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Redox-tunable Lewis bases for 
electrochemical carbon dioxide capture

Xing Li    1,5, Xunhua Zhao    2,3,5, Yuanyue Liu    2,3  , T. Alan Hatton    4   and 
Yayuan Liu    1,4 

Carbon capture is considered a critical means for climate change mitigation. 
However, conventional wet chemical scrubbing utilizing sp3 amines suffers 
from high energy consumption, corrosion and sorbent degradation, 
motivating the search for more efficient carbon dioxide separation 
strategies. Here, we demonstrate a library of redox-tunable Lewis bases with 
sp2-nitrogen centres that can reversibly capture and release carbon dioxide 
through an electrochemical cycle. The mechanism of the carbon capture 
process is elucidated via a combined experimental and computational 
approach. We show that the properties of these Lewis base sorbents 
can be fine-tuned via molecular design and electrolyte engineering. 
Moreover, we identify a bifunctional azopyridine base that holds promise 
for electrochemically mediated carbon capture, exhibiting >85% capacity 
utilization efficiency over cycling in a flow system under 15% carbon dioxide 
with 5% oxygen. This work broadens the structural scope of redox-active 
carbon dioxide sorbents and provides design guidelines on molecules with 
tunable basicity under electrochemical conditions.

The negative consequences of climate change caused by anthropo-
genic carbon dioxide (CO2) emissions constitute major issues faced by 
our society1. To mitigate global warming, carbon capture from point 
sources and directly from ambient air followed by sequestration/utiliza-
tion has been broadly accepted as a critical strategy2–6. The incumbent 
technology for carbon capture is thermal amine scrubbing, which 
utilizes aqueous amine solutions for CO2 chemisorption7,8. In a typi-
cal process, strong, nucleophilic sp3 nitrogen bases are used, where 
the lone-pair electrons on nitrogen act as Lewis bases to attack the 
electrophilic carbon of CO2, forming carbamate adducts8. However, 
substantial thermal energy input is required to dissociate the adducts 
for CO2 desorption (for example, ∼110 °C for monoethanolamine regen-
eration)9. Moreover, amine scrubbing is challenged by complicated heat 
integration with existing infrastructures, thermal sorbent degradation, 
corrosion of process equipment and evaporative loss of toxic amines 
into the environment9–11. Correspondingly, many new solid or liquid 
sorbent chemistries have been suggested, several of which have shown 

promising early results5,6,12–14. Nevertheless, most of these materials still 
rely on complex or expensive temperature- or pressure-swing-based 
operations15. To minimize the energy consumption for carbon capture, 
it is critical to design sorbents with intermediate CO2 binding energy. 
The interaction between sorbent and CO2 should be sufficiently strong 
for effective carbon capture, but not too strong to form an overly stable 
adduct that is difficult to dissociate.

Here, we report a library of Lewis bases bearing redox-active sp2 
nitrogen centres whose CO2 binding affinity can be reversibly modu-
lated by applying electrochemical potentials. An in-depth mechanistic 
understanding of the reversible CO2 complexation process is pro-
vided by combined experimental and computational evidence. We 
demonstrate that the redox potentials and CO2 binding energies of 
these sorbents can be fine-tuned via molecular design and electrolyte 
engineering. Importantly, we discover that introducing different sp2 
nitrogen centres into a single molecule with extended conjugation 
can effectively improve the separation performance. Such a concept 
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to capture CO2. However, when being electrochemically reduced by 
filling one electron into the p orbital, new lone pairs are generated at 
a higher energy level, rendering them effective CO2 sorbents. Subse-
quent electro-oxidation releases CO2 while regenerating the sorbents.

To verify this assumption, we judiciously selected a pool of organic 
bases containing sp2 nitrogen centres, including pyridine, diazine, 
thiadiazole and azo moieties. The representative molecules from 
these families of compounds discussed first are 4,4′-bipyridine (BPy), 
quinoxaline (QX), phenazine (PhN), 2,1,3-benzothiadiazole (BNSN), 
azobenzene (AzB) and AzPy. C2-symmetric molecules were selected 
to improve the specific CO2 capacity as high symmetry in molecu-
lar design can increase the number of redox centres per molecular 
weight. While in the oxidized form, none of these compounds shows 
strong interactions with CO2. However, their electro-reduction and 
subsequent oxidation behaviour can be drastically modulated by the 
presence of CO2 in the electrolyte.

Figure 2 shows the cyclic voltammograms of the aforementioned 
sp2 nitrogen moieties under nitrogen (N2) and CO2 in an aprotic elec-
trolyte. Under an inert N2 atmosphere (grey curves in Fig. 2), all mol-
ecules display redox couples typical of either one-electron or stepwise 
two-electron transfer. The products of the first and second electron 
transfer are anion radicals and dianions, respectively. The half-wave 
potentials (E1/2) for the first electron transfer are −2.28, −2.04, −1.85, 
−1.73, −1.56 and −1.19 V versus ferrocenium/ferrocene (Fc+/Fc) for BPy, 
QX, BNSN, AzB, PhN and AzPy, respectively. The trend of E1/2 is relatively 
consistent with the basicity of the sp2 nitrogen centres (that is, a more 
positive E1/2 with a lower basicity; Supplementary Table 1), which can be 
explained by the fact that stronger bases are more electron rich, making 
it more difficult for them to accept additional electrons. Although two 

has been demonstrated successfully using 4,4′-azopyridine (AzPy) in 
a flow-based carbon capture system, which achieved promising capac-
ity utilization and release/capture efficiency under simulated flue gas. 
This work expands the chemical space and deepens the fundamental 
understanding of redox-tunable CO2 sorbents for developing elec-
trochemically mediated carbon capture (EMCC) technologies, which 
have garnered considerable research attention recently16–24. Compared 
with conventional methods, EMCC can operate isothermally, have 
the potential to desorb concentrated CO2 at ambient or even elevated 
pressure and enable a modular design by not requiring substantial heat 
integration22,23. Moreover, EMCC offers exciting opportunities for more 
sustainable and decentralized separation processes when using elec-
tricity from renewable sources. While our demonstrated flow-based 
EMCC system is still limited by the relatively low ionic conductivity of 
ion exchange membranes in organic electrolytes and active species 
crossover, the discovered chemical library of redox-tunable Lewis bases 
can be incorporated into a plethora of solid or liquid sorbent designs in 
future studies to enable practical EMCC with high efficiency, selectivity 
and tolerance towards parasitic reactions.

A library of redox-tunable Lewis bases for CO2 
separation
Inspired by carbamate formation in amine scrubbing using sp3 nitrogen 
bases (Fig. 1a), we hypothesize that the CO2 affinity of Lewis bases with 
redox-active sp2 nitrogen centres can be modulated by electrochemi-
cal potentials to enable innovative EMCC chemistries (Fig. 1b). In their 
oxidized form, these organic compounds with sp2-hybridized nitrogen 
have lone-pair electrons sitting at lower energy levels than the lowest 
unoccupied molecular orbital (LUMO) of CO2 and are therefore unable 
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redox centres exist in BPy, QX and BNSN, only one electron transfer 
can be observed in the cyclic voltammogram due to the limited elec-
trochemical stability window of the electrolyte.

Cyclic voltammograms collected under CO2 (red curves in Fig. 
2) show an anodically shifted reduction potential with a pronounced 
increase in peak current for all molecules. Specifically, the reduction 
peak is doubled compared with the first electron transfer under N2, 
indicating that the two electrons can be transferred at nearly the same 
potential in the presence of CO2. The results clearly suggest the exist-
ence of chemical interactions between reduced nitrogen centres and 
CO2. Furthermore, the oxidation peaks are also positively shifted and 
become quasi-reversible, which is consistent with CO2 adduct formation 
that requires an extra energy input to break the nitrogen–carbon bonds.

Notably, the electrochemical behaviour of the redox-active sp2 
nitrogen moieties demonstrates a solid resemblance to that of qui-
nones previously investigated for EMCC25–28. Supplementary Fig. 1a 
shows the cyclic voltammograms of 9,10-anthraquinone—a repre-
sentative quinonoid molecule known for reversible CO2 complexation. 
Under N2, the electro-reduction of 9,10-anthraquinone follows the 
typical stepwise two-electron transfer process, and the two reduction 
peaks correspond to the formation of the semiquinone radical and 
quinone dianion21–23. However, only one broadened reduction peak 
with increased current is observed under CO2, which is attributed to 
the complexation between reduced quinone and CO2 following an ECEC 
mechanism (where E represents electron transfer and C represents 
chemical reaction), as shown in Supplementary Fig. 1b. Nevertheless, 
in-depth mechanistic understanding of the observed electrochemi-
cal behaviour remains lacking. We hypothesize that the interaction 
between CO2 and the redox-active sp2 nitrogen centres shown in Fig. 2 
also follows the ECEC mechanism, which can capture and release CO2 
through reversible carbamate formation.

Distinct from amine scrubbing, which requires two equivalents 
of amine to react with one equivalent of CO2, sp2 nitrogen compounds 
can capture CO2 stoichiometrically to their redox centres, promising 
high specific capacities and energy efficiencies for CO2 removal. These 
chemistries broaden the design space for EMCC involving redox-active 
organic sorbents, which rarely exceeded the commonly available qui-
none molecules (except for a few reports on pyridine and disulfide)29,30.

CO2 separation mechanism with redox-tunable 
Lewis bases
To gain fundamental insight into the mechanism of CO2 separation with 
redox-tunable Lewis bases, we conducted density functional theory 
(DFT) calculations to interrogate the thermodynamics of the process31. 
Calculation details are reported in Supplementary Note 1, Supplemen-
tary Fig. 2 and Supplementary Table 2. We consider seven elementary 
steps following an ECEC mechanism. The process is illustrated in Fig. 3 
using QX as an example, and each step is described in the corresponding 
caption. We calculated the potentials and CO2 binding energies for the 
redox and CO2 complexation/dissociation steps, respectively. Other 
paths have been checked but found not to be plausible. For example, 
neither the first CO2 complexation before the first electron transfer 
nor the second CO2 complexation before the second electron transfer 
is stable in DFT relaxation.

The DFT results summarized in Table 1 are consistent with the 
experimental data. For step 1, excellent agreement was observed 
between the calculated potentials and the experimental E1/2 under 
N2, supporting the accuracy of the DFT method. After one-electron 
reduction, the sp2 nitrogen moieties show a negative CO2 binding 
energy in step 2, indicating that the carbamate formation reaction 
is thermodynamically favourable. Notably, a linear correlation 
exists between the reduction potential in step 1 and the CO2 binding 
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Fig. 2 | A broad chemical space of redox-tunable sp2 nitrogen bases for EMCC. 
a–f, Cyclic voltammograms of representative redox-active Lewis bases with 
sp2 nitrogen centres evaluated in this work for EMCC, including BPy (a), QX (b), 
BNSN (c), AzB (d), PhN (e) and AzPy (f) under N2 (grey curves; the solid lines 
represent one-electron transfer and the dotted lines represent stepwise two-
electron transfer) and CO2 atmosphere (red curves). The cyclic voltammograms 

were collected at a scan rate of 50 mV s–1 using 10 mM compound in DMSO with 
0.1 M TBAPF6 as the supporting salt (water < 100 ppm by Karl Fischer titration). 
Glassy carbon (3 mm), platinum wire and silver wire were used as the working, 
counter and reference electrodes, respectively. Ferrocene was used as an 
internal reference.
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energy in step 2 (Supplementary Fig. 3). This is consistent with the 
potential-basicity trend discussed above and may provide an easy way 
to qualitatively compare CO2 binding energies for the future screening 
of redox-tunable sorbents.

The experimental observation of a positively shifted reduction 
potential under CO2 compared with the first electron transfer step under 
N2 (Fig. 2; particularly pronounced for BPy and QX) made us wonder 
whether steps 1 and 2 occur strictly in a sequential manner. Therefore, 
we also considered the likelihood of a concerted pathway where sorbent 
reduction and CO2 complexation occur simultaneously (concerted steps 
1 and 2 in Fig. 3). The calculated potentials for the concerted reaction are 
approximately 150–800 mV more positive than those for step 1 alone, 
underlining the possibility of a concerted pathway. Nevertheless, the 
reaction mechanism can vary between redox systems and depend on 
the concentration of the reactants. Thus, the actual scenario is probably 
a combination of the stepwise and concerted pathways.

Another fundamental electrochemical behaviour we aim to 
explain via DFT is the anodically shifted reduction potential for the 
second electron transfer under CO2. Table 1 compares the calculated 
second reduction potentials with (step 3) and without (the rightmost 
two columns) carbamate formation. Consistent with the cyclic voltam-
mograms, the second reduction potentials are much more negative 
than the first (step 1) without CO2. However, the potential for step 
3 becomes very close to or even slightly more positive than that for 
step 1 after the CO2 complexation reaction in step 2. This is due to the 
electrophilic nature of CO2 that withdraws the electron density away 
from the one-electron-reduced sorbent molecules, giving rise to a 
decreased LUMO level that is more favourable for the second electron 
transfer (Supplementary Fig. 4). In subsequent step 4, another CO2 mol-
ecule can be added to the fully reduced sorbents with a higher binding 
energy than in step 2. Supplementary Fig. 5 shows the DFT-optimized 
conformations of the adducts. Since AzPy has two types of nitrogen 
centre, CO2 complexations with both the azo and the pyridine moieties 
were considered (Supplementary Fig. 6). Judging from the calculated 
reduction potentials (step 3), CO2 complexation is likely to occur at the 
azo nitrogens, and a more detailed discussion on AzPy is provided in 
the section ‘Mechanistic investigation of AzPy’.

Since CO2 complexation creates an energy barrier to sorbent 
regeneration, we further evaluated the oxidation potentials for CO2 
release. Interestingly, the calculated potentials for step 5 are more 
positive than for step 7 for all of the molecules assessed here. Therefore, 
step 5 dictates the potential for CO2 release. Once the potential for step 
5 is reached, the reaction can proceed spontaneously to release two 
CO2 molecules per sorbent molecule (concerted steps 6 and 7 in Fig. 3). 
The calculated values for step 5 are also consistent with experimentally 
measured onset potentials for adduct oxidation.

Our DFT calculations successfully explain the various electrochemi-
cal features observed in cyclic voltammetry to elucidate the mechanism 
for carbon capture and release. These have not been systematically 
discussed previously in EMCC using redox-active organic compounds. 
PhN and azo compounds possess desirable, relatively intermediate 
CO2 binding energies among the sp2 nitrogen moieties. The numbers 
are −0.228, −0.143 and 0.094 eV for PhN, AzB and AzPy in step 2 and 
−0.803, −1.137 and −0.822 eV in step 4, respectively. In comparison, the 
heats of reaction between conventional sp3 amines and CO2 are typically 
in the range of 0.80–1.35 eV14,15. The weaker interaction between CO2 
and the redox-tunable Lewis bases is further confirmed by the longer  
N−Ccarbon dioxide bond lengths (Supplementary Table 3). Since the energy 
required to break the N–C bond during sorbent regeneration scales pro-
portionately with the CO2 binding energy, PhN and azo compounds are 
particularly favourable for designing energy-efficient EMCC processes.

Sorbent tuning via molecular and electrolyte 
designs
With the library of redox-tunable Lewis bases identified and a deeper 
understanding of the reaction mechanism, we now aim to design 
sorbents with desirable properties for practical EMCC. Specifically, 
they should have a relatively positive reduction potential for reduced 
sensitivity towards molecular oxygen (O2)—a common impurity in 
gas streams. Moreover, a small voltage gap between reduction and 
oxidation is desirable to minimize the separation energy consumption, 
which is dictated by the CO2 binding energy. The immense structural 
diversity of organic molecules makes it feasible to tune their properties 
via molecular engineering.
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The oxidation of reduced sorbents by O2 is one potential source 
of inefficiency in our described EMCC scheme. Ideal sorbents have a 
reduction potential more positive than approximately −1.2 V versus 
Fc+/Fc, which is the formal potential for oxygen reduction (O2/O2

·−) 
in aprotic electrolytes32. Introducing electron-withdrawing groups 
(EWGs) to the molecular structure will pull the electron density away 
from the sp2 nitrogen lone pairs, thus shifting the reduction potential 
anodically. Figure 4a–c and Supplementary Fig. 7 show cyclic voltam-
mograms of various derivatized sp2 nitrogen moieties (molecular 
structures are provided in Supplementary Fig. 8), with the correspond-
ing onset potentials for carbon capture and release summarized in Fig. 
4d. As expected, the extra benzo group in PhN compared with QX effi-
ciently delocalizes the electron density in the diazine ring, leading to 
an approximately 0.5 V increase in the reduction potential. EWGs such 
as trifluoromethyl (CF3), cyano (CN) and nitro (NO2) can also increase 
redox potentials, with shifts positively correlated with their Hammett 
constants. For example, adding two CF3 groups to PhN further increases 
the reduction potential by approximately 400 mV.

Importantly, since the strength of interaction between CO2 and 
reduced sorbents is proportional to the local electron density at the 
nitrogen centre, EWGs can also reduce the CO2 binding energy. There-
fore, it is possible to optimize sorbents with both a high reduction 
potential for O2 stability and an intermediate CO2 binding energy for 
low separation energy consumption. Figure 4d visualizes the voltage 
gap between sorbent reduction and adduct oxidation, which is a good 
indicator for the CO2 binding energy. We indeed observed a general 
trend of reduced binding energy with stronger EWGs. However, as CO2 
complexation requires sufficiently nucleophilic binding sites, adduct 
formation will not occur if the EWGs are too strong. For example, when 
a strongly electron-withdrawing nitro group was introduced to a rela-
tively weak base of BNSN, the electrochemical behaviour under CO2 
became identical to that under N2 (Fig. 4c). The effects of EWGs are 
further corroborated by DFT calculations (Supplementary Table 4).

Besides EWGs, we discovered that sorbent properties can be 
uniquely improved by constructing multifunctional Lewis bases, 
where the molecular scaffold possesses different sp2 nitrogen centres 
in extended conjugation. For example, by covalently soldering the 
most CO2-affinitive pyridine and the easy-to-reduce azo into a conju-
gated molecule, AzPy displays a superior EMCC behaviour with a high 
onset reduction potential of −0.93 V versus Fc+/Fc and a narrow voltage 
gap of approximately 170 mV when using 0.1 M tetrabutylammonium 
hexafluorophosphate (TBAPF6) in dimethyl sulfoxide (DMSO) as the 
electrolyte, corresponding to a theoretical energy consumption of 
16 kJ mol–1 CO2. The mechanistic cause for such a unique behaviour 
will be discussed in the section ‘Mechanistic investigation of AzPy’.

The electrolyte environment also modulates the sorbent behav-
iour. Compared with the bulky tetrabutylammonium cation (TBA+) with 
a low tendency for anion association, smaller cations can coordinate 
more strongly with the negatively charged sorbent–CO2 adducts to 
improve their stability against O2 (Fig. 4e and Supplementary Fig. 9). 
For AzPy, the adduct oxidation potential in the presence of Na+ was 
increased by approximately 300 mV compared with that with TBA+ 
(Fig. 4e), which became appreciably higher than the formal potential of 
O2/O2

·−. Divalent cations interact even more strongly with CO2 adducts 
through Coulombic interactions. For example, the AzPy–CO2 adducts 
precipitated in the presence of Zn2+ and the solids were found to have 
a high O2 tolerance.

Mechanistic investigation of AzPy
We believe that incorporating pyridine and azo functionalities in a 
conjugated manner in AzPy can stabilize the reduced molecule via reso-
nance (Supplementary Fig. 10a) to shift the reduction potential anodi-
cally. To verify this hypothesis, we compared AzPy with 2,2′-azopyridine 
(2,2′-AzPy), which also possesses four sp2 nitrogen centres, but the 
conjugation is partially broken (Supplementary Fig. 10b). As a result, 
2,2′-AzPy cannot resonate into other forms when reduced, leading to 
a more negative reduction potential (Supplementary Fig. 10c). Impor-
tantly, unlike introducing EWGs where both the reduction and the 
oxidation potentials tend to shift anodically together, AzPy displays 
a significantly more positive reduction potential compared with AzB, 
yet the oxidation potential is even lower than that of AzB (Fig. 4d). This 
is probably because EWGs usually lower the energy levels of both the 
LUMO and the highest occupied molecular orbital (HOMO), while the 
bifunctionality strategy promotes CO2 dissociation by forming the 
conjugated structure.

Competition might exist between the pyridine and azo moieties in 
AzPy for CO2 complexation. Therefore, we investigated the carbamate 
formation mechanism via Fourier-transform infrared spectroscopy 
(FTIR) (Supplementary Fig. 11). AzPy exhibits three characteristic 
FTIR bands at 1,584, 1,566 and 839 cm–1, which are assigned to C−Nazo 
stretching, C−Npyridine stretching and C−H out-of-plane bending from 
the pyridine ring33. After the complete electro-reduction of AzPy under 
CO2, carbamate formation is confirmed by the appearance of a C═O 
stretching band at 1,605 cm–1. FTIR spectra also reveal that the azo 
group is more likely to be the CO2 binding centre. If pyridine were 
the CO2 binding centre, the azine resonance form would dominate 
such that the C−Nazo stretching band should vanish. Nevertheless, this 
characteristic band remains after reduction with a red shift, consistent 
with the fact that electro-reduction increases the electron density of 
AzPy. Furthermore, the C−Nazo stretching exhibits a smaller red shift 

Table 1 | Summary of the DFT calculation results, including comparisons with the experimental data

Reduction and CO2 capture Oxidation and CO2 release For comparison

Step 1  
(V versus Fc+/Fc)

Step 2 
(eV)

Concerted steps 1 
and 2 (V)

Step 3 
(V)

Step 4 
(eV)

Step 5  
(V)

Step 6 
(eV)

Step 7 
(V)

Second electron 
transfer (V)

Exp.a Exp.b Exp.b Exp.a

BPy −2.232 −2.282 −0.717 −1.516 −1.670 −2.295 −1.099 −1.521 0.325 −1.516 −1.563 −3.146 –c

QX −2.055 −2.042 −0.512 −1.543 −1.548 −2.153 −1.181 −1.003 −0.031 −1.543 −1.233 −3.330 –c

BNSN −1.771 −1.845 −0.432 −1.340 −1.691 −1.980 −1.018 −0.819 −0.143 −1.340 −0.967 −3.057 −3.062

AzB −1.670 −1.730 −0.143 −1.527 −1.520 −1.627 −1.137 –0.256 −0.233 −1.527 −0.553 −2.711 –2.350

PhN −1.572 −1.559 −0.228 −1.344 −1.410 −1.793 −0.803 −0.847 −0.143 −1.344 −0.962 −2.644 −2.345

AzPyd −1.110 −1.189 0.094 −1.203 −0.933 −1.082 −0.822 −0.188 −0.448 −1.203 −0.767 −2.113 −1.895

AzPye −1.110 −1.189 −0.378 −0.732 −0.933 −1.472 −0.762 −0.886 0.176 −0.732 −0.767 −2.113 −1.895
aExperimental half-wave potential (E1/2) obtained under N2. bExperimental onset potential for reduction or oxidation obtained under CO2. cNot measurable due to the limited stability window of 
the DMSO-based electrolyte. dBased on the formation of azo adduct. eBased on the formation of pyridine adduct.
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than the C−H out-of-plane bending since carbamate formation on the 
azo group draws the electron density away. Besides, DFT calculations 
were conducted to predict the FTIR vibrational bands of the azo and 
pyridine adducts (Supplementary Tables 5–7). The simulated results 
of the azo adduct show much better agreement with the experimental 
observation. The colour change of AzPy during electro-reduction (Sup-
plementary Fig. 12) further supports the formation of the azo adduct, 
and a discussion is included in Supplementary Note 2.

The calculated CO2 binding constant and the reaction rate con-
stant of AzPy are reported in Supplementary Note 3 using data shown 
in Supplementary Fig. 13.

Separation flow cells with redox-tunable Lewis 
bases
Our reported families of redox-tunable Lewis bases provide a versatile 
toolbox for designing functional EMCC materials, which can be either 
immobilized on electrodes as adsorbents20 or dissolved in electro-
lytes for continuous-flow carbon capture23. Herein, we constructed a 
flow EMCC device (Fig. 5a and Supplementary Fig. 14) to evaluate the 
intrinsic performance of redox-tunable sp2 nitrogen bases via cyclic 
capture–release operations.

The system was composed of a sorbent tank and a counter electro-
lyte tank for charge balancing. We chose a derivatized ferrocene (ferro-
cenylmethyl dimethyl ethyl ammonium bis(trifluoromethanesulfonyl)
imide (Fc1N112-TFSI)) as the active species for the counter electrolyte 
due to its high solubility and electrochemical reversibility (Supple-
mentary Fig. 15)34,35. Liquids in the two tanks were circulated through 
an electrochemical flow cell with carbon electrodes separated by a 
Nafion membrane. During operation, the sorbents undergo reduction, 
CO2 exposure, oxidation and CO2 release in a cyclic manner. A CO2 feed 
stream was bubbled into the sorbent tank at a fixed flow rate and the 
concentration at the gas exit was measured using an online sensor to 
quantify the capture/release behaviour. A high active material solu-
bility is desirable when formulating liquid sorbents (Supplementary 
Table 8). The best-performing AzPy has a solubility of 0.59 M in 0.5 M 
lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) DMSO solution at 
293.5 K (1.18 M theoretical CO2 capacity, competitive with the work-
ing capacities of traditional amines)10. Further improvement can be 
achieved through molecular engineering23.

Using AzPy as an example (20% CO2 feed gas), the exiting CO2 
concentration from the sorbent tank and the corresponding system 
efficiencies are shown in Fig. 5b–d. Figure 5b overlays the CO2 reading 
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curves of selected cycles, and integrating these curves quantifies 
the cumulative CO2 captured/released. For each cycle, AzPy was first 
reduced for 1 h, during which the drop in the exiting CO2 concentration 
confirmed carbon capture. The current was then switched off for 1 h, 
during which the CO2 reading gradually returned to the baseline as 
the remaining reduced AzPy reacted with CO2 and the headspace was 
completely exchanged23. Subsequently, the AzPy–CO2 adduct was oxi-
dized following a constant current/constant voltage oxidation protocol 
(details are described in the caption of Fig. 5 and the Methods), where 
a CO2 desorption spike was detected. The current was then switched 
off to fully release the CO2 oversaturated in the electrolyte. Consistent 
gas responses were observed for these 20 cycles (Fig. 5d). Note that the 
rests between capture and release are unnecessary for actual practice 
but were adopted here to allow the CO2 reading to return to the base-
line. Only by doing so can we accurately determine the amount of CO2 
captured/released by the sorbent through integrating the gas response 
curves. Otherwise, it is difficult to separate the capacity contribution 
from the physical solubility of CO2 in the electrolyte under different 
headspace CO2 concentrations.

We define the CO2 capacity utilization efficiency as the amount of 
CO2 captured relative to the theoretical value (one CO2 molecule per 
electron), the release/capture efficiency as the amount of CO2 released 
relative to the amount captured, and the Coulombic efficiency as the 
electrochemical sorbent oxidation capacity relative to the reduction 
capacity. In Fig. 5c, the first-cycle CO2 capacity utilization efficiency 
is close to 100%, suggesting fast reaction kinetics and high selectivity 
of AzPy for CO2 capture. The capacity utilization efficiency of AzPy is 
appreciably higher than that reported in our recent flow EMCC system 
with quinone chemistry, which only has a value of ~70% under similar 
testing conditions23. Moreover, the capacity utilization efficiency 
exhibits negligible decay within the error of quantification over 20 
cycles, indicating the stability and reversibility of the sorbent, which 
is further supported by the release/capture efficiency hovering around 
100%. The Coulombic efficiency of the system is ~90%. The inefficiency 
is caused by the fact that adduct oxidation is not set to proceed com-
pletely under our constant current/constant voltage protocol. An 
extended constant voltage hold period between cycles would probably 
improve the Coulombic efficiency. Another source of inefficiency is 
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centimetres per minute (sccm). The liquid sorbent was composed of 5 ml 0.2 M 
AzPy dissolved in diethylene glycol dimethyl ether with 0.5 M NaTFSI as the 
supporting salt. On the opposite side, an Fc1N112-TFSI tank was used to balance 
the charge, which was filled with 10 ml 0.1 M Fc1N112-TFSI with 0.5 M NaTFSI as 
the supporting salt. Both liquids were circulated through an electrochemical cell 
(5 cm2 electrode area) at a liquid flow rate of 3 ml min–1. CE, counter electrode; 
WE, working electrode. b, Top, CO2 readings for selected capture–release 

cycles. Bottom, cumulative amounts of CO2 captured and released in each cycle 
relative to the theoretical capacity. Lighter colours represent later cycles. The 
capture, rest, release and rest steps are indicated by the shaded regions. For CO2 
capture, AzPy was reduced at 10 mA for 1 h followed by a 1-h rest. For CO2 release, 
the adducts were oxidized at 10 mA to 0 mV followed by a 2-h constant voltage 
hold, and finally rested for another 45 min. c, CO2 capacity utilization efficiency 
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readings at the exit of the AzPy tank over repeated capture and release cycles for 
~100 h of operation.
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the crossover of oxidized Fc1N112-TFSI through the Nafion membrane, 
which may chemically oxidize the adduct. This highlights the necessity 
of future electrolyte and electrochemical cell optimizations for practi-
cal implementations of EMCC36. Nonetheless, the Coulombic efficiency 
does not display obvious decay over repeated cycling, underlining the 
robustness of the sorbent itself.

In another set of experiments, we tested the performance of AzPy 
at a higher percentage of CO2 removal by decreasing the gas flow rate 
and increasing the current density (Supplementary Fig. 16). With a 
feed of 20% CO2, the steady-state CO2 concentration at the sorbent 
tank outlet is ~3%, corresponding to an 85% reduction in CO2 partial 
pressure. Under these conditions, the average capacity utilization 
efficiency (95%) and release/capture efficiency (85%) remain high. 
We also demonstrated CO2 separation with the other families of sp2 
nitrogen moieties discussed in this work (Supplementary Figs. 17–19), 
which all showed decent performances.

The robustness of AzPy was further demonstrated against O2 impu-
rity37. Figure 6 is an extension of the experiment in Fig. 5, with 18.5% CO2 
and 3% O2 as the feed gases. As aforementioned, AzPy possesses a redox 
potential above the oxygen reduction potential to restrict parasitic 
reactions with O2. Correspondingly, the system maintains stability over 
repeated capture–release cycles, with a near-unity capacity utilization 
efficiency. The average release/capture and Coulombic efficiencies are 
97 and 87%, respectively. By integrating the voltage–capacity curve 
(Fig. 6d), the electrical energy consumption under simulated flue gas 
was calculated as 120 kJ mol–1 CO2, which is ~2.5 times the theoretical 
value (500 mV voltage gap when using Na+ as the supporting cation, as 
shown in Fig. 4e). Currently, the energetics is primarily limited by the 
low ionic conductivity of the commercial Nafion membrane in organic 
electrolytes36, which we aim to address in the future via better materials 
design. A comparison between different EMCC approaches is provided 
as Supplementary Table 9.
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CO2 readings for selected capture–release cycles. Bottom, cumulative amounts 
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are indicated by the shaded regions. For CO2 capture, AzPy was reduced at 10 mA 
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to 0 mV followed by a 1-h constant voltage hold, and finally rested for another 
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impact on the experiment’s conclusions.
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We also performed capture–release cycling under a higher O2 
concentration (15% CO2 + 5% O2) with a much greater degree of CO2 
removal (~80%; Supplementary Fig. 20). We observed a slight decrease 
in the capacity utilization efficiency (86% on average) because of the 
higher O2 concentration and the longer contact/reaction time between 
the reduced sorbent and O2. Nevertheless, AzPy still showed a pro-
nounced improvement in separation performance compared with 
that reported recently with quinone chemistry23, in which the capacity 
utilization hovered around only 40% under a mixed gas of 15% CO2 and 
5% O2, despite the much lower percentage of CO2 removal. The effect 
of water is discussed in Supplementary Note 4 with data shown in Sup-
plementary Fig. 21.

Finally, it is essential to note that continuous CO2 capture and 
release with a dual-cell setup similar to the one described in our previ-
ous work23, as opposed to the proof-of-concept batch-based cycling 
employed here, should be expected for practical implementations. 
Since the electrochemical sorbent activation is decoupled from CO2 
capture in continuous-flow EMCC, in an actual process, the relative 
rates of CO2 uptake by the reduced sorbent, the oxidation of the 
reduced sorbent by O2 and the flow of adduct to the desorption cell 
control the efficiency of the capture–release cycles.

Conclusion
In this work, we report a chemical library of redox-tunable Lewis bases 
featuring sp2 nitrogen centres, which can reversibly capture and release 
CO2 via an electrochemical reduction and oxidation cycle. With the 
aid of electrochemical analysis and DFT calculations, the step-by-step 
mechanism of the CO2 separation process has been thoroughly inves-
tigated. The chemistries reported here create the basis for rational 
materials design and electrolyte engineering, therefore providing 
opportunities for property customizations such as the redox potential, 
CO2 binding energy, sorbent solubility, nano/microstructures and so 
on. Importantly, we discovered that the introduction of multifunction-
alities to sorbent molecules through extended conjugations can serve 
as an effective strategy to enhance the selectivity and efficiency of the 
CO2 separation process. This concept has been validated successfully 
using AzPy in a flow carbon capture system under simulated flue gas 
conditions. Overall, this work provides synthetic and mechanistic guid-
ance for designing redox-tunable CO2 sorbents.

Methods
Materials
Unless otherwise stated, all of the chemicals were purchased from 
commercial sources and used without further purification.

Synthesis of 2,7-bis(trifluoromethyl)phenazine
2,7-Bis(trifluoromethyl)phenazine was synthesized following a proce-
dure published previously38, by reacting 2-bromo-4-(trifluoromethyl)
aniline (1 equiv.) in toluene (0.1 M) with added caesium carbonate (2.0 
equiv.), SPhos ligand (0.08 equiv.) and palladium(ii) acetate (0.05 
equiv.) at 120 °C. The reaction was monitored by thin-layer chromatog-
raphy. The crude product was purified by column chromatography. 1H 
NMR (400 MHz; CDCl3): δ = 8.63 (s, 2H), 8.43 (d, J = 9.1 Hz, 2H) or 8.04 
(d, J = 8.8 Hz, 2H).

Synthesis of 2,2′-AzPy
2,2′-AzPy was synthesized from a modified procedure according to a 
previous report39. To a solution of 2-aminopyridine (2.5 g; 26.6 mmol) 
in H2O (100 ml) was added 8% sodium hypochlorite (aq.; 200 ml) slowly 
at 0 °C. The mixture was stirred at 0 °C and monitored by thin-layer 
chromatography. After 2 h, the mixture was filtered. The aqueous fil-
trate was then extracted with ethyl acetate and the organic layers were 
combined, dried over MgSO4 and dried in vacuo. The crude product 
was purified by column chromatography (ethyl acetate) to give a red 
crystalline solid (0.58 g; 24%). 1H NMR (400 MHz; DMSO): δ = 8.78 (d, 

J = 3.8 Hz, 2H), 8.11 (td, J = 7.8, 1.5 Hz, 2H), 7.79 (d, J = 8.0 Hz, 2H) or 7.65 
(dd, J = 7.2, 4.9 Hz, 2H). 13C NMR (101 MHz; DMSO): δ = 162.57, 149.59, 
139.15, 126.55 or 113.71.

Synthesis of Fc1N112-TFSI
Fc1N112-TFSI was synthesized according to a previous report via 
nucleophilic substitution of dimethylaminomethyl ferrocene with 
bromoethane in acetonitrile, followed by ion exchange of bromide with 
bis(trifluoromethanesulfonyl)imide in deionized water34.

Electrochemical measurements
Electrochemical measurements were conducted using a BioLogic VSP 
potentiostat (BioLogic Science Instruments). For the cyclic voltamme-
try measurements, glassy carbon (Ø = 3 mm) was used as the working 
electrode, platinum wire was used as the counter electrode, silver wire 
was used as a pseudo-reference electrode and ferrocene was used as 
an internal reference. In a standard cyclic voltammetry measurement, 
the molecule of interest was dissolved in DMSO (water < 100 ppm 
by Karl Fischer titration) at a concentration of 10 mM with 100 mM 
TBAPF6 as the supporting salt. Typical cyclic voltammograms were 
collected at a scan rate of 50 mV s–1. To study the effects of cationic 
species on the redox behaviour of the sorbent molecules, LiTFSI or 
sodium bis(trifluoromethanesulfonyl)imide (NaTFSI) was used as the 
supporting salt.

Bulk electrolysis
Constant current bulk electrolysis of AzPy was carried out to obtain the 
complete two-electron reduced AzPy(2–) for FTIR studies. The setup 
consisted of a round-bottom flask with three necks for the working, 
counter and reference electrodes, respectively. A piece of carbon felt 
(CT GF030; Fuel Cell Store) was used as the working electrode and a 
silver wire was used as the reference electrode. The counter electrode 
was separated from the AzPy solution with a fritted electrode chamber 
(MR-1196; Bioanalytical Systems). A piece of carbon felt was used as the 
counter electrode, which was immersed in a neat electrolyte without 
AzPy. The counter electrode was oxidizing the electrolyte to balance 
the charge during bulk electrolysis. The three necks were sealed with 
rubber septa. The solution was magnetically stirred and bubbled with 
CO2 or N2 during bulk electrolysis.

Nafion membrane pretreatment
The Nafion membranes (Nafion 212; Chemours) were pretreated by 
first boiling the membrane in 3% hydrogen peroxide for 1 h. The mem-
branes were then boiled in 0.25 M sulfuric acid solution for 1 h and 
cleaned in boiling deionized water for 30 min (twice). Subsequently, 
the membranes were boiled in 0.25 M sodium hydroxide solution for 
1 h and cleaned in boiling deionized water for 30 min (twice). Finally, 
the membranes were dried under vacuum at 80 °C for at least 2 d and 
stored in DMSO containing 0.25 M NaTFSI.

EMCC flow cell setup
In a typical experiment, the sorbent tank (20 ml scintillation vial 
with septum cap) was continuously bubbled with CO2 feed gas (bal-
anced by N2) with the flow rate controlled by a mass flow controller 
(Cole-Parmer). For testing under simulated flue gas conditions, a gas 
mixture of either 18.5% CO2 + 3% O2 or 15% CO2 + 5% O2 balanced by N2 
was used. An infrared-based CO2 sensor (SprintIR-W 100%) was con-
nected at the gas exit to monitor the CO2 concentration continuously. 
The tank headspace was filled with plastic beads (McMaster-Carr) to 
limit the mixing time in the headspace. The Fc1N112-TFSI tank was kept 
air free. A two-channel peristaltic pump (Ismatec Reglo ICC Digital 
Pump; Cole-Parmer) pumped the sorbent and the Fc1N112-TFSI elec-
trolyte to a commercial flow cell (Scribner) at a flow rate of 3 ml min–1. 
The flow cell utilized graphite plates with 5 cm2 interdigitated flow 
fields pressed against carbon felt electrodes (CT GF030; Fuel Cell 
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Store) to distribute the liquid flow. A Nafion 212 membrane was placed 
between the two carbon felt electrodes. The carbon felt was held in 
place by 3-mm-thick PTFE frames and the cell was kept sealed by Kalrez 
fluoropolymer elastomer gaskets (0.02 inches thick). CO2 capture was 
carried out in a constant current mode while the release was carried 
out following a constant current/constant voltage protocol (that 
is, oxidizing the adduct at a constant current until a specific cut-off 
voltage followed by a constant voltage hold (the cut-off current for 
the constant voltage hold was 10% of the value used in the constant 
current oxidation). Additional experimental details of the flow system 
are included alongside images in the Supplementary Information and 
the cycling protocols of each experiment are provided in the corre-
sponding figure captions.

DFT calculations
The Gaussian 16 code40 was used in the DFT calculations with the B3LYP 
functional41,42 and the 6-31++G(d,p) basis set43–45. The conductor-like 
polarizable continuum model was used to simulate the solvation effect 
of DMSO solvent at room temperature46. To simulate the processes in 
a solvated environment, free energies excluding translational con-
tributions at 298 K were calculated. A benchmark of the calculated 
redox potentials against the experimentally measured potentials can 
be found in Supplementary Fig. 2. A comparison of functionals can be 
found in Supplementary Table 2. FTIR vibrational frequencies were 
calculated for optimized structures by determining the second deriva-
tive of the energy with respect to the nuclear coordinates and then 
transforming to mass-weighted coordinates.

Data availability
The data generated or analysed during this study are included in the 
published article and its Supplementary Information file. Source data 
are provided with this paper.
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