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ABSTRACT: The electrochemical N2 reduction reaction (NRR)
under ambient conditions is attractive in replacing the current Haber-
Bosch process toward sustainable ammonia production. Metal-
heteroatom-doped carbon-rich materials have emerged as the most
promising NRR electrocatalysts. However, simultaneously boosting
their NRR activity and selectivity remains a grand challenge, while the
principle for precisely tailoring the active sites has been elusive.
Herein, we report the first case of crystalline two-dimensional
conjugated covalent organic frameworks (2D c-COFs) incorporated
with M−N4−C centers as novel, defined, and effective catalysts,
achieving simultaneously enhanced activity and selectivity of electro-
catalytic NRR to ammonia. Such 2D c-COFs are synthesized based on metal-phthalocyanine (M = Fe, Co, Ni, Mn, Zn, and Cu) and
pyrene units bonded by pyrazine linkages. Significantly, the 2D c-COFs with Fe−N4−C center exhibit higher ammonia yield rate
(33.6 μg h−1 mgcat−1) and Faradaic efficiency (FE, 31.9%) at −0.1 V vs reversible hydrogen electrode than those with other M−N4−
C centers, making them among the best NRR electrocatalysts (yield rate >30 μg h−1 mgcat−1 and FE > 30%). In situ X-ray absorption
spectroscopy, Raman spectroelectrochemistry, and theoretical calculations unveil that Fe−N4−C centers act as catalytic sites. They
show a unique electronic structure with localized electronic states at Fermi level, allowing for stronger interaction with N2 and thus
faster N2 activation and NRR kinetics than other M−N4−C centers. Our work opens the possibility of developing metal−nitrogen-
doped carbon-rich 2D c-COFs as superior NRR electrocatalyst and provides an atomic understanding of the NRR process on M−
Nx−C based electrocatalysts for designing high-performance NRR catalysts.

■ INTRODUCTION
The electrochemical nitrogen reduction reaction (NRR),
particularly in conjunction with renewable energy, is regarded
as a promising and sustainable alternative to the current high
temperature/pressure Harber-Bosch process for the produc-
tion of ammonia under ambient conditions.1−3 Despite the
increasing interest, the electrochemical NRR process suffers
from extremely sluggish kinetics and low selectivity due to the
high energy barriers of N2 activation and the faster kinetics of
the competing hydrogen evolution reaction (HER) in similar
potential ranges,3 respectively. To overcome the above
challenges, a wide range of electrocatalysts have been
developed to accelerate the NRR while simultaneously
suppressing the HER process.4−6 Homogenous catalysts,
such as transitional metal complexes, which possess uniform
and defined active sites, a tunable catalytic environment, and
maximum atomic utilization, have been investigated as highly
active NRR electrocatalysts.3,7 However, their practical
applications are hindered by their poor stability and

recyclability. In contrast, heterogeneous metal-heteroatom-
doped carbon-rich electrocatalysts are more attractive alter-
natives because of their high durability and recyclability, as well
as their ease of integration into the electrode.2−6,8−10 Recent
advances have shown that iron−nitrogen-doped carbon-rich
electrocatalysts (Fe−Nx−C) could display either high NRR
selectivity with a Faradaic efficiency (FE) > 56.5% (while the
yield rate is less than 8 μg h−1mg−1cat)

2 or high NRR activity
with a yield rate over 60 μg h−1mg−1cat (while the FE is around
18%).11 Nevertheless, the inhomogeneity and ambiguity of the
catalytic structure of iron−nitrogen-doped carbon posed major
challenges in synergistically improving their activity and
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selectivity toward high NRR efficiency. Moreover, their
inherently less defined catalytic environment hinders the
fundamental studies on the reaction mechanism.
Two-dimensional conjugated covalent organic frameworks

(2D c-COFs), with high in-plane π-delocalization and weak
out-of-plane π−π stacking,12−15 are emerging as a new type of
carbon-rich electrocatalyst due to their unique layer-stacked
periodic architecture, large surface area, tailorable structure,
chemical stability, as well as well-defined molecular catalytic
sites. 2D c-COFs electrocatalysts with abundant highly
accessible active sites and intrinsic electrical conductivity (up
to 10−3 S cm−1),14,16 have demonstrated high performance in
electrocatalytic water splitting, oxygen reduction, and carbon
dioxide reduction.12,17−22 In this respect, we consider that 2D
c-COFs containing M−Nx−C centers would be attractive
electrocatalysts for NRR because: (1) the columnar structure
with pore array and high surface area can provide a large
fraction of readily accessible active sites and sufficient mass
transport and (2) the intrinsic electrical conductivity can be
beneficial for high-efficiency electron transfer kinetics.
Herein, we present the first example of 2D c-COFs

immobilized with M−Nx−C centers as definite and effective
electrocatalysts for fast NRR kinetics. These 2D c-COFs
(MPc-pz, M= Fe, Co, Ni, Mn, Zn, and Cu) comprise metal-
phthalocyanine (MPc) and pyrene units bonded by chemically
stable pyrazine linkages. We achieve a simultaneous boosting
in activity and selectivity toward electrochemical NRR to
ammonia and unveil the impact of different metallic active
components on the catalytic performances. Among different
MPc-pz with M−N4−C centers, the obtained FePc-pz exhibits
the best performance with NH3 yield rate of 33.6 μg h−1

mgcat−1 and Faradaic efficiency of 31.9% at −0.1 V vs reversible
hydrogen electrode (RHE), ranking among the best NRR
catalysts (>30 μg h−1 mgcat−1 and >30%). In situ X-ray
absorption spectroscopy (XAS), in situ Raman spectroelec-

trochemistry, and theoretical calculations disclose that the
NRR activity of FePc-pz originates from the engineered Fe
atoms in the framework. Compared with other metal atoms,
the Fe atoms in Fe−N4−C possess a unique electronic
structure with localized electronic states at the Fermi level,
resulting in higher N2 affinity and stronger binding energy of
N2 on Fe−N4−C, thus exhibiting lower energy barriers of the
potential-determining step and faster overall NRR kinetics.
Our work highlights the potential of metal−nitrogen-
incorporated 2D c-COFs as powerful carbon-rich electro-
catalysts for N2-to-NH3 conversion and provides an atomic
understanding of the NRR process at various M−N4−C
motifs, shedding light on the rational design of effective NRR
electrocatalysts.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of MPc-pz Catalysts.

Figure 1a presents the synthesis of MPc-based pyrazine-linked
MPc-pz 2D c-COF through the polycondensation of tert-
butylpyrene-tetraone (tBu-PT) and ortho-diphenylmethani-
mine-substituted (−NCPh2) MPc. In a typical synthesis of
FePc-pz, the FePc monomer comprising 2,3,9,10,16,17,23,24-
octa-substituted −NCPh2 groups (abbreviated as FePc(N
CPh2)8, Figure S1) and tBu-PT with the molar ratio of 1:2
were employed in a solvothermal reaction. This reaction was
performed with a mixed solution of 1-methyl-2-pyrrolidone/
mesitylene/6 M acetic acid aqueous solution (4:2:1, v/v/v) in
a vacuum-sealed Schlenk tube at 165 °C for 5 days, which
yielded crystalline black-green COF powder. Fourier transform
infrared (FT-IR) spectroscopy in Figure 1b confirms the
formation of pyrazine linkages in FePc-pz with the stretching
vibrations of pyrazine at 1533, 1466, and 1363 cm−1, as well as
the disappearance of the vibrational bands related to the −N
CPh2 groups and the keto units of the starting monomers.23

The crystalline structure of FePc-pz was demonstrated from

Figure 1. Structural characterization of FePc-pz. (a) Schematic synthetic process of MPc-pz (M = Fe, Co, Ni, Cu, and Zn). (b) FT-IR spectra of
tBu-PT, FePc(NCPh2)8, and FePc-pz. (c) Experimental and theoretical XRD patterns of FePc-pz. (d) Fe K-edge XANES spectra of Fe foil,
FeO, Fe2O3, commercial iron(II) phthalocyanine (FePc), FePc(NCPh2)8, and FePc-pz. (e) Fourier transforms of Fe K-edge EXAFS spectra of
Fe foil, FeO, Fe2O3, commercial Fe(II)Pc, FePc(NCPh2)8, and FePc-pz.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c11158
J. Am. Chem. Soc. 2021, 143, 19992−20000

19993

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c11158/suppl_file/ja1c11158_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c11158?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c11158?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c11158?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c11158?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c11158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the intense powder X-ray diffraction (PXRD) peaks at 4.0°,
16.3°, and 26.2° (Figure 1c), which correspond to (100),
(400), and (002) planes, respectively. The experimental PXRD
pattern is in good agreement with the calculated AA serrated
stacking geometry. With the same synthetic procedure, we also
synthesized other MPc-pz 2D c-COFs with different M−N4−
C centers including Co, Ni, Mn, Zn, and Cu, which were
verified by PXRD (Figure S2) and scanning electron
microscopy (SEM) measurements (Figures S3−S7).
Regarding the formation of pyrazine-linkage, we employed a

unique multistep Schiff-base reaction including the hydrolysis
reaction of Schiff-base (−NCPh2) to amine (−NH2) and a
following Schiff-base condensation between − NH2 and ketone
(details seen in Figure S8−10). This multistep synthetic
procedure using the highly soluble and oxidatively stable
−NCPh2 monomer24 enables the homogeneous polycon-
densation and slows down the polymerization rate during the
transformation of one Schiff-base (−NCPh2) to another
Schiff-base (pyrazine as the final linkage), thus achieving high
crystallinity. In contrast, the direct Schiff-base reaction
between tBu-PT and iron 2,3,9,10,16,17,23,24-octaaminoph-
thalocyanine (Figure S11) could barely provide crystalline
FePc-pz. In addition, according to Scherrer’s equation, CuPc-
pz synthesized through the above multistep reaction presented
a slightly superior average crystal size (∼8.5 nm) to that of
CuPc-pz (∼8.0 nm) obtained via direct Schiff-base con-
densation.23

To investigate the porosity of FePc-pz, a low-pressure
nitrogen adsorption measurement at 77.3 K was performed
(Figure S12). The derived BET (Brunauer−Emmett−Teller)
surface area was calculated to be 290 m2 g−1. The pore size
distribution curve confirms the presence of abundant micro-
pores (1.78 nm) and meso-pores (2.51 and 3.79 nm) in FePc-
pz, which is beneficial for sufficient mass transport during the
catalytic process.9,18 Transmission electron microscopy (TEM)
and SEM images show that the FePc-pz sample comprises
aggregated nanoparticles (Figure S13). Element mapping
images (Figure S14) reveal a homogeneous distribution of
Fe, C, and N over the FePc-pz sample. The Fe loading of
FePc-pz was determined to be 4.15% (Table S1), which is
close to the theoretical content (4.32%).
X-ray photoelectron spectroscopy (XPS, Figure S15) was

conducted to study the composition and the chemical state of
FePc-pz. The survey XPS spectrum also identifies the existence
of Fe, C, and N elements. In the fitted high-resolution N 1s
XPS spectrum, the Fe−N coordination peak is observed at
398.5 eV.20 While in the fitted Fe 2p3/2 spectrum, the
dominant peak at 709.9 eV is assigned to Fe(II).25−27

Additionally, XAS measurements (Figure 1d,e) were employed
to analyze the oxidation state and coordination environment of
Fe in FePc-pz. As shown in the Fe K-edge X-ray absorption
near-edge structure (XANES) spectra (Figure 1d), FePc-pz
displays a similar pre-edge peak (7113.8 eV) compared to the
reference Fe(II)Pc (7113.6 eV), confirming the presence of
FeN4 centers in FePc-pz.28 The difference in the pre-edge
peaks of FePc-pz and Fe foil excludes the existence of metallic
Fe species. Moreover, the main absorption peak of FePc-pz
(7133.5 eV) located between FeO (7129.1 eV) and Fe2O3
(7140.2 eV) is also similar to Fe(II)Pc (7134.0 eV). It can be
thus concluded that the oxidation valence of the Fe atom is +2
in FePc-pz. The local structure of FePc-pz was analyzed by the
extended X-ray absorption fine structure (EXAFS) character-
ization. The characteristic Fe−N coordination signal appears at

1.53 Å (Figure 1e),29 and the characteristic signal of Fe−Fe
bonding at 2.21 Å is absent, which verifies the Fe−N
coordination retained in the FePc-pz samples.

Electrochemical Reduction of N2 to NH3. The electro-
catalytic NRR activity of FePc-pz was evaluated in a two-
compartment electrochemical cell. A standard three-electrode
system was used in 0.01 M H2SO4 electrolyte under ambient
conditions, wherein the FePc-pz catalyst loaded on carbon
paper (CP) was employed as the working electrode. In the
linear scan voltammetry (LSV) curves (Figure S16a), an
obvious increase of total current density (j) occurs in the
potential range from +0.2 to −0.3 V vs RHE when the
electrolyte is saturated with N2, indicative of a possible NRR
process at the FePc-pz electrode. Subsequently, constant
potential electrolysis of FePc-pz under different applied
potentials was performed to analyze the generated products.
Ammonia in the electrolyte was detected by the indophenol
blue method using UV−vis spectroscopy (Figure S17).1,30 The
chronoamperometric results (Figure S16b) show that j of
FePc-pz increases upon lowering the applied potential owing
to the accelerated NRR and HER process. The NH3 yield rate
(YR) and Faradaic efficiency (FE) of FePc-pz follow a
volcano-sharp trend with a summit value at −0.1 V vs RHE
(Figure 2a,b). The rise of the competing HER becomes more

favorable at higher overpotentials and hence progressively
suppresses the NRR. At −0.1 V vs RHE, the obtained YR and
corresponding FE for NH3 are up to 33.6 μg h−1 mgcat−1 and
31.9%, respectively, which are among the best reported NRR
electrocatalysts (yield rate >30 μg h−1 mgcat−1 and FE > 30%;
Figure 2a,b and Table S2). The current density in the CV
curves and FE and YR of ammonia for FePc-pz were similar
when the electrolyte was kept with and without continuous
stirring (Figure S18), suggesting that the mass transport is
sufficient during the NRR process because of the porous
structure of FePc-pz. Thus, NRR at the FePc-pz electrode is a
kinetics-controlled process rather than diffusion-controlled
process. Next, nuclear magnetic resonance (NMR) analyses
were employed to distinguish the triplet coupling of
14NH4

+.31,32 Three peaks corresponding to 14NH4
+ were

found (Figure S19a) when supplying N2 as the feeding gas.

Figure 2. NRR performance. (a and b) Faradaic efficiency and NH3
yield rate of FePc-pz under different electrolysis potentials in N2-
saturated 0.01 M H2SO4, respectively. (c and d) Faradaic efficiency
and NH3 yield rate of MPc-pz (M = Fe, Co, Ni, Mn, Cu, and Zn) at
−0.1 V vs RHE in N2-saturated 0.01 M H2SO4, respectively.
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In the control experiments, when using Ar-saturated electrolyte
and bare CP electrode (Figure S19), no ammonia could be
detected by UV−vis and NMR measurements, confirming that
NH3 was generated exclusively from the electrocatalytic NRR
on FePc-pz. Moreover, the signal of ammonium ion in the ion
chromatography spectra further discloses the generation of
ammonia via the electrolysis NRR process using FePc-pz
electrode (Figure S20). Additionally, N2H4 was not detected
(Figures S21 and S22) in FePc-pz based electrocatalyst system
via the Watt and Chrisp method.28 In terms of stability,
constant potential electrolysis was conducted at −0.1 V vs
RHE. A slight decline in YR (22.1 μg h−1mg−1cat) and FE
(23.6%) for the generated NH3 was probed at the FePc-pz
electrode after 4 cycles (Figure S23), which is likely due to
partial peeling off of the catalyst from the current collector or
the structural decomposition and passivation of the FePc-pz.
As indicated by ex situ SEM, Raman, and FT-IR studies
(Figure S24), the morphology and structure of FePc-pz
remained after the NRR testing, ruling out the possibility of
structural collapse of FePc-pz and the generation of a
passivation film on the surface of the FePc-pz electrode and
indicating the high stability of FePc-pz during the catalytic
process, which were also confirmed by the following in situ
spectroscopy measurements (Figure 3). Besides, to alleviate
the peeling-off of the active materials from the CP (Figure
S23), in situ growth of FePc-pz on carbon paper can afford an
improved stability with 86% reservation of current density, FE
of 24.8% and ammonia yield rate of 27.5 μg h−1 mgcat−1 under
10 h continuous electrolysis, which is favorable for the practical
application.
Contrast 2D c-COFs with different metal centers (MPc-pz,

M = Co, Ni, Cu, Zn and Mn) were utilized to investigate the
role of the metal center in NRR catalytic activity. As shown in
Figure 2c,d, FePc-pz shows superior NRR performance in
terms of yield rate and FE for NH3 (33.6 μg h−1 mgcat−1 and
31.9%), compared with CoPc-pz (3.76 μg h−1 mgcat−1 and
0.62%), NiPc-pz (1.83 μg h−1 mgcat−1 and 0.93%), MnPc-pz
(0.06 μg h−1mg−1cat and 0.04%), ZnPc-pz (8.26 μg h−1 mgcat−1

and 2.11%) and CuPc-pz (4.97 μg h−1 mgcat−1 and 1.3%) at
−0.1 V vs RHE. The control experiments demonstrate that the
optimized M−N4−C centers in 2D c-COFs play a key role in
boosting the high NRR catalytic activity. Additionally, Figure
S25 shows that the NRR catalytic activity of the commercial
PcFe(+2) (YR: 4.3 μg h−1 mgcat−1; FE: 11.9%) and FePc(N =
CPh2)8 molecule (YR: 19.8 μg h−1mg−1cat; FE: 17.9%) are
both lower than those of FePc-pz (Figure 2), further
suggesting the advantages of FePc-pz 2D c-COFs in
promoting the NRR process.

Identification of the Active Sites in FePc-pz for NRR.
In situ XAS was employed to gain profound insight into the
chemical state and coordination structure of Fe in the FePc-pz
under NRR operating conditions (Figure 3a,b). The in situ Fe
K-edge XANES profiles of FePc-pz under different electrolysis
potentials underline that no apparent change took place for
FePc-pz samples during the NRR process. Notably, their pre-
edge resonances appeared at 7113.7 eV due to electron
transition from 4s to 4p when the applied potential was varied
from open circuit voltage (OCV) to +0.1, −0.1, and −0.3 V vs
RHE and finally back to the OCV. These pre-edge signals are
similar to the one of Fe(II)Pc but distinctly different from that
of Fe foil, thus excluding the generation of metallic Fe species
at FePc-pz electrodes during the NRR process.28,33,34

Similarly, the main absorption peaks were found at 7133.5
eV for all of the FePc-pz samples recorded under the NRR
operation condition, elucidating that the oxidation state of Fe
in FePc-pz remained +2 under these constant potential
electrolysis conditions and excluding the oxidation of the Fe
sites by possible surface adsorption of oxygen species or other
impurities over the applied potential. Furthermore, Fe K-edge
EXAFS oscillation analysis was applied to investigate the local
coordination of the FeN4 sites during the NRR process. As
shown in Figure 3b, the characteristic peaks for Fe−N/O and
Fe−Fe shell were respectively observed at 1.5 and 2.2 Å.33,35

By changing the applied potential from +0.1 to −0.3 V vs
RHE, this peak assigned to Fe−N shell of FePc-pz was shifted
to 1.2 Å, indicating a compression of Fe−N coordination bond

Figure 3. In situ XAS and Raman measurements under electrolysis. (a and b) Fe K-edge XANES and EXAFS profiles of Fe foil, FeO, Fe2O3, FePc-
pz on carbon paper under different applied potential (OCV,+ 0.1, −0.1, and −0.3 V vs RHE, back to OCV), respectively. (c) Resonance Raman
spectra of the FePc-pz electrode excited as 458 nm and recorded at three different experimental conditions (dry; at OCV in Ar saturated 0.01 M
H2SO4; at 0.5 V vs RHE). (d) Potential-dependent resonance Raman spectra of FePc-pz electrode in N2 saturated 0.01 M H2SO4.
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due to the interaction between the adsorbed N intermediates/
hydrogen radicals and Fe sites during the NRR process.33,36,37

Subsequently, the original Fe−N signals position at 1.5 Å was
restored when the potentials were switched back to OCV,
revealing no structural collapse in FePc-pz 2D c-COF. It is
thus concluded that FePc-pz with active FeN4 sites is a
chemically and structurally stable NRR electrocatalyst.
In-situ Raman spectroelectrochemistry was applied to

investigate the chemical structure of FePc-pz under NRR
conditions. Laser excitation at 458 nm of FePc-pz hybridized
with CNT yielded preresonance Raman spectra featuring a
convolution of in-plane vibrations of the Pc unit and the
linker.38−41 Figure 3c shows the resonance Raman (RR)
spectra of FePc-pz recorded under different conditions. A list
of apparent bands and a tentative assignment based on
comparison with the literature is presented in Table S3. In the
dry state, the RR spectral pattern shares significant similarities
with the literature results.38,39 Noteworthy, the relevant Cα-Nβ-
Cα bridge vibration of the Pc unit was supposedly found at
1538 cm−1. This vibration occurs at significantly higher
frequency compared to ordinary FePc where the respective
band is located at ca. 1530 cm−1 or lower38,42,43 implying a
slightly distorted Pc ring in FePc-pz with the isoindol groups
pulled toward the Fe atom.42 This is supported by the smaller
Fe−N distance of 1.5 Å determined by XAS (see above)
compared with FePc molecules (1.53 Å).38,44 Interestingly, the
decreased cavity size seems not to be directly associated with a
relevant alteration of the Fe−N bond strength. This is
concluded from the position of the 749 cm−1 band, assigned
to Cα-Nβ-Cα bridge bending that is coupled to Fe−N
stretching vibrations, which matches the frequency found for

FePc molecules (750 cm−1), suggesting a similar binding
situation.43,45

Upon addition of 0.01 M H2SO4 solution and applying
anodic potentials, i.e. > 0.2 V vs RHE, no relevant spectral
changes were observed (Figure 3c). Stepwise lowering the
potential from +0.5 to −0.3 V vs RHE in Ar and N2 saturated
electrolyte resulted in a reversible change of the spectral
pattern after passing 0.1 V vs RHE (Figures 3d and S26). The
original spectral features of FePc-pz were replaced by a set of
bands exhibiting significantly lowered Raman intensity,1 while
it could be restored when the potential was stepped back to 0.5
V vs RHE (Figure 3d), suggesting a reversible event due to the
adsorption/desorption of reactants/intermediates on these
active unities. Component fit analysis was performed to extract
the number and contributions of spectral components to the
recorded RR spectra as a function of potential (Figure S27).
The RR spectra could be satisfyingly reconstructed by a linear
combination of two spectral components with varying factors.
Plotting the normalized intensity of the component spectra
against the potential yielded sigmoidal curve(s) (Figure S28).
The obtained intensity trends match the results from cyclic
voltammetry (Figure S16a, CV curves of FePc-pz), suggesting
that the derived component spectra likely represent redox
states of FePc-pz, designated as FePc-pz (O) and FePc-pz
(R), which are stabilized above 0.4 V and below −0.1 V vs
RHE, respectively. In this respect, the altered band pattern
showing peaks at 1302, 1334, 1416, 1445, 1505, and 1579
cm−1 may indicate a redox-induced structural change occurring
at the Pc unit. Specifically, the observed bands match in-plane
vibrations characteristic for Pc structures accommodating large
metal ions that afford an increase of the Pc pocket.38 As such,

Figure 4. DFT calculation of NRR on MPc-pz 2D c-COFs (M = Fe, Co, Ni, Cu, Zn, and Mn). (a) Charge density differences of N2 adsorbed on
FePc-pz as compared to the isolated N2 molecule and MPc-pz. (b) Projected density of states (PDOS) for the most stable N2 adsorption
configuration on FePc-pz with FeN4. (c) DOS of FePc-pz. Red colors indicate partial projections on the N2 molecule. (d) Optimized structures of
various intermediates for NRR reaction. (e) Free energy profiles of NRR along the alternating pathway on MPc-pz (M = Mn, Fe, Co, Ni, Cu, and
Zn).
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the potential-dependent Raman data could be rationalized by a
redox event at the Fe as a result of applying cathodic potentials.
The increased ion size would lead to a reduced Fe−N distance
and an expansion of the Pc cavity, which give rise to the altered
Raman spectral pattern. This is corroborated by XAS
measurements that a decrease in Fe−N distance was observed
from 1.5 to 1.2 Å at +0.1 and −0.3 V vs RHE, respectively.
Though such phenomenon is usually observed only for much
larger cations, such as Pb2+ the unusually small Pc ring size of 3
Å (N−Fe−N distance) could facilitate the structural impact of
the increased Fe shell due to the interaction of the reactants/
intermediates upon the applied potentials.38,42

Electronic Structure and NRR Pathways Investiga-
tion. Density functional theory (DFT) calculations were
conducted to model the NRR reaction process on MPc-pz
(Figure S29 and Table S4). An associative mechanism was
considered in this catalyst system due to the extremely high
activation energy of N2 along with dissociative process (detail
elementary steps seen in the Supporting Information).46,47 The
adsorption of NHx and N2Hx (x = 0, 1, 2) molecules on MPc-
pz (M = Mn, Fe, Co, Ni, Cu, and Zn) was further investigated
and the results are presented in Table S5. By comparing the
calculated adsorption energies of N2 at different positions in
MPc-pz, the MN4 centers are the most catalytically active sites
for the electrocatalytic NRR process (Figure S30). The
adsorption of N2 on lattice nitrogen is less favorable (0.12
eV-0.14 eV) as compared to the adsorption on top of the metal
center (Table S5). This means that the NRR process of MPc-
pz is unlikely on lattice nitrogen, which is associated with the
electronic properties of the metal atoms of MPc-pz. The
charge density difference of MPc-pz with N2 adsorbed on M−
N4−C centers reveals that a positive charge mainly locates
around the metal atom, which plays an important role in
polarizing and activating N2 molecules (Figures 4a and S31).
Thereby, Co−N4−C and Fe−N4−C are found to be more
susceptible for the reaction with molecular N2, affording higher
adsorption energies of N2 on the Co (−0.35 eV) and Fe sites
(−0.29 eV) than other contrast metal centers (Table S5; Cu:
−0.28 eV; Mn: −0.16 eV; Ni: −0.07 eV; Zn: −0.10 eV).11,47,48
Bader charge analysis (Table S6) shows that the amounts of
transferred charges from Co (0.27 e) and Fe (0.26 e) to the N2
molecule are significantly larger than those of the other metals
(Ni, 0.03 e; Cu, 0.02 e; Zn, 0.03 e; Mn, 0.12 e), which further
explains the stronger interaction between Fe/Co and N2
molecules. It was also found that the M−N bond length
between the adsorbed N2 and M atom was shortest for FePc-
pz (2.09 Å) and CoPc-pz (2.02 Å) among all of the M−N4−C
active sites (Table S7; Cu: 3.32 Å; Mn: 2.33 Å; Zn: 2.76 Å; Ni,
3.00 Å), while the average M−N bond length change in their
M−N4−C centers was the largest due to the uplift heights of
Fe and Co atoms (Table S8). This is because of π-back
bonding of the d electron from the M atom to the π*
antibonding orbital of N2. In addition, the M−N bond strength
of M−N4−C sites is dramatically decreased by the electron-
filled antibonding orbital, resulting in a longer M−N bond.49

Therefore, FePc-pz and CoPc-pz demonstrate the higher
affinity of N2 and favorable N2 activation process.
The electronic structures of MPc-pz 2D c-COFs have been

further calculated in the presence of a N2 molecule. The
projected density of states (PDOS) for FePc-pz and MnPc-pz
demonstrate the localized electronic states at the Fermi level,
originating mainly from d orbitals of metal atoms (Figures 4b
and S32). In addition, the states from the N2 molecule

hybridize with Fe and Mn orbitals near the Fermi energy level
(Figures 4c and S33), while no interaction was observed for
the other metals, revealing stronger binding energies of N2 on
Fe−N4−C and Mn−N4−C sites. As a consequence, FePc-pz
theoretically exhibits superior NRR performance to the other
MN4-based 2D c-COF electrocatalysts.
Next, the NRR process of MPc-pz was investigated by

computing the free energies of each elementary step in both
the distal and alternating pathways (Figures 4d,e and S34).
The results show that the rate-determining step (RDS) of
MPc-pz is the protonation of adsorbed N2 to form *NNH,
which is in line with its high activity toward the NRR process.
Besides, the alternating hydrogenation to form *NHNH is
more energetically favorable than the distal hydrogenation to
form *NNH2 on FePc-pz. A high barrier energy has to be paid
by the reduction of *NNH2 to *N and NH3, while the
hydrogenation of *NHNH to *NHNH2 releases energy. As a
result, NRR tends to undergo the alternating pathway rather
than the distal pathway on FePc-pz. In addition, the free
energy profiles of HER on M−N4−C sites of MPc-pz (Figure
S35) suggest that the energy barrier of forming *H on CoPc-
pz is smaller than that on FePc-pz, corresponding to a faster
HER kinetics (Tables S9 and S10). As a result, even though
CoPc-pz also shows the potential toward NRR, the strong
competition from HER greatly suppresses the NRR process on
Co−N4−C sites and results in low FE and yield rate of NH3
for CoPc-pz. Therefore, the free energy profiles further
confirm that FePc-pz containing an Fe−N4−C active unit is
more effective for electrocatalytic NRR than other MN4-based
COF catalysts.

■ CONCLUSION
In summary, we have demonstrated the pyrazine-linked metal-
phthalocyanine (MPc)-based 2D c-COFs (M = Fe, Co, Ni,
Mn, Zn, and Cu) as efficient electrocatalysts for simultaneously
enhancing NRR activity and selectivity in acidic electrolyte and
elucidated the essential role of the metal active centers in
controlling the catalytic performance. Thanks to the columnar
stacking of porous array, high in-plane π-conjugation for fast
electron transfer, and plenty of Fe−N4−C sites, FePc-pz
exhibited excellent catalytic performance with an NH3 yield
rate of 33.6 μg h−1 mgcat−1 and Faradaic efficiency of 31.9% at
−0.1 V vs RHE. In situ XAS and Raman spectroelectrochem-
istry analyses, theoretical calculation, and well-designed
contrast electrochemical tests unveiled the unique properties
of the FeN4 active sites for N2 activation and conversion by
exhibiting an optimal substrate adsorption energy as well as a
low energy barrier for the RDS. Our work sheds light on the
development of carbon-rich electrocatalysts with suitable M−
Nx−C active sites for NRR and contributes to a solid
understanding on the origin of NRR activity, thus spotlighting
the view on the rational design of high-performance molecular-
like heterogeneous NRR electrocatalysts.
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Section A. Methods

Computational Details

The electrochemical reduction of N2 to ammonia can be proceed via two different types of 

mechanisms namely Tafel-type or Heyrovsky-type reaction.1, 2 For most transition metal surfaces, 

the activation barriers for the Tafel-type reaction are higher than the Heyrovsky-type reaction 

leading to a very slow catalytic activity.3 In general, the N2 reduction reaction (NRR) can occur via 

associative or dissociative mechanisms. In the associative process, the N2 molecule is adsorbed on 

the catalyst surface and it gets hydrogenated by direct attachment of protons from the solution. In 

the dissociative process, on the other hand, the nitrogen molecule bond needs to be broken first and 

then adsorbed on the surface which requires very high activation energy (~10 eV) at ambient 

conditions. Therefore, we consider an associative mechanism, where the hydrogenation process can 

proceed via distal and alternating pathways. In the distal pathway, hydrogenation preferentially 

occurs on the N atom far away from the surface of the catalyst, whereas, in the alternating pathway, 

hydrogenation alters between two N molecules. 

The associative NRR process involves a multistep proton-electron transfer process which can be 

written via the following steps:4

I)                                                           (1)∗  +  N2 ⟶ ∗ N2

II)                                  (2)∗ N2 +  6(H + +  e ― ) ⟶ ∗ NNH +  5(H + + e ― )

III- )                             (3)a ∗ NNH +  5(H + + e ― ) ⟶ ∗ NNH2 +  4(H + + e ― )

III- )                            (4)b ∗ NNH +  5(H + + e ― ) ⟶ ∗ NHNH +  4(H + + e ― )

IV-a)                          (5)∗ NNH2 +  4(H + +  e ― )⟶ ∗ N + NH3 + 3(H + + e ― )

IV-b)                            (6)∗ NHNH +  4(H + +  e ― )⟶ ∗ NHNH2 + 3(H + + e ― )

V)                                   (7)∗ N +  3(H + + e ― ) ⟶  ∗ NH +  2(H + +  e ― )

VI)                                  (8)∗ NH +  2(H + +  e ― ) ⟶ ∗
 NH2 +  (H + +  e ― )

VII)                                               (9)∗
 NH2 + (H + +  e ― ) ⟶ ∗ NH3
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VIII)                                                    (10)∗ NH3 ⟶  NH3 + ∗

where * refers to the catalyst. Depending on the distal or alternating pathways, the adsorption of 

N2H2 can be either in form of *NNH2 (reaction III-a) or *NHNH (reaction III-b). The overpotential 

of NRR is defined as:

                                                            (11)𝜂𝑁𝑅𝑅 =  
𝑀𝑎𝑥 [∆𝐺𝑖]

𝑒

where  represent the variations of the free energy at ith reaction step. ∆𝐺𝑖

The computational modeling of the reactants, possible surface intermediates and products and 

reaction process involved in the reactions on catalysts was performed by using density functional 

theory (DFT) within the PBE exchange-correlation functional,2 as implemented in the VASP.5 All 

calculations have been performed using spin-polarized setup. The cut-off energy for plane waves 

basis was set 500 eV. The Brillouin zone of the supercells was sampled using 3×3×1 grid of k-

points. The atomic positions were fully relaxed until the maximum force on each atom was less than 

-0.01 eV/A. The van der Waals interaction were taken into account as proposed by Grimme within 

the DFT-D2 method.6 

The adsorption energy for the most stable configuration of each intermediate were calculated as:

)                            (12)𝐸Adsorption = 𝐸Molecule + Catalyst ―(𝐸Catalyst + 𝐸Molecule

where the first term represents the energy of the molecule adsorbed on catalyst, and the second and 

third terms denote the energy of the catalyst and the isolated molecule, respectively.

Gibbs free energy change (∆G) of each reaction step is calculated as: 

                           (13)Δ𝐺 =  Δ𝛦 + Δ𝐸𝑍𝑃𝐸 ―𝑇Δ𝑆 +  Δ𝐺𝑈 +  𝑘𝑇 ln 10 ×  Δ𝑝𝐻

where (ΔE) is the reaction energy directly computed from the DFT calculations. The zero-point 

energy corrections (ΔZPE) and the entropy changes (TΔS) are obtained from vibrational frequency 

calculations and standard tables for gas-phase molecules.7  represents the effect of Δ𝐺𝑈 =  ― 𝑛𝑒𝑈

the external potential for the electrochemical step, where n is number of transferred electrons and U 

is the electrode potential relative to the standard hydrogen electrode. The last term corresponds to 

the change of free energy due to the change of pH value. In spite of the minor variation of pH value 
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during the reaction, the change of pH value should be close to 0. In this case, since the reaction is 

only considered at U = 0 and ΔpH = 0, the fourth and fifth terms are both zero.

Experimental Section

Reagents: All solvents, reagents and chemicals were purchased from commercial suppliers (Sigma-

Aldrich, TCI and abcr GmbH.) and used without further purification unless specially addressed. All the 

reactions were performed using the standard vacuum-line and Schleck techniques under inert atmosphere 

or vacuum.

Synthesis of FePc(N=CPh2)8: 4,5-Bis((diphenylmethylene)amino)phthalonitrile (compound 1 in Figure 

S1) was synthesized according to a previous procedure.8 To prevent any potential oxidation, synthesis of 

FePc(N=CPh2)8 was performed by strictly controlling the inert synthetic and processing environment. 

To a solution of 1 (450 mg, 0.925 mmol) and iron (II) acetate (45.6 mg, 0.254 mmol) in molecular sieve 

dried n-pentanol (24 mL), DBU (0.162 mL, 1.07 mmol) was added under N2. The mixture was thoroughly 

deoxygenated by three freeze-pump-thaw cycles before purging with argon. After refluxing at 155 ºC for 

48 h, the mixture was cooled down to room temperature, filtered in a nitrogen atmosphere, and washed 

with copious amount of deoxygenated water and ethanol. After drying under vacuum overnight, 

FePc(N=CPh2)8 was obtained in ~65 % yield. Matrix-assisted laser desorption/ionization time-of-flight 

(MALDI-TOF, Bruker Daltonics, Bremen, Germany) mass for C136H88N16Fe (calcd. 2000.6727): m/z = 

2000.6716.

Synthesis of FePc-pz: A 10 mL high-pressure Schlenk tube was charged with FePc(N=CPh2)8 (30.50 

mg, 15.2 µmol), tBu-PT (11.12 mg, 30.0 µmol), and NMP/mesitylene/6M HOAc (0.4/0.2/0.1 ml) under 

N2. The tube was sealed and sonicated at room temperature for 3 min, degassed by three freeze-pump-

thaw cycles, sealed under vacuum and heated at 165 °C for five days. After cooling to room temperature, 

the mixture was filtered, washed with deoxygenated dimethylformamide, H2O, methanol, and 

dichloromethane, respectively. After Soxhlet extraction with methanol and dichloromethane under argon, 

FePc-pz was collected and dried under vacuum at 120 °C overnight to give black-green powders in ~ 80% 

yield. FePc-pz@CP was synthesized with similar procedures for FePc-pz except with the addition of a 

piece of carbon paper (1 cm * 1.5 cm) in the reaction mixture. 

Synthesis of MPc-pz (M = Cu, Co, Ni, and Zn): A 10 mL high-pressure Schlenk tube was charged with 

MPc(N=CPh2)8 (30.50 mg, ∼15.0 µmol), tBu-PT (11.20 mg, 30.0 µmol), NMP/mesitylene/6 M HOAc 
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(0.4/0.2/0.1 ml, v/v/v) under N2. The tube was sealed and sonicated at room temperature for 3 min, 

degassed by three freeze-pump-thaw cycles, sealed under vacuum and heated at 165 °C for five days. 

After cooling to room temperature, the mixture was filtered, washed with deoxygenated 

dimethylformamide (DMF), H2O, methanol, and dichloromethane (DCM), respectively. After Soxhlet 

extraction with methanol and DCM under argon, MPc-pz 2D c-COFs were collected and dried under 

vacuum at 120 °C overnight to give black-green powders. MnPc-pz 2D c-COF was synthesized 

according to a previous procedure.8 

Model reaction: 2,3,6,7,10,11-Hexa-N=CPh2-substituted triphenylene (compound 2 in Figure S9) was 

synthesized according to a previous procedure.9 To perform the model reaction, a 10 mL high-pressure 

Schlenk tube was charged with compound 2 (4.0 mg, 3.1 µmol), 2,7-di-tert-butyl-pyrene-4,5-dione (3.6 

mg, 10.4 µmol), NMP/mesitylene/6 M HOAc (0.4/0.2/0.1 ml, v/v/v). The tube was sealed and sonicated 

at room temperature for 3 min, degassed by three freeze-pump-thaw cycles, sealed under vacuum and 

heated at 135 °C for three days. After cooling to room temperature, the precipitate was filtered, washed 

with H2O, methanol, and DCM, respectively to give the reddish-orange crude product, which was used 

for the analysis of MALDI-TOF mass without further purification.

Characterization. Powder X-ray diffraction (PXRD) patterns were collected on an X-ray diffractometer 

(Dectris Mythen 1K Strip Detector, Stoe Stadi-P) using Cu-Kα radiation (λ = 0.15418 nm, 40 kV, 30 

mA). Transmission electron microscopy (TEM) images were obtained using a Cs corrected TEM (Carl 

Zeiss Libra 200) operated at 200 kV. Scanning electron microscopy (SEM) was recorded on Zeiss 

Gemini S4 500. Raman spectra were collected with a Renishaw 2000 model confocal microscopy Raman 

spectrometer with a CCD detector and a holographic notch filter at ambient conditions. FT-IR tests were 

performed on a Bruker Optics ALPHA-E spectrometer equipped with Attenuated Total Reflectance 

(ATR) sample holder. The porosity was detected by nitrogen sorption using a micromeritics ASAP 2020 

analyzer. ICP-OES (Optima 2000 dv, PerkinElmer Inc.) measurement is conducted to determine the 

concentration of metal. XPS spectra were collected with an ESCALAB MK II X-ray photoelectron 

spectrometer using an Al Kα source. The XAS and EXAFS data were collected at room temperature in 

transmission mode at beamline BL14W1 and BL15U1 of the Shanghai Synchrotron Radiation Facility 

(SSRF, China).

Electrode preparation. 1 mg of catalyst was added into 100 µL of ethanol containing 10 µL of Nafion 
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solution (5 % in ethanol) and ultrasonically treated for at least 20 min. And the catalyst ink was drop-

casted onto carbon paper with loading of ∼1 mg cm-2. The catalyst electrode was washed with dilute 

H2SO4 solution and water for several time before the electrochemical testing.

Electrochemical test. Before testing, the Nafion membrane (115) was treated in H2O2 solution (5 %), 

H2SO4 (0.5 M) and pure water for 1 h at 85 oC and immersed into the pure water, respectively. 

Additionally, the electrochemical cell, glassware, gas tubes, and stirring bar were washed with H2O2 

solution (5 %), H2SO4 (0.5 M), ultrapure water for several times before staring the electrochemical 

measurements. And the carbon paper with loading catalyst, Pt mesh and Ag/AgCl are separately used as 

the working, counter and reference electrode, which are all washed with water and the electrolyte. High-

purity Ar and N2 (99,999%) were used for the electrochemical testing. The electrolyte (0.01 M H2SO4) 

in the cathodic compartment was firstly degassed by bubbling with Ar for at least 30 min in order to 

remove oxygen, which will lead to the passivation of the active centers and weak the stability via the 

occupancies of the active sties by the oxygen impurities, and then purged continuously with N2. All 

reference electrodes are converted to the RHE reference scale using E (vs RHE) = E (vs Ag/AgCl) + 

0.197 + 0.0591 × pH. CV is performed from 0.2 to -0.8 V vs. RHE in Ar- and N2-saturated 0.01 M H2SO4 

solution. The constant potential electrolysis was carried in N2-saturated 0.01 M H2SO4 solution at 

different potentials (-1 to 0.1 V vs. RHE) under constant stirring. The durability cycling is carried out via 

using consecutive recycling electrolysis with FePc-pz electrocatalyst in N2-saturated 0.01 M H2SO4 

solution at -0.1 V vs. RHE for 1 h. 

Ammonia quantification. The amount of ammonia product is determined by the indophenol blue 

method. In detail, 2 mL of the post-electrolysis electrolyte was added into 2 mL of 1 M NaOH solution 

containing salicylic acid (5 wt%) and sodium citrate (5 wt%). And 1 mL of 0.05 M NaClO and 0.2 mL 

of 1 wt % sodium nitroferricyanide were also added into the above solution. After standing at room 

temperature for 2 h, the UV-vis absorption spectra of the resultant solution were measured. The resultant 

indophenol blue was determined using the absorbance at a wavelength of 656 nm. The concentration of 

ammonia is calculated from the calibration curves which was built using standard NH4Cl solutions 

(Figure S17). 

The Faradaic efficiency (FE) of NH3 was calculated based on the charge consumed for NH3 production 

and the total charge passed through the electrode:
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                                                         (14) 𝐹𝐸 = (3𝐹 ∗ 𝐶𝑁𝐻3 ∗ 𝑉)/𝑄

The NH3 yield rate (  is calculated:𝑌𝑅𝑁𝐻3)

                                                     (15)𝑌𝑅𝑁𝐻3 = (17𝐶𝑁𝐻3 ∗ 𝑉)/(𝑡 ∗ 𝑚)

Where F is the Faraday constant (96485 C mol-1),  is the measured concentration. V is the volume 𝐶𝑁𝐻3

of the electrolyte. Q is the total charge passed through the electrode. t is electrolysis time (h); m is the 

amount of catalyst (g).

Detection of Hydrazine. The amount of the produced hydrazine in 0.01 M H2SO4 solution was 

quantified with the Watt and Chrisp method. Typically, 4 g of p-dimethylaminobenzaldehyde dissolved 

in the mixture of concentrated hydrochloric acid (20 mL) and ethanol (200 mL) was used as color reagent. 

5 mL of the electrolyte solution was mixed with 5 mL of the color reagent. After standing at room 

temperature for 15 min, the absorption spectra of the resulting solution were acquired using a UV-vis 

spectrophotometer. The concentration of N2H4 is calculated from the calibration curves which was built 

using known N2H4 standard solutions (Figure S21), wherein the absorbance at λ = 458 nm was used to 

construct the calibration curves. 

In-situ XAS measurement. In-situ XANES and EXAFS experiments were carried out at the BL14W1 

beamline of the Shanghai Synchrotron Radiation Facility (SSRF). All data were collected in fluorescence 

mode under applied potential controlled by CHI electrochemical workstation. A custom-designed cell 

was used for the in-situ XAS measurements, which was applied the identical conditions as the real NRR 

testing. The X-ray energy was calibrated using a Fe metal foil. 

In situ Raman spectroelectrochemistry. Resonance Raman spectra were obtained with a 458 nm laser 

(Ar+ Coherent Innova) if not specified differently. The laser power was 1 mW and the sample was 

constantly moved to avoid laser induced damage. The scattered light was analyzed using a LabRam II 

spectrometer (Horiba) equipped with a liquid nitrogen cooled CCD detector (Symphony). The grating of 

the spectrometer unit was 1500 mm-1; the resolution was about 1 cm-1. Spectra accumulation times ranged 

from 10 to 60s. Spectroelectrochemical Raman measurements were carried out in a customized 

spectroelectrochemical cell. A hydrogen flame cleaned Pt wire and an Ag/AgCl were used as counter 

and reference electrode, respectively

Component fit analysis of the potential-dependent Raman spectra of FePc-pz was carried out following 

usual procedures as published elsewhere.10, 11 Briefly, the Raman spectra of FePc-pz at anodic and 
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cathodic potentials, i.e. 0.2V and -0.3 V vs. RHE, respectively, were taken as reference spectra and 

manually fitted using Lorentzian bands. The so-obtained set of bands for each spectrum were grouped to 

a component spectrum. The Raman spectra at intermediate potentials between 0.2 V and -0.3 V vs. RHE 

were subsequently fitted using the derived component spectra. The relative normalized intensity  of 𝐼𝑟𝑒𝑙

the respective component spectra as a function of potential was calculated via:

                                                               (16)𝐼𝑟𝑒𝑙,𝑖 =
𝐼𝑟𝑒𝑙,𝑖

(𝐼𝑟𝑒𝑙,𝑖 + 𝐼𝑟𝑒𝑙,𝑓)

 and  denote the normalized intensity of the component spectra i and f, respectively, i.e. the 𝐼𝑟𝑒𝑙,𝑖 𝐼𝑟𝑒𝑙,𝑓

spectral contribution of each spectra to the overall spectrum. A sigmoidal function was used to fit the 

data set. 
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Section B. Supporting Figures

Figure S1. Schematic synthesis and high-resolution MALDI-TOF mass spectrum of FePc(N=CPh2)8.
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Figure S2. XRD patterns of MPc-pz (M= Co, Ni, Cu, Zn, Mn).
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Figure S3. Morphology and elemental mapping analysis of CoPc-pz. (a-c) SEM images. Scale bar: 2 

µm (a), 1 µm (b) and 100 µm (c). (d-f) Elemental mapping images of C (d), N (e), and Co (f).  
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Figure S4. Morphology and elemental mapping analysis of NiPc-pz. (a-c) SEM images. Scale bar: 1 µm 

(a), 0.5 µm (b) and 50 µm (c). (d-f) Elemental mapping images of C (d), N (e), and Ni (f).  
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Figure S5. Morphology and elemental mapping analysis of MnPc-pz. (a-c) SEM images. Scale bar: 1 

µm (a), 0.2 µm (b) and 100 µm (c). (d-f) Elemental mapping images of C (d), N (e), and Mn (f).  
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Figure S6. Morphology and elemental mapping analysis of ZnPc-pz. (a-c) SEM images. Scale bar: 10 

µm (a), 2µm (b) and 100 µm (c). (d-f) Elemental mapping images of C (d), N (e), and Zn (f).  
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Figure S7. Morphology and elemental mapping analysis of CuPc-pz. (a-c) SEM images. Scale bar: 2 

µm (a), 0.5 µm (b) and 50 µm (c). (d-f) Elemental mapping images of C (d), N (e), and Cu (f).  
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Figure S8. Schematic of the multi-step Schiff-base reaction. 

To be noted, H2O molecules played an important role to trigger the condensation between 

FePc(N=CPh2)8 and tBu-PT, thus offering the desired 2D c-COF; while no polymerization occurred 

when H2O-free acetic acid was employed as reaction catalyst. To understand the reaction mechanism 

(e.g. direct C=N/C=N exchange from −N=CPh2 to pyrazine, Schiff-base condensation), we performed 

model reactions between 2,3,6,7,10,11-hexa-N=CPh2-substituted triphenylene and 2,7-di-tert-butyl-

pyrene-4,5-dione (Figure S9a). 
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Figure S9. Model reaction. (a) Schematic for the model reaction between compound 2 and 2,7-di-tert-

butyl-pyrene-4,5-dione. (b) MALDI-TOF mass spectrum for the target product. (c) MALDI-TOF mass 

spectrum for the intermediate product.

The presence of H2O (6 M HOAc instead of pure HOAc) was also essential to trigger the model reaction 

between compound 2 and 2,7-di-tert-butyl-pyrene-4,5-dione that offered the expected pyrazine-linked 

target product 3 with a distinct molecular mass of 1243.6863 in the high-resolution MALDI-TOF mass 

spectrum. We could further distinguish an intermediate product with the peak at 934.4676, which 

contains a pair of amines (−NH2) rather than the initial −N=CPh2 groups or the final pyrazine moiety. 

Combining the importance of H2O molecules, the condensation reaction between −N=CPh2 and the 

ketone groups must undergo the hydrolysis of −N=CPh2 to −NH2 (the reversal of one Schiff-base 

condensation) prior to a following Schiff-base reaction between −NH2 and ketone (Figure S10).
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Figure S10. Reaction mechanism of MPc-pz synthesis. Proposed mechanism for the multi-step Schiff-

base condensation between −(N=CPh2)8 and ketone to the formation of the pyrazine-linkage.



S19

Figure S11. Synthesis of iron 2,3,9,10,16,17,23,24-octaaminophthalocyanine. Schematic synthesis (a) 

and high-resolution MALDI-TOF mass spectrum as well as enlarged spectrum (b) of the obtained 

product.

As shown in the mass spectrum, iron atoms in the obtained iron 2,3,9,10,16,17,23,24-

octaaminophthalocyanine has been already oxidized as Fe(III) together with an additional charge-

balancing Cl atom. The direct Schiff-base reaction between tBu-PT and this partially oxidized starting 

monomer could not give the desired crystalline FePc-pz.
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Figure S12. Nitrogen adsorption-desorption isotherms of FePc-pz. Inset: its corresponding pore size 

distribution curve.
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Figure S13. Morphology characterization of FePc-pz. (a) TEM image. Scale bar: 40 nm. (b) SEM image. 

Scale bar: 3 µm.
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Figure S14. Elemental mapping analysis of FePc-pz. (a) SEM image. Scale bar: 250 µm. (b-d) Elemental 

mapping images of C (b), N (c), and Fe (d) of FePc-pz.  
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Figure S15. Chemical structure analysis of FePc-pz. (a) Survey XPS spectrum. (b) Raw and fitted high-

resolution C 1s XPS spectra. (c) Raw and fitted high-resolution N 1s XPS spectra. (d) High-resolution 

Fe 2p XPS spectrum. Inset: Fitted spectra. 



S24

Figure S16. Electrochemical performance of FePc-pz. (a) Different LSV curves of FePc-pz in Ar- or 

N2-saturated 0.01 M H2SO4 electrolyte under ambient condition. (b) Chronoamperometric i-t curves of 

FePc-pz under different applied potentials in N2-saturated 0.01 M H2SO4.
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Figure S17. Calibration curves of NH3 quantification with indophenol blue method. (a) UV-vis 

absorption spectra of the colorimetric NH4
+ assay in 0.01 M H2SO4 using the indophenol blue method. 

Inset: the optimal image of the obtained indophenol blue solution with different amount of standard NH4
+ 

(b) the obtained corresponding calibration curve.
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Figure S18. NRR performance of FePc-pz without stirring. CV curves (a), FE (b) and ammonia yield 

rate (b) of FePc-pz in N2-saturated electrolyte at -0.1 V vs. RHE without stirring. 
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Figure S19. NH3 quantification of the blank samples. NMR (a) and UV-vis absorption (b) spectra of the 

0.01 M H2SO4 after constant electrolysis using CP in N2-saturated electrolyte, FePc-pz in Ar and N2-

saturated electrolyte at -0.1 V vs. RHE. The chemical shifts in the spectra were calibrated using dimethyl 

sulfoxide (DMSO) as an internal standard. 
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Figure S20. NH3 quantification. Ion chromatography (Thermo Fisher Scientific ICS-1000) profiles of 

the electrolyte after constant electrolysis using FePc-pz in N2-saturated electrolyte at -0.1 V vs. RHE and 

the standard (NH4)2SO4 sample. 
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Figure S21. Calibration curves of N2H4 quantification with the Watt and Chrisp method. (a) UV-vis 

absorption spectra of the colorimetric N2H4
 assay in 0.01 M H2SO4 using the Watt and Chrisp method. 

(b) the obtained corresponding calibration curve. Inset: the corresponding optimal image. 
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Figure S22. NH3 and N2H4 quantification of FePc-pz electrocatalyst. (a) UV-vis absorption spectra of 

the 0.01 M H2SO4 using FePc-pz as the electrocatalyst under different electrolysis potentials with 

indophenol blue method. (b) UV-vis absorption spectra of the 0.01 M H2SO4 at FePc-pz electrode under 

different potentials using Watt and Chrisp method.



S31

Figure S23. Durability measurement of FePc-pz. (a) NH3 yield rates and Faradaic efficiencies at -0.1 

V vs. RHE after consecutive recycling electrolysis in N2-saturated 0.01 M H2SO4 electrolyte. (b) I-t 

curve of FePc-pz grown on CP electrode in N2-saturated 0.01 M H2SO4 electrolyte. 
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Figure S24. Stability studies of FePc-pz. (a, b) SEM images of FePc-pz/CP before (a) and after (b) the 

NRR testing. (c) Raman spectra of FePc-pz/CP before and after NRR testing, and FePc-pz powder 

samples. (d) FT-IR spectra of CP, FePc-pz/CP before and after NRR testing. 
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Figure S25. Morphology and NRR performance of commercial FePc(+2) and FePc(N=CPh2)8 monomer. 

(a) SEM images of commercial FePc(+2). (b) FE and ammonia yield rate of commercial FePc(+2) and 

FePc(N=CPh2)8 monomer at -0.1 V vs. RHE after electrolysis in N2-saturated 0.01 M H2SO4 electrolyte. 
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Figure S26. Raman spectra of the FePc-pz electrode in different potential and electrolyte. (a) Resonance 

Raman spectra of FePc-pz with stepwise lowered potential from 0.5 to -0.3 V vs. RHE in Ar-saturated 

0.01 M H2SO4 electrolyte. (b, c) Resonance Raman spectra of FePc-pz obtained at 0.3 V and -0.1 V vs. 

RHE, respectively, recorded in Ar (b) and N2 (c) saturated 0.01 M H2SO4 electrolyte solution. (d) 

Normalized component spectra of FePc-pz(O) and FePc-pz(R) derived from component analysis of 

resonance Raman spectra of FePc-pz shown in (a which are stabilized above 0.4 V and below -0.1 V vs. 

RHE, respectively. 
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Figure S27. Fitted Raman spectra of the FePc-pz electrode. Component fit analysis of resonance Raman 

spectra of FePc-pz at 0.5 V (a), 0.1 V (b), 0 V (c), and -0.1 V (d) using the component spectra of FePc-

pz(O) (green trace) and FePc-pz(R) (blue trace). Contributions from the carbon-based background are 

omitted for enhanced visuality. 
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Figure S28. Resonance Raman spectra of the FePc-pz electrode excited as 458 nm. Relative normalized 
intensity of the FePc-pz spectral components FePc-pz(O) and FePc-pz(R) plotted as a function of 
applied potential in N2-saturated electrolyte.
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Figure S29. Model structure of MPc-pz (M=Fe, Co, Ni, Cu, Zn and Mn). Schematic model structure of 

MPc-pz. 
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Figure S30. Adsorption analysis of N2 on FePc-pz. Adsorption analysis of N2 on different sites (Fe, N, 
C) of FePc-pz.
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Figure S31. Charge transfer analysis of MPc-pz and N2. Charge transfer between N2 and MPc-pz as 

compared to the isolated N2 molecule and MPc-pz. An increase in the electron density (negative charge) 

is shown blue, and a decrease in the electron density (positive charge) is shown red.
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Figure S32. Electronic structure analysis on MPc-pz (M=Fe, Co, Ni, Cu, Zn and Mn). Projected density 

of states for the most stable N2 adsorption configuration on MPc-pz with MN4 motifs (M: Mn, Fe, Co, 

Ni, Cu, Zn). Projections on H, C, N and M atoms are shown with red, blue, green and orange, respectively.
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Figure S33. DOS analysis on MPc-pz (M=Fe, Co, Ni, Cu, Zn and Mn). DOS of MPc-pz with M-N4-C 

motifs (M: Mn, Fe, Co, Ni, Cu, Zn) with N2 adsorption. Red colors indicate partial projections on the N2 

molecule.
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Figure S34. Catalytic mechanism study on MPc-pz (M=Fe, Co, Ni, Cu, Zn and Mn) via distal pathway. 

(a) Free energy profiles of NRR along the distal pathway on MPc-pz (M: Mn, Fe, Co, Ni, Cu, Zn). 

(b) Optimized structures of various intermediates for NRR reaction.
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Figure S35. DFT calculation of HER on MPc-pz (M=Fe, Co, Ni, Cu, Zn and Mn). Free energy profiles 

of HER on M-N4-C of MPc-pz. 
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Section C. Supporting Tables

Table S1. Metal contents in MPc-pz (M=Fe, Co, Mn, Ni, Zn and Cu) based on the inductively coupled 

plasma optical emission spectrometry (ICP-OES) analysis. 

MPc-pz Fe Co Ni Mn Zn Cu

Experimental contetent (wt %) 4.15 4.39 4.36 4.15 4.93 4.71

Theoretical value (wt %) 4.32 4.55 4.53 4.25 5.02 4.88

Table S2. NRR performance of this work and the related materials in the literature. 

Materials Electrolyte
Loading
mg cm-2

E
V vs. 
RHE

FENH3

%

NH3 yield 
rate

ug h-1 

mgcat
-1

Ref.

FePc-pz 2D c-COF 0.01 M H2SO4 1 -0.1 31.9 33.6
This 
work

Commercial FePc 0.01 M H2SO4 1 -0.1 11.9 4.3
This 
work

FePc(N=CPh2)8 0.01 M H2SO4 1 -0.1 17.9 19.8
This 
work

Metal complexes

FePc/C 0.1 M Na2SO4 1 -0.3 10.5 10.25 12

FeTPPCl/conductive 
substrate

0.1 M Na2SO4 0.5 -0.3
16.76 ± 

0.9
18.28 ± 13

(η5-C5H5)2TiCl2
1.0 M LiCl in 

THF
- -1 V 0.95 1.6*10-2b 14

FePc/O-MWCNT 0.1 M HCl - -0.3 9.73 36 15

Framework materials

Boron rich amorphous 
COF/NC

0.1 M KOH 1 -0.2 45.3 12.53 16

CuII–MOF on carbon 
cloth

1 M Na2SO4 - 0.4 v 11.9 24.7 17

MOF(Fe) 2 M KOH* - 1.2 V 1.43 2.05 18
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NiFe-MOF 0.1 M NaHCO3 1 or 3 -0.345 11.5 9.3 19

Noble metals

Pd 0.1 M PBS 1 0.1 8.2 4.5 20

a-Au/CeOx–RGO 0.1 M HCl 1 -0.1 10.1 8.3 21

Ru@ZrO2/NC 0.1 M HCl - -0.21 21 3.65 22

Au6/Ni 0.05 M H2SO4 - -0.14 67.8 7.4 23

Ru SAs/N-C 0.05 M H2SO4 0.255 -0.2 30.84 120.9 24

Transitional metal-based materials

Bi4V2O11 and CeO2, 0.1 M HCl 1 -0.2 10.16 23.1 25

Fe2O3-CNT (90 oC)
MEA no direct 

contact
10 / <0.2

2.2 mg 

NH3m-2

h-1

26

P doped Fe Ni LDH 0.1 M Na2SO4 - -0.5 23 10.5 27

R-O-Bi 0.1 M Na2SO4 1 -0.4 11.68 5.453 28

Carbon-based materials

Fe-N-C 0.1 M KOH / 0.194 56.5 7.48 29

FeS@MoS2/CFC 0.1 M Na2SO4 - -0.5 2.96 8.45 30

ISAS-Fe/NC 0.1 M PBS - -0.4
18.6 ± 
0.8%

62.9 ± 2.7
31

Fe-(O-C2)4 0.1 M KOH 0.5 -0.1 29.3 32.1* 32

FeSA-NO-C 0.1 M HCl 0.25 -0.4 11.8 31.9 33

Fe, Mo-N/C 0.1 M Na2SO4 0.714 -0.1 14.2 25.84 34

* 90 oC b: ug h-1 cm-2.
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Table S3. Assignments of the operando Raman peaks of FePc-pz. 

𝝂 [𝐜𝐦 ―𝟏] Vibrations

Dry OCV Ref.a Ref.b Ref.c Assignment 
483 483 484 483 484 Iso. Twist[b]

C-C[c]
618 620 - - - Linker
749 749 755 739 751 Cα-Nα-C, Nβ-Cα-C[a]

CNmC Fe-N Iso. Str.[b]
Cα-Nα-C, Cα-Nβ-Cα, Fe-N str. C-C-C[c]

898 899 - - - Linker
972 972 970 934 955 C-C[a]

NM CNmC IPB, Iso. def.[b]
Cα-C, Cα-Nα, CαNα-Cα[c]

1122 1122 1130 - - C-C-C[a]  
1217 1219 1218 1195 1214 C-C; CγC[a]

Fe-N IPB, CαNαCα str.[b]
Cα-C, C-C, Cα-Nβ-Cα[c]

1257 1258 - - - Linker
1288 1288 - - - Linker
1341 1345 1340 1344 1345 C-C, Cα-C, Cα-Nα, Nα-Cα-Nβ[a]

Benz. Cα-Cβ str.[b]
Cα-C, Cα-Nα, Nα-Cα-Nβ, Fe-N str.[c]

1376 1375 1395 1382 - Cα-Nβ, Cα-C[a]
Py. Cδ-Cδ Fe-N str., C-C IPB[b]

1400 1400 - 1423 1403 CNm-C str. Py. Exp.[b]
not assigned[c]

1420 1421 1428 1439 - C-C[a]
Cβ-Cβ[b]

1537 1538 1530 1548 1522 Cα-Nα, Nα-Cα-Nβ, Cα-Nβ-Cα, Nβ-Cα-C[a] 
CNm-C str. Py. exp.[b]; 
Cα-Nα, Cα-Nβ-Cα, Nα-Cα-Nβ [c]

1587 1589 - - - Linker 
1609 1611 - - - Linker 

𝝂 [𝐜𝐦 ―𝟏]
dry OCV Ref.a Ref.b Ref.c Assignment 
483 483 484 483 484 Iso. Twist[b]

C-C[c]
618 620 604(A1g)* 583(A1g)*

669(A1g)*
593* Cα-C-C[a]

Pc inner ring bre., Fe-N str., Ben. exp.[b]
CNmC IPB, Iso. Twist[b]
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Fe-N str., Ring bre.[c]
749 749 755 739 (B1g) 751 Cα-Nα-C, Nβ-Cα-C[a]

CNmC Fe-N Iso. Str.[b]
Cα-Nα-C, Cα-Nβ-Cα, Fe-N str. C-C-C[c]

898 899 - - - Linker
972 972 970 934 (B2g) 955 C-C[a]

NM CNmC IPB, Iso. def.[b]
Cα-C, Cα-Nα, CαNα-Cα[c]

1122 1122 1130(B1g) - - C-C-C[a]  
1217 1219 1218(B1g) 1195 1214 C-C; CγC[a]

Fe-N IPB, CαNαCα str.[b]
Cα-C, C-C, Cα-Nβ-Cα[c]

1257 1258 - - - Linker (Pyrazine)
1288 1288 - - - Linker
1341 1345 1340 1344(B1g) 1345 C-C, Cα-C, Cα-Nα, Nα-Cα-Nβ[a]

Benz. Cα-Cβ str.[b]
Cα-C, Cα-Nα, Nα-Cα-Nβ, Fe-N str.[c]

1376 1375 1395* 1382(A1g)* - Cα-Nβ, Cα-C[a]
Py. Cδ-Cδ Fe-N str., C-C IPB[b]

1400 1400 - 1423(A1g)* 1403 CNm-C str. Py. Exp.[b]
not assigned[c]

1420 1421 1428 1439(B1g) - C-C[a]
Cβ-Cβ[b]

1537 1538 1530 1548(B1g) 1522 Cα-Nα, Nα-Cα-Nβ, Cα-Nβ-Cα, Nβ-Cα-C[a] 
CNm-C str. Py. exp.[b]; 
Cα-Nα, Cα-Nβ-Cα, Nα-Cα-Nβ [c]

1587 1589 - - - Linker (Pyrazine/Pyrene)
1609 1611 - - - Linker (Pyrene)

Ref.a: 35; Ref.b: 36; Ref.c: 37
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Table S4. Calculated lattice parameters of different MPc-pz unit cells.

MPc-pz Mn Fe Co Ni Cu Zn

a=b 22.70 22.68 22.65 22.64 22.73 22.78

Table S5. Adsorption energies (eV) of different molecules on MN4 site (M: Mn, Fe, Co, Ni, Cu, Zn) of 

MPc-pz. 

MPc-pz Mn Fe Co Ni Cu Zn

*N2 -0.16 -0.29 -0.35 -0.07 -0.28 -0.10

*NNH -1.30 -1.57 -1.41 -0.17 -0.22 -0.33

*NNH2 -1.06 -1.49 -1.01 -0.17 -0.30 -0.58

*NHNH -1.37 -1.64 -1.50 -0.26 -0.44 -0.82

*NHNH2 -2.50 -2.90 -2.10 -0.99 -1.19 -1.58

*N -4.24 -3.22 -2.20 -0.41 -0.18 -0.26

*NH -2.58 -2.45 -1.95 -0.47 -0.41 -0.55

*NH2 -1.95 -1.89 -1.82 -0.55 -0.51 -0.99

*NH3 -0.75 -0.80 -0.88 -0.13 -0.13 -0.70

Table S6. Charge transfer from MN4 site of MPc-pz to N2 molecule (∆qN2= q*N2 – qN2(gas)).

MPc-pz Mn Fe Co Ni Cu Zn

∆qN2 (e) 0.12 0.26 0.27 0.03 0.02 0.03

Table S7. Separation distance ) between N2 molecule and M site (M: Mn, Fe, Co, Ni, Cu, Zn) of (Å

MPc-pz.

MPc-pz Mn Fe Co Ni Cu Zn

dM-N2 (Å) 2.33 2.09 2.02 3.00 3.32 2.76
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Table S8. Change in the M-N bond length in MN4 site of MPc-pz after N2 adsorption.

 

MPc-pz Mn Fe Co Ni Cu Zn

∆dM-N (%) 0.11 0.45 1.5 0.26 0.07 0.10

Table S9. The overpotential,  (V), of NRR along the distal pathway on MPc-pz.𝜂𝑁𝑅𝑅

 

MPc-pz Mn Fe Co Ni Cu Zn

𝜂𝑁𝑅𝑅 1.17 1.00 1.18 2.22 2.26 2.57

Table S10. The overpotential,  (V), of NRR along the alternating pathway on MPc-pz. 𝜂𝑁𝑅𝑅

MPc-pz Mn Fe Co Ni Cu Zn

𝜂𝑁𝑅𝑅 1.17 1.00 1.18 2.22 2.14 2.07
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