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ABSTRACT

The electrochemical reduction of carbon dioxide (eCO2RR) has become a very promising pathway that can be
used in the transformation of CO2 to important chemical products and, thus, is one of the mitigations of climate
change and will contribute toward sustainable chemical production. This review aims at presenting the
importance of Nuclear Magnetic Resonance spectroscopy (NMR) to analyze and quantify the liquid-phase
products obtained by eCO2RR. This provides a summary regarding the role that NMR plays in the process of
reducing carbon dioxide. The following discusses the benefits: identification, complete elucidation, and follow-
up on reactions involving CO» electro-reduction. Pulse experiments corresponding to different methods for water
signal suppression are considered separately, outlining some recent developments in the interference water
signal reduction which is very crucial for the correct NMR data acquisition in aqueous electrolytes. Certain
selected products are described, like carbon monoxide (CO)-associated liquids, formic acid, methanol, and
formaldehyde as examples of the NMR precision for the characterization of important compounds. Further, the
quantification of Cy products such as ethanol and acetate is discussed in order to illustrate how the technique can
be applied in the elucidation of reaction mechanisms and optimization of catalyst performance. This review
covers challenges, advanced methodologies, and emerging trends in order to underline the transformative role
that NMR plays in advancing CO; electrochemical reduction toward sustainable chemical synthesis.

1. Introduction

formate (HCOO™) [12-17], but sometimes it extends to higher hydro-
carbons and oxygenates [18-23]. The selectivity and efficiency of

The interest in the electrochemical reduction reaction of COj
(eCO2RR) has significantly increased owing to its importance in con-
verting COg, a key source of greenhouse gas emission, into valuable and
environmentally acceptable chemical products [1-4]. This dual-purpose
approach, which aims to reduce climate change consequences while also
producing economically viable resources, emphasizes the importance of
electrochemical CO; reduction [5-7]. Essentially, applied electric po-
tential at the interface of an electrode drives a series of chemical changes
that CO, molecules undergo as processes of electrochemical reduction.
Many byproducts are formed out of this multi-step process, often
comprising some basic ones like carbon monoxide (CO) [8-11], and
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electrochemical pathways to these reactions determine the production
of desired products while reducing environmental impact (Fig. 1)
[24-27].

The eCO5RR, as an electrochemical field, becomes the alternative to
the traditional carbon-intensive methods in the production of chemicals
and fuels, thereby motivating researchers to extensively explore the
intricacies of eCOoRR. This understanding can only be achieved by
precise and quantitative analytical methodologies that will give an ac-
curate outcome regarding the products of eCO2RR [6,21,22]. In the
analysis of such products, gaseous and liquid phases are included. The
gaseous products formed, like carbon monoxide, methane, ethane, and
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ethylene, can be majorly analyzed by gas chromatography through the
separation and quantification of produced components in the electro-
chemical process [8,9,28-30].

The liquid products can be analyzed by many analytical and spec-
troscopic methods such as high-performance liquid chromatography
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(HPLC), liquid chromatography-mass spectrometry (LC-MS), headspace
gas chromatography (HS-GC), and NMR, including proton, and carbon
NMR (H, '3C NMR, respectively) [12,13,31-36]. HPLC has been
conventionally carried out as an analytical tool to elucidate products of
eCO2RR. It leans on high-precision separation, analysis, and
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Fig. 1. Mechanism and reaction pathways for eCORR.
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quantification of liquid phase products for understanding the reaction
mechanism involved in producing sustainable and renewable fuels
[12,13,37-39]. LC-MS now becomes a strong candidate as a precise tool
for investigation with eCO2RR products. Such an analytical tool is use-
ful, enabling qualitative and quantitative measurements of the liquid
phase products [31,32]. HS-GC, coupled with a downstream flame
ionization detector (FID), has found application in the analysis of vol-
atile products. Here, C;, Cy, and C3 are methanol, ethanol, and n-prop-
anol, respectively [33,34,36]. This combination develops a precise tool
for the identification and quantification of liquid products in the
eCO2RR process.

NMR probably represents the most common qualitative methodolo-
gies applied to basic analysis such as structure [40-42], purity [43,44],
and dynamics of chemical and biochemical entities [45-47]. The prin-
ciple of the technique rests on the fact that some atomic nuclei, when put
in a strong magnetic field, can absorb and immediately re-emit elec-
tromagnetic radiation at characteristic frequencies [48,49]. Determi-
nation of these frequencies provides comprehensive information from
NMR on the local environment of selected nuclei within a molecule:
functional groups containing given nuclei can be identified and the
bonding between atoms can be determined [50-52]. As a non-
destructive technique, NMR is particularly useful to confirm the iden-
tity and structure of organic compounds, often complex molecular
structures, with high precision [53,54].

Besides organic chemistry, NMR spectroscopy forms an important
tool for the investigation of biomolecules such as proteins, nucleic acids,
and small metabolites [55,56]. It was with the advent of multidimen-
sional NMR techniques that one could probe into the three-dimensional
structure of large biomolecules in solution to gain atomic-level insights
into their function and interactions [57-59]. Consequently, NMR can be
used in the monitoring of chemical reactions in real time, changes in the
conformation of molecules, and dynamic processes such as folding of
proteins [60,61]. Because of ease of applicability and the fact that it
gives the most relevant structural information without destroying the
sample, NMR is an indispensable tool in academia and industry, espe-
cially in drug development and materials sciences [53,62,63].

NMR has been applied in an extended way as a trustworthy quanti-
tative technique for liquid products of CO; electroreduction [64-66].
Other than the known qualitative tool, it has been used substantially as
one of the most effective techniques for monitoring reactions and
assessing purity and determination of concentration [44,67,68]. Quan-
tification of liquid products of eCO2RR based on NMR has recently been
utilized by many researchers [69-74]; this can be assigned to its ability
to provide structural details, its ability to detect multiple compounds,
and simplicity in contrast to other analytical tools [53,54]. To the best of
our knowledge, this is the first comprehensive review in the open
literature that highlights the utilization of NMR as a quantitative tool for
eCO2RR liquid products. The focus will be given to the role of NMR as a
quantitative method of analysis for CO, electroreduction liquid prod-
ucts. This will be achieved through a critical review of the recent
progress in CO; electrochemical reduction reaction, including NMR
spectroscopy applied in the analysis of CO, reduction products, key
parameters measured by NMR, state-of-the-art applications of NMR in
studies on CO5 reduction, challenges and their remedies related to
quantitative analysis based on NMR, and finally perspectives and new
trends.

2. NMR analysis for electrochemical CO; reduction: advances
and limitations

Gas chromatography-mass spectrometry (GC-MS) is a general
analytical technique for the identification and quantification of volatile
organic compounds. GC-MS is extremely sensitive and specific and
therefore very effective for the identification of gaseous and volatile
liquid products that are generated in electrochemical COy reduction
[31,32]. GC-MS is limited by the requirement of pre-calibration with
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reference compounds, which might limit detection of new or unknown
products [75]. Some compounds would also need to be derivatized to
allow for detection, thus complicating the analysis.

Another conventional method of analysis for liquid-phase products is
HPLC, a method in which compounds are separated based on the
interaction between compounds and the stationary phase, and it em-
ploys detectors such as refractive index (RID) or variable wavelength
detectors (VWD) typically. HPLC best suits the analysis of non-volatile
liquid products such as formate [76] and acetate [77] but is deficient
in the capability of detecting unknowns since structural information is
not available [75]. Also, the requirement for the chromatographic sep-
aration can provide a boost to the analysis time [75].

Ion chromatography (IC) is used primarily to detect ionic analytes
such as formate, acetate, and oxalate [78-81]. While IC is very selective
for these charged analytes, it can only be used for a restricted class of
analytes and is less convenient for neutral or non-polar substances [75].
Moreover, the requirement of special ion-exchange columns and eluent
conditions can make the technique less flexible than others [75].

Nuclear magnetic resonance (NMR) spectroscopy is the most
appropriate method for analyzing liquid products since it can provide
qualitative and quantitative information to a very precise degree
[44,64-68]. NMR does not require extensive reference standard cali-
bration, as in the case of GC-MS and HPLC, and is thus particularly
valuable in new or unexpected product identification. It allows the
simultaneous determination of multiple compounds in a multi-
component sample without the need for chromatographic separation,
reducing time and labor of analysis [53,54]. NMR is also a non-
destructive technique that leaves the sample intact, giving guaranteed
and reproducible results [53,54]. While it is less sensitive for very low
concentrations and less ideal for very volatile substances, its ability to
probe a wide range of liquid products with little pre-treatment makes it
the most widespread and reliable means of electrochemical CO: reduc-
tion studies. For complete characterization, NMR is best supplemented
by other techniques like GC-MS for volatile compounds and HPLC for
additional confirmation of liquid products.

3. NMR spectroscopy in analyzing CO; reduction products

Proton NMR spectroscopy (*H NMR) has been widely utilized in the
analysis of protonated organic compounds [40,41,53]. The high sensi-
tivity of the state-of-art NMR machine is particularly noteworthy,
making it a powerful machine for detecting low concentration of trace
protonated products in a complex mixture [64,65,82]. In addition, 'H
NMR spectroscopy exhibits distinctive advantages compared to other
product identification techniques, this is attributed to the superfluous
requirement for comparison with standard references when identifying
new compounds [64]. This feature is considered valuable when we have
a mixture of products in an aliquot during a chemical reaction, such as in
an electrochemical CO, reduction reaction [64].

The effective utilization of 'H NMR spectroscopy for precise quan-
titative analysis of eCOsRR products requires tremendous attention to
the following factors: First, 'H NMR analysis requires the use if
deuterated solvents to eradicate interference from solvent’s active pro-
tons [83]. In this regard, the aqueous eCO2RR electrolyte such as po-
tassium bicarbonate (KHCOs3), sodium bicarbonate (NaHCOs3), and
potassium hydroxide (KOH), requires the water suppression method to
ensure accuracy and reliability of liquid products [69,84-87]. There-
fore, the need for optimization of water suppression method becomes
crucial to enhance the signal-to-noise ratio and reduce the signal arti-
facts, leading to enhancing the sensitivity and resolution of the obtained
NMR spectrum of the eCO2RR mixture [64]. Moreover, the advanced
pulse technique associated with solvent suppression and WATERGATE
techniques, are commonly used to further enhance the sensitivity and
specificity of 'H NMR measurements in eCO,RR aqueous complex re-
action mixture [64,69,84-87].
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4. Pulse experiments associated with water suppression method

The analysis of eCO3RR products in carbonate or hydroxide elec-
trolytes requires effective suppression of the water signal in 'H NMR
spectra, mitigating the interference of the water peak signal, otherwise,
it will obscure the product peaks and distort the spectrum baseline
[69,84-87]. Furthermore, the water suppression method is particularly
vital especially for aqueous electrolytes, as they suffer from concentra-
tion disparities between water and liquid products [83]. Also, the water
signal may compromise the reliability and accuracy of quantification of
electrolyte products, resulting into dynamic range obstacles and base-
line distortions [88,89]. In this regard, it is of utmost priority for re-
searchers to develop and optimize water suppression techniques for
advancing the quantification of eCO2RR liquid products.

The suppression of the water peak in aqueous aliquots is pivotal due
to two substantial reasons: the first one is dynamic range issues, and the
second reason is baseline distortion and peaks overlapping [88,89]. The
dynamic range issues arise when the NMR signal is being collected after
the analog-to-digital conversion stage (ADC). This could lead to the
substantial concentration disparities and several orders of magnitude (as
the intensity of NMR signal is proportional to the concentration) [88].
This might be affected by the peak orders of magnitude of the water
peaks and the liquid products’ peak. The inability to suppress the water
peak causes receiver saturation, leading to spectral distortion which
manifests as spurious spectral lines and non-linear baseline oscillation
[89]. In addition, it results into inaccurate quantification of eCO2RR
liquid products [64,88]. On the other hand, the failure to suppress the
water peak has a great influence on the spectrum baseline, which also
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complicates the precise quantification of peak integrals for the desired
products. Some peaks can be hidden under the large water peak or
overlapped by its tail [64,88,89]. This phenomenon can also impact the
visible peaks by causing baseline distortion, which adversely affects the
precise analysis of the products [90]. It is, therefore, very important to
rectify these two problems by effective suppression of water so that
accurate analysis of the product concerning the nearby chemical shifts
can be obtained. It increases the reliability and accuracy of the analysis
of liquid products by 'H NMR spectroscopy and enables a deeper un-
derstanding of kinetic parameters and the elucidation of reaction
mechanisms [88-90].

Various experimental techniques have been developed with the
purpose of effectively suppressing water signal interference in NMR
spectroscopy. This was reported by Giraudeau et al., where they illus-
trated some experimental techniques in NMR that can be used to sup-
press the water signal (Fig. 2, Table 1) [88,89]. Generally, these can be
summarized into three general steps: preparation, excitation, and
readout [88,91]. Fig. 2a depicts continuous wave saturation, one of a
number of techniques that, though in common use, are sensitive to
frequency shift. Fig. 2b depicts the DANTE block, an alternative which
provides variable suppression of water signals over a spectral region.
Fig. 2¢ depicts the WET (Water suppression Enhanced through T1 ef-
fects) pulse sequence, generally cited as efficient and fast for suppressing
water signals. Fig. 2d Flip-back approach: a selective pulse flips the
water magnetization back to the longitudinal axis to render it unde-
tectable. Excitation blocks, Fig. 2e—i: in this scheme CP and Sat-180 are
used to reduce the perturbation of the distant water signal on the
metabolite signals of interest. Finally, Fig. 2j-1 covers readout blocks

(k)

180 180

U

180 180 180 180

‘I AW, -
I s N e e

Fig. 2. Fundamental components forming the water suppression sequences. (a-c) Preparation blocks, (e-i) excitation blocks, and (j-k) readout blocks. Specifically,
(a) Sat block, (b) DANTE block, (c) WET block, (d) Flip-back block, (e) standard 90° excitation, (f) CP block, (g) Sat-180 block, (h) NOESY-1D block, (i) PURGE block,
(k) ES-W5 block, and (1) ES-Sel block. Reproduced with permission from Ref. [88]. Copyright 2015, Springer Nature.
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Table 1
Comparison of Water Suppression Techniques in NMR [88,89].
Method Best suited for Advantages Limitations
Presaturation Samples with - Availability - Influences
minimal - Simplicity nearby signals
exchangeable - Sensitive to
protons frequency
shifts
WATERGATE Metabolomics - Effective - Requires
and biological - Robust careful tuning
samples

WET (Water Hyphenated - Fast - Requires
suppression techniques (LC- - Effective with precise
Enhanced NMR) and inhomogeneous calibration
through T1 biomolecules samples
effects)

NOESY-1D Metabolomics - Suppresses water - Requires
(Nuclear and small while preserving optimization of
Overhauser molecules signals mixing time
Effect

- Needs careful

Shift Selective imaging samples tuning
Suppression) applications

PURGE Quantitative - Reduces faraway - Requires
(Presaturation NMR and water effects multiple steps
Utilizing biomolecules
Relaxation
Gradients and
Echoes)

Excitation Complex samples - Highly efficient - Complex
Sculpting (ES) and strong water sequence

peaks

such as the WATERGATE and Excitation Sculpting experiments; these
are particularly useful in protein NMR in order to detect exchangeable
protons while effectively suppressing the water signal [88].

5. General tutorial for acquiring and analyzing a standard NMR
spectrum

For the liquid products that obtained after CO5 electroreduction, it is
better to understand how to prepare the NMR sample and acquire and
analyze the obtained NMR spectrum. First, after collecting the liquid
product, a suitable amount of the electrolyte is dissolved in a deuterated
solvent, such as D50, including an internal standard, e.g. dimethyl
sulfoxide (DMSO), with a known concentration. Then a known volume
of the resulting mixture is transferred into a fresh NMR (about 0.6 mL).
The tube is placed within the spectrometer and calibrated to depth using
a gauge; it is then accurately positioned within the machine. The spec-
trometer is set to deuterium resonance of the solvent such that the
magnetic field is locked, and shimming is achieved to have maximum
field homogeneity and increased spectral resolution.

Following the calibration of the instrument, an appropriate NMR
experiment is selected—usually 'H NMR to detect organic liquid prod-
ucts like formate, acetate, or ethanol, and 13C NMR to identify carbon-
based compounds. Certain key parameters like spectral width, relaxa-
tion delay, and pulse sequences are optimized by setting them for
improved detection of signals. The data are then captured and processed
using Fourier Transform (FT) to convert the data into an interpretable
spectrum. Phase and baseline corrections can be used to correct any
distortion obtained in the spectrum. Peaks are ascertained by defining
their chemical shifts (6, in units of ppm), comparing them with known
values for established CO: reduction products, and using integration to
quantify concentration.

Finally, the resulting spectrum is then compared to reference spectra
in terms of purifying and identifying the electroreduction products. In
the case of observed interference caused by solvent or superposition
signals, the resolution can be enhanced using solvent suppression
techniques like WATERGATE or WET. By this technique, correct
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identification and quantitation of CO: electroreduction liquid products
are guaranteed, and this provides essential information on product
selectivity and reaction efficiency.

6. Quantification of C; liquid products

C; products are a class of organic compounds that contain a single
carbon atom in their chemical structure backbone. C; originates from
the chemical nomenclature, as “C” represents the carbon and atom and 1
relates to the number of carbon atoms in the molecule. Different
chemical processes can produce C; products, including electrochemical
reduction of CO,, which is a potential pathway for sustainable produc-
tion of fuels and chemicals. The electrochemical reduction of CO; re-
veals different C; products; gaseous products such as carbon monoxide
(CO) and methane (CHy); or liquid products such as formic acid/formate
(HCOOH/HCOO ™), methanol (CH30H), and formaldehyde (CH30)
[92,93]. The liquid products can be analyzed using different analytical
and spectroscopic techniques, such as HS-GC, LC-MS, HPLC, and NMR
[12,13,31-36]. Recently, several reports have highlighted the impor-
tance of utilizing NMR as a powerful tool for identifying and analyzing
C; products. This will be discussed in detail in the next sections.

6.1. NMR as a tool for characterizing and quantifying products with CO
formation

The electrochemical reduction of carbon dioxide (CO3) to carbon
monoxide (CO) is one of the most promising ways to obtain a sustainable
fuel, considering that CO is a key building block in many industrial
processes [94,95]. As a rule, CO is present in the gaseous phase after the
reaction; however, under proper conditions and using an appropriate
catalyst, liquid products like formate/formic acid, methanol and/or
ethanol may form [96-103]. On the other hand, NMR plays a critical
role in confirming liquid products [96-99]. The ability of NMR to
accurately detect and quantify any liquid phase products that may
coexist with CO provides much-desired information which may be used
in optimizing the reaction conditions for high CO selectivity [96-99].

For instance, oxide-derived nanostructured Ag catalysts (OD-Ag)
showed a better catalytic activity than untreated polycrystalline Ag with
amuch lower overpotential and higher selectivity for CO with a Faradaic
efficiency of approximately about 80 % [97]. 'H NMR was used to
analyze the liquid products by mixing 450 pL of electrolyte with a
known concentration of tert-butanol, as internal standard, in 50 pL D50O.
The 'H NMR experiments were conducted by recording 8 scans and after
applying a hard-pulse solvent presaturation pulse sequence accompa-
nied with a 2-s saturation delay, 2-s relaxation delay, 2.5-s acquisition
time, and a spectral window of 6400 Hz [97]. Similarly Hatsukade et al.
utilized 'H NMR to investigate the possibility of liquid product forma-
tion [96]. They found that their metallic silver electrode could produce
CO with high Faradaic efficiency, however, some liquid products were
formed during electrolysis, such as formate, methanol and ethanol. '3C-
labeling electrolysis experiment was conducted to confirm the origin of
formed liquid products. As seen in Fig. 3, the peaks of methanol, ethanol
and formate were split, which can be attributed to the well apparent
coupling between 'H to '3C, confirming that those products were orig-
inating from CO5 [96].

Mun et al. reported that monodisperse Cu—Pd nanoparticles (NPs)
with ratio 1:1 exhibited higher selectivity of CO production with Fara-
daic efficiency of 87 % at a potential of —0.9 V versus reversible
hydrogen electrode (RHE) [98]. In the other hand, they investigated the
formation of liquid products by quantifying the amount of produced
ethanol and formate using a dual internal standards system of DMSO and
phenol, respectively. The NMR sample was prepared by mixing 1.0 mL
of the electrolyte with 50 pL of internal standard solution (25 mM
phenol with 5 mM DMSO). Finally, 150 pL of the mixture was trans-
ferred to NMR tube containing 450 pL of D2O. As seen in Fig. 4, the
concentration of obtained formate and ethanol were calculated in



A.S. Abu Hatab et al.

8.6 84 82 80 3.6

Journal of Electroanalytical Chemistry 986 (2025) 119097

34 32 14 12 1.0 0.8 0.6

12,
oo HCoOr CH,CH,OH

CH,0H CH,CH,OH

‘JCOZ

Intensity (a.u.)

86 84 82 80 36

34 32 14 12 1.0 038 06

Chemical Shift (ppm)

Fig. 3. 'H NMR spectra of the liquid aliquot from '2CO, (black) and *CO, (red) feeding experiments. Split peaks are in black ovals for each product. Reproduced
with permission from Ref. [96]. Copyright 2014, Royal Society of Chemistry. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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Fig. 4. Standard curves of formate and ethanol based on the relative peak area between the analyte and internal standard (a) and 'H NMR spectrum after electrolysis
showing the presence of formate and ethanol (b). Reproduced with permission from Ref. [98]. Copyright 2019, Elsevier.

reference to the calibration curves of each analyte [98].

Recently, higher selectivity of CO with higher Faradaic efficiencies
were obtained by Mady’s team of 93.2 % and nearly 100 % for silver-
loaded boron-doped graphitic carbon nitride nanocomposite (Ag-B-g-
C3N4) and sulfur-doped Ni-N-C catalyst (Ni-NS-C), respectively
[11,104]. The higher selectivity in both studies was recorded at a po-
tential of —0.8 V versus RHE. with no liquid products obtained as
confirmed by 'H NMR. For 'H NMR analysis, a certain amount of the
electrolyte was mixed with D20 in the presence of one drop of DMSO for
Ni-NS-C electrocatalyst (Fig. 5a) [11], while for (Ag-B-g-C3N4) no
DMSO drop was added as no liquid products were formed (Fig. 5b)
[104]. These two studies display the importance of using NMR to
confirm the high selectivity toward the CO production [11,104].

6.2. NMR as a quantitative tool for formic acid/formate

The analysis of formic acid/formate that is produced during eCO2RR

has been investigated extensively in the literature [12-17,76,105-116].
It can be analyzed through several techniques, such as HPLC and NMR
[12,13,15,17,69,105]. For example, the formic acid concentrations were
monitored during electrolysis at different current densities using a
divided cell by zero-gap anode connected with an inline HPLC system
(Fig. 6) [76]. Similarly, two recent studies by Arslan et al., showed the
importance of HPLC as a powerful technique for analyzing formic acid in
the catholyte compartment. The Faradaic efficiencies obtained were
61.3 % and 57 % using lead sulphate deposited on acid treated tin foil
(PbSO4/AtSn) and colloidal NiCo-based catalyst with rGO support
(NiCo@rGO), respectively [12,13].

On the other hand, several reports have shown the employment of
'HNMR as a spectacular analytical technique for the eCO,RR liquid
products. The NMR analysis of formic acid/formate in the liquid product
relies on using an organic solvent with a known chemical shift to be used
as an internal standard. For instance, most of the published reports have
used DMSO as an internal standard [16,69,70,84,85,106-111]. While
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Fig. 5. 'H NMR of the electrolyte after 1-h electrolysis at potential of —0.80 V
vs RHE for Ni — NS — C catalyst (a). Reproduced with permission from
Ref. [11]. Copyright 2022, John Wiley and Sons. Ag-B-g-C3N, catalyst (b).
Reproduced with permission from Ref. [104]. Copyright 2022, American
Chemical Society.

fewer reports utilized dimethyl formamide (DMF) [105,112], phenol
[113,114], maleic acid [115,116], and a mixture of phenol and DMSO as
internal standards [14].

6.2.1. Dimethyl sulfoxide as internal standard for formic acid/formate
quantification

Dimethyl sulfoxide is frequently utilized as an internal standard to
accurately measure the amount of liquid products of eCO2RR. This can
be attributed to its chemical stability and non-overlapping spectral
signals with formic acid/formate signals. This leads the researchers to
precisely calculate the concentration of formic acid/formate by
measuring the calibration curves. For instance, Yan et al., investigated a
3D porous electrode (TDPE) as potential electrocatalyst for eCO3RR to
fomic acid/formate in acidic condition. They explored the reduction in
two different electrolytes, neutral electrolyte and acidic electrolyte (pH
2.7). The collected samples after electrolysis were then transferred to
NMR tube (600 pL) and mixed with 100 pL of deuterium oxide (D20) and
0.05 pL of DMSO as an internal standard. They confirmed the production
of formic acid which has a peak with a chemical shift around 6 8.44 ppm
in the neutral electrolyte, while this peak was shifted to & 8.21 ppm at a
pH of 2.7 (Fig. 7) [111]. This was consistent with a previous study by
Hofsommer’s team, where they studied the electrochemical perfor-
mance of Lead (Pb) working electrode toward CO5 reduction in dual
methanol/water electrolyte to produce methyl formate that its concen-
tration was measured by NMR [117]. As seen in Fig. 8, The dependence
of the pH on the NMR chemical shift, indicates that the peak shifts are
indeed behaving sigmoidally with the change of formic acid from its
protonated to its deprotonated form [117]. Below pH 3.2, no detectable
formate was present, while at higher pH values, a formate anion was
formed. This shift reflects the relative balance between formic acid and
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formate as influenced by the pH of the surrounding environment
[111,117].

Wang et al., quantified the concentration of formic acid by mixing
the 500 pL of the liquid phase with 100 pL of a mixture of D;O:DMSO
(1000:1, v:v). The formic acid concentration C, was calculated based on
integrals of formic acid and DMSO (standard) measured by NMR (I, and
Iq, respectively), number of protons in both formic acid and DMSO (N
and N4, respectively), and the known concentration of DMSO (Cyy).
The concentration of the formic acid was calculated based on eq. (1)
[106]:

X Csta (€8]

In another report by Jia et al., the formic acid and formate content in
the liquid phase was quantified by NMR. The NMR sample was prepared
by mixing 10 mL of the electrolyte solution with 50 pL of 100 mM DMSO
solution to prepare the sample stock solution. Then 250 pL of the stock
solution was diluted in 350 pL of D20. The Faradaic efficiency was
calculated based on eq. (2) [16]:

_ 2FVC
Q

Where F is the Faradaic constant (96,485C mol ™), V is the sample
volume, C is the concentration of formic acid/formate in the electrolyte,
and Q is the charge [16].

Water suppression methods have been developed to suppress the
water peak in aqueous solutions. This method is widely used to elimi-
nate the dominant water peak, which leads to a more precise and reli-
able analysis of the formic acid/formate peak [82,88]. For example,
Nguyen et al., investigated the performance of a bismuth gas diffusion
electrode on a polytetrafluoroethylene-based electrically conductive
silver substrate (Ag@Bi) in both neutral and basic media. The analysis of
the liquid products was performed using 'H NMR. The authors employed
the water suppression method (PRESAT) to accurately measure the
concentration of formate or formic acid [84]. The FEs of formic acid/
formate were calculated for the collected samples after electrolysis at a
wide range of current densities (100-300 mA cm_z). The values of the
FEs were notably high ranging between 90 and 95 % (Fig. 9) and
calculated based on eq. (3) [84]:

FE x 100% (2

FE = % x 100% 3)

Where n represents the number of electrons for formic acid/formate
reduction, F is the Faradaic constant, 7 is the number of moles of the
corresponding product, J is the current and finally t is the time of
electrolysis [84].

Similarly, Tsujiguchi et al., evaluated the performance of Sn/reduced
graphene oxide (Sn/rGO) composites toward eCO2RR and calculated the
Faradaic efficiencies of the produced formate using the standard curve
method in both GC and NMR [69]. The samples were collected at 3
different potentials; —820 mV, —920 mV and — 1020 mV versus
reversible hydrogen electrode (RHE) and prepared for NMR analysis by
diluting the liquid phase in D20 as a solvent and DMSO as an internal
standard. The NMR spectra were obtained through the water suppres-
sion method associated with the excitation sculpting method. The au-
thors demonstrated that the obtained results by NMR were more
accurate than those obtained by GC. This was assigned to the higher
sensitivity of NMR than GC, see Table 2 [69].

In addition, Li et al., utilized the water suppression method to
accurately analyze the concentration of formate using 'H NMR. The
NMR sample was prepared by mixing 1 mL of analyte or catholyte, 200
pL of D20 and 100 pL of DMSO (1/1000 solution). The faradaic effi-
ciency of formic acid/formate was calculated based on eq. (4) [85]:

nxFxVxc

T 1000 xM x Q Q)

FE:HCOO
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Where n is the number of transferred electrons for formate, F is the
Faradaic efficiency, V is the electrolyte volume, c is the concentration of
formic acid/formate generated by the reaction (calculated by NMR), M
is the molar mass of formic acid/formate, and Q is the total amount of
charge consumed during the electrolysis [85].

6.2.2. Other solvents as internal standard for formic acid/formate
quantification

On the other hand, several reports employed other organic solvents
as internal standards for quantitative NMR analysis. N,N-dime-
thylformamide (DMF) has been used as an internal standard in NMR

quantification of formic acid resulting from the eCORR. The main
benefit of using DMF is that the signal of DMF in 'H NMR does not
interfere with the formic acid/formate signal [112]. For example, the
NMR sample was prepared by mixing 630 pL of the liquid product of tin
(Sn) nanosheets decorated with bismuth (Bi) nanoparticles on a porous
carbon substrate (Bi-Sn/CF) with 70 pl of 4.61 x 103 of DMF standard
solution. The concentration of formic acid (i) was calculated based on
the calibration curves of sodium formate and the Faradaic efficiency was
calculated based on eq. (5) [112]:
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Similarly, the liquid product of indium single atom dispersed on a
nitrogen-doped carbon skeleton (In-N-C) was identified and quantified
by 'H NMR using the water suppression method [105]. The DMF was
used as an internal standard and was diluted to obtain a 12.90 mM of
DMF solution in D0. Then 50 pL of the standard stock solution was
mixed with 550 pL of electrolyte for NMR quantification. For the cali-
bration curve, the pure formate was used to prepare different concen-
trations of formate standards and to generate the calibration curve
(Fig. 10) needed for calculation [105].

In addition, phenol has been used as an internal standard for formic
acid quantification. It is known that phenol is considered one of the best
internal standards for NMR quantification of eCO2RR products as it does
not interfere with any products, and it has the lowest relaxation time
compared to the other common solvents [83,118]. Based on that, phenol
was used as an internal standard to calculate the concentration and the
Faradaic efficiency of the formic acid that is produced from the eCO2RR

FE (6]

Table 2
The concentrations of formate obtained by GC and NMR. Reproduced with
permission from Ref. [69]. Copyright 2021, American Chemical Society.
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of potassium bicarbonate solution reduction by Pd and Pd—B electrodes
[114]. In the same context, Jiang quantified the concentration of formic
acid by NMR using phenol as an internal standard (Fig. 11) [113]. The
NMR sample was prepared by mixing 35 pL of the standard stock solu-
tion of phenol (3 pL in 3 mL of D,0) with 700 pL of the electrolyte. The
Faradaic efficiency of formate was calculated according to eq. (6) [113]:

_ NxexVxF
Q

Where N is the total number of transferred electrons, c is the con-
centration of formate content, V is the total volume of liquid, F is the
Faradaic constant, and Q is the total charge of the electrolysis process
[113].

Furthermore, using dual internal standard system to quantify the
concentration of liquid products of eCOoRR. This method has been re-
ported by Chung et al., as they prepared a standard solution consisting of
10 mM phenol and 2 mM DMSO in D0 [14]. For NMR quantification,
30 pl of the standard solution was mixed with 540 pL of the liquid
product. The concentration of the formate was calculated by comparing
the integral area of the formate signal with that of the phenol signal
[14].

It is noteworthy that maleic acid has been used recently as internal
standard for qualification and quantification the content of formic acid/
formate. Garcia et al., reported the utilization of NMR to identify the
peaks of several cathodic CO5 electrochemical products [119]. As shown
in Fig. 12, the maleic acid peak resonates at a chemical shift of 8 6.10
ppm and was used to identify the chemical shifts of several CO, reduc-
tion products, such as formate (5 8.5 ppm), acetate (5 1.9 ppm), acetone
(6 2.2 ppm) and ethanol (5 1.2 and 3.2 ppm). The authors claimed that
they were not able to calculate the Faradaic efficiencies, this was related
to the lower concentration of CO, reduction products [119]. To avoid
this problem, Hailu et al., represent the applied NMR method while
analyzing the CO; reduction products [120]. This was performed by
calibration of the pulse-width (pw90). This was accomplished by
acquiring 1D spectra with incrementally increasing pulse widths to find
the point of no signal or equal positive/negative signals, then relaxation
times (T1) for formate and maleic acid were determined using the
inversion-recovery method by manipulating the time (D7) between
pulses. The D7 values for formate and maleic acid in the electrolyte

FE (6)
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Fig. 11. 'H NMR spectrum of formic acid and the internal standard (phenol).
Reproduced with permission from Ref. [113]. Copyright 2018, American
Chemical Society.
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media were found to be 4.5 and 3.8 ps respectively, with the longer D7
for formate being used to calculate the relaxation delay (D1). For sample
preparation for NMR analysis, 250 pL of cathodic electrolyte was mixed
with 225 pL of standard solution (5 mM maleic acid in D30), and the
concentration or formic acid was calculated by comparing the ratio of
area of formate signal with the area of maleic acid [120].

6.3. NMR as a quantitative tool for methanol

Recently, methanol has gained considerable attention as a versatile
chemical that is used in fuel, solvents, and industrial feedstock
[121,122]. One of the most environmentally friendly techniques to
produce methanol is the electrochemical reduction of CO5 [123,124].
The amount of produced methanol can be measured using several
analytical techniques, such as HPLC [37,38], GC-FID [125,126], GC-MS
[37,1271, HS-GC [33,81], and NMR [128,129]. For example, The pre-
dominant quantity of methanol was analyzed by GC and HPLC after 2-h
chronoamperometry experiment for CO2 reduction over Cu-oxide elec-
trodes [38]. Similarly, cuprite@polyaniline (CusO@PANI) electrode
produced methanol with a Faradaic efficiency of 45.21 %. The amount
of produced methanol was measured by HPLC and GC-MS [37]. In
addition, GC-FID was the main tool to analyze the content of methanol
in the CO2 catholyte [125,126]. For example, Cuprite (CupO) was
deposited on carbon cloth and evaluated as a potential electrode for
producing methanol through electrochemical reduction of CO,
approach. The COy-saturated electrolyte was collected at a potential of
—1.7 V (vs Ag/AgCl electrode) and analyzed by GC-FID [125]. Combi-
nation of head space to the GC-FID has been used to analyze the con-
centration of volatile organic solvents (such as methanol) that might be
produced during the eCO2RR process [33,81]. Boron phosphide nano-
particles on carbon paper (BP/CP) electrode was found to be a high
effective eCO2RR electrocatalyst to CH3OH with high selectivity and
faradaic efficiency of 92.0 % at —0.5 V and with a high electrochemical
stability [81].

Recently, NMR as a powerful tool for liquid products quantification
was extensively utilized to measure the concentration of produced
methanol [86,87,128-134]. Methanol shows two peak groups in 'H
NMR: one due to the resonance of a methyl group -CHs, usually between
6 3.3 and § 3.5 ppm, and hydroxyl group -OH between § 4.5 and § 5.5
ppm [135,136]. The hydroxyl group may appear at a different location
because of factors such as hydrogen bonding and solvent effects. In 1°C
NMR, methanol exhibits a single resonance for the methyl carbon at
approximately § 50 ppm [135,136]. Precise chemical shifts in both 'H
and 13C NMR spectra can be affected by solvent interactions and by the
experimental conditions, but these values provide a good reference for
the characterization of methanol in different contexts of analysis
[135,136].

Different organic solvents were used as internal standard to measure
the concentration of methanol. DMSO was the most used solvent as in-
ternal standard for methanol quantification
[71,81,129,130,132,133,137-139], whereas a mixture of DMSO and
phenol [87,131,140-142], dimethyl formamide (DMF) [143], 4-nitro-
phenol [72], and tetramethylsilane (TMS) [144-147] were used less
frequently.

6.4. Dimethyl sulfoxide as internal standard for methanol quantification

Highly selective boron phosphide nanoparticles (BP NPs) electro-
catalyst was developed and investigated toward methanol production
from eCO5RR in CO,-saturated KHCO3 solution [81]. 1H NMR was used
for quantification of liquid products (Fig. 13a), while IC was used to
confirm the absence of formate ion (Fig. 13b). After 12 h of electrolysis
at —0.6 V versus RHE, methanol was obtained as a predominant product.
For 'H NMR quantification purposes, DMSO was used as internal stan-
dard. While for Faradaic efficiency calculations, eq. (7) was utilized:
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Where Z is the amount of electrons transferred during electrolysis to
produce methanol, n is the number of moles, and F is the Faraday con-
stant [81].

Liang et al. investigated nickel salophen dispersed in a 2D nickel
organic framework toward eCO2RR to methanol [129]. After 1 h of
electrolysis, 500 pL of the catholyte were mixed with 150 pL internal
standard (2.5 mM DMSO in D,0), then it was transferred to an NMR tube
for analysis. The concentration of methanol was calculate based on
calibration curve (Fig. 14), while the relative peak ration was calculated
using eq. (8):

FE )

peak area of methanol at § 3.23 ppm
peak area of DMSO at § 2.6 ppm
®
Based on that, the Faradaic efficiencies of methanol were calculated
based on eq. (9):

Relative peak ratio of methanol =

Cinethanol X V X Na X 6€
Nlolal

FE = ©)

Whereas Cpethanot is the concentration of methanol, V is the catholyte
volume, N4 represents the Avogadro’s number, and Ny is the total
charge that measured during electrolysis [129]. Also, the concentration
of methanol was calculated based on the peak ratio of DMSO, whereas a
single atom Co catalyst was explored for the process of CO/CO elec-
troreduction (COxRR) by Ren’s et al. [130]. As seen in Fig. 15, the
predominant product was methanol with minor production of Hj as a
gaseous product. The concentration of methanol was measured by 'H
NMR using water suppression method, and the analysis sample was
prepared by mixing 1 mL of the electrolyte with 0.1 mL of D0 con-
taining 2.5 pL of DMSO as internal standard [130]. The Faradaic effi-
ciencies of methanol were calculated based on eq. (10):

FE; = Q :M
Qtotal Qtotal

(10)

12
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Fig. 14. Methanol calibration curve in 0.2 mM DMSO. Reproduced with
permission from Ref. [129]. Copyright 2022, Elsevier.

Where Q; is the charge needed for the production of methanol, Qi
is the total amount of charge obtained during electrolysis, Nj is the
number of moles, n is the number of electrons consumed during elec-
trolysis and F is the Faradaic constant [130].

Recently, cobalt phthalocyanine (CoPc) was explored the for elec-
troreduction of CO; in CO/CO; co-feeding experiments [132]. The
methanol (main product) was quantified by 'H NMR using water sup-
pression method (Fig. 16). This was accomplished by mixing 500 pL of
the catholyte with 100 pL of internal standard solution (1.37 mM DMSO
in D30). The Faradaic efficiency of methanol was calculated according
toeq. (11):

_ Cme X Vjg xn xF
Q

Where Cp is the calculated concentration of methanol, Vyq is the
volume of catholyte and n is the number of electrons consumed to
produce methanol (4 in CO and 6 in CO»), F is the Faradaic efficiency,
and Q is the total charge [132].

Cu-BTC (1,3,5-benzene tricarboxylic acid) MOF derived materials
was also investigated as a potential catalyst to product methanol [139].
Different Cu/Cu20 materials were synthesized by calcination of Cu-BTC
at different temperatures (300 °C, 400 °C, or 500 °C). Among them, Cu/
Cuz0-400 °C exhibited the best performance in term of methanol pro-
duction. After 2-h electrolysis, 0.4 mL of the catholyte was collected and
mixed with 0.1 mL DMSO (internal standard) for 'H NMR quantifica-
tion. The results revealed that Cu/Cuz0-400 °C exhibited the highest
faradaic efficiency (45 %) at a potential of —0.7 V versus RHE [139].

13C-labeling CO, experiments would provide insights about the
source of methanol in the electrochemical reduction of COy [71,133].
For example, Song’s team utilized 'H NMR for quantitative and quali-
tative analysis for eCO2RR of iminiume covalent organic nanosheets
(iminium-CONs) [133]. For quantitative purposes, an NMR sample was
prepared by mixing 450 pL of catholyte with 50 pL of internal standard
solution (10 mM DMSO in D50). For qualitative analysis, 'H NMR was
utilized to confirm the source of methanol through '3C-labeling CO,
isotope. Two characteristic doublets for 13CH;0H were observed in the
'H NMR spectrum at 6 3.16 and 6 3.4 ppm (Fig. 17a), which demon-
strates that methanol was originally produced from the CO5 reduction.
This result was consistent with the chronoamperometry experiments
under argon atmosphere which confirmed that the only produced
product is methanol other than any impurities (Fig. 17b) [133].

Similarly, Boutin et al. investigated cobalt phthalocyanine complex
with multi-wall carbon nanotubes (CoPc-MWCNT), a well-known to

FE 1D
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reduce CO; electrochemically to CO, as electrocatalyst to catalyze CO»
or CO to methanol [71]. 13C—labeling experiment was conducted in a
KH!'3COj5 electrolyte which was previously saturated with 3CO,. The
NMR samples were prepared by mixing 392 pL of the of the electrolyte
with 40 pL of 4 mM DMSO and 48 pL of D,O. The NMR experiments were
done after accumulating of 128 scans with a water presaturation method
with a relaxation time of 25 s. As seen in Fig. 18, the NMR spectrum
reveals a clean split of CH3 proton peak around & 3.35 ppm into a
doublet with methanol with a coupling constant of J = 142 Hz, con-
firming that the 13C02 us the main source of produced methanol [71].

Hierarchical Pd/SnO5 nanosheets with abundant Pd-O-Sn interfaces
were investigated toward electroreduction of COy [134]. After elec-
trolysis, 500 pL of the catholyte were collected and mixed with 100 pL
internal standard (0.05 pL DMSO in 100 pL D,0) then analyzed by ‘H
NMR for quantification. Fig. 19a and Fig. 19b display the NMR spectra of
different concentration of methanol and their calibration curve plot with
regression of 0.99983. This was used to determine the concentration of
produced methanol at different potential. The results exhibit that
methanol was the predominant product for Pd/SnO, at potential of
—0.24 V vs RHE NSs at different electrolysis time with Faradaic effi-
ciencies around 55 % (Fig. 19¢ and Fig. 19d) [134].

Huang and his coworkers demonstrated that the production of
methanol with a faradaic efficiency of 97.0 % is obtained at potential of
—0.98 V versus saturated calomel electrode (SCE) through the electro-
reduction of CO» in a solution of NaHCOj3 [137]. First, they studied the
effect of bare glassy carbon electrode, where it revealed no activity to-
ward the electroreduction of CO; (Fig. 20a) and no signal of methanol in
the 'H NMR spectrum (Fig. 20b). The same result was obtained when
Nafion film was applied (Fig. 20c and d). After that, they ran the elec-
trolysis experiment in both N3 and CO; environments using the hollow
urchin-like Co(CO3)p5(0OH)-0.11H20 electrocatalyst. In Nj-saturated
NaHCOs solution, no reduction peak was observed and no signal of
methanol in the 'H NMR spectrum (Fig. 20e and f), while in CO2-satu-
rated catholyte a significant reduction peak was obtained and a CHj
signal at about 5 3.32 ppm and & 49.1 ppm for 'H NMR and °C NMR,
respectively (Fig. 20e, g, and h). The *C NMR was used for qualitative
analysis and 'H NMR for quantitative analysis. The method for prepa-
ration sample for NMR qualitative and quantitative analysis was as
follows: 0.5 mL of catholyte was mixed with 0.1 mL D30 and 0.5 pL
DMSO (as internal standard). The Faradaic efficiency was calculated
based on the following equation: Faradaic efficiency = 6F X npethanol/Q,
where 6 in the number of electrons needed to produce methanol from
COq reduction, F is the Faraday constant, n is the number of moles, and
Q is the total charge [137].

6.4.1. Other solvents as internal standards for methanol quantification

Many reports used dual internal standard system to quantify the
eCO2RR products. Phenol and DMSO were widely utilized for this pur-
pose as both are considered non-volatile solvents, which is important for
using their stock standard solutions for all measurements
[87,131,140-142]. In 'H NMR, DMSO and phenol signals do not inter-
fere with any product peak (6§ ~ 2.6 ppm and § ~ 7.45, respectively),
allowing to accurately calculate the concentration of the products sig-
nals that resonate before (with reference to DMSO) and after (with
reference to phenol) the water peak [141,142]. For example, Zhang
et al. constructed a molybdenum-based metal carbide catalyst loaded
onto nitrogen-doped carbon nanotubes (Mo,C/N-CNT) and utilize it as
potential catalyst toward high selectively methanol production through
eCO2RR with a Faradaic efficiency of 80.4 % at —1.1 V versus standard
hydrogen electrode (SHE) [141]. After electrolysis, a sample of catholyte
and anolyte were withdrawn and quantified by 'H NMR and HS-GC. For
'H NMR, 400 pL of electrolyte was mixed with 100 pL of the internal
standard solution (50 mM phenol and 10 mM DMSO in D,0). The
concentration of produced methanol was calculated based on eq. (12)
[141]:
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MX Ix Ny
= —

= 12
My I Ny a2

Where X refers to methanol and Y refers to DMSO, M is the con-

centration of both compounds, I is the area of resonance peak for
methanol or DMSO, and N is the total number of protons that resonates
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for methanol (N = 3) and DMSO (N = 6) [141].

In addition to utilizing DMSO as internal standard, dual solvent
system including DMSO and phenol were used to analyze the concen-
trations of methanol [87,131,140-142]. For example, NMR can be used
as a powerful tool to investigate and quantify the crossover volatile
liquids through gas diffusion electrode (GDE) and anion exchange
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Fig. 15. H NMR spectra of the electrolyte after CO reduction electrolysis at —0.58 V (a), —0.64 V (b), —0.67 V (c), —0.70 V (d), —0.73 V (e), and — 0.78 V (f). The
potential was measured against RHE electrode. Reproduced with permission from Ref. [130]. Copyright 2023, Springer Nature.
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Fig. 16. A typical '"H NMR spectrum for the liquid product after CO/CO,
electrolysis. Reproduced with permission from Ref. [132]. Copyright 2024,
American Chemical Society.

membrane (AEM) in a three-chamber flow cell setup. This was done by
Zhang’s team, where they explored the crossover of volatile liquid
products using copper- and tin-based GDEs in a flow cell setup [142]. 'H
NMR was used to quantify the possible liquid products that might
migrate through the chambers. A sample of catholyte, anolyte and
washing liquid used to wash the COq-off (Fig. 21a) were taken and
analyzed. As seen in Fig. 21b, many volatile materials and other organic
compounds were found in the 3 chambers including: n-propanol, pro-
pionaldehyde, ethanol, acetate and formate were found in the catholyte
and anolyte chamber. While in the CO,-off gas chamber, methanol was
found in addition to the previous mentioned products. The quantifica-
tion of the produced products was performed based on DMSO and
phenol internal standard (Fig. 21c), where the signals appeared before
the water peak were quantified based in DMSO peak (Fig. 21d) and the
signals appeared after the water signal were calculated based on phenol
standard (Fig. 21e). The faradaic efficiency of the liquid products was
calculated based on eq. (13):

(a)
DMSO
‘ ‘ 12002
—_— — 13c0,
36 34 32 3.0ppm
CH,OH
12 10 8 6 4 2 0

Chemical Shift (ppm)
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_ IlFCiV
Q

Where n is the number of electrons that transferred for each product
i, F is the Faraday’s constant, C is the concentration for the producti, Vis
the volume of electrolyte, and Q is the total charge consumed during the
electrolysis [142].

CoPc on multiwalled carbon nanotubes (MWCNTSs) integrated onto
Au electrodes by using a poly(3,4-ethylenedioxythiophene) poly-
styrenesulfonate (PEDOT:PSS) adhesion layer (CoPc/MWCNT on
PEDOT:PSS on Au) was examined toward eCO5RR [131]. 1H NMR was
used to quantify methanol and identify the source of methanol. A dual
internal standard system was used for this purpose, where 50 mM of
DMSO and 50 mM of phenol were prepared using deionized water, then
50 pL of the internal standard was mixed with 400 pL from the catholyte
and 50 pL of D20. The NMR experiment was performed after obtaining
the 90-pulse width for each solvent and the center of water peak fol-
lowed by water suppression method using 25-s delay time. The con-
centration of methanol was calculated based on the integration ratio
between methanol and DMSO after performing the calibration curve of
the internal standard and different concentration of methanol and po-
tassium formate. The Faradaic efficiency was calculated based on con-
centration of reference (Cry), integrations of the reference and the
product (I and Ip, respectively), the number of proton for each reference
and product (Hg and Hp, respectively), which are 6 for DMSO and 3 for
methanol, the number of electrons to reduce the CO; to methanol (n =
6), Faraday’s constant, volume of catholyte (V), and dilution factor (5/
4), as 400 pL of catholyte was diluted to 500 pL, using eq. (14) [131]:

Ir Hg

FE:C”f°I_R'FP°

FE 13

Q'3 X a4)

For qualitative analysis, >C-labeling experiment of CO, was used to
confirm that the source of methanol. The 'H NMR spectrum displays
exhibits two peaks for methanol with a j coupling value of 142.3 Hz
[131].

Similarly, copper gallium intermetallic compound (CuGap) was
found to be an excellent candidate for eCO3RR [87]. After electrolysis,
500 pL of electrolyte was mixed with 30 pL of internal standard (50 mM
phenol and 10 mM DMSO in D,0) and then applied in NMR analysis
using water suppression method to minimize the intensity of water peak.
The NMR experiment display the formation of methanol, formate and
acetate after reducing CO, electrochemically Fig. 22a. '3C-labeling
experiment was conducted to elucidate the source of produced methanol
and explored by *C NMR and GC-MS tools. Fig. 22b displays the 13C
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Fig. 17. 1H NMR spectra of methanol in 12¢o, (black signal) and 13co, (red signal) saturated electrolytes (a) and Chronoamperometry experiments at different
potentials (b) for iminium-CONSs catalyst. Reproduced with permission from Ref. [133]. Copyright 2024, John Wiley and Sons. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 18. 'H NMR spectra of catholyte after 2-h electrolysis at —0.64 V vs. RHE in '2CO- and '3CO-saturated electrolytes. Reproduced with permission from Ref. [71].

Copyright 2019, John Wiley and Sons.

NMR spectrum of liquid aliquot after purging with 3CO,, it displays the
peak of 13CH3OH at 49.5 ppm which is related to C in the 3CO, at-
mosphere, which cannot be detected when 12COZRR was carried. For
further confirmation, GC-MS displays only '3C enriched methanol, with
a higher m/z value of 13CH30H compared to 12CH30H (Fig. 22¢) [87].

Dimethylformamide (DMF), as internal standard, was used to
quantify the methanol concentration in the electrolyte. Copper pro-
moted molybdenum sulfide cluster (CusMogSg) was found to be selective
to methanol over formate at a potential of —0.4 V versus RHE [143]. The
'H NMR analysis was done by utilizing DMF as internal standard which
displays a signal at 5 7.92 ppm for the liquid products collected at the
potential window between —0.4 V to —1.0 V versus RHE. At a potential
of —1.0 V, it was clearly seen that methanol was the dominant product
over formate. However, when the feeding gas was changed from CO» to
CO, the formate signal disappeared with maintaining the methanol
peak, suggesting that the formate pathway was suppressed by removing
the CO; gas from the electrochemical cell. This can be attributed to the
fact that switching adsorbate-electrode coordination from carbon to
oxygen and the insertion of addition of oxygen atom which is required to
formate formation [25,143].

Furthermore, 4-nitrophenol was used as internal standard to analyze
the concentration of methanol. Carbon-supported PtZn nano-alloys
(PtyZn) exhibit a higher selectivity toward methanol production [72].
After 4-h electrolysis, 0.1 mL of the electrolyte was collected and mixed
with 0.1 mL D0 and 5 mg of 4-nitrophenol, then it was transferred to an
NMR tube. The NMR analysis was done for 256 scans, revealing two
signals which are corresponding to methanol at § 3.26 ppm and acetate
at 8 1.96 ppm, and other two signals for 4-nitrophenol at around & 8.00
ppm and 3 6.60 ppm (Fig. 23). For methanol concentration calculation,
the peak area ratio between methanol and 4-nitrophenol (S) was
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calculated according to eq. (15):

Peak area of methanol at § 3.26 ppm

= 1
Peak area of 4 — nitrophenol at § 8.00 ppm as

Then, the concentration of methanol was calculated after plotting the
calibration curve using eq. (16):

Concentration of methanol = —— ae)
Slope
Finally, the Faradaic efficiency was calculated using eq. (17):
nFGV
FE == a7
Q

Where, n; is the number electrons to reduce CO2 to methanol, F is the
Faradaic constant, C; is the calculated methanol concentration, V is the
catholyte volume, and Q; is the total charge that obtained after elec-
trolysis [107].

Tetramethylsilane (TMS) has been employed as a qualitative and
quantitative reference standard in NMR analysis [144-147]. TMS pro-
vides a constant reference point from which the chemical shifts are
measured in varied solvents and sample conditions [82,148]. In quali-
tative analysis, TMS enables the identification of unknown compounds
by offering their chemical environment through special peak patterns in
the NMR spectrum [82]. Quantitatively, TMS allows for correct con-
centration determinations by comparing integration of its peaks to those
of the analyte and thus enables the quantification of species in complex
mixtures with reliability [82,148]. Second, its well-defined chemical
shift, generally referenced to 0 ppm, increases the reproducibility and
comparability of the NMR data from one study to another [82,148]. For
example, Hossain et al. utilized the thermal-assisted synthesis route to
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synthesize copper nanodendrites on titanium substrate to reduce CO5
electrochemically to valuable products, such as CO, CHy, formate, ace-
tate, and methanol. After two-hour electrolysis at —0.6 V versus RHE, a
0.05 pL of TMS as internal standard was mixed with a solution of
catholyte and 20 % D20. The electrolysis reveals that the total faradaic
efficiency of copper nanodendrites is 68.18 [144].

It worth mentioning that ionic liquids (ILs) have recently emerged as
electrolytes in CO; electroreduction [145-147]. This can be attributed
to their high CO5 solubility, low volatility, and tunable ionic in-
teractions. These properties provide a means for IL-based electrolytes to
enhance efficiency and selectivity toward the conversion of CO, into
added-value products by offering a stable and versatile environment for
the electrochemical reaction [145-147]. For example, copper selenide
nanocatalysts exhibited outstanding performance toward the electro-
reduction of CO; using [Bmim]PFg(30 wt%)/CH3CN/H20 (5 wt%)
electrolyte [145]. After electrolysis at —2.1 versus Ag/AgCl electrode,
the NMR solution was prepared by mixing the electrolyte with aceto-
nitrile-d3 (CD3CN) with TMS as internal standard. The NMR analysis
revealed that methanol was the predominant product with a Faradaic
efficiency of 77.6 % over other produced products. As seen in Fig. 24,
13C-labeling experiments were conducted, confirming that the CO, was
the source of methanol production [145].

In the same context, the ionic liquid [Bmim]BF¢ was found to be a
stable electrolyte for CO; electroreduction [146]. Palladium-copper
bimetallic aerogel (Pdg3Cuj7) is considered a powerful candidate to
convert CO; into methanol electrochemically at a very low overpotential
(0.24 V) with a high Faradaic efficiency 80.0 % [146]. Because of the
high stability of the IL [Bmim]BFg, it was used as internal standard for
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the quantification of methanol. This was done by mixing the electrolyte
with CD3CN and TMS (as internal standard for peak positions). As the
concentration of the IL is known, the relative peak area ratio can be
calculated in reference to the C(2)-H signal of the IL’s cation. The
required number of electrons to produce product can be calculated ac-
cording to eq. (18) [146]:

N =CxVxNj, xne (18)

Where C is concentration of methanol, V is the catholyte volume, Ny
is the Avogadro’s constant, and ne is the number of electrons to convert
CO5 to methanol.

The total number of electrons can be measured based on the charge
the obtained from the chronoamperogram and the elementary charge (e
=1.602 x 107'°C) as follows [146]:
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QTotal
Nrotal =
e

Finally the Faradaic efficiency is calculated based on eq. (20) [146]:
N

Total

FE = x 100% (20)

6.5. NMR as a quantitative tool for formaldehyde

Formaldehyde (HCHO) is considered one of the simplest organic
compounds [149,150]. This substance finds major application in the
manufacture of numerous types of resins, plastics, textiles, disinfectants,
and even in the tanning of leather [151-153]. It is a very reactive
aldehyde and has a key place in most industrial and chemical processes
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spectrum of standard solution used for calculation (c), calibration curve for products resonate before the water signal with reference to DMSO (d), and calibration
curve for products resonate after the water signal with reference to phenol (e). Reproduced with permission from Ref. [142]. Copyright 2020, Elsevier.

[154]. Traditionally, formaldehyde is produced by the oxidation of
methanol in the presence of metal catalysts, such as silver or iron oxide,
at high temperatures [155,156]. One of the best current alternatives in
development involves electrochemical carbon dioxide reduction reac-
tion (eCO5RR) and electrochemical carbon monoxide reduction reaction
(eCORR), a considerably greener production means for formaldehyde
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through the electrochemical reduction of CO2/CO, generally in the
presence of catalysts such as copper and other metals, nanodiamonds
[157-163]. However, only a limited number of reports exist on HCHO,
due to its successive reduction pathways once formed. Often, HCHO is
identified as a minor product in eCO2RR [131,140,163,164].

The detection or analysis of produced formaldehyde through
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eCO2RR has been reported by utilizing different techniques [159,161].
For instance, Fourier transform infrared spectroscopy (FTIR) and '°C
NMR have been utilized to detect the presence of formaldehyde in the
liquid aliquot after electrochemical reduction using a pterin electro-
catalyst, 6,7-dimethyl-4-hydroxy-2-mercaptopteridine (PTE) [161].
Methanol as a liquid product was quantified using the GC method with a
Faradaic efficiency of 10-23 %. However, formate and formaldehyde
were unable to analyze by this method and they were only detected by
FTIR and 3C NMR [161]. In the same context, Girardi et al., investigated
the polyoxometalate catalyst (TOA)g[a-SiW11039Co()], where TAO is
tetraoctyl ammonium and () refers to the vacant position in the coor-
dination sphere of Co, toward the electrochemical reduction CO, [159].
The electrolysis was performed in a CO, saturated electrolyte containing
dichloromethane (CH»Cly) and 0.1 M of tetrabutylammonium tetra-
fluoroborate (TBABF4) as supporting electrolyte. Upon electrolysis at
—1.5 V versus saturated calomel electrode (HgsCly/Hg) for 4.5 h, the
formation of CO was detected accompanied by detection of formalde-
hyde through the colorimetric Nash test [159].

In the other hand, formaldehyde, as a minor product in eCO2RR, was
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quantified by GC-MS and HPLC [71,131,157,163]. Cobalt(Ill) triphe-
nylphosphine corrole complexes, as eCO2RR electrocatalyst, produced
variety of C; and C; products, such as methanol, formate, formaldehyde,
ethanol, and acetate [163]. The content of formaldehyde was quantified
by GC-MS by mixing the electrolyte with ethanol and then acidified with
p-toluenesulfonic acid. The peak at m/z 104 represents the dimerization
of HCHO into dimethoxymethane which displays the formation of
formaldehyde. The highest content of formaldehyde was observed at
—0.65 V versus RHE with a value of 5 % and its dimer with 2 % (Fig. 25).
Representing its low content and Faradaic efficiency compared to the
total Faradaic efficiency for other products [163]. Similarly, the low
content of formaldehyde obtained by cobalt phthalocyanine on multi-
walled carbon nanotubes (Co-MWCNTSs) was also quantified through
GC-MS by derivatization using the derivatizing agent penta-
fluorobenzylhydroxylamine (PFBHA) [131].

Alternatively, Boutin’s team identified in their study that formalde-
hyde is a key intermediate toward the production of methanol [71]. The
low concentration of formaldehyde was quantified by HPLC after 2-h
electrolysis at —0.54 V versus RHE. After derivatization using 2,4-
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Fig. 23. The 'H NMR spectrum of catholyte after 4-h electrolysis at —0.9 V vs
RHE. Reproduced with permission from Ref. [72]. Copyright 2020, American
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dinitrophenylhydrazine (DNPH), the formaldehyde exhibited a Faradaic
efficiency of 3.3 % [71]. Higher faradaic efficiencies were obtained in
different electrolytes by exploring the activity of the boron-doped

Journal of Electroanalytical Chemistry 986 (2025) 119097

diamond (BDD) toward as eCO2RR electrocatalyst [157]. After elec-
trolysis at different potential, the liquid aliquot was analyzed by HPLC to
quantify the concentration of formed formaldehyde and formic acid.
After 1 h electrolysis at a potential of —1.5 V versus Ag/AgCl electrode,
the highest Faradaic efficiency was obtained in methanol based tetra-
butylammonium perchlorate solution (0.1 TBAP) with a value of 65 %,
while the electrolysis in 0.1 M NaCl solution and seawater displayed
lower efficiencies of 62 % and 36 %, respectively (Table 3) [157].

The quantification of formaldehyde produced from electrochemical
reduction of CO: is somewhat in its infancy, and reports remain
comparatively rare [160,165]. One of the significant challenges facing
CO:2 reduction to value-added chemicals, such as formaldehyde, is the
difficulty of the selective reduction of CO2 under mild conditions [2,93].
It is, therefore, quite interesting to note that there have been works
recently that involve the use of carbon monoxide as an electrochemical
reduction alternative for COz with much higher selectivity and efficiency
[158,162,166]. These results would thus hint that direct CO2 reduction
is a field that is still developing, while an indirect process involving CO
as an intermediate may be a promising route toward formaldehyde and
other products [158,162,166].

Yao et al. utilized NMR to identify the formation of formaldehyde as
the only produced liquid product [158,162]. This was accomplished by
mixing 500 pL of the collected catholyte with 100 pL of D20. The
formaldehyde concentration was then calculated using the acetylace-
tone method and measured by UV-Viss. They identified the formalde-
hyde peak to resonate at & 4.17 ppm as the formaldehyde undergoes
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Fig. 24. 'H NMR spectrum of 12CO,- and 1CO,-saturated [Bmim]PF (30 wt%)/CH3CN/H,0 (5 wt%) electrolyte after 5-h electrolysis. Reproduced with permission

from Ref. [145]. Copyright 2019, Springer Nature.
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Table 3

Faradaic efficiencies of liquid and gaseous products of eCO,RR using BDD at
—1.5 V vs Ag/AgCl. Reproduced with permission from Ref. [157]. Copyright
2014, John Wiley and Sons.

Electrolyte Formaldehyde Formic acid Hydrogen
0.1 M TBAP in methanol 65 % 14 % 5.2 %
0.1 M NaCl in water 62 % 3.2% 22 %
Seawater 36 % 1.5% 58 %

hydration reaction to form methanediol (CH2(OH)2). While they ignored
the signal at & 8.34 ppm as they claimed that this peak appears in every
NMR signal (Fig. 26) [158,162].

Based on the above-mentioned analysis method, and due to the high
reactivity of formaldehyde, it is worth mentioning that these methods
have some drawbacks as they require organic solvents, and the UV-vis
detector cannot distinguish between isotopes H'2CHO and H!3CHO,
which is important for identifying the carbon source. Therefore, a
method must be established to overcome the obstacles that might face
the researcher during the quantification process of formaldehyde
[66,166]. This was accomplished by developing a simple quantitative
approach to formaldehyde through routine 'H NMR analysis, by means
of detection of the HCHO-bisulfite adduct (A) formed under the reaction
of sodium bisulfite (NaHSO3) with formaldehyde in water (Fig. 27)
[66,166]. The reaction is strongly exergonic, and the adduct is stable for
several days. This procedure represents the first quantitative approach
using 'H NMR for formaldehyde determination and identification of
H'3CHO [66,166]. In a typical experiment, 5 mM formaldehyde was
mixed with an equimolar amount of 1 M NaHSOj3 at a mixing ratio of
50:50 v/v and exhibited a well-shifted peak from water at § 4.79 ppm to
around 6 4.39 ppm. The quantitative results of the 'H NMR method for
formaldehyde was obtained based on the relative area of adduct A to an
internal standard. DMSO was not considered as internal standard as it
reacts with the bisulfate. Alternatively, dimethylsulfone (DMSO3) was
adopted and it demonstrated stable at least for two days [66].

This protocol was applied to determine the formaldehyde content in
the liquid products. Benefiting from this, Singh et al. quantified the
formaldehyde that is formed after the electroreduction of CO using co-
balt phthalocyanine immobilized on multiwalled carbon nanotubes
(CoPc-MWCNTSs) [166]. After electrolysis, 392 pl of the HCHO-bisulfate
adduct (equivalent volume of the catholyte and 1.0 M NaHSO3) was
mixed with 48 pL of D20 and 40 pL of 4 mM DMSO,, (internal standard).
Presaturation method with water suppression was used, with a relaxa-
tion time of 2 s, to obtain the NMR spectrum after accumulating 64 'H
NMR scans. The Faradaic efficiency of formaldehyde was then calcu-
lated and found to be 17.5 % with a total Faradaic efficiency of 61.2 %
for liquid products [166].

(a)

H,0

HCHO

-

10 8 6 4 ' 2 0
Chemical shift (ppm)
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7. NMR as a quantitative tool for Cy Products

C, products refer to a class of organic compounds with two carbon
atoms in the backbone of their chemical structure. Cy refers to the
naming convention in chemistry, where the letter C identifies carbon
and the number “2” the number of carbon atoms contained within the
molecule. These compounds can be obtained using different types of
chemical route processes, among them electrochemical CO, reduction-
one of the promising ways of sustainable fuel and chemicals pro-
ductions. The common commodities of Cp products include gaseous
products such as ethylene (CoH,4) and ethane (CyHg), while the liquid
products could be ethanol (C3HsOH), and acetic acid (CH3COOH)
[167-169]. The liquid Cy products can be measured by a wide variety of
analytical techniques, such as HS-GC, HPLC, and NMR
[33,74,83,167,168,170]. In this regard, recent reports have emphasized
the use of NMR as a powerful tool in the identification and analysis of Cy
products. Further detail about this will be given in the next sections.

7.1. NMR as a quantitative tool for ethanol

Ethanol is a versatile chemical which, during the last couple of de-
cades, has emerged as one of the major building blocks in fuels, bever-
ages, and industrial feedstock [171,172]. Its production methods vary
from biomass fermentation, where microorganisms convert the sugars of
crops like corn or sugarcane into ethanol, to the catalytic hydration of
ethylene in the petrochemical industry [173,174]. Among them, the
electrochemical reduction of CO, has been considered one of the
cleanest approaches owing to the use of feedstock CO,, hence decreasing
greenhouse gas emissions while producing ethanol in a green manner.
Quantification of the produced ethanol can be calculated using several
analytical techniques such as HPLC [170,175], HS-GC [176,177], and
NMR [73,74,83]. For example, different compositions of CuO-ZnOyx
catalyst were explored toward the production of ethanol through
eCO2RR. The content of produced ethanol in the liquid aliquot was
determined by HPLC. The highest production rate of ethanol (121 pmol
h~! L71) was obtained by CuO-ZnO as electrocatalyst at —0.80 V (vs
RHE), revealing a Faradaic efficiency of 22.27 % [175]. Also, HPLC was
utilized to quantify the content of formed multi-carbon (C,) products
including ethanol through the electrochemical reduction by a boron,
nitrogen-doped graphitic frustrated Lewis pair catalyst (BN-GDLP). The
obtained total Faradaic efficiency for the multi-carbon products was
87.9 % at a partial current density of —6.0 mA/cm? [170]. Additionally,
HS-GC was used to measure the concentration of ethanol produced by
silver, copper bimetallic catalyst. The content of copper played a sig-
nificant role toward producing ethanol through eCO;RR, where the
relation between of copper content and the Faradaic efficiency is

(b)

H,0

HCHO

. _

Chemical shift (ppm)

Fig. 26. 'H NMR spectrum of liquid product obtained after electrolysis (a) and the 'H NMR spectrum of HCHO standard solution (b). Reproduced with permission

from Ref. [162]. Copyright 2020, Royal Society of Chemistry.
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Fig. 27. Reaction mechanism pathway of formaldehyde with sodium bisulfate (a), full 'H NMR spectrum of the reaction mixture of formaldehyde and NaHSO3
solutions in the presence of DMSO, as internal reference (b), and enlarged spectrum representing the peaks corresponding to adduct (A) (c). Reproduced with

permission from Ref. [66]. Copyright 2020, Royal Society of Chemistry.

inversely proportional. The highest Faradaic efficiency (23 %) was ob-
tained at a current density of —20 mA cm ™2 for the copper content of 45
% [176]. Similarly, Zhao et al. employed HS-GC to quantify the con-
centration of the electrochemically produced ethanol through reducing
CO; by Cu octahedra modified with low-coordinated Cu nanoclusters
(Cu oct @Cu_NCs). After electrolysis at —1.17 V vs. RHE, ethanol was
formed with a high Faradaic efficiency of 48.15 % [177].

Nowadays, NMR has gained wide acceptance as one of the key
methods for the quantification of liquid products, including ethanol.
Ethanol usually shows two typical peak groups in the 'H NMR spectrum:
A triplet signal representing the methyl group (-CHgs) that resonates
between 6§ 1.0 and § 1.3 ppm, and a quartet peak related to the methy-
lene group (-CHy) that appears between 6 3.3 and 6 3.8 ppm [135,136].
In general, the proton of the hydroxyl group (-OH) appears as a broad
singlet, although its chemical shift may vary from § 4.5 to § 5.5 ppm,
depending on hydrogen bonding and solvent effects [135,136]. Major
resonances in the 1>C NMR of ethanol are two: one for the methyl carbon
at approximately § 18 ppm, and one for the methylene carbon around §
58 ppm [135,136].

The quantification of the formed ethanol after the electrochemical
reduction of CO; has been done extensively by NMR. This can be done
through using several internal standards to quantify the concentration of
ethanol accurately [73,74,83,163,175,178-194]. DMSO has been
considered the predominant solvent used for this purpose
[73,74,175,178-189]. However, some researchers reported the use of a
mixture of phenol and DMSO as dual internal standard system
[163,190-193]. While few reports displayed the employing of phenol
[83], and TMS [194] as internal standards.

7.1.1. Dimethyl sulfoxide as internal standard for ethanol quantification
Carbon nanospike (CNS) electrode with electro-nucleated Cu nano-
particles (Cu/CNS) showed considerable activity toward the direct
electrochemical conversion of CO» to ethanol with a Faradaic efficiency
of 63 % and selectivity of 86 % [178]. The content of ethanol was
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measured by ethanol in the collected liquid aliquot after electrolysis at
ambient conditions, where 700 pL of the electrolyte was mixed with 35
pL of 10 mM DMSO in D90 and transferred to an NMR station. The
analysis was performed using the presaturation method (PRESAT)
accompanied with the following acquisition parameters: spectral width
(SW) = 8012.8 Hz; Pulse Width (pw) = 45°; delay 1 (d1) = 5 s, delay 2
(d2) = 0 s; presaturation (presat) = 5 s; acquisition time (at) = 4 s,
steady state scans (ss) = 2, number of transients (nt) = 64 [178]. Two-
step CO2-to-ethanol cascade electrolysis system (Fig. 28a), silver nano-
coral (Ag-NC) in 0.1 M KHCOs (electrolyzer 1) and oxide-derived Cop-
per (OD-Cu) in 0.1 M KOH (electrolyzer 2), was used to produce ethanol
electrochemically exhibiting a total Faradaic efficiency of 11 % at an
average applied potential —0.52 V versus RHE [74]. After electrolysis,
equal volumes of the catholyte from the second electrolyzer and D20
were mixed with a known low concentration of DMSO for internal
calibration using NMR analysis. As shown in Fig. 28b, a sample was
withdrawn for analysis by 'H NMR, which displayed the production of
ethanol, as evidenced by its characteristic peaks at § 1.0 ppm and § 3.5
ppm. However, the analysis after 1-h electrolysis revealed the absence of
ethanol, 4 new signals appeared at § 1.4, § 2.2, § 7.0 and § 7.8 ppm,
which can be assigned to propionaldehyde (first two peaks), while the
signals at 6 7.0 and § 7.8 ppm are ambiguous and may be assigned to
aromatics [74].

Introducing different binding sites to a Cu catalyst, promotes the
ethanol formation through the eCO,RR [185]. After the electrolysis
using bimetallic Ag/Cu electrocatalyst, the liquid aliquot was mixed
with a mixture of DMSO and D50 as an internal standard and a lock
solvent, respectively. The Faradaic efficiency was recorded as 41 % at a
current density of 250 mA cm 2 and a potential of —0.67 V versus RHE
[185]. Ethanol was found to be the predominant product when CO4
electrochemically reduced using AuCu alloy nanoparticle embedded Cu
submicrocone arrays (AuCu/Cu-SCA) with a Faradaic efficiency of 20 %
[189]. The amount of ethanol was quantified as follows: 0.5 mL of the
catholyte after electrolysis was mixed with 0.1 mL D20 and 0.03 pL
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Fig. 28. Illustrative scheme of the two-step CO,-to-ethanol cascade electrolysis system (a) and 'H NMR analysis of electrolyte after 30-min and 60-min electrolysis

(b). Reproduced with permission from Ref. [74]. Copyright 2018, Elsevier.

DMSO. The analysis was conducted with water suppression by a pre-
saturation method. After measurement the faradaic efficiency was
calculated as follows:

~nxFxN
Q

Where n is the number of moles of ethanol, F is the Faraday constant,
N is the number of transferred electrons for ethanol (12 e™) and Q is the
quantity of charge [189].

Xu et al., investigated the catalytic performance of carbon-supported
copper catalysts (Cu/C) as potential catalyst for producing ethanol
[182]. The liquid products collected at constant potentials were quan-
tified by 'H NMR spectroscopy (Fig. 29). The measurement was carried

FE (2D
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out using DMSO as internal standard. Acquisition of all spectra was done
under the same conditions: time domain data size (TD) = 65,536;
dummy scans (DS) = 2, Number of scans (NS) = 16; spectral width (SW)
= 19.99 ppm (in Hertz = 10,000 Hz); filter width (FW) = 125,000 Hz;
pause width (pw) = 45°; delay 1 (d1) = 5s; and delay 2 (d2) = seconds.
For the sample preparation, 700 pl of electrolyte was added to 35 pL of a
DMSO solution (10 mM in D20), and standard curves were made from
relative peak areas. As seen in Fig. 29, 'H NMR revealed the formation of
ethanol with a high Faradaic efficiency of 91 % at a low potential of
—0.6 Vand — 0.7 V versus RHE [182].

Similarly, Ma et al. investigated fluorine-modified copper electrode
as powerful candidate for Cy, products [187]. Faradaic efficiency of 80
% was obtained mainly for ethylene and ethanol at a current density of
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Fig. 29. 'H NMR spectrum of the electrolyte after electrolysis using Cu/C-0.4 at —0.7 V versus RHE (a) and 0.2 mM ethanol standard in 0.1 M KHCOj solution (b);
The insets of (a and b) are the zoomed region of the ethanol’s signal at 5 1.09 ppm. Reproduced with permission from Ref. [182]. Copyright 2020, Springer Nature.
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1.6 A cm-2 with high selectivity (85.8 %) and single-pass yield (16.5 %)
toward Cp_4. After electrolysis, the liquid products (acetate, ethanol,
formate, and n-propanol) were analyzed by 'H NMR as follows: 0.5 mL
of the electrolyte was mixed with 0.1 mL of 100 ppm DMSO in D20
(internal standard). After analysis, the concentration of liquid products
(Cp was quantified through internal standard method and then implied
in eq. (22) to obtain the Faradaic efficiency:

(c)

DMSO
Peak Area = 1.00
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CH,CH,OH
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q 96485 x C; x V x 2

Grotal

FE, = (22)

Grotal

Where 96,485 is the value of Faraday constant, V is the electrolyte
volume, z; is the electrons passed during electrolysis and gy is the total
charge produced during electrolysis [187].

In 2022, Su et al. reported their high-performance CuO clusters
supported on N-doped carbon nanosheets (Cuy-CuN3) catalyst toward
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Fig. 30. The electrochemical eCO-RR setup represented by the H-type electrochemical cell, where WE is the working electrode, CE is the counter electrode, and RE is
the reference electrode (a). The NMR spectrum of 0.45 mM ethanol (b), the enlarged region of DMSO (c), CH, (d), CHj3 (e), and formate (f) with baseline and in-
tegrated peak area indicated, and the Calibration curves based on the integrated area of the CHj (g) and CH, (h) peaks in the NMR spectra. Reproduced with

permission from Ref. [181]. Copyright 2023, Springer Nature.
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eCO2RR. Higher selectivity (51 %) and Faradaic efficiency (73 %) for
ethanol production at a potential of —1.1 V vs. RHE and a current
density of 14.4 mA cm ™2 [188]. They selected NMR as a powerful ma-
chine for ethanol quantification with 2 s pre-saturation delay and 2 s
relaxation delay for analyzing the NMR sample containing 300 pL of the
catholyte and 300 pL of 5 mM DMSO (internal standard) in D,O [188]. A
year later, a tin-based tandem electrocatalyst exhibited higher Faradaic
efficiency (82.5 %) and selectivity (80 %) toward ethanol production at
a lower potential (—0.9 V vs. RHE) using H-type cell configuration
(Fig. 30a) [181]. The 'H NMR was utilized to detect and quantify the
liquid products without the need for KHCO3 removal (Fig. 30b). Solvent
suppression method was used to remove the water peak with constant
spectral acquisition parameter. The authors demonstrated that "H NMR
is capable of precisely measuring product concentrations (Fig. 30c, d, e,
and f). After phase and baseline correction, peaks were integrated,
ethanol concentration from CO,RR was determined with calibration
curves (Fig. 30 g and h) [181].

The validation of eCO2RR products’ source is a crucial route to
confirm whether the feeding CO, gas is the source of the formed prod-
ucts. In relation to this, validation of the selectivity and efficiency of the
catalysts in the production of certain target molecules will be very
important for better understanding and optimization of the process. This
was done Li et al. as they employed Cu—Sn bimetallic catalysts for
electrochemically reduction of COy to ethanol. It was found that at
higher negative potentials, the Faradaic efficiency of ethanol increased
but for ethylene decreased, that displays high selectivity toward ethanol
production [180]. For example, at a potential of —1.4 V (RHE),
CuSng 25 exhibited the highest FE of ethanol (25.93 %) with a large
partial current density of 15.05 mA cm 2. This confirms the high sta-
bility of the CuSny catalysts, which was demonstrated by the stability of
the current at such high potential. The validation of Cy product forma-
tion from eCO2RR was then carried out by the electrolysis at —1.3 V
versus RHE and under Ar and CO; environments using CuSng o25, which
revealed that ethanol was produced from CO, reduction not from the
bicarbonate in the electrolyte solution [180].

Another way to confirm the source of ethanol is the well-known
isotope labeling experiment, which including the gas feeding of >CO,
during electrolysis and analyze the liquid products using different
techniques such as NMR [73,175,179,183,184], GC-MS [179], GC-FID
[183], and/or HPLC [175]. For example, Li et al. investigated the
cooperative catalyst design of molecule-metal catalyst interfaces (FeTPP
[Cl]/Cu; where TPP: 5,10,15,20-tetraphenyl-21H,23H-porphine) as a
good catalyst for CO; electroreduction [184]. The ethanol was produced
at —0.82 V vs. RHE with a partial current density of 124 mA cm 2 and a
Faradaic efficiency of 41 %. NMR was used to quantify the liquid
products with reference to DMSO as an internal standard (Fig. 31a). To
confirm the source of ethanol, isotope labeling experiments were con-
ducted, and the liquid products were analyzed by 'H NMR and '*C NMR
(Fig. 31b and d, respectively). The 2CO,-labeling experiment exhibited
signal splitting of the ethanol’s protons [184]. Similarly, CoO-anchored
N-doped carbon material (MC-CNT/Co) was reported as eCO2RR cata-
lyst [73]. Ethanol was the predominant product with a Faradaic effi-
ciency of 60.1 % and current density of 5.1 mA cm™2. The origin of
ethanol was confirmed first by 6-h electrolysis at a potential of —0.3 V
vs. RHE using Ar instead of CO2, which confirmed the absence of ethanol
and other products as a result of electrolysis under Ar atmosphere.
Furthermore, isotope-labeling experiments were conducted using *CO,
and '2CO, saturated 0.5 M KHCOj electrolyte. The formed liquid
products at a potential of —0.32 V (RHE) were analyzed by 'H NMR,
which revealed the signal splitting of the ethanol’s protons. This con-
firms that the source of produced ethanol is from CO2 not from any other
C-source in the reaction system [73].

Along with the analysis of liquid products by NMR for quantification
and source confirmation, other techniques were also used in parallel to
identify ethanol as a product of eCOzRR. In 2019, Cu nanoparticles
decorated on pyridoxine modification graphene oxide sheets (GO-VBg-
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Cu) was investigated toward electroreduction of CO2 [179]. The product
formation in the liquid phase was monitored by 'H NMR, wherein
ethanol was quantified from its peak versus DMSO peak (internal stan-
dard) and its concentration interpolated from a standard curve. The
highest Faradaic efficiency of ethanol production using GO-VBg-Cu was
obtained at —0.250 V vs. RHE with a value of 56.3 %. To confirm the
origin of ethanol, an 'H NMR analysis was performed for the liquid
products after electrolysis in CO9, and Ny environments revealing the
presence of ethanol in CO, experiment and its absence in N3 experiment.
Followed by the isotopic labeling experiment using 3CO,, which
confirmed that ethanol was the only detected liquid product. Further
GC-MS was used to identify the source of ethanol, which revealed that
ethanol is mainly produced from the electroreduction of CO, since the
distinctive isotopic signals for 13CH§3CH20H (m/z = 47, 48) and
12CH;lz,ZCHZOH (m/z = 45, 46) are found in the mass spectra [179]. In
addition, GC-FID was used by Liu’s team to confirm the amount of
produced ethanol by reducing CO5 electrochemically using Ru(II) pol-
ypyridyl carbene complex/N-doped porous carbon (RuPC/NPC) elec-
trode [183]. Ethanol, acetate, methanol and formate, as liquid products
were analyzed by 'H NMR. To confirm that the liquid products were
reduced mainly from COs, bulk electrolysis was carried out at —0.97
and — 1.07 V versus normal hydrogen electrode (NHE) in Ar-saturated
0.5 M KHCOs solutions, which was further confirmed by the 13COg-la-
beling experiment. The 'H NMR spectrum displays explicit H—>C sig-
nals for all liquid products, where each product signal has been split into
two peaks by the coupling to °C atoms [183].

On the other hand, HPLC was used to confirm the amount of pro-
duced ethanol (Fig. 32c and d), which had been initially analyzed by
NMR, using oxide-based Cu and Zn bimetallic (CuO-ZnOy) catalyst
[175]. After electrolysis, 0.5 mL of the catholyte was mixed with 0.2 mL
of D;0 and 0.1 mL of 1 mM DMSO in 0.1 M KHCOs and transferred to
NMR tube for analysis. The analysis was performed using water sup-
pression method, to enhance the sensitivity of products that appear near
to water peak (Fig. 32a and b). The Faradaic was then calculated based
on the concentration of ethanol obtained with reference to the calibra-
tion curves and calculated based on the results obtained by NMR and
HPLC [175].

7.1.2. Other solvents as internal standards for ethanol quantification

Alkoshab and coworkers employed phenol as an internal standard to
quantify the produced ethanol by eCO2RR using Cu/CuxO nanoparticles
into nitrogenous porous carbon cuboids Cu/Cu,O-PCC [83]. Phenol was
chosen due to its structural unrelatedness with the target analytes. Its
chemical shifts are also not overlapping with those analytes, and it has
not shown excessively long T1 relaxation times. The NMR sample was
prepared by taking 630 pl of the electrolyte solution which was then
mixed with 70 pL of D20 and 30 pL of 50 mM phenol (in highly pure
deionized water). The NMR analysis was carried out using the water
peak suppression method with the mean of the presaturation technique,
considering the following acquisition parameters: 128 scans, pulse
width 90°, spectral width 27.76 ppm, time-domain size of 32,000,
dummy scans of 8, and delay 1 of 10 s. The phenol’s chemical shift at §
7.2 ppm was chosen for calculation and the product quantification was
done based on the signal integrals (I) of the analyte and internal stan-
dard and the number of nuclei (N) giving rise to signal through a simple
molar ratio analysis using eq. (23) [83]:

I, N,

23

X
Ny

Mx
My,
In addition to utilizing phenol as an internal standard, the dual in-
ternal standard system of phenol and DMSO has been also used to
quantify the content of produced ethanol and other product that may
formed electrochemically [163,190-193]. In 2018, Ag nanoparticles
anchored onto a 3D graphene wrapped nitrogen-doped carbon foam
(Ag-G-NCF) reduced CO3 electrochemically to ethanol with a high
Faradaic efficiency of 82.1-85.2 % at —0.6-0.7 V vs. RHE [191]. After
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two-hour electrolysis, the produced ethanol was quantified by mixing
665 pL of the catholyte and mixed with 70 pL of internal standard (5 mM
DMSO and 25 mM phenol in D,0) and analyzed by 'H NMR using water
suppression method (Fig. 33). Eq. (24) was used to measure the con-
centration of ethanol [191]:

Area of Ethanol triplet signal at 5 1.1 ppm

suppression method was adopted to enhance the signal-to-noise ratio of
the analytes. The content of ethanol and was quantified by 'H NMR and
calculated based with reference to phenol peak at § 7.3 ppm (Fig. 34a).
As depicted in Fig. 34a and b, the 'H and '3C NMR, respectively,
demonstrated the formation of ethanol and other products. The isotope

Relative peak area ratio of ethanol =

A year later, Gonglach et al. succeeded to produce ethanol in parallel
to other products such as methanol, formate, formaldehyde, and acetate,
using cobalt(IIl) triphenylphosphine corrole complexes [163]. Ethanol
was the predominant species with the highest Faradaic efficiency of 48
%. The NMR sample was prepared by mixing 350 pL of the catholyte
with 50 pL of internal standard solution (20 mM phenol and 10 mM of
DMSO in 20 mL H»0) and 200 pL D,0. During the measurement, water

Area of DMSO signal at § 2.6 ppm

28

(24)

labeling electrolysis was conducted at —0.8 V versus RHE. The 13C NMR
spectrum revealed two doublet characteristic signals for ethanol with at
6 17.6 ppm (J = 37.5 Hz) and § 58.3 ppm (J = 37.5 Hz), indicating the
formation of C—C bond as a result of reduction of '*CO5 [163].
Furthermore, CuyAuy nanowire arrays (NWAs) has demonstrated
powerful catalytic activity toward ethanol production with a Faradaic
efficiency of 48 % at a potential of —0.5 V vs. RHE [192]. The content of
ethanol and other liquid products (Table 4) were determined by 'H NMR
using the water suppression method through noesygpprld pulse



A.S. Abu Hatab et al.

Residual
water\i)eak DMSO
\
Phenol N
Trace
formate Ethanol Ethanol

-CHa- -CHs-
i 'LJ‘ A LA_N‘JL e | U

12 1 10 9 8 7 6 ‘5 4 3 2 1 0
f1 (ppm)
Fig. 33. The 'H NMR spectrum of the liquid products after 2-h electrolysis at
—0.6 V (RHE) using Ag-G-NCF. Reproduced with permission from Ref. [191].
Copyright 2018, Royal Society of Chemistry.

sequence with a presaturation power of 107>, a relaxation time of 7 s,
and a sweep width of 8000 Hz. The NMR sample was prepared by mixing
1 mL of the electrolyte with 0.2 mL of D,O and 50 pL of internal standard
solution (25 mM DMSO and 5 mM phenol) [192]. Table 4 displays the
chemical shifts with J coupling values (where applicable) obtained after
acquiring the NMR analysis of the sample collected from the electrolyte
and the prepared standards solution.

Similarly, a novel porous Cu/CuzO aerogel network showed
considerable activity toward ethanol production via eCOsRR [193].
After electrolysis at —1.1 V, the liquid products were quantified by 'H
NMR through mixing 630 pL of the electrolyte with a 35 pL dual mixed
internal reference (10 mM DMSO and 50 mM phenol) and 70 pL of D;0.
The Faradaic efficiency calculations (eq. (25)) of liquid products
revealed the higher selectivity of ethanol with a Faradaic efficiency of
41.2 % and a high partial current density of 32.55 mA cm ™2 [193].

FE=nxFxVx100xj"' (25)

Recently, the developing of copper single atom catalysts (SACs) on
thin-walled N-doped carbon nanotubes (TWN) which were then fabri-
cated on a silica-mediated hydrogen-bonded organic framework (HOF)-
template results into superior active catalysts toward ethanol production
electrochemically [190]. TWN-Cu;3.35-600-SACs displayed the highest
Faradaic efficiency of 81.9 % and a current density of 35.6 mA cm 2 at a
potential of —1.1 V vs. RHE. As seen in Fig. 35a, the amount of ethanol
and other liquid products were measured by 'H NMR spectra by dis-
solving 1 mL of the catholyte with the internal standard (100 pL of each
DMSO and phenol). 400 pL of this solution was then mixed with the 200
pL of the lock solution (D20). To confirm that CO2 was the carbon source
of ethanol, catalytic tests of 13C-labeled CO2 were conducted at —1.1 V
vs. RHE (Fig. 35b) [190].

7.2. NMR as a quantitative tool for acetic acid/acetate

The analysis of the produced acetic acid/acetate by electrochemical
reduction of CO and CO; (eCORR and eCO3RR, respectively) can be
performed by several analytical tools, such as IC [78-80], HPLC
[77,195], and NMR [169,196-217]. In 2014, Grace et al. utilized IC to
quantify acetic acid and formic acid that were produced using CupO
nanoparticle decorated polyaniline matrix (PANI/Cuy0) as electrode in
0.1 M tetrabutylammonium perchlorate (TBAP) and methanol electro-
lyte. At a potential of —0.3 V vs SCE, the Faradaic efficiencies of acetic

29

Journal of Electroanalytical Chemistry 986 (2025) 119097

acid and formic acid were 63.0 % and 30.4 %, respectively [79]. A year
later, Acetic acid was produced electrochemically using N-doped
nanodiamond/Si rod array (NDD/Si RA) [80]. This was accomplished by
reducing CO2 in 0.5 M NaHCOs electrolyte at a range of potentials —0.55
to —1.3 V using a sealed two compartment cell. The liquid products were
analyzed by IC revealing acetate with Faradaic efficiencies of 91.2-91.8
% at potentials of —0.8 to —1.0 V [80]. HPLC was further used as
analysis tool to quantify the content of the electrochemically produced
acetate. This was done by Ivandini by utilizing copper modified boron-
doped diamond (Cu-modified BDD) to convert CO5 electrochemically in
0.1 M NaCl electrolyte to acetate [195]. The content of formldehyde and
acetate was quantified using HPLC with a concentration of 3.81 ppm and
22.5 ppm [195]. Recently, spectroelectrochemical study of acetate for-
mation was conducted using HPLC [77]. Commercial bismuth oxide
nanoparticles (BipO3 NP) used to reduce CO; in amine-based capture
solution as electrolyte. The acetate production was investigated in the
absence and presence of a surfactant (cetrimonium bromide - CTAB).
HPLC was used to quantify the amount of acetate at different current
densities (—50 mA cm ™2, —100 mA cm 2, and — 150 mA cm™2). It was
found that surfactant was able to reduce CO5 to acetate at lower current
density (=50 mA cm’z) with a Faradaic efficiency of 14.47 %, while
without surfactant there was no formed acetate. At higher current
densities, acetate was formed in the absence of surfactant at current
densities of —100 mA c¢cm ™2, and —150 mA cm ™2 with Faradaic effi-
ciencies of 4.06 % and 8.14 %, respectively [77].

NMR spectroscopy is one of the most accepted techniques for the
identification and quantification of organic compounds, including car-
boxylic acids such as acetic acid. The 'H NMR spectrum of acetic acid
includes a singlet peak for the methyl group (-CHs), which normally
resonates between § 1.9 and § 2.2 ppm, while the proton of the car-
boxylic acid (-COOH) is a broad singlet in the range of 5 10.5 to § 12.0
ppm, depending on hydrogen bonding and solvent effects [218-220]. In
the other hand, the 13C NMR spectrum of acetic acid, displays two sig-
nals due to the methyl carbon and the carbonyl carbon of the carboxylic
acid group at around § 20 to § 22 ppm and 6 170 to § 180 ppm,
respectively [220].

The quantification acetate/acetic acid that is produced by eCO2RR has
been performed by NMR in the last years. DMSO has been used widely as
internal standard to quantify the concentration of produced acetate through
eCO,RR [169,197,198,201,204,206-208,210,214,217]. While phenol
[211] and a mixture of phenol/DMSO [199], were rarely reported as in-
ternal standards for acetate quantification. Further details will be provided
in the next subsections.

7.2.1. Dimethyl sulfoxide as internal standard for acetate/acetic acid
quantification

In 2019, DMSO-ds was used as a solvent with tetramethylsilane
(TMS) as internal standard to quantify the amount of formate and ace-
tate that were produced electrochemically using copper paddle wheel
cluster-based porphyrinic metal-organic framework (MOF) nanosheets
Cuy(CuTCPP) [208]. Acetate as a C—C coupling product was generated
together with formate in the same catalyst within a wider voltage range
(—1.40 V to —1.65 V) with a FE’s ranging between 38.8 % and 85.2 %.
This was attributed to the transformation of Cu(Il) carboxylate nodes to
CuO, Cuy0, and Cu40s3 is supported by the porphyrin-Cu(Il) complex
which significantly convert CO; into formate and acetate from the
porphyrin-Cu(II) MOFs [208]. Recently, Yang et al. reported the prep-
aration of a hydrophilic amine-tailed, dendrimer-functionalized copper
catalyst (G3-NHy/Cu) as a highly potential electrocatalyst toward ace-
tate production [169]. The liquid products were collected and analyzed
by dissolving a fresh sample in DMSO solution in D20 (10 % v/v) using
'H NMR. The data were collected after applying water suppression
method. At a potential of —0.97 V (RHE), G3-NH,/Cu displayed a partial
current density of 202 mA cm~? with a Faradaic efficiency of 47.0 %,
which they claimed as one of the highest Faradaic efficiencies for CO»-
to-acetate electrochemical conversion [169].
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this article.)

Table 4
Peak position of the eCO,RR liquid products compared to the standards solution.
Reproduced with permission from Ref. [192]. Copyright 2019, Elsevier.

eCO2RR liquid products Assignment Known standards

Chemical shift Chemical shift

Probed nucleus

(8, ppm) (8, ppm)
2.50 DMSO - (CH3) 2.60
1.06 (J = 7.5 Hz) Ethanol - (CHs) 1.06 (J = 7.32 Hz)
3.53 Ethanol - (CHy) 3.53
3.22 Methanol - (CH3) 3.23
1.78 Acetate — (CHs) 1.79
8.32 Formate — (HCO) 8.33

Mog@Cu/TNA containing the Cu-O-Mo interface as an active site
was explored as an electrocatalyst candidate for CO5 reduction [201].
Electrolysis at relatively low applied potentials of —1.13 V versus RHE
showed the generation of acetate with unusually high current density at
~110 mA cm ™2, faradaic efficiency at 48.68 %, and selectivity at 46.59
%. The liquid products were quantified by NMR by dissolving 540 pL of
the working solution after 2-h electrolysis with 60 pL of 100 mM DMSO
in D,O (internal standard). The H NMR spectrum was measured with
water peak suppression using a presaturation technique. The Faradaic
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efficiency of the liquid products is calculated using eq. (26) [201]:

nMVF
0.9tJ0

FE% = x 100 (26)

Where n denotes the number of electrons transferred, M is the
product concentration quantified in the NMR sample, V is the liquid
volume in the cathodic chamber (40 mL), 0.9 is the dilution factor, t is
the time of analysis, and J,, is the average current during the analysis
[201].

To verify the carbon source, a series of control experiments can be
conducted to confirm the carbon source. The most common experiment
is 13C-labeling experiments where the electrochemical reduction is
performed in '3CO, environment. For example, two-dimensional
phthalocyanine-based covalent-organic framework (COF), donated as
PcCu-TFPN was investigated toward CO electroreduction [204]. After
electrolysis at —0.8 V vs. RHE in 0.1 M KHCOs solution, PcCu-TFPN
showed high selectivity toward acetate with FE = 90.3 % and current
density of 12.5 mA cm 2. Trace amounts of methanol and ethanol were
detected in liquid product while hydrogen was measured as a minor gas-
phase product. 400 pL of the catholyte was mixed with 50 pL of 6 mM
DMSO, was added as an internal standard, along with 50 pL of D20. The
Faradaic efficiency was calculated based on the mass concentration (m),
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Fig. 35. The 'H NMR spectrum of the catholyte after 1-h electrolysis at —1.1 V vs. RHE displaying the calculation of ethanol (5 = 1.19 and 3.65 ppm) and formic acid
(5 = 8.46 ppm) (a). The 'H NMR spectrum of the solution after 10-min electrolysis using '>C isotope labeling experiment. Reproduced with permission from

Ref. [190]. Copyright 2023, American Chemical Society.

anolyte volume (V), molecular mass (M) of the product, the number of
electrons transferred (n) and the total charge passed (Q), using eq. (27)
[204]:

7mV><nNF
= 9

Isotopic labeling with '2CO, was performed to confirm the carbon
source in acetate. As depicted in Fig. 36, substitution of CO, by 13c0, in
the electrocatalytic test resulted in the splitting of one peak at 5 1.78
ppm in the 'H NMR spectrum of the methyl group of acetate into two
peaks at § 1.62 and § 1.94 ppm, respectively, originating from the
coupling between '3C and H, thus confirming that CO, as the carbon
source of acetate production [204].

Abdinejad et al. investigated functionalized, earth-abundant Mn-
TPP-based molecular electrocatalysts via electro-grafting onto glassy
carbon electrodes [207]. These catalysts indeed exhibit a remarkable FE
of 94 % for CO; conversion, out of which 62 % for acetate production.
They found that introducing sulfonate groups in Mn-TPPS (as electron
withdrawing group) significantly enhanced the catalytic performance,
which is attributed to enhancing the surface coverage, thus allowing
electrostatic interactions of sulfonate groups with water molecules to-
ward higher rates compared to unmodified Mn-TPP. The

FE (27)
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electrochemically produced acetate and formate were investigated using
GC, HPLC, and NMR spectroscopy. Among the gaseous products, only Hy
and CO were detected, whereas formate and acetate were observed as
liquid products. The NMR samples were prepared by mixing 400 pL of
the catholyte with 50 pL of 6 mM DMSO (internal standard). The anal-
ysis by 13C NMR revealed signals corresponding to fully '3C-labeled
acetate (5 23 ppm and & 181 ppm) and formate (5§ 170 ppm). The 'H
NMR under '3CO, environment led to a couple of '3C coupling of the
methyl proton peak of acetate (5§ 1.74 ppm to § 1.59 and § 1.91 ppm)
[207].

Recently, ultrasmall CuyO nanoparticles on a copper-based metal-
organic framework (Cu-THQ) support (denoted as CupO@Cu-THQ)
showed excellent activity toward eCO2RR [197]. The liquid products
were characterized by 'H NMR spectroscopy by adding 250 pL catholyte,
250 L deionized water, 100uL D20, and 100pL DMSO as the internal
standard. The analysis displayed the formation of acetate with a FE of
65 % at the low potential of —0.3V vs. RHE with a current density of
10.5mA cm 2. No other liquid-phase product, like formate, methanol,
or ethanol, was observed, which gave 100 % purity for the produced
acetate. Isotope-labeling experiment was also performed to confirm the
source of carbon and the purity of produced acetate [197].

Other control experiment is done besides the !3C-labeling
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Fig. 36. 'H NMR spectrum of the liquid products form electrocatalytic after electroreduction in **CO, environment at —0.8 V vs. RHE in 0.1 M KHCOj solution.
Reproduced with permission from Ref. [204]. Copyright 2022, John Wiley and Sons.

experiment, is the electrolysis without CO2 or under inert atmosphere. In
2018, Wang et al. utilized copper-silver bimetallic nanoparticles to
produce acetate through the electroreduction of CO3 [206]. The liquid-
phase products of CO, reduction were analyzed by 'H NMR after mixing
0.5 mL of electrolyte after electrolysis was mixed with 0.1 mL of D,O and
35 uL of 10 mM DMSO as an internal standard. The 'H NMR analysis was
performed using water suppression method. At a potential of —1.33 V
(vs RHE), the faradaic efficiency of acetate was found to be 21.2 % and it
was determined using eq. (28), which relies on product amount (N),
Faraday’s constant (F), number of transferred electrons (n), and total
charge passed during the electrolysis (Q):
FE = n.N.g x 100% (28)

13C0, gas was used as an isotopic labeling reagent to trace the origin
of acetate in 0.5 M KHCO3 electrolyte. The analysis using 1>C NMR and
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2D heteronuclear single-quantum coherence (HSQC) confirmed the
production of acetate and formate at different selected potentials. Which
demonstrates that formate and acetate were produced mainly through
the electroreduction of CO,. Further controlled experiment was done by
using Ny instead of CO,. No product peaks were observed except that
hydrogen was a major background product resulting from the reduction
of the solvent as revealed by HS-GC [206].

In addition, polyoxometalate (POMs) have been proposed as
powerful candidates to suppress the hydrogen evolution reaction (HER),
one of the usual side reactions in eCORR, by facilitating proton
coupling through their reversible, stepwise multi-electron transfer pro-
cesses. This was achieved by Sun’s team where they investigated the
synergistic catalytic activities of indium along with a prepared POM, (n-
BuyN)3SVW11040, for eCO2RR [210]. Their catalyst exhibited Faradaic
efficiencies as high as 67.4 % for acetic acid and 19.4 % for ethanol. The
activity can be attributed to the electron transfer to the vanadium center
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Fig. 37. H NMR spectrum of the liquid products after electrolysis at —0.5 V (vs Ag/Ag™"), in CO, environment (a) and without CO, environment (b). Reproduced

with permission from Ref. [210]. Copyright 2022, Elsevier.
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in the SVWy; and to the In®", thereby recovering the activity of indium,
leading to HSVIVWHO% . This coupled electron transfer with proton in
the V**/V>* redox system promotes eCO,RR and diminishes the reac-
tion overpotential, hence enhancing product selectivity. After 1-h elec-
trolysis at —0.5 V (vs Ag/Ag™), the liquid products were analyzed by 'H
NMR (Fig. 37a), using DMSO as an internal reference and DO as a
solvent. The control experiment was done by replacing CO5 by N3, which
confirms that acetic acid and ethanol generated from eCO2RR (Fig. 37b)
[210].

Other control experiments have been conducted to confirm the
source of carbon in acetate. In addition to '*C-labeling experiment and
performing the electrolysis under Ar atmosphere, Zhu et al. utilized
atomic emission spectrometry (ICP-AES) spectroscopy in corporation
with 'H NMR to investigate trinuclear copper(I) complexes
[Cus(HBtz)3(Btz)Clp] and introduced a stable n-n stacking framework
electrocatalyst CuBtz for highly efficient eCO,RR [217]. In a flow cell
system (Fig. 38a), CuBtz achieved an FE of about 61.6 % for C3 products,
with a current density of ~1 A cm™2 and value of 5639 pmol m ™2 s ! at
applied potential of —1.6 V vs. RHE. While in H-type cell, it revealed FE
of 73.7 % for C3 products with ethylene of 44 %, ethanol of 21 %, ac-
etate of 4.7 %, and propanol of 4 % at the applied potential of —1.3 V vs.
RHE (Fig. 38b) [217].

The NMR sample was prepared by mixing 500 pL of the electrolyte
with 100 pL D20 and 100 pL of 6 mM DMSO. In 1®C-labeling experiment,
the 'H NMR spectra of the catholyte exhibit the spin splitting signals of
ethanol and acetate assigned to 13C02, confirming it as the carbon
source (Fig. 38c). The same conclusion was further confirmed by
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electrolysis in an Ar atmosphere where no carbon-based product was
observed, suggesting that only feeding CO, is the carbon source
(Fig. 38d). On the other hand, ICP-AES analysis confirmed that no cu®t
or Btz™ ions from the CuBtz catalyst were detected in the catholyte,
further confirming that CuBtz does not degrade under the electro-
chemical conditions [217].

The NMR sample was prepared by mixing 500 pL of the electrolyte
with 100 pL D20 and 100 pL of 6 mM DMSO. In 13C-labeling experiment,
the 'H NMR spectra of the catholyte exhibit the spin splitting signals of
ethanol and acetate assigned to '3CO,, confirming it as the carbon
source (Fig. 38c). The same conclusion was further confirmed by elec-
trolysis in an Ar atmosphere where no carbon-based product was
observed, suggesting that only feeding CO» is the carbon source
(Fig. 38d). On the other hand, ICP-AES analysis confirmed that no cu?t
or Btz™ ions from the CuBtz catalyst were detected in the catholyte,
further confirming that CuBtz does not degrade under the electro-
chemical conditions [217].

Similarly, tin(II) monosulfide (SnS) nanobelt piezocatalyst was
investigated recently as a potential candidate for electrochemical con-
version CO; to acetate [214]. The liquid aliquot was analyzed by NMR
by mixing 400 pL of the liquid aliquot mixture with 65pL of D20 and
35uL of DMSO (internal standard). The NMR analysis revealed charac-
teristic peaks for acetate only at § 2.01 ppm (H NMR) and at § 19.35
ppm and § 186.66 ppm (13C NMR). These results confirmed the high
selectivity toward acetate with 100 % and the highest production rate of
2.21 mMh ™! ever measured as claimed by the authors. IC and GC also
confirmed the high selectivity of acetate. IC revealed the detection of
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Fig. 38. Flow cell system (a), '"H NMR spectra of the liquid products at the potentials of —1.3 V versus RHE (b), isotope-labeled liquid products (c) and the electrolyte
in Ar atmosphere (d). Reproduced with permission from Ref. [217]. Copyright 2022, American Chemical Society.
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acetate ion only while GC showed no gaseuos product obtained after
electrolysis [214].

A series of control experiments further confirmed that the catalyst
and the specific conditions are responsible for the observed formation of
acetate. No acetate was detected when the electrlysis was conducted
without CO,, with no ultrasound, or even in the presence of the inor-
ganic sacrificial agent (NazSOs3). Similarly, the production of acetate was
found to be negligible in the absence of catalysts. Under argon atmo-
sphere, piezocatalytic measurements revealed no acetate formation and
only a trace amount of Hy production which could be ascribed to
sonochemistry effects rather than catalytic activity. Further proof that
the acetate indeed came from CO, reduction was provided by the 13C
labeling experiment which displayed splitting in the 'H NMR methyl
proton resonance of acetate at § 2.01 ppm into two peaks [214].

7.2.2. Other solvents as internal standard for acetate/acetic acid
quantification

Based on our knowledge, only one study has been reported to use
phenol as an internal standard for quantification of acetate using NMR.
Serafini et al. investigated a series of CuMgAl layered double hydroxides
as highly efficient catalysts toward the electrochemical reduction of COy
to acetate. Accordingly, the optimum compisition of the CuMgAl LDH
(2:1:1) expressed a productivity of 2.0 mmolcyscoon g{alt hlat-04V
(RHE). The liquid products were analyzed by 'H NMR, using phenol as
an internal standard and D50 for the lock signal. A characteristic peak of
acetate at round § 2.0 ppm was obtained by 'H NMR analysis, which
proves a high selectivity and productive formation of acetate.

8. NMR chemical shifts of main liquid products in eCO2RR

Accurate identification and quantitation of liquid product in elec-
trochemical CO: reduction (eCO2RR) is critical to understand reaction
mechanisms and catalyst activities. Table 5 displays the 'H and *C NMR
chemical shifts of the five liquid products discussed in this review,
namely, formate, methanol, formaldehyde, ethanol, and acetate. The B3
NMR are expressed as peak position and multiplicities (i.e., singlet,
doublet, triplet), while the 13C NMR provide carbon environments of the
product. The data are essential in the confirmation of product formation
and measurement in eCO5RR.

9. Faradaic Efficiency Equations for Electrochemical Synthesis

Table 6 compiles notable Faradaic Efficiency equations utilized to
measure the utilization of charges in electrochemical CO; reduction. It
provides formulas for the products of formic acid, methanol, ethanol,
and acetate with parameters extending from Faraday’s constant, con-
centration of product, electrolysis condition, to internal standard sys-
tems (e.g., DMSO, phenol). Refereed to the foundational papers, it is an
efficient model of comparison between conditions in experiments
consistent with manuscript focus on the maximization of electro-
chemical reactions.

10. Future perspectives

NMR spectroscopy is a continually growing field, unveiling its
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versatility and value in analyzing electrochemical CO, reduction pro-
cesses. However, this field still remains wide open to more growth and
innovation. Efforts in the near future should focus on surmounting these
impediments, working also toward expanding the scope and application
of the NMR technique to achieve unbiased insight into mechanisms and
selectivities in CO4 reduction.

The highest need and opportunity in methods development concern
the enhancement of NMR sensitivity and resolution. Among others, one
of the most important analytical challenges that remain to be faced is the
detection and quantification of trace amounts of COz reduction products.
The signal-to-noise ratios of high-field NMR instruments with cryogen-
ically cooled probes and novel pulse sequences can be improved
considerably, affording more precise analysis [221]. Another very
important aspect will be the optimization of water suppression tech-
niques with the intent to decrease the problems related to interference
associated with aqueous electrolytes, assuring clean and stable baselines
in spectra [222].

From this viewpoint, one of the prospective directions of research
could be the extension of NMR analysis toward more complex reaction
intermediates and transient species involved in the pathways of CO5
reduction. Recent operando 13C NMR studies have demonstrated the
ability to track dynamic equilibria, such as CO3/HCO3 exchange rates,
and identify ion-pairing effects under applied potentials, offering
molecular-level insights into electrolyte restructuring during electrolysis
[223]. Thus, for instance, two-dimensional correlation spectroscopy (2D
COSY) or HSQC multidimensional NMR techniques will give valuable
information about structural intermediates, while 13C- and 2H-isotopic
labeling will enable the tracing of carbon and hydrogen atoms during
electrolysis. These will contribute significantly to our knowledge about
reaction mechanisms and enable, in turn, the reasonable design of more
active catalysts.

On the other hand, combining NMR with other techniques, such as
GC and MS, it might be possible to understand reaction products better.
While NMR is far more effective in the analysis of liquid-phase products,
GC and MS become much more effective in the detection of gaseous
species. Such a combination enables the selectivity and efficiency of
various processes pertaining to CO; reduction to be judged in a holistic
manner, having strong implications in reaction condition optimization.

Another trend in future research refers to the establishment of uni-
versal internal standards for quantitative NMR analysis. Up to now, only
a few works have adopted phenol, whose limited relevant applications
require the further screening of more versatile and stable standards
applicable in different reaction systems. This will surely unify the
methods of NMR and improve the comparability among different
studies.

Particularly, the research on sustainable catalysts and electrolytes
also widens the prospects for NMR spectroscopy: accelerating the dis-
covery of next-generation catalysts by using NMR to investigate their
efficiency and degradative mechanism in performance, and investi-
gating green electrolytes, such as those derived from renewable feed-
stocks, under conditions as close as possible to real working conditions
may further improve the sustainability of the entire system in COg
reduction.

Finally, the development of in situ and operando NMR techniques is
an important frontier. Recent advancements in probe design, such as

Table 5
1H NMR and 'C NMR chemical shifts for formate, methanol, formaldehyde, ethanol and acetate.
Compound 'H NMR chemical shifts (5, ppm) Multiplicity 13C NMR chemical shifts (5, ppm) Reference number
Formate 8.3-8.5 (HCO) Singlet (s) ~170-180 (CO0O") [105,111,113,119]
Methanol 3.3-3.5 (CH3) Singlet (s) ~50 (CH3) [71,81,87,130,132-134,137]
Formaldehyde ~4.4 (HCHO-bisulfite adduct) Singlet (s) N/A [66,162]
Ethanol 1.0-1.3 (CH3) Triplet (t) ~18 (CH3) [74,163,175,181,182,184,191]
3.3-3.8 (CHy) Quartet (q) ~58 (CHz)
Acetate 1.9-2.2 (CH3) Singlet (s) ~20-22 (CH3) [204,210,217]

~170-180 (CO0O™)
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Table 6
Faradaic Efficiency (FE) Equations.
Eq. Equation Variables Product Refs.
no. description (internal
standard)
F: Faraday
::r;stantl ) Formate/
2) FE = 2FVC x 100% C: P:::ji:tvo ume formic acid [16]
: . (DMSO)
concentration
Q: Total charge
n: Number of
transferred
electrons Formate/
3) FE = nFy % 100% n: Moles of product  formic acid [84]
Jt J: Current (DMSO)
t: Time of
electrolysis
c¢: Concentration of
Ifl(/;:ml\;fotlear mass of Formate/
4 FEncoo = nxFxVxc p formic acid [85]
1000 x M x Q ~ formate (DMSO)
V: Electrolyte
volume
. Formate/
) o 2xFxn ?: Concentration of formic acid [112]
Q ormate (DMF)
N: Electrons Formate/
6) pg_NXxcxVxF transferred formic acid ~ [113]
Q c: Formate‘ (Phenol)
concentration
z: Electrons per
7) FE = znF product molecule N]I)el\;hsglol [81]
Q n: Moles of product ( )
Crmethanol:
FE — Concentration
()] Conethanol X V % N x 6€ NA: Avogadro’s I(\/II;\';[hSacr)l)o ! [129]
Noowl number
Niotar: Total charge
Q;: charge for
. NixnxF product i Methanol
10 FE; = Q(j;l = lQ{ﬁ N;: moles of (DMSO) [130]
product i
Cue: Methanol
) concentration Methanol
an FE = W Viiq: Electrolyte (DMSO) [132]
volume
Ce Product. Methanol
as) - nFGV c?ncentratlon (DMSO/ [142]
Q n: Electrons per phenol)
molecule
Cret: Reference
concentration
FE =Cpy o Ip . Hg . nfv o Ip/Ir: Peak ratio Methanol
14) Ir Hp Q Hg/Hp: Proton (DMSO/ [131]
g x 100 count ratio phenol)
5/4: Dilution
factor
nj: Electrons for
product j Methanol
a7) E — nFGV Ci: Concentration 4- [72]
Q of methanol nitrophenol)
Qg Total charge
N: Required
number of
electrons to Methanol
@0 FE - ol 100% produce product (TMS) [146]
Niotar: Total
electrons
Cethanol’
“ F x Transferred Ethanol
@D FE = %\] electrons (DMSO) [189]
n: Moles of ethanol
FE aQ 96,485: Faradaic
@2 1 Qeotal constant Ethanol [187]
96485 x C x V x z Ci: Product (DMSO)
T Qo concentration
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Table 6 (continued)

Eq. Equation Variables Product Refs.
no. description (internal
standard)
V: Catholyte
volume
z;: Transferred
electrons
FE —nx Fx Vx 100 x j: Current density Ethanol
(25) 1 V: Electrolyte (DMSO/ [193]
J volume phenol)
M: Molarity
Jior: Total current Acetate .
(26)  FEy% = nMVi x 100 density (DMSO) (201)
t: Time
m: Mass
concentration
27)  FE = mV._ nNF V: Volume of Acetate [204]
M Q anolyte (DMSO)
M: Molar mass
N: Product amount
F n: transferred Acetate .
(28) FE = nNT2 x 100% clectrons per (DMSO) [206]

molecule

planar stripline detectors, enable spatially resolved measurements and
integration with electrochemical cells, facilitating real-time monitoring
of electrolyte chemistry and interfacial processes [224]. A ground-
breaking study by Xu et al. [225] employed operando electrocatalytic
NMR to track oxygen, carbon, and hydrogen species in real time,
revealing a water-assisted formate formation mechanism. By intro-
ducing Bi/In adsorption sites in Cu-based catalysts, adsorbed H,O
molecules directly participate in regenerating COOH™ intermediates,
boosting formate selectivity from 34.2 % to 98 %. This demonstrates
NMR’s unique capability to resolve atom-specific pathways in complex
reaction networks [225]. These methods allow the observation of re-
action dynamics in real time; for the first time, one is able to directly
observe catalyst behavior, the formation of reaction intermediates, and
the evolution of products during electrochemical processes. Better in
situ NMR hardware and software would go a long way toward improving
our capabilities to correlate reaction conditions to product outcomes,
thereby driving the design of highly optimized and selective COg
reduction systems.
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