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A B S T R A C T   

We demonstrate by Raman Spectroscopy that simultaneous reduction of NO3
- and CO2 on Cu surfaces leads to 

formation of Cu-C–––N–like species, showing Raman bands at 2080 and 2150 cm− 1 when associated with reduced 
or oxidized Cu surfaces, respectively. Furthermore Cu-C–––N–like species are soluble, explaining vast restruc-
turing of the Cu surface observed after co-electrolysis of CO2 and nitrate. Oxidation of deposited Cu-C–––N–like 
species results in the formation of NO. Cu-C–––N–like species do not form in electrolytes containing i) NH4

+ and 
CO2, or ii) NO3

- and HCOO-, suggesting these likely originate from Cu-CO, the commonly accepted intermediate 
in electrochemical reduction of CO2, and Cu-NHx species, previously identified in the literature as intermediate 
towards C-N bond formation. The implications of the previously unresolved formation of Cu-C–––N–like species 
for the development of electrodes and processes for electrochemical formation of carbon-nitrogen bonds, 
including urea, amines or amides, are briefly discussed.   

1. Introduction 

Typically anions in electrolytes used for electrochemical reduction of 
CO2 do not participate in electrochemical transformations. Nitrate is an 
exception, and has been shown to result in the formation of products 
including C-N bonds, and in particular urea [1–7], predominantly on Cu 
surfaces and potentially via the intermediate reduction of nitrate to NO2

- 

and/or NHx-surface intermediates [8–11]. Besides nitrate, N2 was also 
reported to result in electrosynthesis of urea, by electrolysis in CO2 
saturated carbonate solutions [11–13]. The reported faradaic effi-
ciencies and urea formation rates are typically low [14]. 

Furthermore, alternative products of the reaction of CO or CO2 and 
nitrate have been proposed, such as methyl amine or ethyl amine, as 
well as amides [15–18]. The formation of these products and the studies 
discussing the mechanism for example by DFT calculations, are in 
agreement with the hypothesis that NHx-surface intermediates are 
required for C-N bond formation. 

In the present study, we evaluate the chemistry of C-N bond forma-
tion on Cu surfaces by Surface Enhanced Raman Spectroscopy (SERS) 
during co-electrolysis of CO2 and nitrate. SERS is a suitable technique to 
detect surface chemistry in electrochemical processes, and was already 

successfully used to monitor electrochemical reduction of CO2 on Cu 
surfaces [19–22]. Moreover, we demonstrate the potential dependent 
formation of gaseous products by Electrochemical Mass Spectrometry 
(EC-MS). On the basis of these experiments, the formation of a previ-
ously unresolved electrochemical carbon-nitrogen coupling reaction is 
demonstrated, leading to the formation of Cu-C–––N–like species, on 
reduced-, as well as oxidized Cu surfaces. This finding contributes to the 
further understanding of electrochemical C-N coupling reactions on Cu 
surfaces [15–18], and likely explains the vast restructuring of the elec-
trode surface in the electrochemical conditions applied to establish C-N 
bonds, including the formation of urea. 

2. Experimental 

2.1. Materials 

Titanium powder (TLS Technik GmbH & Co., ASTM, grade 2) with an 
average particle size of 6 µm, polyethersulfone (PES, BASF, Ultrason E 
6020P) and N-methylpyrrolidone (NMP, Sigma Aldrich, ≥ 99 %) were 
used for preparation of Ti hollow fibers. For surface modification of Ti 
hollow fibers, 1 µm Cu powder (SkySpring nanoparticles, 99.8 %), 25 
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nm Cu powder (Sigma Aldrich, TEM) and CuSO4 (Sigma Aldrich, ≥ 99 
%) were used. Sulfuric acid (Sigma Aldrich, 95.0–98.0 %), H3PO4 
(Sigma Aldrich, 85 wt % in H2O), 2,3-Butanedione monoxime (Sigma 
Aldrich, ≥ 99.0 %) and Thiosemicarbazide (Sigma Aldrich, 99 %) were 
used for urea detection. A Cu foil (Alpha Aesar, 99.99 %) and a Cu disc 
(Pine research)) were used for analysis of the chemistry by SERS and EC- 
MS respectively. Electrolyte solutions were prepared using MiliQ water 
and the following chemicals: KClO4 (Sigma Aldrich, 99.99 %), KHCO3 
(Sigma Aldrich, 99.7 %), KNO3 (Sigma Aldrich, ≥ 99.0 %), (NH4)2CO3 
(Sigma Aldrich, ≥ 99.5 %), HCOOK (Sigma Aldrich, ≥ 99.0 %), KCN 
(Sigma Aldrich, ≥ 98.0 %), K15NO3 (Sigma Aldrich, 98 atom % 15N), 
KH13CO3 (Sigma Aldrich, 99 atom % 13C), 13CO2 (Campro Scientific, 
min. 99.9 atom % 13C). 

2.2. Electrode preparation and characterization 

For bulk electrolysis measurements, polycrystalline Cu, coated on Ti 
hollow fibre electrodes was used. The Ti hollow fibre was prepared ac-
cording to previously reported methodology [23]. Modification of Ti 
with Cu was performed by spray-coating of Cu particles and appropriate 
thermal treatment according to our previous work [24]. Moreover, in 
order to achieve a higher area of the electrochemically active Cu surface, 
electrodeposition of Cu was performed on previously spray-coated Cu-Ti 
electrodes. 0.1 M CuSO4 (pH 2) was used as electroplating bath, a 
graphite rod and an Ag/AgCl (3 M NaCl, BASi) were used as counter and 
reference electrode respectively. A potential of − 0.4 V vs RHE was 
applied for 160 s after which the electrode was rinsed with MiliQ water 
and dried in a flow of Ar. A representative SEM image of the as-prepared 
Cu-Ti electrode is shown in Figure A1. 

For SERS experiments, polycrystalline rough Cu electrodes were 
prepared according to the procedure described elsewhere [20]. In brief, 
Cu discs were mechanically polished followed by anodic treatment in 85 
% phosphoric acid (3 V for 2.5 min), sonication in MiliQ water and 
drying in an Ar stream. 

For EC-MS experiments a polycrystalline rough Cu disc (⌀ 5 mm) was 
polished following the routine of cleaning provided by Pine Research. 

Electrodes were characterized using X-ray diffraction (XRD, Bruker 
Phaser D2) and Scanning Electron Microscopy (SEM) (JSM-6010LA, 
JEOL system). 

2.3. Electrochemical measurements 

An H-type cell equipped with a Nafion 117 membrane was used to 
perform chronoamperometry experiments for co-electrolysis of nitrate 
and CO2. 0.1 M KHCO3 with 50 mM KNO3, platinized Ti mesh and Ag/ 
AgCl (3 M NaCl, BASi) were used as electrolyte, counter electrode and 
reference electrode respectively. The electrolyte was purged with 20 ml/ 
min of CO2 for a duration of 30 min, prior to, and during the electrolysis 
(1 h), to ensure full saturation of the electrolyte with CO2. The con-
centration of nitrate was kept low, to suppress favorable formation of 
nitrite and/or ammonia. 

Raman spectra were recorded using an Avantes AvaRaman spec-
trometer equipped with an Intertec laser, emitting radiation at λ = 785 
nm. The distance between the Raman probe and the Cu surface was 
adjusted to the order of a focal length of 10 mm, to obtain the largest 
intensity of Raman signals possible. The electrolyte flow was adjusted to 
1.8 ml/min. Ag/AgCl (3 M NaCl, BASi) and platinized Ti mesh were used 
as reference and counter electrode respectively. The schematic repre-
sentation of the cell design is shown in Figure A2. Each electrode was 
electrochemically activated in situ in 0.1 M KClO4 by 5 oxidation- 
reduction cycles in the range between 2 and − 1.4 V vs RHE in order 
to achieve enhanced Raman signals due to an increase in roughness of 
the electrode (SEM analysis of the Cu electrode before and after acti-
vation is shown in Figure A3). Next, the electrolyte was changed for 
compositions reflecting the process conditions of urea formation or 
respective blanks. The electrolyte was continuously purged with CO2 or 

Ar. Raman spectra were recorded during cyclic voltammetry (unless 
indicated otherwise) between + 0.9 and − 1.1 V vs RHE starting at the 
oxidative potential with a scan speed of 10 mV/s and a spectral inte-
gration time of 5 s. The potential interval between spectra in the pre-
sented graphs is 0.2 V, unless otherwise indicated. 

Chronoamperometry measurements were performed in a one 
compartment cell, with Ag/AgCl (3 M NaCl, BASi) and platinized Ti 
mesh used as reference and counter electrode respectively. The elec-
trolyte was continuously purged with CO2 or Ar. A potential of − 0.3 V 
vs RHE was applied for 30 min, after which the electrode was removed 
from the electrolyte, rinsed with MiliQ water and dried in a flow of Ar. 
The electrochemical surface area (ECSA) was measured before and after 
chronoamperometry by the capacitance method. Cyclic voltammograms 
in the potential region where no faradaic current is observed, were 
measured at variable scan rates from 20 to 100 mV/s in Ar saturated 0.1 
M KClO4. 

EC-MS measurements were performed using a SpectroInlets 
(Copenhagen, Denmark) system, with He or CO2 as carrier gas at 1 ml/ 
min flow rate. Cu disc was pre-treated by cyclic voltammetry cycles in 
order to get a stable CV signal. Different m/z signals were recorded 
during cyclic voltammetry (unless otherwise indicated). Ag/AgCl (sat. 
KCl, CH Instrument) and Pt mesh were used as reference and counter 
electrode respectively. The schematic representation of the cell design is 
shown in Figure A4. 

All electrochemical measurements were carried out at room tem-
perature using a BioLogic VSP potentiostat. Recorded potentials were 
recalculated to the scale of the Reversible Hydrogen Electrode according 
to following equation: 

ERHE = EAg/AgCl + 0.059pH + E0
Ag/AgCl  

2.4. Urea quantification 

The amount of produced urea was quantified spectrophotometrically 
using the diacetylmonoxime method [25]. First, 0.1 ml of electrolyte 
was mixed with 2 ml of an acid solution (7.5 ml concentrated H2SO4, 
2.5 ml concentrated H3PO4 and 15 ml of H2O) and 1 ml of diac-
etylmonoxime (DAMO)-thiosemicarbazide (TSC) solution (2.5 mg of 
TSC and 125 mg of DAMO in 25 ml of H2O). Next, the solution was 
mixed vigorously and heated for 20 min at 80 ◦C. After cooling to room 
temperature, the absorbance at 525 nm was measured in an UV-Vis 
spectrometer. Calibration was performed using standard urea solutions 
with known concentrations (see Figure A5 for the calibration curve). 

3. Results and discussion 

3.1. Co-electrolysis of nitrate and CO2 

Electrolysis experiments were performed in CO2 saturated 0.1 M 
KHCO3 with 50 mM KNO3, similar to the conditions used in electrode 
performance evaluation by Raman spectroscopy. The Faradaic efficiency 
and urea production rate at different potentials are shown in Figure A6. 
The Faradaic efficiency towards urea is low (~3 % at − 0.4 V vs RHE) in 
particular due to the highly competing NO3

- reduction reaction to NH4
+, 

despite the low concentration of KNO3 applied. Moreover, surface 
instability was obvious by comparison of SEM images of the as-prepared, 
and used electrodes (Figure A7), clearly demonstrating changes in 
porosity indicative of dissolution events. Despite these observed ad-
versities, urea formation on rough polycrystalline Cu electrodes was 
verified, and we will now proceed by analysing surface chemistry and 
providing an explanation for surface instability. 

3.2. In situ SERS analysis of the Cu electrode in the presence of CO2 and 
NO3

- 

Cyclic voltammetry during the SERS analysis of the Cu surface in CO2 
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saturated 0.1 M KHCO3 and 50 mM KNO3, is shown in Fig. 1a. In the 
reductive scan, reduction of CuO to Cu2O is observed at 0.5 V vs RHE, 
followed by reduction of Cu2O to metallic Cu at ~0.3 V vs RHE, after 
which NO3

- electroreduction initiates at approximately 0.15 V vs RHE. 
Scanning in the positive direction results in reoxidation of the Cu elec-
trode to Cu2O (and CuO) initiating at ~0.55 V vs RHE and maximizing 
at ~0.7 V vs RHE in agreement with previous studies [26,27]. Cyclic 
voltammograms of reference experiments (recorded in 0.1 M KNO3 and 
in 0.1 M KHCO3) confirming the assignment, can be found in the 
Figure A8. 

The most important observation of Figure A8, is that the onset po-
tential for reduction of nitrate is ~0.0 V vs RHE, and reduction of CO2 
only occurs at potentials of ~ - 0.3 V vs RHE. Moreover the onset po-
tential for co-electrolysis of CO2 and nitrate is slightly more positive 
than 0.0 V vs RHE, likely due to pH changes near the electrode surface 
[20], more pronounced in unbuffered KNO3 electrolyte, than in buffered 
CO2 saturated KHCO3 solution. 

To determine the surface chemical processes at variable potential, 
SERS spectra were recorded in the potential range of 0.9 V → − 1.1 V 
(Fig. 1b) and − 0.9 V → 0.9 V vs RHE (Fig. 1c). Reduction of Cu oxide 
and re-oxidation of the Cu surface are confirmed by intensity changes in 
the characteristic peaks at 610 and 520 cm− 1, which have been assigned 
to Cu2O [20] (Fig. 1b, c). In agreement with cyclic voltammetry 
(Fig. 1a), these Raman signals have disappeared at ~0.1 V vs RHE in the 
reductive scan, only to re-appear again in the oxidative scan at 0.5 V vs 
RHE (Fig. 1c). Importantly these spectral observations confirm that the 

Raman intensities primarily originate from the electrode surface. Raman 
peaks at ~1050 and 1070 cm− 1 in Fig. 1b and c can be assigned to ni-
trate in solution, and surface adsorbed carbonate, respectively, based on 
reference spectra recorded in KNO3 and KHCO3 solutions (see 
Figures A9–A11, and interpretation of the spectra in the Supporting 
Information). In the reductive sweep (Fig. 1b) up to 0.3 V vs RHE, little 
changes are observed in the Raman spectra. When reduction of 
Cu-oxides is completed, a signal at ~2080 cm− 1 appears and grows in 
intensity at more negative potential. Although the band position is 
similar to that assigned to Cu-adsorbed C–––O (~2070 cm− 1), the po-
tential (0.3 V vs RHE) at which the band is observed, is quite different 
from previous observations in the absence of nitrate [20,22] (see 
Figure A9 and the comparative analysis in the magnification of the high 
wavenumber region in Fig. 1b). Moreover, the standard reduction po-
tential of CO2 to CO is − 0.106 V vs RHE [28], and the presence of re-
sidual CO from previous scans can be excluded, since the spectra of a 
first scan are shown. At more negative potentials (− 0.7 V vs RHE), the 
signal at 360 cm− 1 from Cu-CO should appear in case CO is actually 
formed (See Figures A9 and A11). However, such signal is not observed 
at any condition in the presence of NO3

- , suggesting CO is not formed, or 
kinetically rapidly converted in the presence of NO3

- . This could also be 
related to an explanation in the literature for the effect of the presence of 
small amounts of NOx in CO2, which can significantly reduce efficiency 
of CO2RR because of the more positive onset potential for reduction of 
NOx forming NHx species, in comparison to reduction of CO2 [28,29]. 

The presence of nitrate also affects the dynamics of adsorbed CO3
2-, 

Fig. 1. (a) Cyclic voltammetry of the Cu electrode in CO2 saturated 0.1 M KHCO3 and 50 mM KNO3 electrolyte. (b) Corresponding In situ SERS spectra recorded 
during a reductive scan from 0.9 V → − 0.9 V. The spectra represent a potential interval of 0.2 V. The magnification of the high wavenumber region contains spectra 
from 0.3 V → − 1.1 V vs RHE for clarity, and compares the Raman intensities obtained in 0.1 M KNO3, 0.1 M KHCO3, and 0.1 M KHCO3 in the presence of 50 mM 
KNO3. (c) In situ SERS recorded during a scan in the positive direction from − 0.9–0.9 V vs RHE. The spectra represent a potential interval of 0.2 V. The magni-
fication shows changes in the high wavenumber region for clarity and compares the three different electrolyte compositions. 
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visible at ~1070 cm− 1. It appears more stable in the presence, than in 
the absence of nitrate (compare the spectra shown Figure A11b). 

During the oxidative scan (Fig. 1c), the 2080 cm− 1 peak does not 
disappear at − 0.4 V vs RHE like in the case of CO formed by CO2 
reduction [20] (see also Figure A9b). This is additional evidence that the 
observed Raman band originates from a product formed only in the 
presence of NO3

- and CO3
2-. Finally, when Cu2O is formed (0.5 V vs RHE), 

the ~2080 cm− 1 peak disappears while a new band at 2150 cm− 1 ap-
pears. The variation of the ~2080 cm− 1 and ~2150 cm− 1 peak area as a 
function of potential is shown in Figure A12, showing the very different 
potential ranges in which these two bands appear. 

Both Raman bands, at ~2080 cm− 1 and ~2150 cm− 1, clearly show a 
Stark effect (see Figure A13), proving that surface-adsorbed species are 
formed. 

We will now further discuss the interpretation of the Raman bands at 
~2080 and ~2150 cm− 1. Besides CO, carbon-nitrogen triple bonds 
show significant intensity at these wavenumbers, out of which cyanide is 
the most simple compound [32–36]. Although it was also reported that 
Cu-H (adsorbed hydrogen) can appear at the same position in SEIRAS 
[37], in a control experiment in Ar saturated 0.1 M KClO4 no signal was 
observed (Figure A14). A summary of the observed Raman bands can be 
found in Table 1. 

In order to prove that the formation of a Cu-C–––N–like species is 
electrochemically driven, SERS of a Cu surface in CO2 saturated 0.1 M 
KHCO3 with 50 mM KNO3 was recorded at OCV (Fig. 2a). No signals in 
the 2000–2500 cm− 1 region were observed after prolonged periods of 
time. At − 0.3 V vs RHE, a broad peak at ~2080 cm− 1 appears and re-
mains visible throughout the measurement. Subsequently, at OCV Cu2O 
signals re-appear due to surface oxidation of metallic Cu, while simul-
taneously the band at ~2150 cm− 1 appears and subsequently slightly 
decreases in intensity over time, while shifting position from 2154 cm− 1 

to 2149 cm− 1. This suggests that the product formed under reductive 
potential, changes frequency when oxidation of Cu occurs to form a 
Cu2O containing surface. 

The influence of anodic processes on the observed Raman signals was 
investigated by performing experiments in the presence of a Nafion 
membrane separating the anodic and cathodic compartment of the 
electrochemical cell (see Figure A15). Similar Raman spectra were 
observed (also during cyclic voltammetry) in the absence or presence of 
a membrane, and therefore anodic processes likely do not interfere with 
the observed phenomena. Moreover, in order to exclude any homoge-
neous reactions induced by Cu ions possibly present in the solution, 
cyclic voltammetry in blank electrolytes were performed, and SERS at 
OCV was measured afterwards, while adding KHCO3 or KNO3 (Fig. 2b). 
The signal at ~2150 cm− 1 was not observed in any experiment, proving 
that the reaction is exclusively driven electrochemically. 

3.3. Is cyanide a decomposition product of urea? 

While Cu-C–––N like species are clearly formed in similar conditions 
(potential, electrolyte composition) to urea, Raman spectroscopy does 
not provide indications of urea formation or other C-N coupling re-
actions [15], likely due to the limited time applied in the cyclic vol-
tammetry experiment in comparison to chronoamperometry 
experiments. To verify if a Cu-C–––N–like species is a product of urea 
decomposition, potential dependent SERS analysis of 50 mM urea in 
CO2 saturated 0.1 M KHCO3 is shown in Figure A16. Urea in aqueous 
solution can undergo multiple reactions [38,39]. Most importantly it can 
hydrolyse to cyanate and ammonium [40]. In neutral solution, cyanate 
may decompose further to produce ammonium ions and carbonate [41, 
42]. Potential dependent SERS analysis shows several Raman peaks of 
urea appearing at 0 V vs RHE, of which the potential dependent wave-
number of a peak in the range of 703–713 cm− 1 accompanies urea 
adsorption, although the vibrational assignment of this peak remains 
elusive. Interestingly a band at similar position has been observed in 
co-electrolysis of CO2 and O2 [43], and was assigned to surface hydroxyl 
species, also formed in electrochemical reaction with pure oxygen [43]. 
To reconcile co-electrolysis of urea and CO2 with formation of surface 
OH species requires further investigation. In cyclic voltammetry, the 
spectra are additionally dominated by the conversion of CO2 to CO 
(compare Figures A16 and A9), while formation of Cu-C–––N – like spe-
cies is not observed. Cu-C–––N – like species therefore do not appear to be 
a consecutive product of urea decomposition. 

3.4. Is Cyanide an intermediate toward other products? 

In order to verify consecutive chemistry of cyanide, SERS of the Cu 
surface in CO2 saturated KHCO3 in the presence of KCN was measured, 
and the results are shown in Fig. 3. 

In the presence of only 10 ppb of KCN, a signal at 2147 cm− 1 appears 
(Fig. 3a) which matches the peak observed during in-situ SERS analysis. 
It was proven that SERS can be successfully used for detection of trace 
amounts of cyanides in solution for Ag [44] and Cu, where Cu(I) surfaces 
can be very effective in detection due to the formation of CuCN [45]. The 
position of the peak is concentration dependent (Fig. 3b). In excess of 
CN- in aqueous solution, CuCN can form several soluble complexes, 
generalized as Cu(CN)n

(n− 1) (n = 2, 3, 4), which structure depends on the 
CN-/Cu ratio [46]. At higher CN- concentration, Raman signals of Cu2O 
decrease in intensity (Figure A17) which proves a chemical reaction of 
CN- with (surface) copper oxide is likely, forming higher 
CuCN-complexes [47]. 

In order to verify the behaviour of the Cu-C–––N Raman bands during 
a potential sweep, cyclic voltammetry in 0.1 M KHCO3 with addition of 
0.1 ppm of KCN was performed (Fig. 4). The obtained results, i.e. the 
observation of strong signals at ~2080 cm− 1, are in excellent agreement 
with the experimental results obtained in CO2 and NO3

- containing 
electrolyte. Note that NO3

- was not added in this measurement (Fig. 4). 
Thus, the observed Cu-CN complexes originate from the dissolved KCN 
added to the solution. Cu(CN)n

(n− 1) can result in different Raman signals, 
depending on the type of complex, which is determined by the con-
centration of CN- as well as the pH of the solution [32,33]. Moreover, 
formation of HCN is not very likely, considering that the pH of the 
electrolyte is 8.6. 

It is common knowledge in the field that the pH near the electrode 
surface is changing during electrochemical reactions. A low pH might 
favour decomposition of cyanide complexes to HCN, while a higher pH 
will stabilize cyanide complexes. That the pH near the surface of our 
electrode is rather basic, is thus confirmed by the observation of Cu 
(CN)n

(n− 1) complexes. More extensive study is needed to correlate Raman 
bands of Cu(CN)n

(n− 1) complexes to quantitative pH determination. 
When higher KCN concentrations were used (Figure A18), Cu2O 

bands were hardly visible during a CV, which again confirms chemical 
attack of CN- towards Cu(I)-oxide, forming Cu(CN)n

(n− 1) complexes. This 

Table 1 
Summary of SERS signals observed in this work. *Signals related to cyanide 
observed in this work.  

Position [cm− 1] Assignment Ref. 

275 Cu-CO [20] 
360 
350 CO3

2- (C-O)asym [20] 
1540 
520 Cu2O [20] 
610 
1048 NO3

- [30,31] 
1072 CO3

2- (C-O)sym [20] 
1360 bicarbonate [20] 
1640 H2O [20] 
2070 C–––O [20,21] 
~2080* Cu(C–––N)n

(n− 1) [32,33] 
~2150* CuC–––N [32] 
300* Cu-CN [34]  
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likely explains the broad peak observed even at positive potentials, and 
the very small signal at 2170 cm− 1 attributed to Cu-C–––N – like species, 
as well as the absence of significant intensity of the carbonate bands. 

Moreover, in order to prove involvement of carbon and nitrogen in 
formed species, isotopic labelling experiments with KH13CO3 and 
K15NO3 were performed (Figure A19). The results show peak shifts with 
both, 13C and 15N, proving involvement of carbon and nitrogen in the 
species responsible for the observed vibrations at ~2080 and 
~2150 cm− 1. More importantly, these experiments did not reveal the 
formation of other surface intermediates or products. 

Furthermore, the electrode surface was analysed after chro-
noamperometry at − 0.3 V vs RHE. The electrochemical surface area 
was significantly increased indicating surface roughening, and the XRD 
pattern shows a specific increase of the Cu (220) facet (Figure A20). 
Moreover, the SEM images clearly show changes (Fig. A21), which 
appear very similar to the ones observed after bulk electrolysis (See 
Figure A2). These results indicate surface reorganization and thus sur-
face instability during electrolysis in the presence of CO2 and NO3

- , 
which we correlate to cyanide formation and subsequent interaction 

with the Cu surfaces on both types of electrodes tested (by chro-
noamperometry and Raman analysis, respectively). 

3.5. Can cyanide be formed in other electrolytes? 

In order to reveal what species are responsible for reaction towards 
cyanide, cyclic voltammetry with i) format (HCOO-) instead of bicar-
bonate, and ii) ammonium salt instead of nitrate were performed 
(Figures A22 and A23). Since at 0.3 V vs RHE no CO2 reduction products 
are expected (see standard reduction potentials of CO2 in Table A1), 
format was chosen as one of the most simple products from CO2 
reduction in a 2e- transfer reaction [48]. On the other hand, NH4

+ was 
chosen as N-source, since this is the most likely product of NO3

- reduction 
on Cu surfaces [49]. In both cases, no signals related to cyanide were 
observed. By elimination of these options, we conclude the most obvious 
intermediates for the formation of Cu–C–––N-like species are Cu-CO and 
Cu-NHx species, which have been convincingly demonstrated to form on 
Cu surfaces in the literature [8–11,19–22]. Time resolved spectroscopy 
can be applied in future studies to further resolve the mechanism of 

Fig. 2. In situ SERS of a Cu surface at open circuit voltage. (a) CO2 saturated 0.1 M KHCO3 with 50 mM KNO3 electrolyte recorded at OCV, at − 0.3 V vs RHE and 
again at OCV (the time interval between spectra is 1 min). (b) SERS spectra recorded at OCV after cyclic voltammetry in CO2 saturated 0.1 M KHCO3 (dark blue) or 
Ar/CO2 saturated 50 mM KNO3 (light blue) with addition of different amounts of KHCO3 or KNO3 at OCV. 

Fig. 3. In situ SERS of a Cu surface in CO2 saturated 0.1 M KHCO3 at OCV with addition of KCN. (a) With 0 and 0.01 ppm of KCN; (b) with increasing concentration 
of KCN. 

P.M. Krzywda et al.                                                                                                                                                                                                                            



Applied Catalysis B: Environmental 316 (2022) 121512

6

formation of Cu–C–––N-like species. 

3.6. In situ EC-MS analysis: oxidation of Cu-C–––N – like species 

To complement the results obtained by SERS, electrochemical mass 
spectrometry was used, which allows to track gaseous products desorbed 
from the electrode surface with high sensitivity [50]. Mass spectra of 
selected m/z-signals recorded during CV scans on rough, polycrystalline 
Cu discs are shown in Figures A24–A26. Comparison of the m/z: 30 
signal in different electrolytes is shown in Fig. 5a. Besides the obvious 
difference in m/z: 30 signal, no other differences were observed. The 
m/z: 30 signal is assigned to nitric oxide, which was confirmed by 
isotopically labelling experiments. The intensity development of the 
m/z: 31 signal is clearly visible when K15NO3 is used (Figure A27). 

In CO2 saturated KHCO3 with 50 mM KNO3 as well as in Ar saturated 

0.1 M KNO3, NO is observed in the reductive scan as product of NO3
- 

electroreduction (obviously NO was not found in CO2 saturated KHCO3). 
The difference in onset potential for NO formation (at ~0.9 V vs RHE for 
0.1 M KNO3 and (base-line corrected) at ~0.5 V vs RHE for 50 mM 
KNO3 in 0.1 M KHCO3) can be explained by different concentrations of 
NO3

- as well as pH changes near the surface of the electrode. Although 
the starting pH is the same (6.8), in case of CO2 saturated KHCO3, the 
buffering capacity of the electrolyte likely prevents large pH changes as 
compared to electrolytes containing KNO3 only. It could also very well 
be that residual C–––N species and adsorbed carbonate inhibit the 
reduction of NO3

- somewhat (the second potential sweep is shown), 
further explaining the different trend in NO production as a function of 
potential. In the oxidative scan (blue line), NO is not formed. This sug-
gests that surface oxides of Cu are required to induce the formation of 
NO from nitrate. More importantly, NO is observed in an oxidative scan 

Fig. 4. In situ SERS of a Cu surface in CO2 saturated 0.1 M KHCO3 with 0.1 ppm KCN. Recorded during (a) reductive scan and (b) oxidative scan of cyclic vol-
tammetry. The spectra represent a potential interval of 0.2 V. 

Fig. 5. MS analysis of nitric oxide (m/z: 30) desorbed from the Cu surface. (a) During cyclic voltammetry (second cycle) in different electrolytes (the green line 
represents the reductive scan, and the blue line the oxidative scan). (b) During chronoamperometry at − 0.3 V vs RHE (green domain) and subsequent OCV (violet 
domain) in CO2 saturated 0.1 M KHCO3 + 50 mM KNO3. 
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if CO2 and NO3
- are present in the electrolyte. It starts to appear at ~0.4 

or 0.5 V vs RHE, which matches the potential of the occurrence of the 
peak at 2150 cm− 1 in the in-situ SERS experiments. In addition, nitric 
oxide formation was monitored during chronoamperometry at − 0.3 V 
vs RHE, and could not be detected as shown in Fig. 5b. However, when 
approaching OCV conditions, the NO signal appears and slowly de-
creases over time, again in agreement with the SERS spectra recorded at 
OCV (see Fig. 2; a blank measurement with 0.1 M KNO3 can be found in 
Figure A28). 

The formation of NO during an oxidative scan suggests oxidation of a 
(surface adsorbed) product, formed in the reductive scan, which based 
on SERS data is a Cu-C–––N – like species. Formed cyanide in solution can 
be decomposed by direct electrooxidation [47]. Cu is effective in this 
reaction by forming complexes which can oxidize at less positive po-
tentials than free cyanide [51]. In fact it has been previously shown that 
those complexes can be oxidized at potentials slightly more positive than 
0 V vs RHE [52]. Moreover, oxidation to NO3

- was found to be catalysed 
by copper oxide [53], which very likely involves NO as intermediate 
which can desorb form the electrode surface. In our system, NO starts to 
show up at 0.4 V vs RHE where oxidation of cyanide complexes is 
possible on Cu electrodes and the peak of this signal is observed at po-
tentials where copper is oxidized, both in good agreement with 
literature. 

3.7. Summary of the observed (surface) reactions 

The surface and solution chemistry deduced from SERS and EC-MS 
experiments, and based on data available in the literature [8–11, 
19–22], is schematically shown in Fig. 6, representing one voltammetry 
cycle. 

At oxidative potentials, when Cu2O is still present, nitrate reduction 
is dominant, forming among others gas phase NO (EC-MS), with weak 
surface interaction, since Cu-NO was not spectroscopically resolved. 
When the Cu2O surface is reduced, NHx species are formed by nitrate 
reduction as proposed in the literature [14], and significant adsorption 
of carbonate is observed. Now the C–––N vibrations can be assigned to 
surface bound species on reduced Cu surfaces, showing that an addi-
tional carbon-nitrogen electrochemical coupling reaction is feasible on 
rough, polycrystalline Cu electrodes, besides formation of urea [11] or 
amines or acetamides [15,16], with cyanide and urea likely forming in 
parallel, since exposure of cyanide to a negatively polarized Cu electrode 
did not result in spectra comparable to exposure of the electrode to urea 
in CO2 containing solutions. The intermediates involved in the C-N bond 
formation are very likely surface bound CO (an often proposed inter-
mediate in CO2 reduction, and spectroscopically resolved in the absence 

of nitrate) and surface bound NHx species, which were unfortunately not 
spectroscopically resolved. A simple chemical reaction for formation of 
cyanide, could be the reaction of Cu-NH2 and Cu-CO, eliminating water, 
which is apparently kinetically faster than conversion of CO2 to CO (to 
explain the absence of Cu-CO peaks in co-electrolysis):  

Cu-NH2 + Cu-CO → Cu-CN + H2O                                                        

This reaction is possibly mediated by surface bound carbonate, 
present in larger surface concentration in the presence, than in the 
absence of nitrate in solution (see Figure A11b). Given the restructuring 
of the surface, we presume that besides surface bound Cu-C–––N like 
species, and in agreement with literature, soluble Cu(CN)x

y forms, 
explaining the several co-existing C–––N vibrations at these potentials 
(shouldered peaks in Raman). Re-establishing a positive potential leads 
to oxidation of the Cu surface to Cu2O and formation of surface deposits, 
as evident from microscopy after reaction. We believe these surface 
deposits consist of Cu-C–––N like species in oxidized form (explaining the 
2150 cm− 1 Raman band), which by oxidative reaction with water 
eventually decompose to NO (as evidenced from the EC-MS studies) and 
CO2. 

The data presented here, do not allow identification of a specifically 
active Cu site, but only demonstrate that the oxidation state of Cu in the 
CV experiments is variable, leading to a shift in frequency of the C–––N 
species. Studies with single Cu crystals would help to identify the nature 
of the active sites of Cu electrodes for both, C–––N and urea or amine of 
amide formation, although preventing surface reorganization will be a 
challenge. The absence of other products previously reported in the 
literature for C-N coupling, is likely due to the low concentration of 
nitrate applied, which also limits the concentration of surface bound 
NHx species, crucial in the formation of e.g. amides, through a C––C 
intermediate as demonstrated by DFT calculations [16]. 

3.8. A perspective 

We demonstrate that development of a functional system for urea 
electrosynthesis (as reported in literature) and other C-N coupling re-
actions should consider cyanide formation and subsequent electrode 
dissolution and instability. Additionally, we speculate that the in-situ 
formation of cyanide might introduce the possibility of electro-
chemical synthesis of industrially relevant chemicals from renewable 
resources (CO2 and NO3

- ), in addition to previously reported methyl-, or 
ethyl amines or amides. For example, the formation of cyanide might be 
utilized to generate cyano groups by chemical addition to hydrocarbons, 
enabling organic synthesis of for example carboxylic acids, esters, 

Fig. 6. Scheme summarizing observed phenomena during CO2 electroreduction in the presence of NO3
- evaluated by SERS and EC-MS. One cyclic voltammetry cycle 

is illustrated. Blue spheres indicate nitrogen, red spheres oxygen, black spheres carbon, and white spheres hydrogen. 
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hydroxylamines, or cyanohydrins. 

4. Conclusions 

Concluding, simultaneous electroreduction of CO2 and NO3
- on Cu 

electrodes was investigated using Surface Enhanced Raman Spectros-
copy and Mass Spectrometry. Although urea was detected in bulk elec-
trolysis experiments on rough, polycrystalline Cu surfaces, spectroscopic 
evidence for formation of urea was not found. However, several com-
positions of Cu-C–––N like species could be detected. At positive poten-
tials, oxidation of cyanide complexes yields NO, and after multiple 
cycles in voltammetry, restructuring of the Cu surface is evident, which 
besides the formation of C-N bonds, likely affects the chemistry of 
reduction of CO2. These results show the complexity of carbon-nitrogen 
bond formation on Cu surfaces. Cu instability due to formation of Cu- 
C–––N like species as well as formation of toxic cyanides should be 
considered as potential difficulties in interpretation or utilization of the 
reduction of nitrate and CO2 using Cu electrodes for C-N bond 
formation. 
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