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Oxygen Reduction Reaction DOI: 10.1002/anie.200((will be filled in by the editorial staff)) 

Controlled Asymmetric Charge Distribution of Active Centers in 
Conjugated Polymers for Oxygen Reduction 

Daohao Li+, Binbin Wang+, Xiaojing Long*, Wenjia Xu, Yanzhi Xia, Dongjiang Yang* and Xiangdong 

Yao*

Abstract: Active center reconstruction is essential for searching 

high performance oxygen reduction reaction (ORR) electrocatalysts. 

Usually, the ORR activity stems from the special electronic 

environment of active sites through charge redistribution. In this 

work, we introduce “asymmetry” strategy to adjust the charge 

distribution of active centers by precisely designing conjugated 

polymer (CP) catalysts with different degrees of asymmetry. We 

synthesized asymmetric backbone CP (asy-PB) by modifying boron-

nitrogen coordination bonds (B←N) and asymmetric sidechain CP 

(asy-PB-A) with different alkyl chain lengths. As a result, both CPs 

with backbone and sidechain asymmetry exhibit superior ORR 

performance to their symmetric counterparts (sy-P and sy-PB). 

Interestingly, asy-PB with greater asymmetry degree shows higher 

catalytic activity than asy-PB-A with relatively smaller asymmetry. 

Density functional theory calculations reveal that the increased 

dipole moment and non-uniform charge distribution caused by 

asymmetric structure endows the center carbon atom of bipyridine 

with efficient catalytic activity. These findings provide a mechanistic 

understanding of asymmetric ORR active structures and this 

approach gives a new strategy to design high-performance non-

metal electrocatalysts. 

 

Oxygen reduction reaction (ORR) has been widely studied as 

key process of metal-air batteries and fuel cells by using metal-

based and metal-free materials as catalysts.[1] It is known that 

strategies for regulating the catalytic activity of ORR 

electrocatalysts have been intensively investigated. For example, 

strain engineering,[2] surface engineering,[3] and single-atom 

engineering[4] are developed to tune the chemical and electronic 

environment of metal-based ORR active centers, leading to 

improved catalytic activities. Heteroatom-doping engineering[5] 

is other kind of effective method of modulating the electronic 

state of carbon framework and constructing highly active centers 

for metal-free carbon materials (MFCMs). In summary, the 

special electronic environment of active sites derived from the 

charge redistribution is generated by irregularly distorting 

periodic structures, and thus leads to tunable catalytic activity. 

 In view of regulating charge distribution of materials to boost 

ORR catalytic activity, designing asymmetric structures with 

irregular electronic distribution could achieve highly 

electrocatalytic efficiency. The electronic state of electrocatalysts 

can be asymmetrically tailored through introducing carbon 

defects[6] or vacancies[7] to enhance their electrocatalytic 

activities. Asymmetric defects or vacancy sites coordinated by 

metal atoms further restructured their local electronic 

distribution by tuning metal species and coordinated 

environment.[8] Despite such asymmetric structure reconstruction 

process is recognized as valid method to improve ORR activities, 

it is hard to fine-tune the accurate structure, asymmetry degree, 

and content of highly catalytic active centers. Thus, novel ORR 

catalysts should be explored with precisely designed and 

synthesized active centers through “asymmetry” strategy, which 

can subjectively control the charge distribution of active centers 

at molecular level. 

 

Scheme 1. a) Schematic illustration of symmetric (sy-P and sy-PB) and 

asymmetric (asy-PB and asy-PB-A) molecular structures. The electrostatic 

potential surface maps of b) sy-P, c) asy-PB, d) sy-PB, and e) asy-PB-A. 

Recently, organic materials, especially organic frameworks 

and conjugated polymers (CPs), have emerged as a promising 

new energy material system (such as polymer solar cells, energy 

storage, electrocatalysis, and photocatalysis, etc.).[9] Pyrolysis-

free organic electrocatalysts are a promising kind of materials 

due to their fine-tuned chemical and electronic structures, which 

can precisely construct active centers to further reveal catalytic 

mechanism.[9c] Among them, the precisely defined CPs with 

excellent charge carrier mobility, chemical stability and good 
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solubility allows for controllable synthesis of unique catalytic 

active centers and enables investigation of the correlation 

between activity and structure.[10] The asymmetric molecular 

structures in CPs can break the integrity of π-conjugated systems 

and redistribute electrons on the conjugate skeleton, as a result 

of affecting the electrochemical properties of these materials.[11] 

Thus, the uneven electron distribution principle stimulates us to 

design molecule with asymmetric CP electrocatalysts. 

Modulating surface electronic structure by precisely designing 

and synthesizing asymmetric molecule is a novel approach to 

accurately regulate the charge distribution and high-efficiently 

enhance the electrocatalytic activity. 

Herein, we firstly introduce the “asymmetry” strategy for 

precisely design CP-based electrocatalysts to adjust the charge 

distribution of active centers and their ORR catalytic activities. 

The CPs are alternating copolymer of fixed thiophene and 

symmetric/asymmetric units. As the electron-withdrawing B-N 

coordination bonds (B←N) and alkyl chain can result in 

different electronic redistribution with varied asymmetry degree, 

thus asymmetric backbone CP (asy-PB) and asymmetric 

sidechain CP (asy-PB-A) were constructed with different B←N 

numbers and alkyl chain lengths (Scheme 1a). We found that the 

as-prepared asymmetric asy-PB and asy-PB-A exhibit higher 

ORR activity than their symmetric counterparts (sy-P and sy-PB) 

in alkaline electrolyte. Asymmetric backbone asy-PB with 

greater asymmetry degree shows higher catalytic activity than 

that of asy-PB-A with asymmetric sidechain. The mechanism 

studies clarify that the asymmetric structure of asy-PB can 

induce non-uniform charge distribution and make the molecular 

framework possess higher dipole moment.  

 

Figure 1. DFT calculations about electrochemical properties of four 

asymmetric and symmetric CPs for ORR. The NICS(1)ZZ values of a) sy-P, b) 

asy-PB, c) sy-PB and d) asy-PB-A. Calculated e) electrostatic potential and 
dipole moment and f) free energy diagrams of site-21 for sy-P, asy-PB, sy-
PB and asy-PB-A. g) Side view of the 3D charge densities for the four 

reaction steps of site-21 for asy-PB. 

In electrostatic potential surface maps, blue and red represent 

positive and negative charges, respectively (Scheme 1b‒e). The 

bipyridyl central unit and the whole molecule exhibit 

nonuniform charge distribution in asymmetric asy-PB and asy-

PB-A, while both symmetric sy-P with weak positive and 

symmetric sy-PB with keen negative charge are symmetrically 

distributed on their skeletons. Density functional theory (DFT) 

calculations with the Gaussian and Vienna ab initio simulation 

package (VASP) were carried out based on four CPs molecular 

structure units.[12] To simplify the calculations, it is reasonable to 

employ the model compounds with repeating unit and use 

methyl/butyl side chains to replace different long alkyl chains. 

The nucleus-independent chemical shifts (NICS), electrostatic 

potential diagram and dipole moment of the molecules were 

calculated by the Gaussian. For bipyridine units, the NICS(1)ZZ 

values are all negative, which demonstrated that they are 

aromatic. The different NICS(1)ZZ values of the two pyridine 

rings were found around the conjugated skeleton (0.56 for asy-

PB and 0.30 for asy-PB-A) and sidechain (0.84 for asy-PB-A) of 

the structures, which is likely due to the high backbone 

asymmetry of asy-PB and high sidechain asymmetry of asy-PB-

A (Figures 1a‒d).[13] The asymmetric asy-PB and asy-PB-A 

show dipole moment of 3.442 and 1.877 Debye (Figure 1e), 

respectively, which is larger than their symmetric counterparts 

(0.277 Debye for sy-P and 1.322 Debye for sy-PB).[14] This 

indicates that the asymmetric structure increases the molecular 

polarity and benefits the charge redistribution of active sites. 22 

possible positions of CP-based models were also optimized as 

active sites (Figures S1‒S4). Gibbs free energy (∆G) diagrams 

were calculated by VASP to analyze the overpotential of three 

structures for ORR.[15] The overpotentials of center carbon atom 

of bipyridine (site‒21) for asy-PB (Figure S2, 0.36 eV) and asy-

PB-A (Figure S4, 0.38 eV) are lower than those of sy-P (Figure 

S1, 1.76 eV) and sy-PB (Figure S3, 0.65 eV), indicating 

asymmetric structure induces the positive ORR activity (Figure 

1f). In addition, the site‒15 and site‒2 N atoms of asy-PB and 

asy-PB-A also exhibit lower overpotential compared with their 

counterpart atoms in sy-P and sy-PB (Tables S1‒S4 and Figures 

S5‒S8). Moreover, for site‒21 of asy-PB, the 3D charge 

densities of the four reaction that exhibit the O2 + H+ + e– → 

OOH* step has the least free electrons (demonstrated by blue 

area, Figure 1g), which accords with the free energy diagram. 

 

Figure 2. Structural characterization of the prepared samples. a) TEM 

image of asy-PB/rGO and b) its corresponding EDS mappings for N, S and 
B elements. c) Powder X-ray diffraction patterns of sy-P, sy-P/rGO, asy-PB 
and asy-PB/rGO. d) UV-vis absorption and fluorescence spectra of sy-P 

and asy-PB. e) Room temperature current (I)-voltage (V) curves of sy-P 
and asy-PB. f) Raman spectra of sy-P/rGO, asy-PB/rGO, and rGO. 
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To experimentally prove the effect of asymmetric structure on 

charge distribution of active centers and electrocatalytic 

reactivity, the four CPs of sy-P, asy-PB, sy-PB, and asy-PB-A 

with similar molecular weights of ca. 11-15 kDa were 

synthesized by using Stille-polymerization method in the 

presence of catalyst/ligand of Pd2(dba)3∙CHCl3/P(o-tolyl)3,
[16] 

and their chemical structure were verified by 1H NMR, 11B NMR, 
13C NMR and FTIR (Figure S9). They have good solubility in 

organic solvents, such as dichloromethane, chloroform, and 

tetrahydrofuran. As a compact morphology of pure organic 

molecules is not conducive to the catalytic reaction, the reduced 

graphene oxide (rGO) was employed to act as supporting 

skeleton to investigate the properties of CPs. Transmission 

electron microscopy (TEM) and scanning electron microscopy 

(SEM) were used to study the morphologies of the optimized 

CPs and CPs/rGO. All the pure CPs show bulky shapes (Figure 

S10), and all the CPs/rGO blends show homogeneous 

morphology and no phase separation were observed (Figures 2a 

and S11‒S16), implying that CPs are closely attached onto rGO. 

Energy-dispersive spectroscopy (EDS) confirms that the N, S 

and B atoms are uniformly distributed in these blend samples 

(Figures 2b and S10‒S16). In addition, the powder X‒ray 

diffraction (PXRD) pattern of pristine sy-P gives a strong (100) 

diffraction at 2θ = 4.12° along with the (010) peak at 2θ = 21.50°, 

which indicates the lamellar packing distance of 2.14 nm and the 

π‒π stacking distance of 0.36 nm, respectively. In contract, the 

asy-PB shows only a weak (100) peak at 2θ = 4.81°, with the 

lamellar packing distance of 1.84 nm (Figure 2c). These signals 

demonstrate that the asymmetrical structure can destroy the 

ordered molecular packings. In addition, it is worth noting that 

all CPs/rGO samples show the rGO-dominated PXRD patterns 

at ~ 25.00°, which enhances the disorder packings of these 

polymer backbones (Figures 2c and S17). 

To confirm the influence of B←N on CPs, UV-vis and 

fluorescence spectra of sy-P, asy-PB, sy-PB and asy-PB-A were 

measured in 10‒6 M CH2Cl2. As can be seen, due to the enhanced 

conjugation effect caused by B←N bond, asy-PB, sy-PB and 

asy-PB-A show significantly red shifts in comparison to sy-P 

with the maximum absorption peak centred at 556 nm (Figures 

2d and S18), which is favorable for electron delocalization and 

asymmetric charge distribution of the frameworks. In addition, 

the absorption spectra of the four polymers appeared new peaks 

at ~ 640 nm after coupling with rGO. This is mainly ascribed to 

the tight π‒π stacking between these polymer backbones and 

rGO layers, where the intensity is various due to the different 

stacking extends caused by various molecular structures of these 

polymers (Figure S19). As all the polymers show excellent 

electron delocalization properties (Figure S20), we tested their 

electrical conductivities. Notably, asy-PB shows higher 

conductivity than that of sy-P (Figure 2e). The influence of 

molecular asymmetry on intermolecular packing behavior was 

further discussed by Raman spectroscopy. As shown in Figures 

2f and S21, sy-P/rGO, asy-PB/rGO, sy-PB/rGO, asy-PB-A/rGO, 

and rGO show two strong peaks in G band and D band. Both the 

intensity ratios (ID/IG) of sy-P/rGO (1.32), asy-PB/rGO (1.36), 

sy-PB/rGO (1.34) and asy-PB-A/rGO (1.35) with disordered 

CPs are much higher than that of rGO (1.10). Moreover, due to 

more disordered structures of asymmetric asy-PB and asy-PB-A, 

asy-PB/rGO and asy-PB-A/rGO exhibit slightly increased ID/IG 

value compared with sy-P/rGO and sy-PB/rGO.  

To further evaluate the asymmetry of electron distribution, X-

ray photoelectron spectroscopy (XPS) was employed to 

characterize the bonding states to show the changes of charging 

status on different CPs. As shown in Figure 3a, the N 1s 

spectrum of the samples can be fitted into two peaks. The 

characteristic N 1s peaks at 398.1, 398.3, 398.5 and 398.6 eV 

correspond to the sp2-hybridized pyridine-N (C=N-C) in sy-

P/rGO, asy-PB/rGO, sy-PB/rGO and asy-PB-A/rGO, 

respectively. Interestingly, compared to sy-P/rGO, the N 1s 

peaks of asy-PB/rGO, sy-PB/rGO and asy-PB-A/rGO are shifted 

to higher binding energy, which indicates the higher degree of 

electronic distribution. The reduced electron density of N atom 

in these samples is attributed to the lone pair electrons of N atom 

that occupying the vacant p-orbital of B atom, as a result of 

increasing the binding ability of N nucleus to exonuclear 

electrons.[17] The other N 1s peaks at 399.7 eV, 400.1 and 400.2 

eV are regarded as B←N bonds in asy-PB/rGO, sy-PB/rGO and 

asy-PB-A/rGO, respectively,[17c] and the peak area ratios of B-N 

and C=N-C for asy-PB/rGO, sy-PB/rGO and asy-PB-A/rGO are 

0.68, 1.25 and 1.26, respectively. The similar trends are also 

observed in B 1s and F 1s XPS spectra (Figure 3b and Figure 

S22b), which is because the gradually increased B←N and B-F 

bonds in the molecular backbones. X-ray absorption near edge 

structure (XANES) spectra are further employed to get an in-

depth insight into the special electronic environment in these 

structures. Figure 3c shows the N K-edge spectra of the as-

obtained samples. The fading peaks at 398.2 eV and the 

increasing peaks at 399.3 eV are assigned to the transition of 

pyridine-N to the coordinate-N.[18] Notably, only new peaks are 

observed in the asymmetric systems (asy-PB/rGO and asy-PB-

A/rGO) at 404.8 eV, illustrating the formation of extra electronic 

states of N atoms,[18d] which may be ascribed to asymmetric 

charge distribution of the molecular skeletons. As shown in 

Figure 3d, the B K-edge XANES spectra of asy-PB/rGO, sy-

PB/rGO and asy-PB-A/rGO show the peaks at 197.8 eV, 

assigning to the B←N bonds. The asy-PB/rGO has weaker 

intensity in B K-edge XANES spectrum than sy-PB/rGO and 

asy-PB-A/rGO, indicating a lower B←N bonds in asy-PB/rGO. 

Therefore, the results show that the asymmetric configuration 

design has an important influence on local electronic 

environment, which will further have an effect on the catalytic 

activity. 

 

Figure 3. XPS spectra of sy-P/rGO, asy-PB/rGO, sy-PB/rGO and asy-PB-

A/rGO: (a) N 1s; (b) B 1s. (c) N K-edge and (d) B K-edge XANES spectra of 
sy-P/rGO, asy-PB/rGO, sy-PB/rGO and asy-PB-A/rGO. 
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The electrocatalytic activities of sy-P/rGO, asy-PB/rGO, sy-

PB/rGO, asy-PB-A/rGO, and rGO were investigated using a 

conversional three electrode system in an O2-saturated 0.1M 

KOH electrolyte. The linear sweep voltammetry (LSV) curves 

(Figures S23‒S26) of the samples at 1600 rpm show that the 

CPs/rGO exhibits more efficient ORR performance than that of 

rGO support, indicating the high ORR activities of CPs. The 

asy-PB/rGO catalyst has higher catalytic performance (onset 

potential and half wave potential of 0.92 V and 0.74 V vs RHE, 

respectively) than that of sy-P/rGO (Figure 4a). Moreover, the 

asymmetric asy-PB-A/rGO shows superior potential to its 

corresponding symmetric sy-PB/rGO (Figures 4b and 4c). 

Apparently, the ORR activity of CPs can be significantly 

improved by designing asymmetric structure. In addition, the 

asy-PB/rGO shows a smaller charge transfer resistance than sy-

P/rGO, sy-PB/rGO and asy-PB-A/rGO (Figure S27). The ORR 

performance of asy-PB/rGO is superior to the reported 

pyrolysis-free organic electrocatalysts (Figure S28). Considering 

the influence of sidechain steric hindrance on catalytic activity, 

we further synthesized a straight chain structure with minimal 

steric hindrance to compare with the branched chain polymer 

with large steric hindrance. The results show that the length of 

the alkyl chain has little effect for the ORR performance of CPs 

(Figure S29). The electron transfer numbers (n) of sy-P/rGO, 

asy-PB/rGO, sy-PB/rGO, and asy-PB-A/rGO based Koutecky-

Levich plots at 0.2 V (vs. RHE) are 3.09, 3.55, 3.29, and 3.59, 

respectively (Figures 4c and S30), and the similar trend are also 

confirmed by RRDE. The kinetic current density (Jk) was 

calculated to be 9.9 mA cm‒2 for asy-PB/rGO at 0.2 V, which is 

higher than that of asy-PB-A/rGO (9.5 mA cm‒2), sy-PB/rGO 

(8.9 mA cm‒2), and sy-P/rGO (5.6 mA cm‒2). The Tafel slope of 

asy-PB/rGO (69.7 mV dec‒1, Figure 4d) and asy-PB-A/rGO 

(77.8 mV dec‒1) is smaller than that of sy-P/rGO (81.8 mV dec‒1) 

and sy-PB/rGO (78.5 mV dec‒1) (Figure 4d). Both kinetic 

current density and Tafel slope indicate the faster dynamics of 

asymmetric catalysts. 

 

Figure 4. ORR catalytic activities of CPs/rGO. LSV curves of a) sy-P/rGO, 

asy-PB/rGO, rGO, and b) sy-PB/rGO, asy-PB-A/rGO, rGO, at 1600 rpm in O2-

saturated 0.1 M KOH electrolyte. c) Comparison of onset potential, half-

wave potential and electron transfer number of sy-P/rGO, asy-PB/rGO, sy-
PB/rGO, and asy-PB-A/rGO. d) Tafel plots, e) Cdl of sy-P/rGO, asy-PB/rGO, 
sy-PB/rGO, and asy-PB-A/rGO. f) Comparison of Cdl values and mass 

activities at 0.7 V vs RHE of rGO, sy-P/rGO, asy-PB/rGO, sy-PB/rGO, and asy-
PB-A/rGO. 

The electrochemically active surface areas (ECSAs) of four 

CPs/rGO catalysts were measured by testing electrochemical 

double layer capacitance (Cdl). The Cdl values derived from 

cyclic voltammetry curves (Figures S31‒S34) are half the slope 

of the fitted ΔJ (at 0.99 V) versus scan rate lines. The Cdl values 

of these asymmetric catalysts (3.15 mF cm‒2 for asy-PB/rGO 

and 2.35 mF cm‒2 for asy-PB-A/rGO) are larger than their 

symmetric counterparts (1.51 mF cm‒2 for sy-P/rGO and 2.21 

mF cm‒2 for sy-PB/rGO) and pure rGO (0.79 mF cm‒2) (Figures 

4e‒4f and S35‒S36). The ECSA-normalized LSV curves also 

demonstrate both asymmetric asy-PB/rGO and asy-PB-A/rGO 

exhibit higher intrinsic ORR catalytic activities than symmetric 

sy-P/rGO and sy-PB/rGO (Figures S37 and S38).[19] As shown in 

Figure 4f, the mass activities of prepared catalysts were 

calculated at 0.70 V vs RHE to evaluate their catalytic activities, 

where the mass activities of asymmetric asy-PB/rGO (4.80 A g−1) 

and asy-PB-A/rGO (4.45 A g−1) are much higher than those of 

symmetric sy-P/rGO (2.36 A g−1), sy-PB/rGO (3.25 A g−1) and 

pure rGO (1.01 A g−1). The smaller ECSAs and mass activities 

also indicate that the pure rGO has limited contribution to the 

efficient electrocatalytic activity. The results of ECSAs and mass 

activity further demonstrate that asymmetric structures show 

more efficient ORR activities because of their non-uniform 

charge distribution. The asy-PB/rGO catalyst exhibits good 

structural and electrocatalytic stability within 15 h in 0.1 M 

KOH electrolyte (Figures S39 and S40). Considering that the 

application of organic polymer-based catalysts, we further 

studied the performance of sy-P/rGO and asy-PB/rGO as air 

cathode in zinc air batteries (ZABs). The asy-PB/rGO-based 

ZAB shows an open circuit voltage of about 1.23 V, a current 

density of ca. 67 mA cm‒2 at 1.0 V, a highest power density of ca. 

0.132 W cm‒2 at 0.45 V, more excellent rate performance, higher 

voltages and power densities at different current densities than 

sy-P/rGO-based ZAB (Figures S41 and S42). The voltage of 

asy-PB/rGO-based ZAB at current density of 10 mA cm‒2 can 

retain 1.13 V after 60 h of constant discharge, and two series 

asy-PB/rGO-based ZABs can power one red light emitting diode 

(Figures S43 and S44). 

In summary, we have designed and synthesized metal-free 

conjugated polymer ORR electrocatalysts with symmetric and 

asymmetric molecular structures. Theoretical calculations and 

experimental results prove that the polymer catalyst with both 

asymmetric backbone and sidechain configuration provides 

larger dipole moment, regulated charge distribution, and higher 

ORR catalytic activity. Consequently, the asymmetric structure 

of this particularly designed catalyst shows more promising 

ORR catalytic activity. This finding provides a new strategy to 

design high-performance metal-free catalysts through precisely 

designing asymmetric molecules. 
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Alterations: Metal-free conjugated polymer 
(CP) catalysts were developed with 
different degrees of asymmetry. The 
polymer catalyst with both asymmetric 
backbone and sidechain configuration 
provides larger dipole moment, regulated 
charge distribution, and higher ORR 
catalytic activity. 
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