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1. Introduction

Electrochemical nitrogen reduction reac-
tion (NRR) under mild conditions has 
recently become a very hot research 
topic, as it provides an alternative clean 
strategy to replace the energy-intensive 
and massive CO2-producing Haber–Bosch 
process for green ammonia (NH3) pro-
duction.[1–4] As one of the most abundant 
natural resources on the earth, seawater 
accounts for above 96.5% of the planet’s 
total water amount and can in principle 
be used as a cost-effective natural elec-
trolyte for water-splitting reactions.[5–7] 
In order to conserve scarce freshwater to 
which salts have to be added to make it 
an electrolyte, the direct use of seawater 
electrolyte during electrochemical NRR 
processes would represent an interesting 
environmental benign approach. It would 
require, however the development of cor-
responding electrocatalysts that maintain 

Faradaic efficiency for the nitrogen reduction reaction (NRR) is often lim-
ited by low N2 solubility in the electrolyte, while a large number of intimate 
contacts between the electrolyte and solid catalyst can also inevitably sacrifice 
many active sites for the NRR. Here, it is reported that a “quasi-gas–solid” 
interface formed in donor–acceptor-based conjugated polymers (CPs) is 
beneficial to boosting the NRR process and at the same time suppressing the 
competing hydrogen evolution reaction. Of particular interest, it is found that 
a semicrystalline CP catalyst, SC-PBDT-TT, exhibits a high Faradaic efficiency 
of up to 60.5% with a maximum NH3 production rate of 16.8 µg h−1 mg−1 in a 
neutral-buffered seawater electrolyte. Molecular dynamics and COMSOL Mul-
tiphysics simulations reveal the origin of the observed high NRR performance 
arising from the presence of desirable crystal regions to resist the penetration 
of H2O molecules, leading to the formation of a “quasi-gas–solid” interface 
inside the catalyst for a favorable direct-contact between the catalyst and N2 
molecules. Furthermore, high-throughput computations, based on density 
functional theory, reveal the actual real active site for N2 adsorption and 
reduction in SC-PBDT-TT. This work provides a new framework for optimizing 
NRR performance of metal-free catalysts by controlling their crystallinities.
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structural stability under such conditions. Unlike the so far 
explored metal-containing electrocatalysts, including noble 
metals (for example, Au, Pd, Rh, Pt–Ir alloy, etc.)[8–12] and non-
noble metals/compounds (for example, Bi, NiCo2O4, MoS2, 
ReS2, etc.),[13–16] metal-free catalysts avoid intrinsic drawbacks 
associated with those metal catalysts, such as high cost, toxicity, 
limited abundance of rare metals (particularly, noble metals) in 
nature, and negative environmental effect. Recently reported 
metal-free electrocatalysts for NRR consist mostly of carbon 
materials, such as heteroatoms-doped carbons (N or B),[17–20] 
boron carbides,[21] and carbon nitrides.[22] The catalytic mech-
anism of carbon-based metal-free electrocatalysts has been 
widely attributed to the doping-induced charge-transfer, leading 
to inhomogeneous charge distribution.[23,24] Owing to the ver-
satility and ill-defined structures associated with carbon mate-
rials, however, the structure-property relationship for carbon 
catalysts and its influence on the NRR performance has not 
been well understood.

As a new class of emerging metal-free electrocatalysts, 
donor–acceptor (D–A) based conjugated polymers (CPs) are 
of particular interest because their semiconductor properties 
(e.g., the band gaps, band positions, and p/n characteristic) can 
be easily tuned through a selection of appropriate donor and 
acceptor units.[25–27] They not only provide an ideal platform 
to investigate the structure-property relationships, but also 
promote the D–A-based CPs as metal alternatives for electro-
catalysis. In this regard, the presence of a D–A heterojunction 
can regulate the charging mobility in D–A-based CPs to create 
an inhomogeneous charge distribution between donor and 
acceptor units.[28] This partial charge delocalization occurs in 
every individual D–A segment of the CP and can act as active 
sites for nitrogen adsorption and reduction. However, the poor 
periodicity and abundant functional groups in many D–A-based 
CPs make the experimental identification of the active sites for 
the NRR process a difficult task, if not impossible, whereas it is 
much easier for most inorganic materials due to their crystal-
line periodic structures. High-throughput first-principle calcu-
lations have been reported as a highly-efficient strategy to reveal 
the active sites in D–A-based CPs.[29,30]

The active sites in D–A-based CPs are likely to be occupied 
by H2O molecules to activate the adverse hydrogen evolution 
reaction (HER) and compete for the NRR process, due to the 
preferential adsorption of hydrogen atoms over nitrogen atoms 
in water.[31] Several efficient strategies have been put forward 
recently to suppress the HER: 1) Ling et  al. covered the NRR 
electrocatalyst with a superhydrophobic metal–organic frame-
work layer to significantly suppress the HER process and 
boost the NRR Faradaic efficiency by several percentages;[32] 
2) Yan et al. used acidic potassium sulfate electrolyte to stabilize 
the key nitrogen-reduction intermediates and regulate proton 
transfer, leading to a Faradaic efficiency as high as 66% for 
NRR;[13] 3) Yan et al. used single iron atoms on nitrogen-doped 
carbon support as the electrocatalyst to positively shift the onset 
potential with a dramatically enhanced Faradaic efficiency of 
56.55%.[33] On the other hand, the hydrophobicity of a polymer 
is closely related to its degree of crystallinity (DC), as reported 
in previous reports.[34–36] However, its implication to NRR elec-
trocatalysis has yet to be recognized. The well-designed crys-
talline surface of CPs can withstand the penetration of H2O 

molecules to a certain degree and partially restrict their con-
tact with the tightly wrapped active sites in the inner crystal-
line region of the CPs. Thus, a perfect crystalline surface may 
suppress the HER process significantly, while a suitable NRR 
electrocatalyst still needs the participation of protons (H2O or 
H2) in the reaction to realize the reduction of N2. Therefore, the 
design of CPs-based electrocatalysts with the right fraction of 
crystallinity is not only “terra incognita” but also an important 
issue to boost green ammonia production.

In this study, we designed the semicrystalline CP SC-PBDT-
TT with an 8.50% degree of crystalline determined by wide-
angle X-ray diffraction (WAXD). The SC-PBDT-TT catalyst was 
used as a metal-free electrocatalyst for the NRR process and 
exhibited an excellent Faradaic efficiency of 60.5% with a high 
NH3 production rate of 16.8 µg h−1 mg−1 at −0.7 V in the neu-
tral-buffered seawater electrolyte. This outstanding NRR per-
formance is attributable to the presence of right crystal regions 
in the SC-PBDT-TT catalyst to generate a “quasi-gas–solid” 
interface between the N2 gas and the catalyst, as evidenced by 
molecular dynamics and COMSOL Multiphysics simulations 
(vide infra). Furthermore, high-throughput computations based 
on the density functional theory (DFT) were conducted to pre-
cisely determine the active site for N2 adsorption and reduc-
tion in the SC-PBDT-TT catalyst with the rate-determining step 
(*NH2 → *) of a 2.18 eV energy barrier.

2. Results and Discussion

Three different electron acceptors (A) and two types of elec-
tron donors (D) are displayed in Figure 1a,b. Series 1 repre-
sents different electron-acceptor variations, including B68, 
BDD, and TT, while Series 2 shows two kinds of electron-donor 
units of BDT and 3TDC. Based on these units, three D–A 
alternating CPs, namely PB68-3TDC, PBDB-T, and PBDT-TT 
(Figures S1–S3, Supporting Information), were designed by 
complexing one electron-acceptor monomer and one electron-
donor monomer from series 1 and 2, respectively, at a predeter-
mined molar ratio. Due to the dipolar and inductive effects,[37] 
the electron in every D–A segment is partially delocalized from 
the D to the A units, leading to a higher electron density in the 
A unit compared to the D unit. This inhomogeneous electron 
distribution creates numerous sites of high electron density to 
act as active sites for electrochemical NRR (vide supra).

Figure  1c shows the band structures (HOMO and LUMO 
band positions) established by the DFT calculations. As can be 
seen, PBDT-TT displays HOMO positions close to the reduc-
tion potential of N2 in different environments, which are −4.92 
and −5.16  eV in the gas phase and water, respectively, indi-
cating its potential as a highly active NRR electrocatalyst. Fur-
thermore, the three D–A polymers (PB68-3TDC, PBDB-T, and 
PBDT-TT) show different electron densities on the HOMO and 
LUMO levels (Figure  1d and Figure S4, Supporting Informa-
tion). In particular, the electron in PBDT-TT distributes along 
the backbone through its conjugated segments, demonstrating 
its good conductivity for electron transfer during the electrocat-
alytic NRR process, as we shall see later.

Because of the above discussion, TT (compound 1) and BDT 
(compound 2) were used as monomers to synthesize PBDT-TT 
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(Figure 2a) with details in the Supporting Information. In order 
to suppress the adverse HER by the hydrophobic surface dis-
cussed above, we deliberately controlled the DC for PBDT-TT 
by tuning the crystallization conditions, leading to the genera-
tion of three samples: low-crystalline PBDT-TT (LC-PBDT-TT), 
semicrystalline PBDT-TT (SC-PBDT-TT), and high-crystalline 
PBDT-TT (C-PBDT-TT). The degree of crystallization was char-
acterized by high-resolution transmission electron microscopy 
(HRTEM) and wide-angle X-ray diffraction (WAXD)  measure-
ments. The LC-PBDT-TT displays an amorphous structure 
without obvious crystalline zones as seen in the corresponding 
HRTEM images (Figure 2b and Figure S5, Supporting Informa-
tion). The corresponding HRTEM images for the SC-PBDT-TT 
sample (Figure  2c and Figure S6, Supporting Information) 
show small crystalline grains (particle size: ≈3.5 nm) appeared 
among the amorphous regions with rich crystal boundaries. 
For the HC-PBDT-TT sample, it exhibits abundant crystal-
line grains in its HRTEM image (Figure  2d), demonstrating 
its high DC. To estimate the crystallinity quantitatively, 
Figure  2e–g shows the 2D  WAXD patterns for LC-PBDT-TT, 
SC-PBDT-TT, and HC-PBDT-TT, respectively, which reveals 
the order of intermolecular packing increased from LC-PBDT-
TT, through SC-PBDT-TT, to HC-PBDT-TT, in good consist-
ency with the HRTEM images. For more detailed analyses, 

1D  integrated WAXD intensity profiles of these samples are 
shown in Figure  2h–j, where radical 2θ scans were carried 
out. Curve-fitting deconvolution of the intensity profiles along 
the equator was performed using Peak-fit Software to separate 
various phase contributions. The DCs in the different PBDT-
TT samples were estimated by calculating the ratio of the inte-
gral area of crystalline scattering to the total integral areas of 
crystalline and amorphous scatterings. The DCs for LC-PBDT-
TT, SC-PBDT-TT, and HC-PBDT-TT were found to be 3.46%, 
8.50%, and 15.01%, respectively. From the N2 physisorption 
experiments at −196  °C (Figure S7, Supporting Information), 
the specific surface area values of LC-PBDT-TT, SC-PBDT-
TT, and HC-PBDT-TT are calculated to be in a narrow range 
between 3 and 10 m2 g−1, which suggests that the modulated 
DCs of PBDT-TT have a negative effect on its specific surface 
area. The near-edge X-ray absorption fine structure (NEXAFS) 
analysis (Figure S8, Supporting Information) provides addi-
tional structural details of the synthesized SC-PBDT-TT, which 
matches well with its molecular structure (Scheme S1, Sup-
porting Information). More structural information on various 
PBDT-TT samples was provided by Fourier transform infrared 
(FTIR) spectroscopy (Figure S9, Supporting Information), 
Raman analyses (Figure S10, Supporting Information), and 1H 
nuclear magnetic resonance (NMR) spectroscopy  (Figure S11, 
Supporting Information) with corresponding discussion in the 
Supporting Information, which demonstrate that the molecular 
structures of the synthesized PBDT-TT remain unchanged for 
LC-PBDT-TT, SC-PBDT-TT, and HC-PBDT-TT. Furthermore, 
three PBDT-TT samples of different DCs with co-existing crys-
talline and amorphous phases (Figure  2k–m) will be used as 
three models to reveal the relationship between the crystalline 
property and electrochemical NRR performance for the D–A-
based CP catalysts.

In order to conserve scarce freshwater and extra salt for 
electrolytes, natural seawater was selected as the electrolyte for 
the following NRR tests. To hinder the formation of insoluble 
precipitates, such as magnesium hydroxide (Mg(OH)2),[38] the 
pH of the collected seawater (pH = 8.0) from the nearby coastal 
site (Figure 3a and Figure S12, Supporting Information) was 
precisely controlled and preferably maintained within the neu-
tral range by using the NaH2PO4/Na2HPO4 acid/base conju-
gate pair as a buffer. Based on the calibration curves for NH3 
detection in the neutral-buffered seawater electrolyte by using 
the indophenol blue method (Figure S13, Supporting Informa-
tion), the ammonia content in the neutral-buffered seawater 
electrolyte during the NRR process was estimated from the 
result of ultraviolet (UV) intensity. Prior to its use, a series of 
blank experiments were carried out to confirm the purity of 
neutral-buffered seawater electrolyte (Figure S14, Supporting 
Information), under N2/Ar gases (Figure S15, Supporting Infor-
mation), and 15N2 gas (Figure S16, Supporting Information) to 
demonstrate there is no NH3 contamination in these systems. 
In order to exclude the possible NH3 contaminations from 
SC-PBDT-TT catalyst and carbon paper substrate, we further 
conducted another two blank experiments (Figure S17, Sup-
porting Information).

By employing PBDT-TT of different DCs as the cathodic 
catalysts, potentiostatic NRR tests were conducted by bubbling 
N2 gas continuously at ambient temperature and pressure 
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Figure 1.  Two series of polymeric units for possible donor–acceptor poly-
mers: a) acceptor and b) donor. c) Band structure diagram for various 
donor–acceptor polymers in different environments (gas phase and 
water). d) HOMO levels for the segments of PB68-3TDC, PBDB-T, and 
PBDT-TT.
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(Figure S18a, Supporting Information). As shown in Figure 3b, 
the highest NH3 yield rate was calculated to be 16.8 µg h−1 mg−1 
for the SC-PBDT-TT catalyst with the maximum Faradaic 
efficiency of 60.5% when the potential reaches −0.7 V. Faradaic 
efficiency of SC-PBDT-TT reduces with reducing potential from 
−0.7  V, reflecting the enhanced competition of HER process 
as the proton reduction becomes easier.[38–40] Meanwhile, the 
coverage on the surface of the SC-PBDT-TT catalyst with H2 
would confine the penetration of N2 gas into the inner space 
of the SC-PBDT-TT catalyst, leading to the limited NH3 yield 
rate during the NRR process. When the potential locates at a 
more positive region than the inflection point, the NH3 yield 
rate decreases dramatically due to the limited amount of elec-
trons available to reduce N2 into NH3, as confirmed by the 
linear-sweep voltammetry curve (Figure S18b, Supporting 
Information). The decreased Faradaic efficiency indicates 
the applied electrons are much easier to combine with H2O 
molecule and reduce H2O into H2 when the potential is more 
negative than −0.7 V. Furthermore, it was noted that the NRR 
activity for SC-PBDT-TT is much higher than the one of in the 
LC-PBDT-TT catalyst (NH3 yield rate: 5.4  µg h−1 mg−1; Fara-
daic efficiency: 16.1%) and of the HC-PBDT-TT catalyst (NH3 
yield rate: 7.7 µg h−1 mg−1; Faradaic efficiency: 31.6%), as well as 
many other metal-free electrocatalysts (Figure 3c and Table S3, 
Supporting Information).[17,19,21,22,41–48] Additionally, the electro-
chemical surface areas (ECSAs) of LC-PBDT-TT, SC-PBDT-TT, 
and HC-PBDT-TT catalysts were determined by the double 
layer capacitances (Cdl) in their corresponding cyclic voltam-
metric (CV) curves (Figure S19a–c, Supporting Information), 

which are 7.2, 6.2, and 5.4 mF cm−2 (Figure S19d, Supporting 
Information), respectively.[49,50] From the perspective of ESCAs, 
the SC-PBDT-TT catalyst also shows the highest NH3 produc-
tion rate (for additional discussion, see Supporting Informa-
tion). Electrochemical impedance spectroscopy (EIS) analysis 
of SC-PBDT-TT was also conducted and shown in Figure S20, 
Supporting Information, indicating a low charge transfer resist-
ance between the catalyst and electrolyte interface.[51] These 
results demonstrate the positive effects of the semicrystalline 
structure on both NH3 yield rate and Faradaic efficiency, which 
will be further illustrated by the following molecular dynamics 
(MD) and COMSOL Multiphysics simulations. Impressively, 
no N2H4 by-product was detected in the neutral-buffered sea-
water electrolyte (Figure S21, Supporting Information) by the 
Watt and Chrisp method,[9] demonstrating the high selectivity 
of SC-PBDT-TT catalyst for NH3 generation.

Catalytic stability is another key feature to evaluate the poten-
tial practical use of electrocatalysts. During long-term electro-
catalytic tests (50 cycles) at an applied potential of −0.7  V, the 
SC-PBDT-TT catalyst displayed a small decay in both NH3 
yield rate and Faradaic efficiency (Figure  3d). Specifically, the 
NH3 yield rate remains at a level of 87.5% of its initial value 
and shows well-maintained structural features (Figures S22 
and S23, Supporting Information), implying the excellent sta-
bility of the SC-PBDT-TT catalyst in the NRR process. Although 
the possible contaminations from the SC-PBDT-TT catalyst 
itself have been ruled out (Figure S17, Supporting Informa-
tion), and isotopic labeling experiment was also employed in 
0.1 m Na2SO4 electrolyte to trace the nitrogen origin in the NH3 
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Figure 2.  a) Synthesis of polymer PBDT-TT by using compounds 1 and 2 as monomers. b–d) HRTEM images of LC-PBDT-TT (b), SC-PBDT-TT (c), and 
HC-PBDT-TT (d). e–g) WAXD patterns of LC-PBDT-TT (e), SC-PBDT-TT (f), and HC-PBDT-TT (g). h–j) 1D integrated WAXD intensity profile and the 
corresponding peak separation analysis to estimate the crystallinity in LC-PBDT-TT (h), SC-PBDT-TT (i), and HC-PBDT-TT (j). k–m) Illustration for the 
microstructures of three PBDT-TT samples with different DCs: k) LC-PBDT-TT, l) SC-PBDT-TT, and m) HC-PBDT-TT.
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production (Figure  3e). Here, the 1H NMR spectra of com-
mercial (14NH4)2SO4 and (15NH4)2SO4 samples were collected 
as two standard models, which show a 14N triplet (I  = 1) and 
a 15N double (I  = 1/2) between 6.85 to 7.15  ppm, respectively. 
The NMR spectra of electrochemical systems fed by 14N2 and 
15N2 gases well correspond to the two standard models. More 
importantly, there is no 14N triplet in the NMR spectrum for the 
system fed by 15N2, demonstrating the detected NH3 production 
fully originates from the nitrogen gas instead of the SC-PBDT-
TT catalyst itself.

To understand the impact of semicrystalline characteristic 
of SC-PBDT-TT on the diffusion of nitrogen and water, MD 
simulations were conducted. For simplicity, the SC-PBDT-TT 
model was constructed by connecting the crystalline region 
(Figure S24, Supporting Information) between two amor-
phous regions as displayed in Figure 4a, where the height of 

the channel was fixed as 1.5 nm. The simulation box was filled 
with a gas-liquid mixture of 14  118 water molecules and 2340 
nitrogen molecules. The initial structure for the simulation was 
set up by filling the gas-liquid mixture in the two amorphous 
regions at 0 ps (Figure 4a), where the direction from left to right 
in the as-constructed model was defined as the Z-direction. As 
the diffusion proceeds from 0 to 10  000  ps, we found abun-
dant N2 molecules can penetrate into the channels (crystalline 
region) gradually while the H2O molecules are confined outside 
(Figure  4a & Figure S25, Supporting Information). When the 
diffusion time is between 9 and 10 ns, the average numbers of 
N2 and H2O molecules along the Z-direction of the SC-PBDT-
TT model were counted in Figure 4b. Statistically speaking, the 
occupancy of the H2O molecule in the crystalline region of the 
SC-PBDT-TT model (from 10.2 to 27.7 nm along the Z-direction) 
decreases dramatically, while the occupancy of the N2 molecule 
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Figure 3.  Electrochemical NRR performance in neutral-buffered seawater electrolyte. a) Schematic illustration for the neutral-buffered seawater electrol-
ysis. Here, RE means reference electrode. b) NH3 yield rate and Faradaic efficiency of SC-PBDT-TT, HC-PBDT-TT, and LC-PBDT-TT at different potentials. 
c) Comparison of NRR properties reported recently referring to metal-free electrocatalysts. d) Recycling test (50 cycles) of SC-PBDT-TT at an applied 
potential of −0.7 V (vs RHE). e) 1H NMR analysis of SC-PBDT-TT fed by 14N2 and 15N2 gases after electrochemical NRR process in 0.1 m Na2SO4 electrolyte.
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increases slightly. Although the dynamic diameter of the H2O 
molecule (≈4.0 Å) is similar to that of the N2 molecule (≈3.6 Å), 
H2O molecules in the natural-buffered seawater electrolyte are 
easily clustered with each other due to the existence of abun-
dant sodium ions and strong hydrogen bonds, resulting in a 
large size for the water phase and a mismatch with the height 
of the channel (1.5 nm) in the crystalline region of SC-PBDT-TT. 
However, the inert N2 molecules with a small dynamic diameter 
(≈3.6 Å) are not easy to be bunched together, which leads to their 
fast diffusion inside the crystalline region compared to the H2O. 
On the other hand, we also investigated the diffusion of N2 and 
H2O molecules into the amorphous region of SC-PBDT-TT. As 
shown in Figure S26, Supporting Information, both N2 and H2O 
molecules can penetrate into the amorphous region and occupy 
the free space of SC-PBDT-TT gradually from 0 to 2000  ps, 
which points to poor selectivity of the amorphous region in 
SC-PBDT-TT. The average number of N2 and H2O molecules 

along the Z-direction of the amorphous region of SC-PBDT-TT 
(Figure S27a, Supporting Information) also provides quantita-
tive evidence of its poor selectivity, where the occupancy of H2O 
molecule drops slowly and even reaches a higher level than that 
of N2 molecule (from 1.6 to 8.2  nm along the Z-direction). In 
stark contrast, the occupancy of H2O molecule in the crystalline 
region is close to zero (Figure S27b, Supporting Information, 
similar as in Figure 4b), which firmly demonstrates that only the 
crystalline region in SC-PBDT-TT can act hydrophobic and aero-
philic behaviors. Therefore, the as-confirmed existence of hydro-
phobic and aerophilic behaviors of the crystalline region in the 
SC-PBDT-TT model is beneficial for the generation of a “quasi-
gas–solid” interface in the interior space of the catalyst. As a 
result, abundant active sites in the crystalline region can come 
in contact with the N2 gas directly, leading to the suppressed 
HER and accelerated NRR processes. In addition, further anal-
yses of the van der Waals (vdW) and electrostatic interactions 
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Figure 4.  MD and COMSOL Multiphysics simulations for the N2 and H2O diffusions. a) Snapshots of the N2 and H2O distributions in the crystalline 
region of the SC-PBDT-TT model from 0 to 10 000 ps. The cyan, yellow, red, white, and blue balls represent C, S, O, H, and N atoms, respectively. 
b) The N2 and H2O occupancies along the Z-direction (from left to right in the crystalline region of the SC-PBDT-TT model) between 9 and 10 ns. 
c) Electrostatic and vdW interactions of N2 and H2O with SC-PBDT-TT. d,e) Distributions of N2 concentration (d) and H2O concentration (e) in the 
3D simulation domain of SC-PBDT-TT at 5000 s. f,g) Distributions of N2 concentration (f) and H2O concentration (g) around the crystalline region of 
SC-PBDT-TT at 1000 s. h) The changes of N2 and H2O concentrations in the center of the crystalline region of SC-PBDT-TT within 1000 s.
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of the two molecules (N2 and H2O) with a selected region of 
SC-PBDT-TT (Figure 4c) indicate that the SC-PBDT-TT exhibits 
stronger vdW attractions towards the N2 molecules compared to 
H2O molecules. These results imply that the stronger nitrogen 
adsorption ability for the SC-PBDT-TT and enhanced NRR per-
formance originates from its semicrystalline structure.

To further elucidate the structural superiority of SC-PBDT-
TT with a “quasi-gas–solid” interface in the interior space of the 
catalyst, COMSOL Multiphysics simulations were performed 
by constructing a 3D simulation domain (8 × 8 × 8 mm3, 
Figure S28, Supporting Information), in which both the N2 
and H2O diffuse from top to bottom (with eight spheres pre-
senting the crystalline regions in SC-PBDT-TT). The COMSOL 
Multiphysics simulations were conducted by using transport of 
diluted species modules with more details in the Supporting 
Information. When the diffusion time reaches 5000 s, the 
distributions of N2 and H2O concentrations in the 3D simula-
tion domain of the SC-PBDT-TT are displayed in Figure  4d,e. 
In particular, the N2 gas has already penetrated into the crys-
talline region, while the H2O molecules almost gathered out-
side the spheres, in the amorphous region. It also confirms the 
hydrophobic and aerophilic behavior of the crystalline region 
in SC-PBDT-TT. In order to monitor the diffusion processes 
better, we also recorded the changes (from 0 to 1000 s) of N2 
and H2O concentrations in the center of the sphere in site A 
(Figure  4f) and site B (Figure  4g), respectively. As plotted in 
Figure  4h, the N2 concentration increases rapidly after 70 s. 

However, only a slight H2O penetration occurs at site B, which 
indicates the diffusion of H2O in the crystalline region is much 
more difficult than that of N2. All these results demonstrate 
that the hydrophobic crystalline region in the SC-PBDT-TT is 
beneficial for the generation of a “quasi-gas–solid” interface in 
the interior space of the catalyst, resulting in a suppressed HER 
process and abundant unoccupied active sites for the NRR pro-
cess (especially in the crystalline region of SC-PBDT-TT).

Apart from the diffusion of N2 and H2O molecules inside 
the SC-PBDT-TT, the exact active site in the PBDT-TT chain 
is further unveiled by high-throughput computational DFT 
calculation. Unlike the simple atomic structures in many inor-
ganic materials with perfect periodicity, the CP-based catalyst 
consists of different functional groups (see Figure 5a), which 
makes it difficult to determine the real active site in PBDT-TT 
for nitrogen adsorption and reduction. Here, the PBDT-TT 
segment was split into 70 fragments and marked as 1 to 70. 
Thereafter, one N2 molecule would scan and touch these 70 
sites to calculate the corresponding binding energy (BE) from 
left to right automatically. To be noted, the BE indicates the 
smallest amount of energy required to remove the adsorbed 
N2 on the PBDT-TT (*N2) catalyst into individual PBDT-TT (*) 
and N2. As a result, the BE values on the interfaces between 
different groups in PBDT-TT and N2 are plotted in Figure  5b 
and Table S4, Supporting Information. As the first nitrogen 
adsorption is regarded as the key step during the overall NRR 
process, there are three preferred active sites (site 2, site 6, 

Adv. Mater. 2022, 34, 2201853

Figure 5.  a) The optimized model of PBDT-TT with marked 70 sites for N2 scanning. b) The calculated BE with the N2 molecule residing on different 
sites of the PBDT-TT model. c) The energy diagrams for NRR on different sites (Site 1, Site 2, and Site 6) of PBDT-TT.
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and site 7) identified for the subsequent N2 reduction after 
high-throughput computational screening. These sites show 
BE values of 1.99, 2.20, and 2.23  eV, respectively, the lowest 
among the 70 sites, indicating the main active sites for N2 
adsorption are located at thiophene rings rather than on the 
alkane side-chains. The optimized structures of N2 adsorbed 
PBDT-TT on different sites are also provided in Figure S29, 
Supporting Information. The average bond lengths between 
carbon and adsorbed N atoms on site 2, site 6, and site 7 are 
measured as 1.512, 1.487, and 1.502 Å, respectively, indicating 
their chemically stable structures for the subsequent nitrogen 
reduction steps. More precisely, the associative distal pathway 
is suggested (Figure S30, Supporting Information) and studied 
on site 2, site 6, and site 7. As the corresponding energy dia-
grams shown in Figure 5c (more details of energy data can be 
found in Table S5, Supporting Information), the N2 adsorption 
is coincidentally the rate-determining step for site 6 and site 7 
with energy barriers of 2.20 and 2.23 eV, respectively. For site 2, 
the last step during the NRR process (*NH2 → *) is regarded 
as the rate-determining step with an energy barrier of 2.18 eV. 
These results indicate that site 2 has the lowest energy barrier 
and is the most likely site for N2 adsorption and reduction in 
the PBDT-TT chain from a DFT perspective.

3. Conclusions

We have revealed a new strategy to optimize the nitrogen 
reduction reaction (NRR) performance of polymeric metal-
free catalysts by regulating their degree of crystalline. First, a 
donor–acceptor-based conjugated polymer (CP) of PBDT-TT 
was chosen and synthesized as an NRR catalyst based on its 
appropriate HOMO position with respect to the reduction 
potential of N2. From the NRR performance in neutral-buffered 
seawater electrolyte, it was found that the semicrystalline 
PBDT-TT (SC-PBDT-TT) catalyst displayed a boosted Fara-
daic efficiency (60.5% at −0.7  V) and a maximum NH3 yield 
rate (16.8  µg h−1 mg−1). As revealed by molecular dynamics 
and COMSOL Multiphysics simulations, the observed out-
standing NRR performance is attributable to the presence of 
the appropriate crystal regions in the SC-PBDT-TT to generate 
the desirable “quasi-gas–solid” interface (between N2 and cata-
lyst) by limiting the penetration of H2O molecules to suppress 
the competitive hydrogen evolution reaction. Finally, the exact 
active site for NRR in the SC-PBDT-TT catalyst was precisely 
revealed by analyzing 70 fragments through high-throughput 
computations based on DFT calculation to find the lowest 
energy barrier for the rate-determining step (*NH2 → *) to be 
2.18  eV. This work clearly shows the positive effect of crystal 
structure in donor–acceptor-based CPs to boost their NRR 
performance, providing important guidance for the design of 
next-generation metal-free catalysts for the NRR process and  
beyond.
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