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A B S T R A C T   

In situ studies of electrochemical processes using NMR offer valuable information on reaction mechanisms, ki-
netics, and species identification, making it a powerful tool in electrochemistry research. In this study, we present 
the design of an in situ redox-flow NMR cell that allows for a continuous flow of liquid (electrolyte) or gas, 
application of electrical voltage, and recording of NMR signals. The utility of this setup is demonstrated through 
two case studies: electrochemical copper deposition on a gold electrode and the electrochemical conversion of 
carbon dioxide into hydrocarbon products. Specifically, the presence of multicarbon products containing C–C 
bonds generated during the electrochemical reduction reaction is confirmed in the 2H NMR spectra in the latter 
example. These findings highlight the ability of the in situ redox-flow NMR cell to directly monitor reaction 
intermediates and products, thereby enabling the elucidation of reaction mechanisms for the efficient and se-
lective production of valuable hydrocarbon products through the conversion of CO2 into value-added chemicals. 
In contrast to other reported in situ NMR cells, the presented cell is suitable for multiple uses, and allows 
detecting NMR signals not only from exhaust products but also from those formed on the catalyst surface.   

1. Introduction 

Currently, renewable energies are replacing fossil chemicals and 
fossil fuels. However, wind, water and solar power are not continuously 
available meaning the supply of energy is less stable compared to large 
power stations. To deal with excess energy produced during peaks in 
solar and wind power production, storage solutions, which make energy 
continuously available and cost-effective are required. New storage 
concepts include power-to-X technologies based on diverse conversion 
mechanisms to energy carriers like gas, liquids and chemicals [1,2]. 
Upon the power-to-chemicals conversion pathway, energy is stored in 
the form of chemical bonds in reaction products. It is known that a large 
amount of energy is stored in covalent bonds of hydrocarbon molecules 
offering the hydrocarbon resources to be the largest energy sources in 
the world. 

Over the last decade, there has been an increasing interest in the use 
of carbon dioxide (CO2) as a resource to produce sustainable liquid 

hydrocarbon fuels [3–5]. The concentration of CO2 in the atmosphere 
has raised remarkably due to burning of carbon-rich fossil fuels leading 
to the “greenhouse effect”. From the perspective of mitigating climate 
change, CO2 capture and utilization can be an important environmental 
and economic incentive [6]. Thus, the direct electrochemical reduction 
of captured CO2 to functional molecules is therefore of high relevance 
[7]. However, C1 products (single-carbon molecules) resulting from the 
CO2 hydrogenation are highly volatile and therefore extremely flam-
mable [8]. The generation of multicarbon products containing C–C 
bonds (denoted frequently as C2+ products) is beneficial for the syn-
thesis of long-chain hydrocarbon fuels and for providing more complex 
feedstock for chemicals production. The current research efforts have 
been focused on identifying key reaction intermediates and establishing 
the mechanisms for the selective CO2 conversion towards a desired 
product [7,9–12]. To improve efficiency of such conversion, experi-
mental techniques, which allow characterization and diagnosis on the 
different time and length scales, are needed. 
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The use of ex situ characterisation of electrochemical reactions might 
result in incomplete information regarding an understanding of overall 
processes, because various metastable, intermediate, and/or short-lived 
phases exist only at a certain electrochemical potential. Thus, the 
application of a non-invasive analysis tool that can follow the reactions 
in situ or operando and provide real time information on the dynamic 
structural changes and processes is therefore highly desired. 

Nuclear magnetic resonance (NMR) spectroscopy offers unique 
possibilities for studying both the structure and mobility in various 
media, including gases, liquids, crystalline and amorphous solids. In 
contrast to other analytical methods, NMR affords quantitative identi-
fication of various chemical species in a system. Such advantages of 
NMR as well as its noninvasiveness promote this technique to be used for 
in situ studies of electrochemical or electrocatalytical processes [13,14]. 
State-of-the-art experimental designs and performance improvements in 
the field of electrochemistry coupled with NMR spectroscopy have been 
reviewed in Ref. [15]. The in situ NMR cell assemblies commonly 
represent either electrodes placed in a standard 5 mm or 10 mm NMR 
sample tube [16,17] or sealed Bellcore’s plastic bag cells inserted into a 
solenoid NMR detection coil [18,19]. However, despite the unique 
merits of in situ NMR spectroscopy, the optimal performance is limited 
either by the NMR technical shortcomings (interference of the magnetic 
field of the magnet and the cell current, loss of the magnetic field ho-
mogeneity and NMR coil size limits) or the cell design (electrochemical 
stability and necessity to release excessive gas overpressure as a result of 
electrochemical reaction in a plastic bag cell). There have been further 
efforts towards the optimal performance of in situ NMR, such as to 
reduce interference of the electrodes with local magnetic fields by 
modifying the electrode surface [20] and to increase an accuracy of the 
quantitative determination [21]. The technical implementation of in situ 
NMR becomes even more challenging in the fuel cell research, which 
requires in addition the pathways of fuel, oxidant, and exhaust. Hwang 
and Han proposed to use a toroid cavity detector in order to analyse 
simultaneously the exhausts of the anode and cathode in the direct 
methanol fuel cell [22]. 

Previously, we optimized design of the electrochemical cell in such a 
way, that it enabled detection of NMR signals with high sensitivity 
thereby retaining the efficient battery performance and cyclability 
[23,24]. In the present work, we demonstrate the design of a redox-flow 
cell allowing its application for in situ NMR spectroscopy of electro-
chemical or electrocatalytical processes. Such setup has been developed 
to directly monitor the structural changes in electrolyte and on cata-
lytically active electrode, as well as to identify and quantify the products 
formed as a result of electrochemical or electrocatalytical reaction 
within the redox-flow cell. The combined functionality of this cell en-
ables a continuous flow of liquid (electrolyte) or gas preventing deple-
tion of ions and changes in the electrolyte concentration, while varying 
the applied voltage and recording NMR signals under operating condi-
tions. In contrast to the cell designs reported in literature, the presented 
in this work redox-flow cell has been developed for the multiple use, and 
offers the monitoring of reaction intermediates and products on the 
catalyst. The performance of this setup is demonstrated using two ex-
amples − electrochemical copper deposition on a gold electrode and 
electrochemical conversion of carbon dioxide into hydrocarbon 
products. 

2. Materials and methods 

2.1. Design of the redox-flow cell and in-situ NMR setup 

The cylindrical redox-flow cell of the length of 36 mm and the outer 
diameter of 8 mm is made of polyether ether ketone (PEEK), which is an 
electrical insulator and chemically inert. The end faces of the cell cyl-
inder have inlet and outlet openings for supplying and removing gas and 
liquid to/from the cell. Ethylene tetrafluoroethylene (ETFE) tubing is 
used to connect the cell inlet and outlet to a diaphragm dosing pump 

(SIMDOS® 02/10, KNF Neuberger GmbH, Germany). Metal wires 
passing through the end faces of the cell cylinder are used for connecting 
three electrodes to the NMR probehead. The loaded cells were hermet-
ically sealed from outside by a PEEK housing and Viton O-rings. To 
provide mechanical stability and prevent potential leaks, the wires were 
secured to the housing using epoxy adhesive. For NMR measurements, 
the redox-flow cell was placed in an 8 mm radio-frequency solenoid coil 
of the NMR probehead so that NMR signals can be measured at operando 
conditions (Fig. 1). The electrical contacts of the probehead were con-
nected to a potentiostat (Ivium CompactStat, Ivium Technologies B.V., 
Eindhoven, The Netherlands). 

2.2. NMR measurements 

NMR measurements were performed on a Bruker Avance III 400 MHz 
spectrometer using a static in situ probehead (NMR Service GmbH, 
Erfurt, Germany). A silver radio-frequency solenoid coil was used to 
minimize the contribution to 63Cu NMR from the experimental setup. 
63Cu and 2H NMR spectra were recorded using a 90◦- pulse sequence. 
For 63Cu spectra a single 90◦-pulse of 4 μs pulse duration, a recycle delay 
of 1 s, a spectral window of 625 kHz and 1024 repetitions were used. For 
2H spectra a single 90◦-pulse of 6 μs pulse duration, a recycle delay of 3 s, 
a spectral window of 6.25 kHz and 16 and 32 repetitions were applied. 
In addition, 2H solid-echo spectra (90◦-τ-90◦-τ-acquision) with an echo 
delay τ of 60 μs were acquired. Prior to Fourier transformation the 
exponential multiplication with 30–Hz line broadening was applied. 2H 
spectra were calibrated using the external reference of D2O (at 4.8 ppm) 
measured in the custom made cylindrical PEEK container. 63Cu chemical 
shift was calibrated to pure metallic Cu at 0 ppm by measuring metallic 
copper mesh and wire and subtracting the probehead background. The 
resonance shift of metallic Cu is 2350 ppm in respect to a reference 63Cu 
signal in CuCl caused by spin polarisation of the conduction electrons 
(Knight shift) [25]. All measurements were performed at room 
temperature. 

2.3. Experimental details for Cu electrodeposition 

Gold and platinum plates, each with a thickness of 0.1 mm (99.99 %, 
Chempure, Karlsruhe, Germany) were used as the working (WE) and 
reference (RE) electrodes. Gold and platinum wires were spot welded to 
the plates for electrical connection purposes. A counter electrode (CE) 
consisting of a platinum wire was included to complete the cell. The 5 
mM CuSO4 aqueous electrolyte was prepared by diluting 0.798 g of 
CuSO4 (Sigma Aldrich, anhydrous powder, 99.99 %) in 1 L of Milli-Q 
water (18.2 MΩ) at room temperature. 2H isotope enriched water 
(D2O) was used in order to acquire background-free spectra. The elec-
trolyte was continuously saturated with pure N2 gas by bubbling for 
eliminating dissolved gases. 

Chronoamperometry was used to deposit copper on a gold electrode. 
Firstly, the cell voltage is stepped down with an interval of 0.25 V from 
open circuit voltage (0 V) to –1.25 V vs Pt, then increased to + 1 V. At 
each potential value subsequently 63Cu and 2H NMR spectra were 
measured, while cell current was quenched during the application of rf- 
pulses to reduce noise in the spectra. For a retuning a resonance fre-
quency from 63Cu and 2H and back, an automatic Tuning/Matching 
controller (NMR Service GmbH, Erfurt, Germany) was used. As the next 
step, –2 V vs Pt was applied during 40 min yielding an over-potential 
deposition of copper. 63Cu NMR spectra were measured at different 
time intervals. 

2.4. Experimental details for electrochemical reduction of carbon dioxide 

In the first step, the copper electrode was prepared outside the redox- 
flow cell in a classic beaker set-up by electrodeposition. The electrode 
was deposited from 5 mM CuSO4 on a gold plate at an electrical potential 
of − 2 V vs Pt for one hour using chronoamperometry, following an 
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approach described in a study that utilized in situ X-ray absorption 
electrochemical cells [26,27]. The copper film coated electrode was 
placed into the redox-flow cell and fixed. The electrolyte was prepared 
using a 100 mM KHCO3 (Grüssing GmbH, Filsum, Germany) solution in 
a H2O/D2O (1:2) mixture (pH 6.8) and pumped through the electro-
chemical redox-flow cell at a constant flow rate of 1 ml/min. Prior to the 
measurement, the electrolyte was bubbled with CO2 for 30 min to 
remove oxygen in the solution and saturate the solution. 

A platinum wire and platinum foil of 0.1 mm thickness were used as 
CE and RE, respectively. Chronoamperometry was used as an electro-
chemical method. The cell voltage is stepped down from open circuit 
voltage to − 1 V, then up to + 1 V, and finally down to 0 V vs Pt. During 
the chronoamperometry experiment of a total duration of 65 min, 64 2H 
NMR spectra were measured. The spectra were recorded each 50 s using 
a continuous potential variation rate of 0.075 V/s yielding a potential 
resolution of 0.01 V. The reaction products were analysed by fitting 1D 
2H NMR spectra using DMFit [28]. 

3. Results and discussion 

3.1. Electrodeposition of Cu from CuSO4 aqueous electrolyte on a gold 
electrode 

Catalytically active surface plays an important role in electro-
catalytical processes. For example, for electrochemical reduction of 
carbon dioxide, various valuable hydrocarbons such as methane, ethane, 
ethanol, or n-propanol can be formed depending on the catalyst’s sur-
face and electrocatalytical operating conditions [29–34]. In this work, 
we attempt to observe the process of electrochemical deposition of Cu 
from a solution using NMR spectroscopy. Cu is one of very few materials 
capable of converting CO2 to C2+ products with significant efficiencies 
[35]. NMR can enable the quantification of structural changes with 
respect to the electrochemical treatment, once their spectral signatures 
appear at different states of charge [23]. Here we use CuSO4 aqueous 
solution as a source of Cu ions for preparing Cu thin film electrode. 
Electrolyte solution is fed continuously into the redox-flow cell con-
taining a gold foil used as WE for copper electrodeposition, while elec-
trical signal is applied to the electrodes. Probing the NMR-active 63Cu 
isotopes, the spectral changes, such as an increase of 63Cu NMR intensity 
or an appearance of new signals associated with Cu film preparation can 
be observed. In addition, 2H NMR spectra measured consequently at 
each potential value allow for monitoring the structural changes 
occurring during the electrodeposition process, such as generation of 
reaction intermediates in electrolyte or metal hydroxides on the elec-
trode surface. 

The two-dimensional (2D) spectra in Fig. 2a and 2b allow visuali-
zation of the 63Cu and 2H spectral intensity, respectively, as a function of 
applied voltage indicated on the top of Fig. 2a. Each 2D spectrum is a set 
of the 1D NMR spectra obtained at different time intervals after applying 
a potential. The chemical shift scales are indicated in vertical direction 

in Fig. 2a and 2b. 
The starting 63Cu NMR spectrum of the redox-flow cell measured at 

open circuit voltage shows a single broad nearly symmetrical signal 
around 0 ppm. This signal is attributed to metallic copper present in the 
NMR probehead and to copper ions from sulphate solution flowing 
through the cell. When the potential is applied and varied from 0 V to 
− 1.25 V and to + 1 V, no 63Cu NMR spectral changes within the signal- 
to-noise ratio of these measurements have been observed (Fig. 2a). 

In contrast, the 2D 2H NMR spectrum of the same system demon-
strates the visible changes as the different potential values are applied 
(Fig. 2b). The starting 2H NMR spectrum measured at open circuit 
voltage shows a complex spectral profile in the range between 4 to 6 
ppm. The signals in this range are attributed to the different water ar-
rangements, such as highly mobile bulk water, water molecules from 

Fig. 1. (a) Schematic drawing of the redox-flow cell inserted in a solenoid NMR coil, where WE is a gold plate working electrode, CE is a platinum wire counter 
electrode, and RE is a platinum plate reference electrode. (b) In-situ NMR probehead with a redox-flow cell (top view). 

Fig. 2. Two-dimensional (a) 63Cu and (b) 2H NMR spectra as a function of 
applied potential. The intensity scale is shown as a colour bar underneath 
the spectra. 
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hydration shells around Cu2+ and SO4
2- ions and water molecules near 

the electrode surface screened by the conductive layer. When the 
negative voltage is applied, the spectral profile changes, revealing a 
decrease in 2H signal intensity in this spectral range and the appearance 
of a broad signal near 7 ppm, whose assignment is impossible based on 
the present data. This can be explained by consumption of water for the 
formation of reaction intermediates. At − 0.75 V the total spectral in-
tensity is minimal indicating that a significant part of 2H becomes 
invisible for NMR. Commonly, drop out of the NMR intensity can be 
caused by the presence of paramagnetic species, or dynamic exchange 
on the NMR time scale, or the relaxation effects resulting in line 
broadening in NMR spectra of solids. Indeed, the generation of radical 
intermediates, such as hydroxyl radicals, which exhibit paramagnetism, 
is known to occur in an electrochemical reaction [36]. The scenario of 
chemical exchange, when exchanging resonances broaden and merge, 
resulting in a poorly visible spectrum, could be evidenced by heating or 
cooling the system. This would disrupt the electrochemical conditions 
and consequently affect the observed data. Furthermore, it is rather 
difficult to believe that various molecular species present in our system 
at a specific potential have identical intermediate exchange rates and 
would simultaneously enter a coalescence regime at a given tempera-
ture. The relaxation effects can be justified by measuring echo spectra, 
which are sensitive to motional changes in a spin system. As the echo 
spectra (not shown here) revealed only an insignificant difference with 
those measured by the one-pulse sequence, we excluded the relaxation 
effects to explain the intensity drop out. At the lower voltage values, the 
intensity increase of the dominant signals and an appearance of new 
signals in a low-field region (around 6 ppm) are observed. This can be 
explained by the fact that under continuous water and electrolyte sup-
ply, the highly reactive water radical intermediates oxidize and produce 
other 2H-containing molecules, which contribute now to the spectral 
intensity. 

Thus, the intermediate conclusion is that within the applied potential 
window, no visible changes are found in the 63Cu NMR data, while 2H 
NMR allows to detect the spectral changes in the system under study. 
Although, a small amount of 63Cu species could be adsorbed from 
electrolyte onto the electrode surface, their detection is restricted due to 
a low receptivity of 63Cu NMR. A higher concentration of 2H in the 
system and a higher mobility of solvent molecules, which results in a 
motional averaging of NMR lines, provide stronger visualization effect 
in the 2H NMR spectra. 

As the next, the potential of − 2 V vs Pt has been continuously applied 
and the 63Cu NMR spectra have been measured after 5, 10, and 35 min as 
indicated in Fig. 3a. The integrated 63Cu spectral intensities are plotted 
in Fig. 3b revealing the increase of the intensity with deposition time 
and hence the growth of Cu concentration within the cell. This finding is 
attributed to metallic Cu deposition onto the gold electrode surface. The 
minor intensity at ca. − 500 ppm after 35 min deposition points out to 
other Cu phases perhaps formed on the gold surface, such as CuH and 
CuOH. No other signals in the wide spectral window of 625 kHz, which 
can comprise the resonances affected by diamagnetic and paramagnetic 
shielding and by strong quadrupolar interactions [37,38], have been 
observed. After the cell disassembling the formation of metallic red 
colored film on the electrode attributed to Cu deposition was observed. 

3.2. Electrochemical reduction of CO2 

In following, the redox-flow NMR cell is used for real time detection 
of the reaction intermediates in the course of electrochemical reduction 
of CO2. As catalytically active surface, metallic copper film prepared in 
the same way as in the previous section is used. Electrolyte with a dis-
solved CO2 gas is fed through the redox-flow cell when the potential is 
applied. The results have been evaluated with respect to the highest 
output and particular selectivity of the desired multicarbon products. 

The 2H one-pulse NMR spectra measured in the course of an elec-
trochemical reaction are presented as a two-dimensional spectrum in 

Fig. 4a, where the 2H chemical shift (horizontal direction) is plotted 
against the reaction time (vertical direction). The time dependence of 
the applied electrode potential and the transient current behaviour 
resulting from a voltage step are shown in Fig. 4b and 4c, respectively. 
One can see that the observed current density deviates from the expected 
trend with applied potential. This discrepancy has been explained by the 
restricted charge transport to WE due to the geometric constriction of 
the present cell design, which is associated with the following factors: 
First, the WE area is much larger than that of CE. Second, there are 
charge transport limitations from electrolyte to electrode surface. The 
2H spectra in Fig. 4a are dominated by a complex asymmetric broad line 
centered at 4.6 ppm, those profile and intensity changes with applied 
potential. This evidences chemical changes and an appearance of reac-
tion intermediates and products in the course of electrochemical 
reduction of CO2. However, to identify key reaction intermediates for 
specific products and establish the reaction mechanism, quantitative 
analysis of each 1D NMR spectrum is required. Due to complexity of the 
electrochemical system and line overlapping in the NMR spectra, un-
ambiguous fit of the data that would enable accurate quantitative 
analysis is not possible. In the present work, we focus on demonstrating 
the feasibility of the in situ NMR approach and analyse qualitatively the 
selected spectra towards the structural information. The slices selected 
from the 2D spectrum are labeled by the dotted lines and numbered from 
N1 to N9 (Fig. 4a) and stacked as the one-dimensional spectra in Fig. 5a. 
In Fig. 5b, a fit example for the spectrum N8 to illustrate the possible 
deconvolution is presented. 

As 2H atoms are initially present only in heavy water as a constituent 
of the electrolyte, different water arrangements, hydrogen bonded (HB) 
complexes and surface hydroxides are expected to contribute to the 
starting 2H NMR spectrum. The spectrum N1, which corresponds to an 
open voltage state (Fig. 5a), reveals the dominant peak at 4.6 ppm and 
smaller signals at 5.2, 8.0, 9.8, and 11.4 ppm. The narrow line at 4.6 

Fig. 3. (a) Two-dimensional 63Cu NMR spectrum as a function of deposition 
time at a voltage of –2 V. (b) The intensity scale is shown as a colour bar above 
the spectrum. Intensity of 63Cu NMR signal as a function of deposition time. 
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ppm and the broader signal at 5.2 ppm are attributed to mobile water 
molecules in bulk electrolyte and less mobile water clusters at the 
electrode surface, respectively. The position of the latter is slightly 
shifted lowfield in respect to the bulk water signal due to proximity to 
the negatively charged Cu electrode surface. The intensity decrease of 
both water signals over the course of reaction evidences the water 
consumption for electrocatalysis. The downfield shifted signals at 9.8 
and 11.4 ppm are a signature of strong hydrogen bonding (HB) char-
acteristic of carboxyl groups [39]. Indeed, once potassium bicarbonate is 
dissolved in water, it dissociates completely to produce potassium cat-
ions K+ and bicarbonate anions HCO3

–. The ability of the latter to form 
HB complexes with heavy water molecules, such as OH-COO–-D-OH, 
and to produce dimers by hydrogen bonding with each other results in 
an appearance of the 2H signals in this region [40–42]. The above dis-
cussed signals have been found in the spectra N1-N4, and then dis-
appeared when the positive potential is applied. This evidences that 
such complexes are no longer present in the electrochemical system, and 
perhaps reacted to yield other reaction intermediates. This is accom-
panied by a reduction wave visible in Fig. 3c, when applied voltage 
achieves − 0.3 V vs Pt. The signal at 8.0 ppm is typical for an interme-
diate HB strength and can be attributed to formate ions and their com-
plexes with water molecules. Table 1 summarises the observed peaks 
and their assignment in the spectra N1 to N9. 

In the spectrum N3 at a voltage of − 1 V, a new poorly resolved signal 
at 2.3 ppm emerges. When applied potential increases, this signal 
evolves further and resolves into a sharp peak in the spectra N4-N9. 
Starting from the spectrum N4, the spectral profile in the central re-
gion changes revealing another new narrow peak at 4.0 ppm and the 
intense growth of the component at 5.2 ppm. The appearance of the 
peaks at 2.3 and 4.0 ppm visible in the spectra N4-N9 evidences the 
formation of new products in the course of electrochemical reaction. 
Among organic substances, several compounds are known to resonate 
around 2.3 ppm: acetone CH3 − C( = O) − CH3(2.22 ppm), acetaldehyde 
CH3 − CHO (2.20 ppm), acetic acid CH3 − COOH (1.96 ppm) [43], acet-
ylene HC ≡ CH (2.01 ppm) [44]. Close to 4 ppm the resonances of 
methylene protons CH2 in various acetylene compounds 
(X − CH2 − C ≡ CH, X − CH2 − C ≡ CH3) have been found [44]. One can 
see that all signals emerged in the course of electroreduction arise from 
the deuterons bound to the carbon atoms, which are the part of carbon – 
carbon chain, and therefore are associated with multicarbon products. 
Thus, the in situ experiment in the present work clearly demonstrates 
generation of the reaction intermediates and products containing C–C 
bonds and thus indicates high selectivity to the C2+ hydrocarbon for-
mation in this type of electrocatalytical system. 

In the spectrum N7, which corresponds to the applied voltage of + 1 

V, the minor signal at –1 ppm becomes visible and persists in the spectra 
N8 and N9 at + 0.5 and 0.0 V, respectively. The assignment of this signal 
is ambiguous, particularly, when not supported by other characterisa-
tion methods. The chemical shift value in this region is characteristic of 
metal hydroxides, which can be formed on the electrode surface. On the 
one hand, this signal can be assigned to isolated surface –CuOD groups 
not bound to water or other molecules. Then, its appearance in N7 can 
be explained by several reasons. Indeed, a continuous supply of heavy 
water molecules as the reaction proceeds results in their preferable 
adsorption on the electrode surface prompting the generation of abun-
dant surface hydroxides. If the surface was initially protonated by 
–CuOH groups, the observed –CuOD groups can be produced as a result 
of isotope exchange with heavy water from electrolyte. Alternatively, 
hydroxyl radicals are known to be generated electrochemically from 
water at high anodic potentials [36]. On the catalytically active Cu 
electrode, preferential adsorption of highly reactive hydroxyl radicals 
can occur, which are further involved in the formation of hydrocarbon 
products through dimerization or protonation processes. Generally, 
observation of such a signal would be impossible under static NMR 
conditions considering the rigid nature of surface-immobilized species. 
On the other hand, the peak at − 1 ppm could arise from hydrogen 
species in OHx or CHx groups chelated to paramagnetic Cu(II), which 
could give rise to 2H NMR resonances across a broad chemical shift 
range. 

The spectra N6, N7, N8 and N9 do not indicate significant changes, 
evidencing equilibrium in the electrochemical system. Fig. 4c demon-
strates that the cathodic current corresponding to these spectra has been 
subsequently stabilized. It is worth to note, that in the 2H spectra the fit 
component at 5.4 ppm can be distinguished, those linewidth is signifi-
cantly smaller than that of the 5.2–ppm component. Based on literature 
data, the 5.4–ppm line is assigned to methane, which is known to a 
major product of CO2 electroreduction reaction on a Cu electrode [45]. 
However, establishing conversion efficiency and pathway towards CH4 
production in the system under study is problematic due to poor spectral 
resolution. 

It is notably, that when the applied potential approaches − 1.0 V vs Pt 
(Fig. 4b), the 2D NMR spectrum demonstrates the nearly total intensity 
drop with the subsequent intensity recovery as voltage increases. Such 
phenomenon has been discussed in the previous section. Accordingly, in 
the present system, we can attribute this observation to the formation of 
paramagnetic radical reaction intermediates. 

To sum up, in the in situ NMR experiment described above the 
products of CO2 electroreduction have been observed. However, as 
mentioned above, a higher spectral resolution is required to achieve 
quantitative results and elucidate reaction mechanisms. Various 

Fig. 4. (a) Two-dimensional 2H NMR spectrum of electrochemical reduction of CO2. (b) Voltage dependence and (c) current response as a function of time in 
chronoamperometry. N on the right of (a) indicates the number of the selected spectra presented in Fig. 5a. 
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approaches towards an enhanced resolution commonly employed in 
NMR spectroscopy include the application of decoupling techniques 
[46], varying the H/D concentration in aqueous solutions [47], and 
measurements of 13C NMR spectra. These issues will be addressed in 

future studies to get a quantitative insight into electrochemical reduc-
tion of carbon dioxide. 

4. Conclusion 

In the present work we demonstrated the feasibility of in situ NMR 
using the customer built redox-flow cell. This cell is designed for hosting 
the electrochemical system, while continuous flow of liquid or gas is fed 
through the cell and electrical voltage is applied. The cell is to be placed 
into the NMR detection coil so that NMR signals can be measured at 
operando conditions enabling real time information on the dynamic 
structural changes and processes in the electrochemical system. The 
redox-flow cell described here is suitable for multiple uses, and allows 
detecting not only NMR signals from exhaust products, but also from 
those formed on the catalyst surface. The approach has been demon-
strated using two case studies: electrodeposition of copper on an elec-
trode and electrochemical reduction of carbon dioxide to valuable 
hydrocarbons. Analysis of the NMR spectra allowed to characterize the 
structural changes occurring once a copper film is formed on the elec-
trode surface, in the former case study. Our results demonstrate the 
capability of in situ flow NMR for sstudying the properties of catalytical 
and active metal surfaces under varying chemical and electrical condi-
tions. In the latter example, the existence of the multicarbon products 
produced as a result of electrocatalytical reaction is confirmed in the 
NMR spectra. In general, the reaction mechanism underlying this 
experiment can facilitate efficient and selective generation of valuable 
hydrocarbon products with the benefit of CO2 conversion. 

The data presented in this work are of great importance from both 
the methodological and application points of views, as it offers to exploit 
the distinct advantages of in situ NMR with respect to quantitative 
chemical species verification, and aims at innovative solutions to envi-
ronmental and economic challenges. 
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