis loops of type-1V, indicating that they possess highly
mesoporous structures.
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Supplementary Flgre 1. HRTEM images of (a) Co SAC and (b) Ni SAC. Radomly
orientated graphitic layers are observed in both Co SAC and Ni SAC.
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Supplementary Figure 11. XRD patterns of Co SAC and Ni SAC. Two characteristic
peaks at ca. 26.2°and 43.7 < attributing to the (002) and (101) planes of graphitic carbon,
are observed for Co SAC and Ni SAC. No other peaks of metal-based crystals are found.
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Supplementary Figure 12. Raman spectra of Co SAC and Ni SAC. The Ip/lg of Co SAC
and Ni SAC are 1.01 and 1.00, respectively, indicating their high graphitic degree.
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Supplementary Figure 13. (a) MAADF-STEM and (b-d) AC MAADF-STEM images of
Co SAC. We only find individual metal atoms in Co SAC. No cluster or nanoparticle is
observed for Co SAC.
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Supplementary Figure 14. (a) MAADF-STEM and (b-d) AC MAADF-STEM images of
Ni SAC. We only find individual metal atoms in Ni SAC. No cluster or nanoparticle is
observed for Ni SAC.
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Supplementary Figure 15. EDS mapping images of Co SAC, indicating the existence of
Co, N, and C elements throughout the porous structure.
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Supplementary Figure 16. EDS mapping images of Ni SAC, indicating the existence of
Ni, N, and C elements throughout the porous structure.
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Supplementary Figure 17. (a) XANES spectra at the Co K-edge of the Co SAC,
referenced Co foil and Co020s. (b) FT k3-weighted y(k)-function of the EXAFS spectra at
Co K-edge. (c) XANES spectrum at Co L-edge of Co SAC. (d) XANES spectra at the Ni
K-edge of the Ni SAC, referenced Ni foil and NiO. (€) FT k3-weighted y(k)-function of the
EXAFS spectra at Ni K-edge. (f) XANES spectrum at Ni L-edge of Ni SAC. The above
XAFS results demonstrate successful preparation of Co SAC and Ni SAC with exclusive
metal-N coordinate structures.
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Supplementary Figure 18. (a) WT at the Co K-edge of the Co SAC, referenced Co foil
and Co020s. (b) WT at the Ni K-edge of the Ni SAC, referenced Ni foil and NiO. Only
metal-N coordination is detected in the WT contour plots of Co SAC and Ni SAC.
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Supplementary Figure 19. EELS point spectra of (a) Co SAC and (b) Ni SAC,
demonstrating that the single Co and Ni atoms are coordinated by N atoms.
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Supplementary Figure 20. (a) XPS survey, (b) high-resolution N 1s spectra of Co SAC.
(c) XPS survey, (d) high-resolution N 1s spectra of Ni SAC.
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Supplementary Figure 21. Fitting results of the EXAFS spectra of (a) Co SAC and (b) Ni
SAC at R space. Insets: Schematic models of Co SAC and Ni SAC: Co (pink), Ni (green),
N (blue), and C (gray). According to the fitting results, Co SAC and Ni SAC have Co-N4

and Ni-Ng4 structures, similar to that of Fe SAC.
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Supplementary Figure 22. UV-vis calibration curve of NHs in ultrapure water using
ammonium chloride solutions of known concentration as standards. (a) UV-vis curves of
indophenol assays with NH4* ions after incubated for 2 hours and (b) calibration curve used
for estimation of NH3z by NH4" ion of different concentrations.
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Supplementary Figure 23. NH3 Faradaic efficiency of NO3"RR on Fe SAC at -0.66V at
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Supplementary Figure 24. Partial current density of Fe SAC and bare glassy carbon (GC)
electrode.
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Supplementary Figure 25. NMR calibration curve of NH3zin 0.5 M KNOs solution using
ammonium chloride solutions of known concentration as standards. (a) *H NMR spectra
of NH4" ions using maleic acid as an internal standard and (b) calibration curve used for
estimation of NHz by NH4" ion of different concentrations.
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Supplementary Figure 26. UV-vis curves of electrolytes before and after electrocatalysis
test for Fe SAC in a K2SOj4 solution without KNOs.
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Supplementary Figure 27. UV-vis calibration curve of NO2™ in ultrapure water using
KNO: solutions of known concentration as standards. (a) UV-vis curves of NO,™ ions after
sitting for 20 minutes and (b) calibration curve used for estimation of NO2~ by NO ™ ion of

different concentrations.
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Supplementary Figure 28. NO>™ FE for nitrate reduction on Fe SAC catalyst at each given
potential.
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Supplementary Figure 29. NH3 (a) FE and (b) yield rate of NO2™ reduction on Fe SAC
catalyst at each given potential.
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Supplementary Figure 30. NHz (a-c) FE and (d) yield rate of NOs™ reduction on Fe SAC
at different concentrations of KNOs at each given potential.
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Supplementary Figure 31. LSV curves on rotating disk electrode (RDE). (a-c) LSV
curves of the Fe SAC with various rotation rates in different concentrations of KNO3
electrolyte. (d) LSV curves of the Fe SAC with a rotation rate of 0 rpm in different
concentrations of KNOs electrolyte. It is found that the LSV curves are very close under
different rotation rates in the same concentration of KNOs electrolyte including 0.01, 0.1
and 0.3 M KNOs, suggesting that the activity of Fe SAC has no relationship with rotation
rates or the mass diffusion.
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Supplementary Figure 32. LSV curves of the Fe SAC in 0.50 M KNO3/0.10 M K3SOg,
0.50 M KNO3/0.20 M K2SO4 and 0.50 M NaNO3/0.10 M K>SO4 electrolytes. The LSV
curves were very close, thus the ammonia yield rate is related to the concentration of NO3™,
not K.
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Supplementary Figure 33. (a) NH3 FE of Fe SAC at each given potential for 0.5 h
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partial current density of Fe SAC at each given potential for 0.5 h electrocatalysis tests
with NaCl in electrolyte.
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Supplementary Figure 34. NHs (a) FE and (b) yield rate of NOs™ reduction on Fe SAC in
acidic KNOs solution (pH=1) at each given potential. NHz (c) FE and (d) yield rate of NO3~
reduction on Fe SAC in alkaline KNOs solution (pH=13) at each given potential.
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Supplementary Figure 35. Electrocatalytic nitrate reduction performance of Fe SAC
loaded on carbon paper tested in 0.1 M KNO3/1.0 M KOH mixed electrolyte. Catalyst
loading content: 1.0 mg cm. (a) NHs FE and (b) NHs partial current density of Fe SAC at
each given potential for 0.5 h electrocatalysis test. (¢) NHs FE, (d) NHz partial current
density, and (e) NOs™-to-NHs selectivity of Fe SAC at -0.21 V at different time. By
increasing the loading of Fe SAC to 1.0 mg cm and using 0.1 M KNOs/1. 0 M KOH
mixed solution as the electrolyte, the best FE can be enhanced to 81% at -0.21 V for 0.5 h
electrocatalysis test. Furthermore, when we prolonged the electrocatalysis reaction time
from 0.5 hto 2 h at-0.21 V, the FE can be up to 86% at 2 h test. The best NO3™-to-NHs
selectivity of Fe SAC can be up to 81.0%. The possible reason that prolonging the
electrocatalysis reaction time from 0.5 h to 2 h at -0.21 V can enhance FE is as follows.
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With the increase of electrocatalysis test time, the concentration of byproduct NO2~ would
increase in the electrolyte. As NO2 reduction to NHz was much easier than NO3s™ reduction
(Supplementary Figure 29), thus the FE of NO3z™-to-NH3 would increase from 0.5 h to 2 h.
Further prolongation of electrocatalysis test time would cause the decrease the
concentration of NOz or NO>", thus HER could happen and the FE of NO3z™-to-NHz would
decrease. Indeed, we found that the FE of NO3z™-to-NHz decreased from 86% at 2-h to 84%
at 3-h test, and the NH3 partial current density also decreased accordingly.
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Supplementary Figure 36. TEM images of (a, b) NC and (c, d) FeNP/NC. The NC shows
a mesoporous strcture, similar to that of Fe SAC. Some nanoparticles on carbon supports
are observed for FeNP/NC sample.
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Supplementary Figure 37. XRD patterns of NC and FeNP/NC. The XRD result of
FeNP/NC confirms that the nanoparticles in FeNP/NC are metallic Fe (JCPDS 87-0722).
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Supplementary Figure 38. FE of NOs™ reduction on (a) NC and (b) FeNP/NC catalysts at
each given potential.
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Supplementary Figure 39. NHz yield rate of Fe SAC, and FeNP/NC based on the metal
content.

41



a os b 0.8

0.4 0.64

0.2, /’_’ ~ 04 //
0.2
0.0+ /’
0.21 ‘
/ . 0.2 1 //
0.4 = F MV —10mV s 0.4 —5TV s ——10mVs’

FeNPNC

j (mA cm™)
j (mA cm™)

15mVs? 20mv s’ 15mV s 20mvV s’
061 ——30mVs’ 40mvs’ 0.6+ — 30mvs 40 mV s
064 066 068 070 072 074 0.76 064 066 068 070 072 074 0.76
E (V vs. RHE) E (V vs. RHE)
0.8 Fe SAC 0.8 FeNP/NC
& &
5 06 5 064
< <
£ £
~ 0.4 ~ 0.4
by Cy=2.06 mF cm™ by Cy=2.11 mF cm?
M~ M~
= =]
= 0.2 = 0.2
oo oo
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Scan rate (mV s™) Scan rate (mV s™)

Supplementary Figure 40. Cyclic voltammograms (CV) for (a) Fe SAC and (b) FeNP/NC
catalysts at different scan rates from 5 to 40 mV s*, respectively. Plots showing the
extraction of the Cq for (c) Fe SAC and (d) FeENP/NC, respectively. The double-layer
capacitance (Cai) is proportional to the electrochemical surface area (ECSA).
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Supplementary Figure 41. (a) NH3 partial current density and (b) NHz yield rate based
on the catalyst loading amount of Fe SAC and Fe foil. (c) FE of NOs™ reduction on Fe foil.
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Supplementary Figure 42. FE of NOz™ reduction on (a) Co SAC and (b) Ni SAC catalysts
at each given potential.
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Supplementary Figure 43. NHz yield rate of Co SAC, Ni SAC and NC.
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Supplementary Figure 44. (a) MAADF-STEM and (b-d) AC MAADF-STEM images of
Fe SAC after 20 electrolysis cycles. We only find individual metal atoms in recycled Fe
SAC. No cluster or nanoparticle is observed.
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Supplementary Figure 45. (a, b) EELS point spectra from the marked areas in the inserted
AC MAADF-STEM images of Fe SAC after 20 electrolysis cycles. Insets are AC
MAADF-STEM images of Fe SAC after 20 electrolysis cycles at different areas. Fe-N-C
coordinate structures are still existed in these areas.
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Supplementary Figure 46. (a) XANES spectra at the Fe K-edge of the Fe SAC after
cycling, referenced Fe foil and Fe.Os. (b) FT k3-weighted y(k)-function of the EXAFS
spectra at Fe K-edge.
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Supplementary Figure 47. Stability test of the Fe SAC for NOs™ reduction using a flow
cell at 35 mA cm™.
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Supplementary Figure 48. Full reaction network for NOs™ reduction reaction. To avoid
difficulties in accurately describing the electronic structure of NOs~, we calculated the
adsorption energies of each intermediate with reference to HNO3 as suggested by Calle-
Vallejo et al’. In this scheme, the binding energy of each intermediate listed in
Supplementary Fig. 48 is calculated with respect to hydrogen and nitric acid in the gas
phase. Below is the list of the reactions used for calculation of each step.

HNO; + 5/2Hz + * > N*+ 3H,0
HNO; + 3Hz + * > NH*+ 3H,0
HNO; + 7/2Hz + * > NHz* + 3H,0
HNO; + 4Hz + * > NHg* + 3H,0
HNO; + 2Hz + * > NOH* + 2H,0
HNO; + 2Hz + * > HNO* + 2H,0
HNO; + 5/2Hz + * > HoNO* + 2H,0
HNOs + 5/2Hz + * > HNOH* + 2H;0
HNO; + 3Hz + * > H NOH* + 2H,0
HNO; + 1/2Hz + * > NOz* + Hz0
NO + 2H,0 + *=> *NOs + 2H;

HNO; + 3/2H; + *>NO* + 2H,0
HNOs + * > HNOz*
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Ho0 + * > OH* + 1/2H;

Ho0 +* > O* + Hy

HNOs + Ha + * = HNOz*+ H20
HNOs + Hz + * & NOH*+ H,0
HNOs + 3/2Hz2 > NO(g) + 2H;0
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Supplementary Figure 49. All the reaction pathways that result in NH3z as the main
product. The minimum energy pathway is shown by green arrows.
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Supplementary Figure 50. Calculated free energy diagram of all different possible
intermediates and their energy profile across reaction coordinate that result in NHz product
on Fe SAC. The minimum energy pathway is shown by green. Fig. 4a (also the green
arrows in Supplementary Fig. 49) and green line in Fig. 4b indicate the minimum energy
pathway (MEP) for NOs™ reduction to NHz on the Fe SAC.
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Supplementary Figure 51. Free energy diagram for different possible pathways on
Fe(110). The minimum energy pathway is shown in green. Red circle shows the
thermodynamic barrier. Of note, since reduction of NOs™ to NO* is thermodynamically
facile, we only focus on the free energy diagram of NO* reduction to NHa.
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Supplementary Figure 52. Free energy diagrams for (a) Co and (b) Ni SACs. The
thermodynamic barriers are shown with red ovals. Black and red pathways are the free
energy diagrams at zero potential and the working potential where all steps become
downhill in free energy, respectively.
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Electrochemical AGnO solvent (EV) Ac'iwith solvent (EV) UL, no solvent (V) UL, with solvent (V)
Step

NO*->HNO* 0.278 0.277 0.278 0.277

Supplementary Figure 53. Solvation Effect. The optimized structures of (a) NO* and (b)
HNO* intermediates by inclusion of explicit solvation models. To examine the solvation
effect on the adsorption energies of the intermediates we used an explicit solvation model,
which is optimized for our graphene model structure and agrees well with the literature?.
This analysis indicates a negligible shift (0.001 V) in the calculated limiting potential by
inclusion of the solvation. This small effect won’t change the conclusion of this study. The
experiment trend can be well captured without including a solvation effect.
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Supplementary Table 1. Textural properties of Fe SAC, Co SAC and Ni SAC.

Sample BET surface area Total pore volume Average pore
P (m? g™ (cm®g?h) diameter (nm)

Fe SAC 285.8 0.80 111

Co SAC 425.7 0.92 8.7

Ni SAC 460.8 1.17 10.1
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Supplementary Table 2. Structural parameters of Fe SAC, Co SAC, Ni SAC, Fe foil and
Fe,O3 extracted from the EXAFS fitting.

2 _
Sample Shell N R (A) 03,8(\%)0 AEs (V) fagor
Fe-Fe .
15t shell 8(fixed) | 2.41940.010 | 2.940.5

Fe foil 1.434+1.044 | 0.003

Fe-Fe .
SI,::C Fe-N | 4.4040.10 | 1.92240.008 | 0.240.6 | 8.6540.69 | 0.008
15;12n 3(fixed) | 1.8960.007 | 2.841.2 | 9.9940.30

FeaOs —— = 0.017
3(fixed) | 2.83620.013 | 3.340.7 | 3.2242.06

2" shell
SC';OC Co-N 4.3640.38 | 1.9474).010 11.5#.7 7.6340.90 0.014
lec Ni-N 4.4540.30 | 1.9234).007 4.040.9 7.93+1.63 0.027

N is the coordination number; R is interatomic distance (the bond length between central
atoms and surrounding coordination atoms); o2 is Debye-Waller factor (a measure of
thermal and static disorder in absorber-scatterer distances); AEo is edge-energy shift (the
difference between the zero kinetic energy value of the sample and that of the theoretical
model). R factor is used to value the goodness of the fitting.
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Supplementary Table 3. Comparison of performance of Fe SAC with reported catalysts
by electrocatalytic nitrate reduction. Of note, it is might be unfair to compare the intrinsic
nitrate reduction activity and selectivity of Fe SAC with most of the reported materials,
because the past nitrate reduction mainly focus on nitrate removal with N2 as the target

product.
Catalyst Electrolyte NHz partial current  FE (%) selectivity
(%)? ence
-2
05MKNOy/01  JoOMACM™ 749 _69(-0.85
16324.5 A gre
M K2SOs4 (-0.66V) V) .
(-0.85V) This
Fe SAC 2
0.1 M KNO3/1.0 60.7 mAcm 86 81 work
T MKOH 4019.9 A gre?t (-0.21V, (-0.21V,?2
(-0.21V, 2 h) 2 h) h)
0.05 M KNO3 + 0.1 3
i M K2SO4 / / 8
100 mg L1 NO3 - A
CL-Fe@C 1 0.02 M NaCl / / <2
0.1 M NaNO3 +
Cu 0.01 M NaOH + / / 26.4 S
0.5 M NaCl
i 50 ppm NO3z™ + 0.1
%((’;C/)% M Na,SO4 + PVP + / / 24 6
2 1000 ppm ClI
PdsCus@N- neutral NO3z~ 7
pC solution / J w2
%l;m/urtg(p)lg;a 0.02 M NaNO: + / / 29.9 :
(GP) 0.02 M NaCl
Ni-Fe’@ 50 ppm NOs™ + 10 9
FesO4 mM NaCl J J 1%
0.01 M NaClO4 + 10
Pd-Cu/SS 0.6 MM NaNOs / / 6
TiO2/Ti 0.5 M NazSOs4 + 50 <10 mA cm™ 85 87 1 1
foil ppm NOs -N <20 Agrit '
Pd- - 12
Cu/yALOs 50 ppm NO3™-N / / 19.6
Cu/Cu20 200 ppm nitrate-N ~100 mA cm™ 95.8 812 1
NWASs + 0.5 M NaxSOq4 ~200 A gcu? ' '

% NO3-to-NH3 selectivity = Cnns/ACnos- > 100%, where Cnns is the concentration of
NHs(aq), and ACnos- is the concentration difference of NOs™ before and after electrolysis.
In main text, the selectivity mentioned refers to FE unless otherwise specified. Since Fe
single atoms are active sites for Fe SAC, we also compared the metal mass activity of
different catalysts. For TiO2.x and Cu/Cu20O NWAs on metal foils, the loading of catalysts
is always high. We assumed a very low metal loading of 0.5 mgmetar cm™ for these catalysts
on their surface, based on which we estimated NHz3 partial current per mass of metal content.
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Supplementary Note 1. Synthesis and characterizations of Co and Ni single atoms on
nitrogen-doped mesoporous carbon (Co SAC and Ni SAC).

Co SAC and Ni SAC, were also prepared for comparison in this study. TEM
observations and N sorption analysis reveals the highly mesoporous structures of Co SAC
and Ni SAC (Supplementary Figs. 8, 9). Their BET surface area and pore volume are
summarized in Supplementary Table 1. HRETM, XRD and Raman spectra indicate the
graphitic carbon structures of Co SAC and Ni SAC (Supplementary Figs.10-12). AC
MAADF-STEM images, and EDS mapping analysis, XRD, FT k3-weighted EXAFS
profiles, and WT of K-edge EXAFS oscillations show the Co, Ni are atomically dispersed
on N-doped carbon (Supplementary Figs.11, 13-18). The content of Co and Ni determined
by ICP-OES analysis are 4.47 and 5.28 wt%, respectively. EELS point spectra, XPS and
EXAFS spectra at K-edge show Co, Ni single atoms are coordinated with N in Co SAC
and Ni SAC (Supplementary Figs. 17, 19, 20). The coordination numbers of Co in Co SAC
and Ni in Ni SAC are also about 4 (Supplementary Fig. 21, and Supplementary Table 2).
All of these characterizations clearly indicate that Co SAC and Ni SAC with very similar
structure to the Fe SAC have been successfully prepared, and the TM-assisted

carbonization method is a general strategy to synthesize SACs.
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Supplementary Note 2. The comparison of the catalytic performance over Fe SAC and Fe
NP catalyst.

First, we noticed that during the synthesis of Fe NPs on NC, it was inevitable that
there were Fe single atomic sites existing, which could also contribute to the catalytic
activity as we observed from the Fe SAC sample. Second, it is difficult for us to figure out
what are the well-defined active sites in Fe NP sample. It could be one certain Fe crystal
facets, a neighboring pair of Fe atoms, or the interface between FeNP and NC. Due to the
complicity of nitrate reaction pathways and the surface structure of Fe NPs, it is difficult
for us to clearly identify the active sites of the FeNP/NC catalyst by DFT calculations.
Third, we noticed that the Fe NP catalyst is not stable during nitrate reduction tests: we
found that ~ 20% of the Fe content was dissolved into the electrolyte solution at -0.87 V
after 0.5-h. The chemical reaction between nitrate and Fe also resulted in a part of the
produced ammonia, and it is difficult quantify the Fe active sites for electrocatalytic nitrate
reduction. According to the above three points, it is difficult to calculate the intrinsic TOF
of Fe NP catalysts based on its surface atoms. What we want to emphasize in this
comparison is to simply demonstrate that Fe single atoms are much more active than that
of Fe NPs. Therefore, to avoid any misinterpretation, we directly compared the ammonia
yield rate between Fe SAC and Fe NP catalysts based on the catalyst loading amount
(Figure 3c), and ammonia yield rate based on the mass of Fe metal (Supplementary Fig.

39).
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Supplementary Note 3. Comparison of different SACs including Fe, Co and Ni SACs for
nitrate reduction.

Due to very similar performance to Fe SAC in various electrocatalytic reactions*, Co
SAC and Ni SAC were also tested for comparison in this study (Fig. 3f). The metal content
normalized NHj yield rate of the Co SAC catalyst are 0.11140.0096 mol s> molu™ at -0.66
V, 0.346 +0.0358 mol st molu™ at -0.85V, respectively, which are only 35.0% and 29.3%
of those of the Fe SAC catalysts at the same potentials. The Ni SAC shows the lowest NH3
yield rate under studied potential range. Thus, the activities of these SACs follow the trend
of Fe SAC > Co SAC > Ni SAC. Additionally, Co SAC and Ni SAC need more negative
potentials to get the best FEs, i.e. 70.4% at -0.74 V for Co SAC, and 69.8% at -0.82 V for
Ni SAC (Supplementary Fig. 42), further indicating that Fe SAC possesses better nitrate

reduction performance than Co SAC and Ni SAC®.
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