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Figure 2. Effects of two-hours electrolysis in photocathodes of Cu2O electro- 
deposited on FTO, at 0.3 V (vs Ag AgCl) under 1 Sun illumination: XRD 
patterns after electrolysis for bare FTO Cu2O and electrodes modified with 
an overlayer of PDMS and AF PSi; XRD for bare FTO Cu2O before electrolysis 
is also shown for comparison (a). SEM images of bare FTO Cu2O (not 
protected by aminosilane) before (b) and after electrolysis (c). 

 
 

The influence of amine side chains was investigated in a set 
of experiments performed with Cu2O |AF—PSi and Cu2O| PDMS 
electrodes in Na2SO4 0.2 M solution in both D2O and H2O (D2O 
measurements guarantees enhanced sensibility, considering 
H2O vibrational spectrum strongly overlaps with the expected 
bands in the observed region (1800–1000 cm—1). First, each 
electrode was kept at open circuit potential and the solution 
was saturated with N2, a condition taken as background before 
CO2 was added to the solution; then, after CO2 saturation, the 
infrared spectrum of electrode surface was acquired. Figure 3a 
shows the resulting FTIR spectrum in D2O electrolyte, with the 
characteristic bands of the expected compounds, namely 
carbamate and bicarbonate/carbonate (from CO2 dissolution 
equilibrium). The bands at 1600–1650 cm—1 have been de- 
scribed in the literature as characteristics of both carbamate[16,17] 
and bicarbonate[26] and cannot be conclusive for carbamate 
formation solely by literature comparison. The band at 
1365 cm—1 is associated to C=O stretching of bicarbonate ions
in solution[26] and appears at the surface of both AF—PSi and 
PDMS-covered electrodes. The band at 1448 cm—1, however, 
appears only at the amine-bearing surface, which suggests it is 
associated to carbamate formation. Bands in the 1400– 
1460 cm—1 range has been reported as indicative of carbamate 
groups formed in similar polymers to that used in this work.[16,17] 
Figure 3b shows FTIR spectra collected from Cu2O| AF—PSi 

photocathode under illumination during chronoamperometry 
measurements at different potentials. All the bands observed in 
this region increases as the electrode is driven to more negative 

 
 

Figure 3. In situ FTIR experiments performed at the surface of Cu2O AF PSi 
electrode immersed in 0.2 M Na2SO4 (D2O) electrolyte. (a) comparison 
between N2 and CO2 saturated electrolyte in the wavenumber range of 
characteristic carbamate bands. (b) Spectra acquired at illuminated electrode 
polarized at different potentials in CO2 saturated solution. For all the 
measurements, solution pH~ 7. Potentials are vs. Ag AgCl KCl 3 M – 
conversion to RHE in S.I. 

 
 

potentials. The electric current associated to each spectrum is 
shown in Figure S4. 

To attribute the bands to chemical species, reference 
infrared spectra of standards in Na2SO4 solution were taken 
using attenuated total reflectance (ATR) technique. Spectrum of 
sodium bicarbonate solution in D2O (Figure S5a) shows well- 
defined bands at 1628 and 1365 cm—1, confirming the presence 
of the ion in the results showed in Figure 3. Sodium formate 
(Figure S5b) most intense band is observed between 1580– 
1590 cm—1. An additional, less intense band is observed at 
1201 cm—1 in D2O. These results, together with HPLC experi- 
ments confirm that IR bands at 1584/1200 cm—1 can be 
attributed to formate in Figure 3b. These results stress the 
importance of obtaining the spectra of the standards in the 
same condition than in the photoelectrochemical experiments. 
The acid-base equilibria of these species explain the differences 
in the spectra in the literature for these and many other 
molecules. 
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Scheme 2. Aminosilane-mediated CO2RR towards formate via carbamate 
intermediate on Cu2O photoelectrodes. 

 

To further confirm the attribution of bands to carbamate/ 
bicarbonate, two additional experiments were performed for 
comparison. The spectra of Cu2O| AF—PSi electrode submitted 
to the same set of chronoamperometries in N2-degassed 
electrolyte (to assure the absence of CO2) shown in Figure S6a 
remained unaltered in the 1800–1000 cm—1 wavenumber range. 
Also, in Figure S6b for irradiated Cu2O |PDMS electrode, in the 
presence of CO2, both bands attributed to bicarbonate follow 
the same behaviour observed for Cu2O| AF—PSi. However, the 
band previously observed at 1448 cm—1, was not observed, 
further confirming that an amine-CO2 adduct is responsible for 
its appearance. Thus, considering these observations with HPLC 
results from electrolysis experiment, where no formate was 
produced by Cu2O| PDMS electrode, we can confirm that CO2- 
to-formate reaction at Cu2O |AF—PSi electrode occurs via 
carbamate intermediate. 

ATR spectrum of AF—PSi under CO2 saturation was obtained 
using N2-bubbled resin as background (Figure S7). A broad set 
of band arises at 1400–1450 cm—1 after 4 minutes of CO2 
bubbling, suggesting that these are related to carbamate 
formation, and explaining the differences observed in Figure 3b 
for the results obtained with Cu2O—AF—PSi (containing amino 
groups able to form carbamate) and Cu2O| PDMS (not expected 
to form carbamate). 

To decouple the effect of light incidence and applied 
potential, the same experiments showed in Figure 3b were 
performed in the dark. As shown in Figure S8a, bicarbonate 
bands at 1628 and 1365 cm—1 increases to a much less 
extension, while the band associated with carbamate 
(1448 cm—1) increases as in the illuminated experiment. The 
resulting spectra at —0.3 V vs Ag| AgCl of illuminated and dark 
experiments are shown overlayed in Figure S8b. It is worth 
noticing that the formation of carbamate takes place at open 
circuit potential and then further increases induced by electric 
bias, which at least to our knowledge, is shown in this work for 
the first time. 

In situ FTIR spectra of Cu2O| AF—PSi electrode under 
illumination in the presence of CO2 were also collected in 
aqueous Na2SO4 electrolyte. As shown in Figure S9, a complex 
set of bands arise at negative potentials, the most prominent at 
1365 cm—1, which was already attributed to bicarbonate anion. 

The most intense band of bicarbonate at 1628 cm—1 could not 
be observed, as it overlaps with H2O bands which appears as a 
broad negative band. The same experiment was performed 
without illumination from the solar simulator, and only small, 
inconclusive changes were observed in the same potential 
range (Figure S10). 

In conclusion, we showed that a polysiloxane containing 
amines as side chains (AF—PSi) provided photostability and CO2- 
to-formate selectivity to Cu2O electrodes used for PEC CO2RR. 
Electrolyses carried out at —0.3 V vs Ag| AgCl produced formate 
(61 % F.E) with almost no photocorrosion when AF—PSi is used 
as a protective layer, the opposite of bare Cu2O. In situ FTIR 
experiments confirmed the formation of amine-CO2 adduct, 
which lowers the energetic barrier for electron transfer to CO2 
and can then be converted to formate by the well-established 
one-proton, two-electrons route[27] (Scheme 2). The same experi- 
ments showed that carbamate formation is further induced by 
electric potential. The use of an aminopolysiloxane dual- 
function overlayer in PEC CO2RR photocathodes fits well within 
the current demand for improving selectivity and overall 
viability of photoelectrocatalytic systems.[10,15] Further experi- 
ments must be performed to optimize the electrode composi- 
tion in order to tune the electrode activity, the reaction 
selectivity and the protection efficiency, namely: i) the proce- 
dure to deposit the overlayer can be optimize to tune the film 
thickness and homogeneity and ii) considering the participation 
of the polymer in the reaction mechanism, its structure can be 
tuned by modifying the organic residue and/or the nature of 
the amino-group. 
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