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1. Experimental Detail

Material and general method. Chemicals and solvents were obtained through
commercial purchase. Pyrrole (99%), sodium hypochlorite (NaClO, 6~14% active
chlorine basis), Nessler (98%), and ferric chloride (FeCl;, 99%) were obtained from
Maclin Co., Ltd. Anhydrous sodium sulfate (Na,SO,, 99%) and potassium bromide (KBr,
99%) were obtained from J&K Scientific Co., Ltd. Copper(Il) acetate (Cu(OAc),, 98%)
was acquired from Tianjin Heowns Co., Ltd. Sodium nitrate (NaNOj3, 99%) and sodium
nitrite (NaNO,, 99%) were purchased from Tianjin Damao Co., Ltd. Ammonium chloride
(NH4C1, 99.99%), "'NH,CI1 (99 atom%), Na'>NO3 (99 atom%), sulfamic acid (99%), p-
aminobenzenesulfonamide (99%), N-(1-Naphthyl) ethylenediamine dihydrochloride
(98%), sodium citrate (Na;CsHsO7-:2H,0, 99.5%) and sodium hydroxide (NaOH, 98%)
were obtained from Aladdin Co., Ltd. Hydrazine hydrate (N,H4, 5% HCI) was obtained
from Guobiao (Beijing) Testing and Certification, Co., Ltd. Nitric acid (HNO3, 99.8%)
was obtained from Tianjin Yuanli Chemical Co., Ltd. Ethanol (EtOH, AR) and methanol
(MeOH, AR) were purchased from Shandong Bocheng Chemical Co., Ltd.
Dichloromethane (CH,Cl,, AR), trichloromethane (CHCl;, AR), hydrochloric acid (HCI,
36~38%) and isopropanol (AR) were obtained from Tianjin Fengchuan Chemical Reagent
Co., Ltd. N,N-dimethylformamide (DMF, AR), ethyl acetate (AR), sodium nitroprusside
(CsH4FeNgNa,03, 98.5%), salicylic acid (C;H¢O3, 99.5%), 4-(9-carbazolyl)benzaldehyde
(C19H13NO, 95%), boron trifluoride diethyl etherate (C4H;(BF;0, 98%) and para-
(dimethylamino) benzaldehyde (CoH;{NO, AR) were purchased from Kaimat (Tianjin)
Chemical Technology Co., Ltd. High-purity Ar (99.999%) was purchased from Huanyu

Co., Ltd.

Fourier transform infrared (FT-IR) spectra were collected on a Bruker ALPHA-T FT-IR

spectrometer. Powder X-ray diffraction (PXRD) patterns were measured on a
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Haoyuan-DX-2700BH. The morphology and microstructure were carried out on a Nova
Nano SEM 230 scanning electron microscope (SEM) and Tecnai G?> F20 S-TWIN
transmission electron microscope (TEM). X-ray photoelectron spectra (XPS) were carried
out on an AXIS Ultra DLD X-ray photoelectron spectroscopy. Ultraviolet-visible (UV-vis)
spectra were recorded on Mapada V-1200 spectrometer. 'H nuclear magnetic resonance
(NMR) spectra were conducted on Bruker AV 400 spectrometer. Electrochemical
experiments were carried out on CHI760E electrochemical workstation. Inductively
coupled plasma optical emission spectrometry (ICP-OES) was measured on Thermo

Scientific iICAP 6500 system.
2. Synthesis
Synthesis of tetrakis(carbazol-9-ylphenyl)porphyrin (TCPP)!!]

To a mixture of 4-(9-carbazolyl)benzaldehyde (2.6 g, 10 mmol) and pyrrole (0.67 g, 10
mmol) in dichloromethane (75 mL) at room temperature was added boron trifluoride
etherate (0.4 mL) with stirring. After the mixture was stirred for 2 h, p-chloranil (2.2 g, 8.8
mmol) was added and the resulting mixture was allowed to stir for 30 min at room
temperature. The solvent was removed under reduced pressure, and the residue was
chromatographed over silica gel using dichloromethane as the eluent. The obtained
product was dissolved in dichloromethane and precipitated with methanol, yielding a
purple solid (40% yield). '"H NMR (600 MHz, CDCl;) 6 8.91 (d, J = 8.1 Hz, 8H), 8.80 (s,
8H), 8.34 (d, J = 8.1 Hz, 8H), 8.29 (d, ] = 7.9 Hz, 8H), 7.94 (d, J = 8.2 Hz, 8H), 7.62 (t, J

=7.6 Hz, 8H), 7.46 (t,J = 5.7 Hz, 8H).
Synthesis of CuTCPP

Add TCPP (0.256 g, 0.2 mmol) to a three necked flask containing DMF (50 mL), heat and
reflux at 100 °C under N, atmosphere for 1 h. Dissolve Cu(OAc), (0.055g, 0.3 mmol) in

DMF (5 mL), then inject it into the three necked flask and continue to heat and reflux at
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100 °C under N, atmosphere for 2 h. After the reaction is complete, cool to room
temperature, add 50 mL of deionized water, adjust the pH of the solution to 8-9 with
ammonia water to precipitate, filter and wash with deionized water, and vacuum dry at 80

°C for 12 h.
Synthesis of TCPP-PAF2I

The solution of anhydrous chloroform (60 mL) with TCPP (0.402 g, 0.3 mmol) was
bubble with N, for 30 min. Next, a suspension of FeCl; (2.19 g, 13.5 mmol) in anhydrous
chloroform (15 mL) was added dropwise to the TCPP solution under N, atmosphere. The
resulting mixture was magnetically stirred for 3 days under N, at room temperature. Then,
methanol (100 mL) was added to the mixture, and stirred for 1 h, and the solid was
gathered by percolation and washed with methanol. The collected solid was stirred acutely
in HCI solution (37%) for 2 h. The solid was collected by filtration and washed with
methanol and water. The obtained solid was extracted in a Soxhlet extractor with methanol
and tetrahydrofuran for 24 h, respectively. The collected solid was dried in a vacuum oven

at 100 °C overnight (vield: 95%).

Synthesis of CuTCPP-PAF

Add TCPP-PAF (150 mg) to a three necked flask containing DMF (50 mL), heat and
reflux at 100 °C under N, atmosphere for 1 h. Dissolve Cu(OAc), (0.036 g, 0.2 mmol) in
DMF (5 mL), then inject it into the three necked flask and continue to heat and reflux at
100 °C under N, atmosphere for 2 h. After the reaction is complete, cool to room
temperature, add 50 mL of deionized water, adjust the pH of the solution to 8-9 with
ammonia water to precipitate, filter and wash with deionized water, and vacuum dry at 80

°C for 12 h.

3. Preparation of Working Electrodes

Catalysts (5.0 mg) were dispersed in a mixed solution of isopropanol/Nafion (1.0 mL, V:V
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= 950:50) and ultrasonicated for 1 h to generate a homogeneous catalyst ink. Then, the ink
(4.0 pL) was slowly added onto the surface of glassy carbon electrode as the working

electrode and dried at room temperature for 2 h.

4. Electrochemical Measurements

To eliminate the possible interference of N-containing pollutants, the reaction device was
repeatedly cleaned with deionized water. There are no other sources of pollution in the
testing environment. Before the catalytic measurement, the electrolyte was continually
purged with high-purity Ar for 30 min. The electrocatalytic performance was evaluated in
an H-type two-compartment cell equipped with a N117 Nafion membrane at room
temperature and atmospheric pressure. The membrane was pretreated as follows: It was
firstly treated in 5.0 wt% H,0O, aqueous solution at 80°C for 1 h and deionized water for
0.5 h. This membrane was immersed in a 5.0 wt% H,SO, aqueous solution at 80°C for 1 h
and deionized water for 0.5 h under ambient temperature, respectively. The three-electrode
system includes the various materials-modified working electrode, the Hg,Cl,/Hg
reference electrode and the Pt plate counter electrode, respectively. The Ar-saturated
electrolyte contains Na,SO,4 (0.5 mol L) and NaNO; (0.1 mol L-'). The NO3;RR tests
were carried out at different applied potentials, including -1.6, -1.7, -1.8, -1.9 and -2.0 V

vs. SCE for 2 h. The cathode electrolyte after electrolysis was analyzed by UV-vis spectra.
5. Detection of Ammonia

Nessler's reagent approach was used to detect ammonia.l’] Potassium sodium tartrate
solution (400 pL, 0.2 M) was added into the diluted post-electrolysis electrolyte (4 mL).
The solution was mixed with 400 pL Nessler's reagent and kept in dark for 20 min to
collect the UV-vis absorption spectra. The concentration-absorbance calibration curve was
established using a series of standard concentration NH,4Cl solutions and their absorbance

values at A =425 nm.
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In addition, indophenol blue method was applied to estimate the concentration of
ammonia.[*] Solution A is 1 M NaOH solution containing 5 wt% salicylic acid and 5 wt%
sodium citrate. Solution B is 0.2 M NaClO. Solution C is 1 wt% CsFeNgNa,O (sodium
nitroferricyanide) aqueous solution. The diluted post-tested electrolyte (2 mL) was
sequentially added by 2 mL solution A, 1 mL solution B and 0.2 mL solution C, which
was kept at room temperature for 2 h to correct the UV-vis absorption spectra. The
concentration-absorbance curve was calibrated by using a series of standard NH,Cl
solutions and the absorbance intensity at 655 nm. The yield of ammonia can be calculated

using the standard curve.

6. Detection of Nitrite

Reagent A is obtained by dissolving sulfanilamide (0.5 g) in 50 mL HCI aqueous solution
(2 mol L1). Another reagent B is prepared by dissolving N-(1-Naphthyl) ethylenediamine
dihydrochloride (20 mg) in deionized water (20 mL). The electrolyte (5.0 mL) after
NOs;RR was mixed with 0.1 mL reagent A for 10 min. Reagent B (0.1 mL) was further
introduced into the above solution, which was allowed to stand for 30 min. The linear
relationship was estimated using the UV-vis absorbance intensity at 540 nm and the
nitrites (NO,") concentration from standard NaNO,. The NO, concentration was

calculated using UV-vis spectra.

7. Detection of Hydrazine

The Watt ad Chrisp method was used to confirm the concentration of hydrazine (N,H,).[!
The color reagent was prepared by mixing para-(dimethylamino) benzaldehyde (4 g),
concentrated HCI (20 mL) and ethanol (200 mL). The reaction solution (5 mL) after
electrocatalysis was mixed with the color reagent (5 mL). The mixture was allowed to
stand for 15 min. The UV-vis absorbance at A = 458 nm was collected to obtain the

concentration-absorbance curve by the standard N,H, solution.
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8. Calculation of Ammonia Yield Rate and Faradaic Efficiency

The Faradaic efficiency for NO;RR was defined as the amount of electric charge used for
synthesizing NH; divided by the total electric charge passing through the electrodes during
electrolysis. The total amount of NH; was measured by colorimetric methods. Assuming
eight electrons were required to produce one NH; molecule, the Faradaic efficiency could

be calculated as: 8 X F Xcyy. XV

3
Faradaic ef ficiency = 0 x 100%
R
The ammconia y}elg rate ( NH3) was calculated by the following equation:
NH,
Ry, = ———
NH t xS

c
in which F is the Faraday constant, NH3 is the measured ammonia concentration, V is
the volume of electrolyte, Q is the total charge, ¢ is the electrolysis time, and S is the area

of glassy carbon electrode.

9. Isotope Labeling Experiments

The *N and "N isotopic experiments were performed by using Na'*NO; and Na!>NOj; as
raw materials for NO;RR electrolyte contains Na,SO,4 (1.0 mol L") and Na'¥’>NOj; (0.1
mol L) at -1.9 V vs. SCE for 2 h. For quantitative 'H NMR measurements, various
concentrations of ammonium chloride were used to prepare the standard curves. The post
electrolyte (1 mL) was mixed with H,SO, (1 mL, 0.1 M) and DMSO-d; solutions (0.2

mL), which was used for 'H NMR measurement.
10. Computational Details

Geometries of materials were optimized using the Gaussian 16 C.01 software at the
PBEI1PBE-D3(BJ)/6-31+G* level of theory.[%7] In calculating the free energy, the free
energy contributions of protons and electrons were accounted for using the computational

hydrogen electrode (CHE) method.[3*]
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Fig. S3 Pore size distributions of TCPP, CuTCPP, TCPP-PAF and CuTCPP-PAF.
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Fig. S5 High-resolution Fe 2p XPS of TCPP-PAF.

Fig. S6 The TEM images of CuTCPP-PAF.
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Fig. S7 The SEM images of CuTCPP-PAF.
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Fig. S8 (a) UV-vis curves of indophenol blue solutions. (b) Calibration curve used for the
estimation of NH4* concentration.
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Fig. S11 (a) UV-vis spectra of Nessler's reagent solutions after electrocatalytic NO;RR at -1.9
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(a) (b)
. .| S— - 0.04-
e =2
= L - A N  mM s
[}
- -\ A s | 5003 °
E A A « @
sl A A A __4mmM]| =
2 19
£ £00.02
= =
= = A =0.00452x+0.00827
N A A 2 mM - S y=u. x+.
= 1 mM 0.01 R*=0.9996
6.8 7.0 7.2 1 2 3 4 5 6 7
Chemical shift (ppm) Concentration (**NH,", mM)

Fig. S12 (a) '"H NMR spectra of “NHy" solutions. (b) The calibration curve used for the
estimation of the “NH4* concentration.

13



Electronic Supplementary Information (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2026

(a) A (b)
\ j\
\WV“A NG 7 mM o
ey i VO o 03
7 J \ "‘ 6 mNM =_ 2
{—1 B, NPT PR O® S, DTSRRI o o 58 <
‘2 JL _k 5 mM o °
-
% J\, J\ 4 mM .i'; Lo 9
@ fa
£ on
:
A 2 mM = 0.01 4 @ y=0.0045x+0.000929
2 o 1 mM po R*=0.9995
6.8 6.9 7.0 7.1 72 1 2 3 4 5 6 7
Chemical shift (ppm) Concentration ("NH,*, mM)
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Table S1 Different materials for electrocatalytic NOsRR.

Material Electrode Electrolyte Optimal NH; yield FE (%) Ref.
type potential (mg h'lem?)

NiFe-LDH 3 x3cm? 200 mg L' NOy -1.1Vvs. 021 65.2 [10]

FeNi,/FF Ag/AgCl

Ni-MOFNF 1 x 3em?Ni- 70 mg L' NO5 -14Vvs. 187 80 [11]
MOF/NF SCE

Ce MOF-Cu 1 x1cm? 5 mM NaNO; -09Vyvs. 1.12 85.5 [12]
carbon cloth RHE

NiPr-TPA-COF 1 x1cm? 0.1 M KNO; —-1.38Vwvs. 25 90 [13]
carbon paper SCE

RuFe-FeNC 1 x1cm? 0.1 M KNO; -1.4Vvs. 0012 92.2 [14]
carbon paper RHE

CuNi-LDHs 0.5x0.5cm?> 0.1 MKNO; —-04Vvs. 273 94.6 [15]
carbon paper RHE

Co-B@CoOy Co-B@CoOy on 100 ppm NO;5" 0.9V vs. 1.69 95.72 [16]
Ni foam RHE

Cu@CuHHTP 1 x1cm? 500 ppm NO5 -09Vyvs. 184 96.84 [17]
carbon paper RHE

RuCu 1x1 em?® 0.1 M KNO; ~04Vvs. 163 97.2 [18]
carbon paper RHE.

CuTCPP-PAF glassy carbon 0.1 M NaNO; -19Vvs. 3.6 98.6 This work
electrode SCE
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