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Electrocatalytic CO2 reduction reaction (CO2RR) to form valu-
able liquid fuels using renewable energy is a potential strategy 
to achieve a carbon-neutral energy cycle1–4. Exciting progress 

has been achieved over the past decade in developing and under-
standing a variety of catalytic materials for synthesis of different 
liquid fuels, C1 to C3 products such as formic acid (HCOOH)5–8, 
ethanol9–11 and n-propanol12,13. These liquid products were usually 
generated and mixed with solutes in the electrolyte of traditional 
H- or flow-cell reactors, which requires extra separation and con-
centration processes to recover pure liquid fuel solutions in practi-
cal applications14,15. Taking CO2RR to HCOOH as a representative 
example, while highly selective (>90%) and active catalysts have 
been presented in recent works16–22, in most cases the products were 
actually in the form of formate due to the neutral or alkaline elec-
trolyte environments, as well as in low concentrations. Similarly, 
production of electrolyte-free C2+ liquid oxygenate solutions is still 
an open challenge. Therefore, to directly and continuously produce 
pure liquid fuel solutions, particularly with high product concentra-
tions and long-term operation, is highly desired for the practical 
deployment of electrocatalytic CO2RR.

Solid-state batteries recently emerged as promising alternatives 
to traditional solution electrolyte batteries, where ions are shuttled 
between anode and cathode via ion-conducting solid polymers or 
ceramics for better reliability23,24. Inspired by this battery chemis-
try, here we sought to employ a solid-state electrolyte (SSE) in a 
CO2RR system to produce electrolyte-free liquid products includ-
ing HCOOH, acetic acid, ethanol and n-propanol. In contrast to the 
dissolved solutes (such as the commonly used KHCO3) in a conven-
tional liquid electrolyte, these solid ion conductors help to transport 
electrogenerated cations or anions (protons or formates in the case 

of HCOOH) to form pure products, avoiding mixture with solutes 
as in the case of a conventional liquid electrolyte. Therefore, once 
coupled with highly selective CO2RR catalysts, this design could 
enable a continuous production of ultrahigh-purity liquid fuel solu-
tions. Since HCOOH is the only liquid product that has been pro-
duced exclusively by CO2RR, we first use it as an ideal candidate for 
the demonstration of pure liquid fuel solutions via electrocatalytic 
CO2RR using solid electrolytes. A high concentration of 12.1 M pure 
HCOOH solution, as well as a 100 h continuous and stable genera-
tion of ~0.1 M HCOOH, was successfully demonstrated. Following 
the same mechanism, other types of electrolyte-free liquid fuel 
including C2 and C3 products were also demonstrated when chang-
ing the catalysts.

Cell configuration
As schematically illustrated in Fig. 1, the cathode and anode of the 
proposed cell are catalyst-coated gas diffusion layer (GDL) elec-
trodes, which were separated by anion and cation exchange mem-
branes (AEM and CEM), respectively. Porous solid ion conductors, 
for example proton (H+) or formate (HCOO−) conductors, were 
placed in between the membranes with close contact to efficiently 
transport the generated ions and significantly minimize the ohmic 
loss of the entire device. Similar three-chamber designs using strong 
acids or strong acid cation exchange media in the middle cham-
ber for both ion conduction and pure product collection have been 
demonstrated before6,25, but the versatility of solid electrolytes needs 
to be further expanded for different application scenarios. The solid 
electrolyte in this work was made of ion-conducting polymers with 
different functional groups, such as porous styrene–divinylbenzene 
copolymer consisting of sulfonic acid functional groups for H+  
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conduction, or quaternary amino functional groups for HCOO− 
conduction. An inorganic solid proton conductor, CsxH3 − xPW12O40, 
was also demonstrated. Other forms of solid electrolyte used in bat-
teries, such as ceramics, polymer/ceramic hybrids or solidified gel 
electrolytes (for example 10 wt% H3PO4/polyvinylpyrrolidone gel), 
could also be employed in the future.

In our design, the cathode electrode where CO2 is reduced was 
supplied with humidified CO2 gas to facilitate CO2 mass transport, 
whereas the anode side was circulated with 0.5 M H2SO4 solution for 
water oxidation. The flooding issue of the GDL electrode, usually in 
direct contact with water, is a common concern for traditional H- or 
flow-cell reactors that blocks CO2 diffusion and thus significantly 
limits their CO2RR lifespan6,16,21,26–30. Of note, the cathode GDL in 
this current design is completely separated from liquid media, which, 
in principle, guarantees its stability even when operated under large 
negative overpotentials for high catalytic currents31–33. When CO2 is 
reduced by a HCOOH-selective catalyst, the generated negatively 
charged HCOO− driven by the electrical field travels through the 
AEM towards the middle solid-electrolyte channel. At the same 
time, protons generated by water oxidation on the anode side can 
move across the CEM to compensate the charge. Depending on the 
type of solid ion-conducting electrolyte in between, the HCOOH 
product could be formed via the ionic recombination of crossed 
ions at either the left (H+-conductor) or right (HCOO−-conductor) 
interface between the middle channel and membrane, as depicted in 
Fig. 1, and diffuse away through the liquid water. Then, the formed 
liquid products can be quickly released by the slow deionized water 
stream or humidified inert gas flow. Obviously, pure HCOOH solu-
tion with a wide range of concentrations can be produced by adjust-
ing the flow rate of the deionized water and gas.

Synthesis of a two-dimensional Bi catalyst
A variety of HCOOH-selective electrocatalysts, such as Bi, Co, Pd, 
In, Pb, Sn and carbonaceous material, could be coupled into this pro-
posed CO2RR system for pure HCOOH solution generation22,34–39. 
Among them, Bi-based catalysts have achieved peak Faradaic effi-
ciencies (FEs) of over 95% at high current densities (>50 mA cm−2), 
outperforming most other non-noble-metal catalysts16,17,21,40,41. This 
is because CO2 reduction to formate was the most energetically  

favourable among the competing cathodic processes on the Bi  
surface17. However, large overpotentials were usually required to 
drive significant CO2RR currents, which leads to low energy con-
version efficiencies. More importantly, the Bi-based electrocatalysts 
in previous reports usually involve multistep or complicated syn-
thesis methods, making low-cost and large-scale productions in the  
future difficult.

Here, we develop a facile and scalable hydrolysis approach, fol-
lowed by in situ electrochemical reduction to synthesize an ultra-
thin two-dimensional Bi (2D-Bi) catalyst for CO2-to-HCOOH 
conversion, which thereby presents abundant undercoordinated 
active Bi sites for significantly improved catalytic performance. 
Due to the simplicity of our synthesis method, kilogram-scale 
synthesis of this Bi catalyst has been demonstrated in our labora-
tory using a 1 l reactor (Supplementary Fig. 1a). Specifically, com-
mercial bismuth nitrate was first hydrolysed to form layered basic 
bismuth nitrate—Bi6O6(OH)3(NO3)3∙1.5H2O (BOON)—which was 
then topotactically converted into 2D-Bi by in  situ electroreduc-
tion. During the hydrolysis step, cetyltrimethylammonium bromide 
(CTAB) was used as a surface capping agent to obtain ultrathin 
2D-BOON. Br− ions have been demonstrated to suppress the stack-
ing of monolayers for Bi compounds during bottom-up synthesis, 
and the extra surface repulsion from the hydrophobic long chains 
of CTA+ ions could further terminate the stacking of layered basic 
bismuth nitrates42. The X-ray diffraction pattern reveals the phase 
purity of the tetragonal basic bismuth nitrates (Supplementary  
Fig. 1b). The BOON crystal structure is based on cationic [Bi2O2]2+ 
layers in the (a, b) plane (Supplementary Fig. 1a). In the interlayer 
space, two layers of anions are inserted: one is composed of OH− 
groups and the other of NO3

− (ref. 43). The hydrogen bonds between 
the two negative layers (OH−∙∙∙NO3

−) further increase the cohesion 
of the structure.

Scanning electron microscopy (SEM) and aberration-corrected  
transmission electron microscopy (TEM) images (Fig. 2a,b and  
Supplementary Fig. 2a–e) showed few-layer-thick BOON nano
sheets with good homogeneity. Notably, the nanosheets were  
almost transparent to the electron beam, suggesting their ultrathin 
feature. The lattice spacing in the high-resolution TEM image was 
measured to be 0.288 nm (Fig. 2c), corresponding to the (006) planes 
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Fig. 1 | Schematic illustration of the CO2 reduction cell with solid electrolyte. The SSE is either an anion or cation conductor. Depending on the type  
of solid ion-conducting electrolyte in between, the HCOOH product could be formed via the ionic recombination of crossed ions at either the left  
(H+-conductor) or right (HCOO−-conductor) interface between the middle channel and membrane, and diffuse away through the liquid water.
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of tetragonal BOON. In addition, the corresponding fast Fourier 
transform analysis of an individual BOON nanosheet indicated its 
quasi-single-crystalline nature (Supplementary Fig. 2f). Scanning 
transmission electron microscopy–energy dispersive spectroscopy 
(STEM-EDS) elemental mapping (Fig. 2d) showed a uniform dis-
tribution of Bi, O, N, C and Br in the BOON nanosheet, confirm-
ing the CTAB capping effect. The BOON nanosheets were then 
electrochemically reduced to 2D-Bi metal in CO2-saturated 0.5 M 
KHCO3 solution. X-ray diffraction measurement of the reduced 
material showed obvious diffraction peaks assignable to metallic Bi 
(Supplementary Fig. 1c), consistent with the X-ray photoelectron 
spectroscopy analysis (Supplementary Fig. 1d). The X-ray photo-
electron spectroscopy and STEM-EDS studies also demonstrated 
the absence of Br at the Bi surface (Supplementary Fig. 1,e,f),  
suggesting the formation of clean metallic Bi. It is worth noting  
that the in situ formed Bi metal still retains the original nanosheet 
morphology of BOON (Fig. 2e). The lattice spacing in Fig. 2f is 
0.238 nm, which agrees well with the (104) interplanar spacing 

in rhombohedral Bi. The thickness of an individual Bi nanosheet 
determined by atomic force microscopy was only a few nanometres  
(<5 nm, Supplementary Fig. 3a), revealing its 2D nature with maxi-
mally exposed surface sites. It is also interesting that our process 
yields 2D-Bi with quasi-single-crystal nature (Supplementary  
Fig. 3b), which could benefit in-plane electron transportation. In addi-
tion, we showed that about 59.8% of the Bi sites of 2D-Bi were electro-
chemically active using cyclic voltammetry (Supplementary Fig. 3c).  
This high percentage could ensure a high Bi atom efficiency during 
CO2RR catalysis18.

In operando X-ray absorption spectroscopy (XAS) can help to 
elucidate the electronic structure change of our Bi catalyst under 
reaction conditions32. Figure 2g shows the in  situ Bi L3-edge nor-
malized absorption spectra at different applied potentials, as well as 
commercial Bi metal as a reference. We observed a negative energy 
shift of the Bi edge from open circuit voltage to −0.32 V versus the 
reversible hydrogen electrode (RHE), suggesting the reduction of 
Bi oxidation states. With the negative potential further increased to 
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Fig. 2 | Characterization of BOON and 2D-Bi. a–c, SEM (a), TEM (b) and high-resolution TEM (c) of the BOON nanosheet with arrows highlighting the 
(006) interplanar distance. d, STEM-EDS elemental mapping of BOON. HAADF, high-angle annular dark field. e,f, TEM (e) and high-resolution TEM (f) of 
in situ reduced metallic 2D-Bi with arrows highlighting the (104) interplanar distance. g, In operando Bi L3-edge XAS spectra of BOON at different potentials 
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as a reference. Note that the potentials in g are not current × resistance (iR) compensated. Scale bars: a, 500 nm; b,e, 100 nm; d, 300 nm; c,f, 2 nm.
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−0.92 V, the Bi L3-edge spectra overlapped with the metallic Bi ref-
erence, which indicated that the active phase under CO2RR condi-
tions was metallic.

CO2-to-formate performance of the 2D-Bi catalyst
The CO2RR catalytic activity of 2D-Bi was first evaluated in CO2-
saturated 0.5 M KHCO3 aqueous electrolyte (pH = 7.4) in a standard 
three-electrode H-cell system (Methods). Gas and liquid products 
were separately analysed using gas chromatography (GC) and 
nuclear magnetic resonace (NMR), respectively. As expected, for-
mate was the only liquid product, together with a small amount of 
CO and H2. The maximal formate FE can reach about 99% with 
a partial current density (jHCOO�

I
) of 17.3 mA cm−2 (55.7 A g−1) at 

−0.79 V versus RHE (Fig. 3a,b). High formate FEs (>90%) can still 
be maintained with negative potentials further increased, reach-
ing a partial current of ~30 mA cm−2 at an overpotential of only 
710 mV. A CO2-to-formate Tafel slope of 121 mV per decade on 
2D-Bi (Supplementary Fig. 4a) was obtained, which is very close 
to 118 mV per decade, indicating that an initial electron transfer 
rate might be the determining step during CO2RR44. The formate 
production turnover frequency (TOF) per active Bi site can be esti-
mated via the electrochemically active Bi/Bi3+ redox reaction17. As 
shown in Fig. 3c, the TOF of 2D-Bi was calculated to be 0.19 and 
0.33 s−1 at overpotentials of 620 (99% formate FE) and 710 mV (93% 
formate FE), respectively. This 2D-Bi catalyst can be continuously 
operated in an H cell at a constant potential of −0.83 V to maintain a 
10 h stable cathodic current of 21 mA cm−2 with an average formate 
FE of 96.5%, suggesting its remarkable stability for long-term opera-
tions, which will be further demonstrated below. Postcatalysis SEM 
characterization reveals that the 2D-Bi nanosheet structure is well  
maintained (Supplementary Fig. 4b–d), which explains its high 
average formate selectivity. However, a tiny amount of microscale 
Bi, potentially formed from Bi atom reconstruction under reaction  

conditions in water, was observed on the catalyst surface and could 
lead to the slightly increased H2 evolution with time. The 2D-Bi 
CO2RR catalytic performance can be further boosted with a GDL 
electrode to facilitate the CO2 mass transport in a traditional flow 
cell16,45,46. Following an early onset of a mere 227 mV, the peak formate 
FE of 95% was achieved at −0.57 V versus RHE with a current den-
sity of 92 mA cm−2 (Fig. 3e,f). Impressively, over 200 mA cm−2 current 
with a high formate selectivity of 86.1% requires only 510 mV over-
potential, suggesting an efficient energy conversion process. Due to 
its ultrathin nature, this layered catalyst reached a CO2-to-formate 
specific activity of 583.9 A g−1, indicating a high Bi atom efficiency.

Production of pure liquid fuels
The excellent CO2RR performance of the 2D-Bi catalyst as well as 
its easy scalability therefore make good preparations for the dem-
onstration of producing pure HCOOH solution in our proposed 
CO2 reduction cell with solid electrolytes. IrO2–C on the anode 
side was selected as a very stable and active oxygen evolution reac-
tion (OER) catalyst in acidic solutions47, which helps to release H+ 
from water to compensate for the negative charges of the generated 
HCOO− (Fig. 1). Figure 4a plots the CO2RR activity of a 2D-Bi//
solid-electrolyte//IrO2–C cell with different types of solid ion con-
ductor. In the case of an H+ conductor the overall current density 
can reach over 100 mA cm−2 at a cell voltage of 3.27 V, while the 
HCOO− conductor delivers a lower current of 50 mA cm−2 at about 
3.47 V. No liquid products were observed other than HCOOH by 
1H and 13C NMR (Supplementary Fig. 5). In the cell with the H+-
conducting solid electrolyte, a peak HCOOH FE of 93.1% with a 
partial current of 32.1 mA cm−2 was achieved at 3.08 V (Fig. 4b), 
corresponding to 0.112 M pure HCOOH solution at a deionized 
water flow rate of 12 ml h−1 (with electrode geometric area of 4 cm2). 
The pH of this produced HCOOH solution was measured to be 
about 2.3–2.4, which agrees well with the theoretical pH value of 
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0.112 M pure HCOOH solution (pH = 2.36). Furthermore, negli-
gible amounts of impurity ions including potassium, sodium, iron, 
bismuth, sulfur (all lower than 100 ppm) and iridium (lower than 
10 ppb) were detected by inductively coupled plasma atomic emis-
sion spectroscopy (ICP-OES). The pH and ICP-OES results, taken 
together, demonstrate the ultrahigh purity of the HCOOH solution 
produced by our device. Under this maximal HCOOH selectivity, 
an impressive energy conversion efficiency of 42.3% from electricity 
to pure HCOOH was delivered.

In addition, a similar peak HCOOH FE of 90.1% with a HCOOH 
partial current of 28 mA cm−2 was obtained at 3.21 V using a HCOO− 
conductor (Fig. 4c), demonstrating the generality of our SSE concept 
for pure HCOOH solution production. Importantly, we show that 
the concentration of pure HCOOH solution can be easily controlled 
by tuning the flow rate of the deionized water stream (Fig. 4d). By 

slowing down the deionized water flow, higher HCOOH concentra-
tion of 6.73 M (~29 wt%) was achieved in CO2-to-HCOOH conver-
sion using H+ conductor with an FE of 30% (Supplementary Fig. 6). 
The decreased HCOOH FEs with increased HCOOH concentra-
tions might be due to two factors. First, the concentrated HCOOH 
solution in the solid-electrolyte channel may thermodynamically 
lower the CO2-to-HCOOH conversion rate. Second, it can cross the 
Nafion film and be oxidized by the anode, which has been typically 
observed in direct formate fuel cells48. We found that if Nafion 1110 
CEM (254 µm thick) was used instead of Nafion 117 (183 µm thick) 
we could achieve higher HCOOH FE. Specifically, we obtained the 
HCOOH FE of 40.3% at 100 mA cm−2 and 0.6 ml h−1 deionized water 
rate for Nafion 117, while 51.1% HCOOH FE is achieved for Nafion 
1110 under the same conditions. It is also worthwhile to note that 
the improvement of HCOOH FE is still limited even when thicker 
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CEM (254 versus 183 µm) is employed to block the HCOOH from 
crossing. Thus, we believe that the concentrated HCOOH solution 
in the solid-electrolyte layer also thermodynamically lowers the 
CO2-to-HCOOH conversion rate.

A 100 h continuous and stable production of ~0.11 M pure 
HCOOH solution was demonstrated using our 2D-Bi catalyst 
in this solid-electrolyte CO2RR cell (Fig. 4e). The current density 
was fixed at 30 mA cm−2 (120 mA cell current) and the deionized 
water flow rate at 16.2 ml h−1, resulting in a total of 1.6 litre 0.1 M 
pure HCOOH product (Supplementary Fig. 7a). Over this 100 h 
course the cell voltage showed negligible change, and the HCOOH 
selectivity was maintained above 80%. The water contact angle test 
reveals the superhydrophobicity of the 100 h aged cathode GDL 
(Supplementary Fig. 7b,c), demonstrating that no water flooding 
occurred. SEM characterization of the post-stability catalyst reveals 
no Bi particulate agglomerates (Supplementary Fig. 7d), further 
highlighting the advantages of our cell configuration for long-term 
stability compared with the H-cell. We also note that a higher-
concentration HCOOH solution (for example >1.0 M) can be sta-
bly and continuously obtained (Supplementary Fig. 7e). Analysis 
of the HCOOH in the generated concentrate HCOOH solution 
(150 mA cell current, 2 ml h−1 deionized water flow for 20 h) leads 
to an average HCOOH FE of about 80.9%, translating to ~1.13 M 
HCOOH. In addition, besides the polymer solid electrolyte, we 
showed that an inorganic solid proton conductor, such as insoluble 
CsxH3 − xPW12O40, can also be employed for pure HCOOH generation  

(Methods and Supplementary Fig. 8), significantly expanding the 
application range of solid-electrolyte design.

Based on the same working mechanism, other types of electro-
lyte-free CO2RR liquid product can be obtained using this solid-
electrolyte cell design. To demonstrate its wide applicability for 
other pure liquid fuel productions beyond HCOOH, we there-
fore chose Cu catalyst, which can generate multiple C2+ oxygenate 
fuels11,49. Based on the Cu catalyst derived from commercial Cu2O 
nanoparticles, we show that electrolyte-free dense C2+ oxygenate 
fuels, including ethanol, acetic acid and n-propanol, can be effi-
ciently collected (Fig. 4f). At 3.45 V, we obtained an electrolyte-free 
oxygenate solution containing 4.6 mM ethanol, 3.4 mM n-propanol 
and 1.3 mM acetic acid. The GC and NMR results present an overall 
approximately 100% FE (Supplementary Fig. 9a,b), indicating that 
all the generated liquid fuels have been successfully collected by the 
deionized water stream. The above discussion confirms that the 
solid-electrolyte cell design can be easily extended to produce other 
pure liquid fuels such as pure ethanol solutions once a highly selec-
tive and exclusive CO2RR catalyst is developed.

While the pure HCOOH solution has been demonstrated 
using our SSE design, the relatively low cell energy efficiency 
at high production rate—about 36% at the current density of 
100 mA cm−2—needs to be further improved. We sought to opti-
mize the proton solid electrolyte to decrease the required cell volt-
age for pure HCOOH production. The polymer proton conductor 
we used has an average domain size of about 300 µm, which was 
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further decreased to ~50 µm (henceforth referred to SSE-300 and 
SSE-50, respectively) for higher porosity and ion conductivity. As 
shown in Supplementary Fig. 10, the SSE-50 offers higher ionic 
conductivity (0.018 S cm−1) and lower charge transfer (12.5 Ω cm2) 
resistivity compared with SSE-300 (0.0064 S cm−1 and 24.5 Ω cm2), 
due to the improved surface area and porosity. Figure 5a compares 
the CO2RR activity of a 2D-Bi//IrO2-C cell using polymer proton 
ion conductors. In the case of highly porous solid electrolyte (SSE-
50), the overall current density can quickly ramp up to 200 mA cm−2 
(4 cm2 geometric area) with a high HCOOH FE of 82.7% (Fig. 5b), 
outperforming SSE-300. As a result, we achieved an improved 
energy efficiency of about 48.5% and 43.3% at the current density of 
100 and 200 mA cm−2, respectively. Such an improvement suggests 
that the overall performance of CO2-to-fuel conversion can be fur-
ther boosted in the future by improving the ionic conductivity of the 
solid electrolyte. With these high current densities and selectivity, 
the maximal one-pass efficiency for CO2 conversion is calculated 
as about 23% (20 sccm CO2 feed-in rate) at a HCOOH partial cur-
rent density of 165.4 mA cm−2 (Supplementary Fig. 11). The 2D-Bi//
SSE-50//IrO2-C cell also demonstrated continuous and stable pro-
duction of pure HCOOH solution with no degradations in activity 
or selectivity (Supplementary Fig. 12a), suggesting good stability as 
a result of using highly porous SSE in our system.

We also show that more concentrated HCOOH could be 
obtained when using humidified inert gas instead of deionized 
water flow to bring out the generated liquid fuel vapour followed 
by cold condensation. Figure 5c exhibits the recorded current–
voltage curve of a 2D-Bi//SSE-50//IrO2-C cell with 100 sccm 
humidified N2 gas passed through the middle solid-electrolyte 
layer. Despite the different trapping media (deionized water or gas 
flow) within the porous solid electrolyte, the overall catalytic activ-
ities and selectivities (Fig. 5a–d) are similar, which implies good 
stability of the solid conductor and catalytic reactor. Specifically, 
the HCOOH FE using N2 flow at 2.75 V (200 mA cm−2) is 80.1%, 
which is very close to that using deionized water (82.7% at 2.81 V, 
200 mA cm−2), but the concentration of generated HCOOH (for 
example 0.84 M at 100 mA cm−2) was higher than that using a 
deionized water stream at a flow rate of 16.2 ml h−1 (for example. 
0.55 M at 100 mA cm−2). When the N2 gas flow was slowed down 
from 100 to 10 sccm, we obtained a high HCOOH concentration 
of 12.1 M (~49.3 wt%) by electrocatalytic CO2 reduction (Fig. 5e),  
which is beneficial, technically and economically, for practi-
cal applications, for example a direct formic acid fuel cell where 
concentrated HCOOH is preferred50. Furthermore, a quantita-
tive techno-economic analysis of our entire device demonstrates 
that the proposed method for CO2-to-HCOOH conversion using 
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2D-Bi and SSE is highly competitive with current commercial 
technologies (Supplementary Note 1).

Upgraded solid-electrolyte device
Generation of protons by water oxidation on the anode side is indis-
pensable to produce pure formic acid using the above proposed 
solid electrocatalytic cell. However, electrocatalytic water oxidation 
in acidic solution is challenging. Only noble metal catalysts such as 
IrO2 or RuO2 could offer modest performance. To exclude the costly 
OER catalyst (IrO2 in our case) and make our strategy more eco-
nomically appealing, we further upgrade our solid electrocatalytic 
cell into a symmetric four-chamber configuration to simultaneously 
produce three kinds of high-purity product, in which the alkaline/
neutral solution can be used for OER. In this case, nickel iron lay-
ered double hydroxide (NiFe-LDH)51 and 0.1 M KOH were chosen 
as the OER catalyst and electrolyte to decrease the catalyst cost and 
anode overpotential. As schematically illustrated in Fig. 6a, AEM 
and CEM were also used to separate catalyst-coated GDLs and 
the porous SSE-50 solid ion conductors. A bipolar membrane was 
employed to separate the cathode and anode compartments, which 
dissociates water into H+ and OH− during CO2 reduction52. The 
generated H+ ions from the bipolar membrane can neutralize the 
negatively charged HCOO− in the left solid-electrolyte layer to pro-
duce pure HCOOH. At the same time, more concentrated KOH can 
be obtained in the right solid-electrolyte layer via ionic recombina-
tion of OH− and K+. The experimentally measured current–voltage 
profile and the corresponding HCOOH FE of this four-chamber cell 
is presented in Fig. 6b. A peak HCOOH partial current of about 
150 mA cm−2 could be achieved at 3.36 V. More importantly, we suc-
cessfully collected the pure KOH solution of concentration up to 
0.66 M at a deionized water flow rate of 16.2 ml h−1 (Fig. 6c), demon-
strating the feasibility of our strategy. Furthermore, we performed a 
20 h stability test on this four-chamber reactor (Supplementary Fig. 
12b). Impressively, the cell performance showed no obvious changes 
during the course of the stability test. In future applications, brine 
streams could be used as an anolyte to drive the chlorine evolution 
at the anode side to replace the OER. Then, three kinds of valuable 
pure product (HCOOH, NaOH and Cl2) could be simultaneously 
generated. Implementation of NaOH, Cl2 and HCOOH production 
from a brine stream and CO2 using our solid-electrolyte concept 
can offer environmentally sound, economic strategies for sustain-
able desalination and carbon cycling.

Coupling OER with CO2RR for HCOOH production will 
lead to O2 byproduct, which results in lower ‘atom economy’ 
(2CO2 + 2H2O → 2HCOOH + O2), as well as involving aqueous 
electrolyte. Hence, we also explored electrocatalytic hydrogena-
tion of CO2 using H2 as a feedstock at the anode towards pure 
HCOOH vapour under ambient conditions without any liquid 
stream involved. As schematically illustrated in Fig. 6d, hydrogen 
was electrochemically oxidized into protons at the anode, which is 
catalysed by commercial Pt/C, whereas the CO2 is reduced into for-
mate at the cathode using the 2D-Bi. The electroreduced HCOO− 
ions will combine with the generated protons, which cross from the 
hydrogen oxidation reaction (HOR) side, to form pure HCOOH. 
Then, the formed HCOOH vapour at the solid-electrolyte surface 
will be extracted by the continuous humified N2 flow. Of note, no 
liquid stream was required for the entire cell, leading to an all-
vapour-phase operation. This solid-electrolyte electrochemical cell 
can offer a 100% atom utilization without byproducts for HCOOH 
production using CO2 and H2 as feedstocks (CO2 + H2 → HCOOH). 
Figure 6e displays the current–voltage profile of the direct electro-
catalytic CO2 hydrogenation cell for HCOOH vapour generation. A 
peak HCOOH FE of 83.3% was obtained at only 1.1 V. An impres-
sive HCOOH partial current of about 163 mA cm−2 (HCOOH FE of 
73.3%) can be achieved at the low cell voltage of a mere 1.33 V. It is 
important to mention that the formed HCOOH can be detected at  

as low as 0.45 V, translating to a small cell overpotential of only  
0.26 V. We have also presented the continuous generation of  
HCOOH vapour using our vapour phase reactor for 20 h 
(Supplementary Fig. 12c), demonstrating the good stability of the 
catalyst and solid ion conductor over a long operation period. This 
electrocatalytic CO2 hydrogenation to HCOOH vapour under 
ambient conditions presents advantages over traditional thermo-
catalytic CO2 hydrogenation processes, which usually involve high 
temperature and pressure.

Conclusions
We have demonstrated an approach to electrocatalytic CO2 reduc-
tion that uses a solid-electrolyte design that can generate pure liquid 
product solutions or vapours. Given the wide variety of solid elec-
trolytes available, we expect that the approach could be extended to 
production of other liquid fuels as well as to other electrocatalytic 
reactions. We also demonstrate a facile hydrolysis method for large-
scale synthesis of an active, selective and stable 2D-Bi catalyst for 
CO2-to-HCOOH conversion catalysts. Future work will be focused 
on catalytic materials design for exclusive C2+ liquid fuel produc-
tion. Moreover, further improvements in ion conductivity and sta-
bility of the solid electrolyte will significantly increase the energy 
efficiency of the electrosynthetic cell.

Methods
Preparation of BOON nanosheet. In a typical gram-scale synthesis, 970 mg 
Bi(NO3)2∙5H2O was first dissolved in 60 ml deionized water, followed by the 
addition of 500 mg CTAB. Then, 3.0 g urea was added to 40 mL ethanol to form 
a homogeneous solution using sonication. Next, the urea–ethanol solution was 
quickly added to the Bi(NO3)2 aqueous solution, and the mixture was stirred for 
30 min to form a white homogeneous solution. This homogeneous solution was 
finally kept at 90 °C in a water bath for 4 h. The resultant white BOON nanosheets 
were collected by centrifugation, washed with deionized water and alcohol, and 
dried at 60 °C.

Preparation of the 2D-Bi catalyst. Typically, 10 mg of as-prepared BOON powder 
was mixed with 2 ml of ethanol and 40 µl of binder solution (Nafion 117 (Sigma-
Aldrich, 5%) for H and flow cells and alkaline ionomer (Dioxide Materials, 5%) 
for the proposed new cell), and sonicated for 20 min to obtain a homogeneous ink. 
160 µl of the ink was pipetted onto 2 cm2 glassy carbon surface (0.4 mg cm−2 mass 
loading), and vacuum dried before usage. Then, the BOON-loaded glassy carbon 
electrode was electroreduced at −1.6 V versus saturated calomel electrode (SCE) 
in CO2-saturated 0.5 M KHCO3 solution (pH = 7.4) for 10 min to obtain black 
2D-Bi catalyst. For the conventional flow cell and the cell with solid electrolyte, 
a 0.4 mg cm−2 BOON-nanosheet-loaded gas diffusion electrode (Sigracet BC 35, 
Fuel Cell Store) was electroreduced at −1.6 V versus SCE in CO2-saturated 0.5 M 
KHCO3 solution for 10 min, and then washed using deionized water to obtain the 
2D-Bi catalyst for CO2RR.

Preparation of NiFe-LDH catalyst. The NiFe-LDH catalyst for OER was prepared 
according to a previous report51.

Electrocatalytic CO2 reduction. The electrochemical measurements were run 
at 25 °C in a customized gas-tight H-type glass cell separated by Nafion 117 
membrane (Fuel Cell Store). A Bio-Logic VMP3 workstation was employed 
to record the electrochemical response. In a typical three-electrode system, a 
platinum foil (Beantown Chemical, 99.99%) and an SCE (CH Instruments) were 
used as the counter- and reference electrode, respectively. The as-prepared 2D-Bi 
on glassy (0.4 mg cm−2) was used as the working electrode. The backside of glassy 
carbon was covered by an electrochemically inert, hydrophobic wax (Apiezon wax 
WW100) during electrochemical tests. All potentials measured against SCE were 
converted to the RHE scale in this work using ERHE = ESCE + 0.244 V + 0.0591 pH, 
where pH values of electrolytes were determined with an Orion 320 PerpHecT 
LogR Meter (Thermo Scientific). CO2-saturated 0.5 M KHCO3 aqueous solution 
was used as the electrolyte in our study with a pH of 7.4. The electrolyte in the 
cathodic compartment was stirred at a rate of 1,000 r.p.m. during electrolysis. 
Solution resistance (Rs) was determined by potentiostatic electrochemical 
impedance spectroscopy at frequencies ranging from 0.1 Hz to 200 kHz. All the 
measured potentials were manually compensated unless stated otherwise.

For the conventional flow-cell test, 0.4 mg cm−2 2D-Bi-loaded Sigracet 
35 BC GDL electrodes (Fuel Cell Store) was used as the CO2RR cathode. An 
IrO2/C electrode (Fuel Cell Store) was used as the anode for water oxidation. 
The two electrodes were therefore placed on opposite sides of two 0.5-cm-thick 
polytetrafluoroethylene sheets with 0.5 cm wide by 2.0 cm long channels such  
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that the catalyst layer interfaced with the flowing liquid electrolyte.46 A Nafion  
film was sandwiched by the two polytetrafluoroethylene sheets to separate the 
chambers. The geometric surface area of the catalyst is 1 cm2. On the cathode side  
a titanium gas flow chamber supplied 20 sccm CO2 while the anode was open  
to the atmosphere. The flow rate of 2.0 M KOH electrolyte (pH = 14.2) was 
30 ml h−1 in both chambers controlled by a syringe pump. A SCE was used as the 
reference electrode.

For the cell with solid electrolyte, a PSMIM AEM53–55 (Dioxide Materials) and a 
Nafion film (Fuel Cell Store) were used for anion and cation exchange, respectively. 
A Sigracet 35 BC GDL electrode loaded with 0.4 mg cm−2 2D-Bi (4 cm2 electrode 
area) and an IrO2/C electrode (Fuel Cell Store) were used as cathode and anode, 
respectively. The cathode was supplied with 20 sccm of humidified CO2 gas, and the 
anode was circulated with 0.5 M H2SO4 aqueous solution at 2 ml min−1. The porous 
(~300 µm; SSE-300) and highly porous (~50 µm, SSE-50) styrene–divinylbenzene 
sulfonated copolymer56 was used as the solid H+ conductor. The insoluble solid 
acid CsxH3 − xPW12O40

57 was used as the inorganic H+ conductor. The porous 
solid Dowex 1 × 4 copolymer was employed as the HCOO− and OH− conductor 
(Sigma). The 2D-Bi//SSE//IrO2-C cell was first stabilized for 120 min before liquid 
product collection. For the four-chamber cell, 0.4 mg cm−2 2D-Bi- and NiFe-LDH-
loaded Sigracet 35 BC GDL electrodes (4 cm2 electrode area) were used as cathode 
and anode, respectively. The cathode was supplied with 20 sccm of humidified 
CO2 gas, and the anode was circulated with 0.1 M KOH aqueous solution at 
2 ml min−1. A bipolar membrane (Fuel Cell Store) was used to separate the anode 
and cathode reactions. The above-mentioned H+ conductor (SSE-50) and porous 
OH− conductor (SSE-OH−) were used as the solid electrolyte filling in between the 
cathode and membrane and between the anode and membrane, respectively. For 
the CO2RR//SSE//HOR cell, 0.4 mg cm−2 2D-Bi- and Pt-C (Fuel Cell Store)-loaded 
Sigracet 35 BC GDL electrodes (4 cm2 electrode area) were used as cathode and 
anode, respectively. The SSE-50 H+ conductor was used as the solid electrolyte. 
100 sccm humified N2 was used to bring out the formed HCOOH vapour.

To quantify the gas products during electrolysis, CO2 gas (Airgas, 99.995%) 
was delivered into the cathodic compartment at a rate of 20.0 sccm (monitored 
by an Alicat Scientific mass flow controller) and vented into a gas chromatograph 
(Shimadzu GC-2014) equipped with a combination of molecular sieve 5A, HayeSep 
Q, HayeSep T and HayeSep N columns. A thermal conductivity detector was 
mainly used to quantify H2 concentration, and a flame ionization detector with a 
methanizer was used to quantitatively analyse the content of CO and/or any alkane 
species. The partial current density for produced gas product was calculated as

ji ¼ xiv
niFpo

RT
electrode areað Þ�1

where xi is the volume fraction of a certain product determined by online GC 
referenced to calibration curves from the standard gas sample (Airgas), v is the 
flow rate of 20 sccm, ni is the number of electrons involved, po = 101.3 kPa, F is the 
Faradaic constant, T = 298 K and R is the gas constant. The corresponding FE at 
each potential is calculated as ji

joverall
´ 100

I

.
One-dimensional 1H NMR spectra were collected on an Agilent DD2 600 MHz 

spectrometer to test if any liquid products were present during the CO2 reduction 
over the 2D-Bi catalyst. Typically, 600 µl of electrolyte after electrolysis was mixed 
with 100 µl of D2O (Sigma-Aldrich, 99.9 at.% D) and 0.05 μl dimethyl sulfoxide 
(Sigma-Aldrich, 99.9%) as internal standard. 13C NMR spectra were acquired using 
a 500 MHz SB Liquild Bruker Avance NMR spectrometer at room temperature to 
check the purity of the as-prepared HCOOH solution. Typically, 500 µl of electrolyte 
after electrolysis was mixed with 60 µl of D2O (Sigma-Aldrich, 99.9 at.% D).

The energy efficiency is calculated using the following equations:

energy efficiency ¼ EOER � ECO2�to�HCOOH

Ecell
FEHCOOH

where EOER (1.23 V versus RHE)58 and ECO2�to�HCOOH

I
 (−0.17 versus RHE)59  

are the theoretical potential for OER and CO2 reduction to HCOOH, respectively. 
Ecell is the required cell voltage.

Characterization. Powder X-ray diffraction data were collected using a Bruker D2 
PHASER diffractometer in parallel beam geometry employing Cu Kα radiation 
(wavelength 1.54056 Å) and a one-dimensional LYNXEYE detector, at a scan 
speed of 0.02° per step and a holding time of 1 s per step. X-ray photoelectron 
spectroscopy was carried out with a Thermo Scientific K-Alpha ESCA 
spectrometer, using monochromatic Al Kα radiation (1,486.6 eV) and a low-
energy flood gun as neutralizer. All X-ray photoelectron spectra were calibrated by 
shifting the detected carbon C 1s peak to 284.6 eV. SEM was performed on a Zeiss 
Supra55VP field emission scanning electron microscope with in-lens detector. 
The contact angles of H2O were measured using a DSA 100 (KRUESS). ICP-OES 
results were collected using an Optima 8300 ICP-OES spectrometer. TEM and EDS 
characterizations were carried out using a FEI Titan Themis aberration-corrected 
transmission electron microscope at 300 kV. Brunauer–Emmett–Teller analysis was 
carried out using a Quantachrome Autosorb-iQ-MP/Kr BET Surface Analyzer.

XAS at the Bi L3 edge was used to study the electronic and coordination 
properties of Bi samples. In situ electrochemical XAS measurements on the Bi 

L3 edge were carried out at Beamline 8-ID, National Synchrotron Light Source 
II, Brookhaven National Laboratory, using a Si(111) monochromator and a Lytle 
detector. For in situ tests, continuous CO2 flow was delivered into a homemade 
Teflon H cell filled with CO2-saturated 0.5 M KHCO3; a Kapton-film-covered 
carbon fibre paper (2D-Bi) working electrode served as the X-ray window 
for synchrotron radiation. Multistep potential control was used for the in situ 
measurements, with a hold time of ~30 min at each potential for the spectrum 
acquisition. Analyses of the near-edge (on an energy scale) XAS spectra were 
performed using Athena software.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding authors on reasonable request.
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