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In this Communication, we demonstrate that polyaniline, as the 

very first example of an organic semiconductor, is a promising 

photocathode material for the conversion of carbon dioxide (CO2) 

to alcohol fuels. CO2 is a greenhouse gas; thus using solar energy 

to convert CO2 to transportation fuel (such as methanol or 

ethanol) is a value-added approach to simultaneous generation of 

alternative fuels and environmental remediation of carbon 

emissions. Insights into its unique behavior are presented from 

photoelectrochemical measurements and adsorption studies, 

together with spectroscopic data. Through a comparative study 

involving various conducting polymers, a set of criteria is 

developed for an organic semiconductor to function as a 

photocathode for solar fuel generation from CO2. 

The Sunlight is undoubtedly one of the most valuable 

resources in the quest for a diversified and sustainable energy 

supply.
1,2

 Photoelectrochemistry has proven to be a promising, 

albeit, challenging avenue for solar water splitting
3
. Solar 

splitting of CO2, however, is even more kinetically daunting, 

and requires the use of carefully designed photocathode 

surfaces to accelerate electron transfer rates to levels that 

make practical sense in terms of the overall energy balance
4,5

. 

A wide range of inorganic p-type semiconductors (SCs) (e.g., Si, 

CdTe, InP, GaAs, GaP, FeS2, ZnTe, Cu2O, and CuFeO2
2,6–12

 have 

been employed for photoelectrochemically reducing CO2 

either directly at the SC/electrolyte interface, or indirectly, 

employing a redox mediator
13

. At the same time, the use of an 

inorganic SC (with optoelectronically-acceptable properties) 

often necessitates the use of relatively high temperatures for 

its synthesis/processing and consequently, long energy 

payback time. Organic SCs are attractive from this perspective 

since they can be synthesized and processed via mild (low-

temperature) routes; consequently, their energy payback time 

is much shorter. In this Communication, we show that 

polyaniline (PANI), a prominent member of the organic 

conducting polymer family, is eminently attractive as a 

photocathode material for CO2 reduction. Importantly our 

proof-of-concept data below show that: (a) No co-catalyst is 

needed for sustaining the photoconversion to alcohol 

products; and (b) PANI shows the requisite surface selectivity 

for chemical interactions with CO2. Interestingly, the findings 

of the present study would be in line with the fact that N-rich 

organic polymers (e.g., polyimines) are currently among the 

best solid-state adsorbents for CO2
14–16

. Furthermore, 

conducting polymers such as polypyrrole (PPy) and PANI have 

shown electrocatalytic activity towards CO2 reduction
17,18

. 

These polymers have also been deployed in conjunction with 

inorganic SCs such as Si
19

 and ZnTe
20

 for the 

photoelectrochemical (PEC) reduction of CO2. Conducting 

polymer-based hybrid organic photocathodes showed 

unprecedentedly high photocurrents, and high rates of PEC H2-

generation with the use of a (homogeneous) co-catalyst
21

 in 

addition water oxidation was also demonstrated employing a 

special ladder-type conjugated polymer.
22

 Finally, N-containing 

heterocycles such as pyridine
11,23

 have been shown to be 

effective co-catalysts for the PEC reduction of CO2 when used 

with SCs such as p-GaP. 

 The photovoltammograms presented in Fig. 1 bear all the 

hallmarks associated with the behavior of a p-type SC
24

. The 

photocurrents are cathodic in polarity, originating from the 

reduction of either H
+
 ions or CO2 at the conducting 

polymer/electrolyte interface. Photoexcitation of an electron 

from the valence band to the conduction band (via UV or 

visible light irradiation) is followed by electric-field separated 

photoelectrons being driven to the surface of the p-type SC 

where they can react with solution-confined species such as 

protons or CO2. 
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Fig. 1. Representative photocurrent-potential profiles for an electrodeposited PANI layer under chopped UV-vis illumination (Xe-Hg Arc lamp, 100 W output) in (A) N2- 
and CO2-saturated 0.1 M Na2SO4 aqueous solution where the N2-saturated solution was buffered to pH = 4.0; (B) N2- saturated 0.1 M Na2SO4 and CO2-saturated 
NaHCO3 aqueous solutions (pH = 7.0); (C) photocurrent-potential profiles of an electrodeposited PANI layer under chopped UV-vis illumination (Xe-Hg Arc lamp, at 
300 W output) in the same solution as (B). 

The CO2-reducing ability of the photogenerated electrons is 

dictated by the position of their surface quasi-Fermi level and 

the SC conduction band edge (Fig. S1). Therefore it is possible 

to photoreduce CO2 at a less negative potential 

(“underpotential”) relative to the thermodynamic reduction 

potential; the principal role of external bias potential is to 

augment the built-in electric field to separate the 

photogenerated charge carriers. This observation highlights 

the benefit of the PEC method over its “dark” electrochemical 

counterpart where usually high overpotential (thus high 

energy input) is needed to drive the reaction due to the kinetic 

constraints of CO2 reduction.  

Comparing the two curves in Fig.1A, a two-fold increase was 

seen in the cathodic photocurrents in the plateau region in the 

presence of CO2. What is also important, the onset potential 

(+0.1 V vs. Ag/AgCl/3M NaCl) observed at the maximum light 

intensity (Fig. 1C) was several hundred mV below the 

thermodynamic potential of most of the CO2 reduction 

processes, and in particular the CO2/CH3OH redox process (see 

Fig. S1) which lies at -0.41 V vs Ag/AgCl/3M NaCl at pH = 4. The 

pH strongly affects both the (photo)electroactivity of PANI
25

 as 

well as the H
+
 reduction (H2-evolution) process. 

 Notably, to separate the intrinsic contribution of CO2 from 

the more trivial pH-effect (caused by the increased H
+
 

concentration because of the CO2 dissolution), the control 

measurement under N2 atmosphere was recorded in a 

buffered solution having exactly the same pH as measured in 

CO2 saturated solution (pH = 4.0±0.1, Fig. 1A). Similar 

comparison was performed in NaHCO3/CO2 solution (pH= 7.0± 

0.1, Fig. 1B), and very similar conclusions were drawn, 

together with the observation of a 150 mV shift in the onset 

potential, which indicated the participation of H
+
 ions in the 

CO2 reduction. Finally, the photon flux was increased to the 

maximum output of the lamp (300 W), which resulted in an 

almost three-fold increase of the photocurrents (with a 

maximum of 170 µA cm
-2

, see Fig. 1C). This proportional 

increase in the photoconversion rate with the photon flux 

suggests that carrier-recombination processes are not yet rate-

limiting in the overall process.  

Fig. 2. A: Photoaction spectra of PANI registered at E = -0.4 V in N2- and CO2-
saturated 0.1 M Na2SO4 aqueous solution. B: UV-vis spectrum of PANI registered 
at E = -0.4 V in CO2-saturated 0.1 M Na2SO4 aqueous solution. C: Current/time 
profiles under continuous UV-vis light irradiation (100 W) at -0.4 V vs. 
Ag/AgCl/3M NaCl in a sealed two-compartment photoelectrochemical cell 
containing a PANI layer photocathode. Electrolyte was 0.1 M NaHCO3

 saturated 
with CO2 (pH = 7). The inset shows the increasing methanol concentration with 
the transferred charge, as deduced from data shown in (D). D: GC-MS profiles 
registered using selective ion monitoring (SIM) for the sample after 
photoelectrolysis shown in Fig. 2C, as well as for a standard solution containing 
0.5 ppm methanol and ethanol respectively. 

 To further examine the photoreduction process, 

photoaction spectra were measured to determine internal 

photon to electron conversion efficiencies (IPCE) both under 

N2 and CO2 saturation. As seen in Fig. 2A the obtained 

photoaction spectra perfectly corresponded to the UV-vis 

spectrum of PANI (Fig. 2B), recorded under identical 

circumstances (i.e., E = ‒0.4 V external bias potential). The 

threshold energy determined from the photoaction spectra 

(440 nm, 2.8 eV) nicely agreed with the bandgap energy (2.8 

eV) obtained from the UV-vis spectra using the Tauc plot (not 

shown). Photovoltammograms were also recorded by 

irradiating the photocathode with simulated sunlight yielding 

very similar profiles both in terms of shape and absolute 

photocurrent values (Fig. S2).  
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 Long term constant-potential electrolysis was performed at 

E = -0.4 V (Fig. 2C), and the formed products were analyzed 

using GC and GC-MS (Fig. 2D) for the gas and liquid phase, 

respectively. The striking difference in the stationary currents 

(20 µA vs. 70 µA) recorded after 2 h in the two cases suggests 

that the PANI layer, at least partially, maintained its PEC 

efficacy for the studied time period. While in the gas phase 

only H2 was detected as the product in both cases (through 

proton reduction), methanol and ethanol (together with some 

minor traces of formaldehyde) were detected in the solution 

for CO2-saturated samples. Importantly, no such products 

could be detected under N2-saturation. In the CO2-saturated 

case, it was found that 20% of the transferred charge (Faradaic 

efficiency) accounts for H2 formation, while the rest is 

responsible for the alcohol formation with an approximately 

2:1 methanol/ethanol molar ratio (~43% and ~20%) indicating 

that the measured photocurrent is related to the formation of 

the listed products.  

 During the long term photoelectrolysis, an initial decrease 

in the photocurrents was always observed (see also in Fig. 2C). 

At the same time, the intrinsic electroactivity of the PANI films 

did not change significantly (as probed by cyclic voltammetry 

before and after photoelectrolysis, see Fig. S3). This fact 

confirms that no a molecular or supramolecular degradation is 

the process behind the decrease of the PEC performance. 

Scanning electron microscopic images (SEM) furnished insights 

on this peculiar phenomenon, namely that the decrease in the 

PEC activity is predominantly rooted in the melting of the 

polymer (Fig. S4). Melting of the PANI film causes a decrease in 

the surface area, thus the majority of the photoactive material 

becomes inaccessible for the CO2 saturated solution. Such 

light-induced melting was reported earlier for PANI
26

, and in 

our case the local heating, induced by charge carrier 

recombination, is responsible for this phenomenon.  

 To further probe the factors behind the PEC activity, similar 

data as in Fig. 1 are contained in Fig. S5 for PPy and poly(3,4-

ethylenedioxythiophene) (PEDOT); these show that both these 

conducting polymers afford only negligible photoeffects from 

CO2 reduction. The conduction band edge positions of these 

polymers were located negative enough to reduce CO2 (Fig. 

S1). Therefore the lack of photoactivity clearly does not reside 

with reduced driving force for photoinduced electron transfer 

in these other cases relative to PANI. In other words, factor(s) 

beyond thermodynamics must control the rather unique ability 

of PANI to photoelectroreduce CO2. With the notion that the 

chemical environment of the N-atom in PANI must be of 

special importance, similar experiments (as in Fig. 1) were 

carried out with poly(N-methylaniline) (PNMANI). The only 

difference here from PANI is the lack of H-substituent on the 

N-atom in the conjugated structure, the hydrogen being 

substituted by a methyl group. Importantly, the enhanced PEC 

behavior seems to be unique to PANI, because no such 

increase can be seen for its –CH3 derivative (Fig. S5); clearly 

this small structural difference exerts a huge impact on CO2 

photoreduction efficacy. 

 Figure 3A compares three adsorption /desorption 

sequences for the above-discussed polymers on supporting 

gold electrodes, as derived from quartz crystal 

microgravimetry (QCM) measurements. The largest adsorbed 

amounts were detected for PANI, and also somewhat 

surprisingly, for PPy. In addition, careful comparison of the 

desorption portion of these data revealed striking differences: 

while for PNMANI, the mass decreased rapidly upon N2 purge 

(10-15 s), in the case of PANI it took 300 s to reach the original 

mass value. Note that all these polymer films were 

electrodeposited with identical charge density; therefore their 

thickness was also very similar. Consequently we have to 

assume that there is specific chemical interaction between 

PANI (and PPy) and the CO2 molecules which clearly does not 

exist for PEDOT and PNMANI beyond simple physisorption. 

Fig. 3. A: Subsequent mass changes upon CO2 and N2 exposure for the various 
conducting polymer films, as registered by QCM. B: Changes in the FT-IR spectra 
of PANI and PNMANI upon exposure to CO2 for 5 min; the background was the 
respective polymer pre-treated in He in both cases (refer to text).  

 To shed further light on the underlying surface chemistry, a 

series of diffuse reflectance FT-IR spectra were recorded for 

both PANI and PMANI, both before and after being in contact 

with CO2 (Fig. 3B). The difference is striking: while a set of new 

vibrations are visible for PANI, there is no change for PNMANI 

(Fig. 3B). The changes observed for PANI are the superposition 

of the alteration of the original PANI spectrum (because of 

protonation, see Scheme 1)
27

 and the bands related to the 

chemisorbed CO2. The appearance of the ν(C=O) at 1680 cm
-1

 

(in carbamic acid) as well as the νas(COO
-
) and νs(COO

-
) 

vibrations at around 1530 cm
-1

 and 1450 cm
-1

 respectively
28,29

 

confirms the formation of carbamic acid and carbamate (see 

Scheme 1) as reported for primary and secondary amine-

containing (non-conductive) polymers
29

 and PANI-based 

composite materials
30-31

. Importantly, the vibrations related to 

physisorbed CO2 are of very similar intensity in the two cases. 

 Taking all the findings from this study together as a whole, 

the following reaction scheme is suggested for the PEC 

reduction of CO2 by PANI. The formation of protonated PANI 

rationalizes the observed color change upon CO2 adsorption 

and is a necessary but not sufficient criterion. Adsorption of 

CO2, while important, is also not enough as seen by the 

example of PPy. The polymer band edge positions (see Fig. S1) 

are critical in at least two respects: (i) The CB edge (LUMO 

band position) of the conducting polymer has to be negative 

enough for the photogenerated electrons to reduce CO2; (ii) 

The VB edge (HOMO band position) has to be positive enough, 

to make the conducting polymer behave as a SC (rather than 

as a semi-metal) at the potential where the PEC experiment is 

performed. In the latter case, the polymer electroactivity 

would dominate, as exemplified here by the PPy case (Fig. S6). 
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Scheme 1. Possible mechanistic pathway for CO2 adsorption and 
photoelectroreduction on PANI. 

Conclusions 

 In summary, the present study underlines the rather 

different prerequisites for a given conducting polymer to 

behave as an electrocatalyst (as demonstrated by previous 

authors in the literature) or as a photocathode capable of 

reducing CO2 as demonstrated in this study. In a PEC process 

designed to drive a given reaction thermodynamically uphill 

(as in the CO2 reduction case), photoexcitation of the cathode 

material initially serves to “pump” the species against the free-

energy gradient. The reversible chemical interaction between 

the PANI surface and CO2 then fulfills the catalytic role where 

multiple electrons are stored and transferred. The above-

described chemisorption plays a key role in 

protonating/binding CO2, as well as possibly the intermediate 

products in the initial reduction step, thereby increasing their 

residence time on the electrode surface. 

 It is also worth noting that PANI was seen here to be able 

to photoreduce CO2 in the absence of a co-catalyst. In this 

sense, the choice of PANI as a candidate photocathode 

material has practical significance in that aniline is among the 

commodity chemicals produced in the largest amounts 

globally (well over 4 million tons/year). Consequently, large 

quantities are available at an economically viable price (about 

2 USD/kg) (vs. Si-based photoelectrodes). In addition, PANI can 

be obtained by simple chemical or electrochemical 

polymerization. The proof-of-concept data in this 

Communication were collected for PANI films under 

unoptimized conditions. PANI films with high surface area in a 

nanocomposite configuration may result in even higher 

photoconversion rates and improved stability. For example, 

depositing PANI on a carbon nanotube network (see Fig. S7 for 

SEM images)
32

 further enhances the process efficiency through 

better charge separation/transport, as shown in Fig. S8. With 

identical PANI amount, strikingly higher photocurrents (up to 

0.5 mA cm
-2

) were obtained, underlining the promise to 

practically exploit the proof-of-concept presented herein. 
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