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Real-time monitoring of electrochemical reactions is crucial for advancing energy conversion and
storage, electrocatalysis, organic electrosynthesis, and electroanalysis. Despite progress in in situ spectro-
scopic and electrochemical techniques, these methods fail to directly resolve and track multiple electro-
generated species simultaneously during electrochemical processes. Electrochemical mass spectrometry
(EC-MS) bridges this gap by providing direct molecular-level compositional and structural information
while simultaneously monitoring the evolution of newborn species at the electrode—electrolyte interfaces
(EEls). Propelled by the ongoing improvements in ionization sources and electrochemical cells, EC-MS
methods have broadened the functional scope from online detection of reaction products to the rapid
capture of fleeting intermediates and, most recently, to simultaneous real-time tracking of the dynamics
of multiple intermediates. This progressive advancement establishes EC-MS as a robust methodology for
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mechanistic investigation of electrochemical reactions. This review focuses on the recent advances in
EC-MS methods and their applications in exploring organic electrosynthesis, electrocatalysis, lithium-ion
batteries (LIBs) and electrochemiluminescence (ECL). Finally, we outline the current limitations and future

rsc.li/analyst directions for EC-MS technology, forecasting its expanding utility in electrochemical reaction monitoring.

sustainable energy systems, selective electrosynthesis, and

1. Introduction
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Electrochemical reactions, involving electron transfer at the
electrode-electrolyte interfaces (EEIs), form the cornerstone of
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electrocatalyst design."” Real-time monitoring of electro-
chemical processes is paramount for mapping intricate reac-
tion pathways and elucidating the wunderlying reaction
mechanisms.*® Due to the insufficient temporal resolution,
offline analytical techniques based on spectroscopy or mass
spectrometry fail to describe chemical transformations at the
EEIs in real time.*” Conventional electrochemical methods
track electron-transfer behaviors at EEIs by correlating current
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with the applied potential or time, yet inherently lack mole-
cular-level insights into electrochemical processes.®° Recently,
researchers have developed in situ spectroscopic methods (e.g.,
in situ electron paramagnetic resonance (EPR),'*'" in situ
Raman'>"® and in situ FTIR'*"?) to acquire real-time spectral
fingerprints of newborn species at the electrode interface,
facilitating the in situ characterization and dynamic tracking of
reaction intermediates. Despite this progress, these method-
ologies still cannot directly reveal the intrinsic composition
and structure of compounds in electrochemical reactions and
face challenges in real-time identification of multiple short-
lived intermediates during dynamic electrochemical processes,
thereby presenting notable technical limitations in elucidating
electrochemical reaction mechanisms at the molecular level.
Mass spectrometry (MS) excels at providing direct molecular-
level compositional and structural information for multiple ana-
lytes with high sensitivity and specificity.'®'” By utilizing this
merit, electrochemical mass spectrometry (EC-MS) has been
developed for direct acquisition of molecular information and
real-time monitoring of intermediates and products during
electrochemical processes, serving as an ideal tool for mechanis-
tic investigation of electrochemical reactions.'®* > The pioneer-
ing application of MS for the online detection of electrochemical
reaction products was reported by Bruckenstein et al. in 1971.>
In this work, an electrochemical cell containing porous electro-
des was coupled with electron impact ionization mass spec-
trometry (EI-MS) to analyse gaseous and volatile products,
thereby establishing the foundation for real-time monitoring of
electrochemical reactions. Building upon this work, differential
electrochemical mass spectrometry (DEMS) was developed by
Wolter and Heitbaum in 1984 and has since become a classic
technique for online detection of gaseous species in electro-
chemical reactions.”” For liquid species, the combination of
electrochemical flow cells with electrospray ionization mass
spectrometry (ESI-MS) provides an efficient means for real-time
monitoring of liquid products during electrochemical
processes.”*?** To further achieve the rapid capture of fleeting
intermediates, integrating an electrochemical cell into an elec-
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trospray ion source has proved to be an effective strategy to
shorten the transfer distance from the EEIs to the MS inlet.®?®

Furthermore, with the unique advantage of the in situ ana-
lysis of newborn species at the electrode interface, the ambient
ionization mass spectrometry (AIMS) proposed by Cooks’
group facilitates the real-time readout of molecular infor-
mation and detection of short-lived intermediates from inter-
facial electrochemical processes, providing an important
theoretical basis for the study of electrochemical reaction
mechanisms.”*?” Recently, driven by the critical importance of
tracking the dynamic fate of intermediates for investigating
electrochemical reaction mechanisms, researchers have turned
their attention to developing EC-MS with both excellent tem-
poral and potential resolutions, aiming to comprehensively
crack reaction networks under operando conditions.>®

In this review, we will conduct a comprehensive and systema-
tic overview of the evolution of EC-MS methods tailored to
specific research objectives, focusing on the online detection of
electrochemical reaction products, rapid capture of fleeting
intermediates, and real-time tracking of intermediate dynamics
(Fig. 1). The technical implementations of existing EC-MS plat-
forms are subsequently summarized in terms of their special-
ized design, including electrochemical cell design, ionization
techniques, and interface configurations. Furthermore, we delve
into detailed discussions of EC-MS applications in organic elec-
trosynthesis, electrocatalysis, lithium-ion batteries (LIBs), and
electrochemiluminescence (ECL). Finally, we also outline the
current scope and future directions for the design and improve-
ment of EC-MS technology and anticipate its expanding utility
in electrochemical reaction monitoring.

2. Development of EC-MS methods
for real-time monitoring of
electrochemical processes

2.1 EC-MS methods for online detection of reaction products

Online monitoring and accurate identification of electro-
chemical transformation products including both the desired

Qianhao Min received his B.S.
(2007) and Ph.D. (2012) degrees
in chemistry from Nanjing
University. After working as a vis-
iting  scholar at  Stanford
University, he joined the faculty of
Nanjing University as an associate
professor in 2015 and was further
promoted to full professor in
2022. His research focuses on
operando mass spectrometry and
mass tagging-based mass spec-
trometry for dynamic monitoring
of molecular events in chemical
and biological processes.

Qianhao Min

Analyst, 2025, 150, 4490-4510 | 4491


https://doi.org/10.1039/d5an00785b

Published on 09 2025. Downloaded on 09-12-2025 2:59:47.

Critical Review

View Article Online

Analyst

Online detection of
reaction products

Intermediates?

a b c i d a b

Cathode / Anode ’

=

m/z m/z

[ Temporal resolution

O Potential resolution

Rapid capture of
fleeting intermediates

Intermediates

Cathode / Anode ’

Temporal resolution

O Potential resolution

Real-time tracking of
intermediate dynamics

c‘ d a b c d

Cathode / Anode ‘

€ ——

N G, O

d e ——
t

™ Temporal resolution

Potential resolution

Advances in EC-MS methods

“Waterwheel”
setup-
EC-ESI-MS DESI-MS EC-DSI-MS
Bond’s EC-nano-  Zare’s and Jiang’s RT-Triplex
The first group DESI-MS Chen's group In-situ liquid  group Min’s group
EC-MS Chen’s and ToF-SIMS EC-NR-MS Operando EC-MS
Bruckenstein’s & Laskin’s 2 Wang’s, Yu's £ Luo’s and 8 device
2] (=3 o = =3
group - group ] and Zhu’s group « Jiang’s group ] Chen’s group
= o~ ~ [ - el
% S S 8 S
by o~ o~ ~ ~
3 £ g
¢ & S
DEMS a Hybrid ] FE-ESI-MS 3
Wolter’s ] ultramicroelectrode S Wei’s group Q
group -ESI-MS
EC-DESI-MS Shao’s group BUME-nESI-MS VESI-MS/
Chen’s group Xu’s group EIS-ESI-MS

Roithova’s group

Fig. 1 The progression and historical trajectory of electrochemical mass spectrometry (EC-MS) for real-time monitoring of electrochemical

processes.

analytes and unintended by-products are of paramount
guiding significance for the development of organic electro-
synthesis methodologies, design of electrochemical catalysts
and fabrication of energy storage devices.”® With high sensi-
tivity and selectivity, MS simultaneously obtains molecular
information from multiple targets, while tandem MS facilitates
structural elucidation, offering an ideal means to detect these
products in complex reaction systems. Coupling electro-
chemical cells with MS is capable of accurate and real-time
characterization of electrochemical transformation products
through precise mass-to-charge ratios (m/z) and immediate
feedback.’***' Among numerous EC-MS methods, DEMS,
which comprises an electrochemical cell, a sample inlet inter-
face and a mass spectrometer, offers an operando and cost-
effective tool to monitor the evolution of gaseous and volatile
products during electrochemical processes.”’*> In DEMS, a
membrane inlet interface is constructed to effectively separate
the electrolyte solution from the vacuum environment, making
it a more popular approach within the emerging energy con-
version and storage systems (Fig. 2a).>’> During DEMS detec-
tion, gaseous and volatile species generated at the electrode
diffuse through a 50-100-pm thick electrolyte layer and sub-
sequently pass through a Teflon membrane to reach the mass
spectrometer.>® Bell’s group presented a novel DEMS setup

4492 | Analyst, 2025, 150, 4490-4510

that allowed for the real-time quantification of ion signal
intensities of volatile reaction products. To demonstrate this
capability, they used the electrochemical CO, reduction reac-
tion (CO,RR) on polycrystalline copper as a model reaction to
quantify products in real time at different potentials.’®> To
further overcome the limitation of conventional DEMS
methods sampling only bulk electrolyte products, this group
used a modified DEMS with a catalytically coated pervapora-
tion membrane to directly sample the interface, measuring
CO, and reaction products in the hydrogen evolution reaction
(HER) and the CO,RR on silver and copper electrodes.*®
Recently, Hasa et al. developed a flow electrolyzer mass spec-
trometry (FEMS) system by integrating a flow cell with a gas
diffusion electrode (GDE) into the DEMS technique. In this
setup, the probe was positioned in close proximity to the elec-
trode surface, enabling real-time detection of species gener-
ated directly from the catalyst layer (Fig. 2b). To illustrate this
point, they examined the electrochemical carbon monoxide
reduction reaction (CORR) on polycrystalline copper, revealing
the oxygen incorporation mechanism in acetaldehyde.?” With
the ability to monitor gaseous products in real time, DEMS
contributes to correlating various reaction products with time
or potential.>® Cao et al. integrated DEMS with gas chromato-
graphy (GC) to quantify gas release from the decomposition of

This journal is © The Royal Society of Chemistry 2025
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(a) Structure and composition of the DEMS setup. Reprinted with permission from ref. 33. Copyright (2024) The Royal Society of Chemistry. (b)

Schematic illustration of the GDE design of flow electrolyzer MS. Reprinted with permission from ref. 37. Copyright (2021) Wiley-VCH. (c) Design and
construction of the operando pulse EC-MS (p-EC-MS) system. Reprinted with permission from ref. 41. Copyright (2024) American Chemical Society.

Li,CO; and carbon electrodes in LIBs and have identified that
singlet oxygen ('0,) as the primary reactive species attacks the
carbon substrate and electrolytes, leading to the formation of
CO, and CO as gaseous side products.®® Chen et al. coupled
DEMS with distribution of relaxation times (DRT) analysis to
differentiate the contributions of charge-transfer limited Li,O,
and surface-passivation dominated Li,CO; to overpotential
growth during Li-O, battery charging.*® Facing the limitation
that current DEMS cannot monitor industrial-scale LIBs in real
time, Peng’s group developed an operando pulse EC-MS
(p-EC-MS) featuring a specialized electrochemical cell, a pro-
grammed inlet, and a gas replenishment system for the non-
destructive and long-term gas analysis of practical lithium-ion
pouch batteries (Fig. 2¢).*!

While DEMS has been extensively employed for the sensitive
and real-time detection of gaseous products or volatile species
during electrochemical processes, a comprehensive under-
standing of reaction pathways often requires the simultaneous
acquisition of information about liquid-phase products as well.
Owing to the high ionization efficiency, ESI-MS has established
itself as a commonly used soft ionization source for the ana-
lysis of liquid-phase species.*> Recognizing its potential,
researchers have developed online EC-ESI-MS by direct coup-
ling of an electrochemical flow cell with ESI-MS, in which the
liquid products are continuously pumped into the MS inlet
through a capillary tube. By establishing this effective connec-
tion, the oxidative phase I metabolism of the mycotoxins citri-
nin (CIT) and dihydroergocristine (DHEC) was simulated by
electrooxidation reactions, and the products were detected in
real time.** Chen’s group developed electrochemical ionization
mass spectrometry (ECI-MS) to directly characterize alloys at
the molecular level without the need for tedious sample pre-
treatment.** As shown in Fig. 3a, bulk alloys were electrolyzed
to form metal ions, which were then online chelated with
specific ligands and subsequently detected using ESI-MS. The

This journal is © The Royal Society of Chemistry 2025

high surface-to-volume ratios of electrochemical microreactors,
coupled with their ability to allow very precise control over reac-
tion parameters like temperature, residence time, flow rate,
and pressure, make them highly suitable for direct coupling
with ESI-MS.*>*® Van den Brink et al. presented a drug screen-
ing method using an electrochemical microchip coupled with
ESI-MS to generate phase I and phase II drug metabolites and
to demonstrate protein modification by reactive metabolites.*”
Herl et al. coupled bare screen-printed carbon electrodes
(SPCEs) with ESI-MS, enabling real-time characterization of the
redox properties of thymine (Fig. 3b). Their results have shown
that dimeric species are the main products formed upon
electrochemical oxidation.*®

By conducting both batch and rapid screening of electro-
chemical synthesis products, high-throughput experimen-
tation (HTE) demonstrates considerable potential to revolutio-
nize electrosynthesis, offering a pathway to significantly faster
and more efficient synthetic development.'®***° Wan et al.
established a picomole-scale real-time electrooxidation screen-
ing platform based on nanoelectrospray ionization mass spec-
trometry (nESI-MS), ingeniously utilizing the ion emitter as
both the reactor and the ionization source to enable rapid and
high-throughput analysis of products in organic electrosynth-
esis reactions.”® Recently, Baker’s group reported a new high-
throughput electrochemistry platform, colloquially called
“Legion”, consisting of 96 independently controlled electro-
chemical cells compatible with standard 96-well plates for
applications in electroanalysis and electrosynthesis.’?
Collaborating with this group, Yan’s group developed a high-
throughput screening platform by interfacing this “Legion”
arrayed electrochemistry and nESI-MS for rapid screening and
quantitation of electrosynthetic products (Fig. 3c).>® For most
electrocatalytic systems that generate both gaseous and liquid-
phase products (like the CO,RR), real-time monitoring of these
products is critical for understanding catalytic performance

Analyst, 2025, 150, 4490-4510 | 4493
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Fig. 3 (a) Schematic illustration of the electrochemical ionization mass spectrometry (ECI-MS) method for analysis of alloys. Reprinted with per-
mission from ref. 44. Copyright (2018) American Chemical Society. (b) Schematic of the EC-MS setup integrating screen-printed carbon electrodes
(SPCEs) and ESI-MS. Reprinted with permission from ref. 48. Copyright (2020) American Chemical Society. (c) Workflow of Legion-MS for high-
throughput electrochemistry experiments. Reprinted with permission from ref. 53. Copyright (2024) American Chemical Society. (d) Schematic of
electrochemical real-time mass spectrometry (EC-RTMS). Reprinted with permission from ref. 54. Copyright (2019) Wiley-VCH.

over extended reactor operation. However, reports of EC-MS
techniques capable of real-time, simultaneous monitoring of
both gaseous and liquid phases remain scarce. For this
reason, Khanipour et al. introduced an electrochemical real-
time mass spectrometry (EC-RTMS) approach that enables con-
current detection of gaseous and liquid products during the
electrochemical CO,RR.>* As illustrated in Fig. 3d, the electro-
lyte and electrochemical products from the electrochemical
flow cell are separated into gas and liquid streams via a phase
separator. Then, the gaseous products pass through a hydro-
phobic membrane and are subsequently detected using an
electron ionization quadrupole mass spectrometer (EI-QMS),
while the degassed electrolyte is nebulized and observed using
direct analysis with a real time mass spectrometer (DART-MS).
This method facilitates real-time tracking of both gas- and
liquid-phase products, providing valuable insights for guiding
the design of durable and selective catalysts under realistic
electrochemical operating conditions, which opens up exciting
prospects for guiding the design of new, robust catalysts tai-
lored for selective electrosynthesis under dynamic conditions.

2.2 EC-MS methods for rapid capture of fleeting reaction
intermediates

Reaction intermediates play essential roles in electrochemical
reactions, which are highly desirable for governing the reaction

4494 | Analyst, 2025, 150, 4490-4510

pathway, determining the kinetic rate, and dictating product
selectivity.”>*® Consequently, rapid capture of these reaction
intermediates provides deep insights for elucidating reaction
mechanisms and optimizing electrochemical systems.>”>®
However, the rapid transfer of short-lived intermediates from
the EEIs to the gas phase for mass spectrometric detection
within a sufficiently short timeframe remains a critical chal-
lenge in current EC-MS technology. To address this limitation,
the most common strategy is to minimize the electrode-to-MS
inlet distance, thereby enabling the rapid capture and charac-
terization of transient species. Among them, AIMS techno-
logies, pioneered by Cooks’ group, capitalize on their unique
capacity for direct extraction of analytes from surfaces with
minimal or no sample pretreatment.*® As a foundational AIMS
technique, desorption electrospray ionization mass spec-
trometry (DESI-MS) enables rapid transfer of newborn species
at the EEIs into the MS inlet via charged droplets, offering
unique advantages for in situ analysis of electrogenerated
species.’® By directly coupling DESI-MS with an electro-
chemical cell using an edge plane graphite as a working elec-
trode (WE) (Fig. 4a), Brownell et al. successfully captured mul-
tiple key intermediates during alcohol electrooxidation.®®
Zare’s group created an EC-MS device based on a “waterwheel”
WE capable of rapid, in situ analysis of electrochemical species
within sub-millisecond timescales.'>?® As shown in Fig. 4b,

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) Schematic illustration of EC-DESI-MS employing edge plane graphite as the working electrode (WE). Reprinted with permission from ref.
60. Copyright (2013) American Chemical Society. (b) Structure and composition of EC-DESI-MS using a rotating waterwheel as the WE. Reprinted
with permission from ref. 19. Copyright (2015) American Chemical Society. (c) Schematic of the EC-DESI-MS platform featuring conductive carbon
paper WE. Reprinted with permission from ref. 61. Copyright (2017) American Chemical Society.

this EC-DESI-MS platform employs a platinum disc WE par-
tially submerged in an electrolyte, alongside a counter elec-
trode (CE) and Ag/AgCl reference electrodes (RE). The minimal
distance (2 mm) between the WE and the MS inlet allows for
the detection of transient diimine intermediates formed
during the electrochemical oxidation of uric acid and
xanthine. Following this idea, their group further developed an
EC-DESI-MS platform featuring a conductive carbon paper WE
(Fig. 4c). By implementing both grooved-slope and smooth-
planar configurations, this system successfully detected nitre-
nium ions in the electrooxidation reaction of 4,4'-dimethyoxy-
diphenylamine (DMDPA) and di-p-tolylamine (DPTA).**
Furthermore, integrating the electrochemical cell into an
ESI emitter also significantly reduces the transfer time of
newborn species from the EEIs to the MS inlet, making it
easier to identify fleeting intermediates. Jiang’s group devel-
oped droplet spray ionization mass spectrometry (DSI-MS) by
mounting a three-electrode system at one corner of the glass
slide, enabling real-time detection of aniline (ANI) radical
cations and N,N-dimethylaniline (DMA) radical cations during
the electrochemical polymerization of ANI and electrooxida-
tion of DMA.%* In this EC-MS setup, voltages of 4.5 kV + AE
and 4.5 kV were applied to the WE and CE, respectively, in
which 4.5 kV acted as the droplet spray voltage, while AE was
the electrooxidation potential driving the electrochemical reac-
tion (Fig. 5a).°> Wei’s group established a floating electrolytic
electrospray ionization platform (FE-ESI-MS) for in situ electro-
chemical process monitoring and intermediate characteriz-
ation.®* As shown in Fig. 5b, by integrating a micro electrolytic

This journal is © The Royal Society of Chemistry 2025

cell into the nESI and controlling the polarity of voltage (AV),
this design decoupled electrolysis from electrospray, overcom-
ing limitations of conventional ESI and allowing investigation
of any electrochemical process across oxidative or reductive
modes in both positive and negative polarities. By inserting a
Pt wire into a large-orifice (139 pm) quartz capillary (Fig. 5c),
Yan’s group created a unique microreactor environment at the
solution-air interface of the resulting Taylor cone. This setup
allows for continuous electrode-reactant contact and acceler-
ates electrochemical reactions within the confined volume.*>*
Using the porous structure of nitric acid-treated carbon fiber
paper (A-CFP) as the ESI emitter and WE permitted shorter ion
transport distances and a larger sample contact area in the
EC-MS setup, therefore achieving the real-time monitoring of
electrochemical reaction intermediates, such as chlorproma-
zine (CPZ), 1,4-diazabicyclo octane (DABCO), and N-phenyl-
1,2,3,4-tetrahydroisoquinoline (N-Ph-THIQ) radical cations on
the millisecond scale (Fig. 5d).°° Similarly based on carbon
paper electrodes, Zhang’s group developed a novel “paper-in-
tip” platform integrating a triangular conductive paper within
a plastic pipette tip to function simultaneously as an electro-
spray emitter and a bipolar electrode (BPE) (Fig. 5e) and
achieved the synchronized electrospray ionization and bipolar
electrolysis upon application of a single high voltage.®” Bipolar
electrolysis facilitates complementary oxidation and reduction
reactions independent of MS ion mode polarity, providing
structural insights into mechanism elucidation.

Based on the above research studies, the strategy of directly
constructing an ultramicroelectrode at the tip of the ion

Analyst, 2025, 150, 4490-4510 | 4495
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with permission from ref. 70. Copyright (2020) Wiley-VCH.

emitter in the electrospray ion source not only shortens the
distance between the EEIs and the MS inlet but also increases
the electrode-surface-to-volume ratio, thereby fostering the
capture of transient intermediates during electrochemical pro-
cesses. Shao’s group fabricated a hybrid ultramicroelectrode
by introducing a carbon microelectrode, agar-gel/organic
hybrid ultramicroelectrodes or water/PVC-gel hybrid ultrami-
croelectrodes into the tip of a quartz theta micropipette.®®®°
Driven by a piezoelectric pistol, this hybrid ultramicroelectrode
serves both as an electrode and an nESI emitter for MS,
thereby simultaneously initiating electrochemical reactions
and enabling rapid capture of reaction intermediates. Xu’s
group coupled a carbon BPE with nESI-MS for the online
monitoring of ultrafast electrochemical processes (Fig. 5f).”°
Using this technique, the researchers detected, for the first
time, the tripropylamine (TPrA) radical cation with a half-life

4496 | Analyst, 2025, 150, 4490-4510

of 200 ps and the catechol quinone radical, thereby revealing
the electrochemical oxidation mechanisms of TPrA and dopa-
mine at the molecular level. In addition, they further fabri-
cated a gold microelectrode into the tip of an ion emitter and
successfully realized the low-delay combination of electro-
chemistry and MS.”" Leveraging the rapid response of this
coupling interface, the fleeting intermediates formed from the
electrooxidation of carbazoles and indoles were unambigu-
ously detected. Despite boosting temporal resolution of EC-MS
through direct integration of electrodes and ESI, inherent in-
source electrochemical reactions during the electrospray
process distort intentional electrode processes, making true
electrochemical system reconstruction unattainable. For this
reason, Pradeep’s group presented a novel EC-MS coupling
setup by employing a paper-based electrochemical cell sup-
ported by carbon nanotubes (CNTs). In this setup, ions

This journal is © The Royal Society of Chemistry 2025
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formed electrochemically at appropriate potentials were
efficiently ejected into the gas phase from the CNT-modified
paper, eliminating the requirement for an additional potential
to achieve ion transfer.””

2.3 EC-MS methods for real-time tracking of the
intermediate dynamics

Conventional electrochemical techniques, such as cyclic vol-
tammetry (CV) and chronoamperometry (CA), enable the
dynamic evaluation of reaction thermodynamics and quanti-
tative interrogation of interfacial kinetics via applied potential
or time-dependent current measurements.”> However, these
methods lack the capability to simultaneously follow the mole-
cular-level dynamics of multiple reaction intermediates in
dynamic electrochemical processes. This highlights the need
for an advanced EC-MS platform that excels in both temporal
resolution and the dynamic monitoring of the potential- and
time-dependent fates of multiple intermediates, which is
poised to enable the comprehensive understanding of the reac-
tion mechanism and the elucidation of interactions between
reactive intermediates within intricate electrochemical reaction
networks. Recent efforts in coupling voltammetry methods
with MS have demonstrated significant mechanistic insights.
Roithova’s group integrated voltammetry and electrochemical
impedance spectroscopy (EIS) with ESI-MS to develop
VESI-MS and EIS-ESI-MS, enabling real-time tracking of
electrochemical intermediates during CV scanning (Fig. 6a).”*
This approach establishes critical correlations between voltam-
metry responses and detected species, revealing diffusion-layer
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dynamics governing electrode reactions. Nevertheless, this
EC-MS technique remains constrained to monitoring fleeting
intermediates due to inherent species transfer delays from the
electrode to the MS inlet. Recently, Chen’s group presented a
time-resolved operando EC-MS platform through integration of
a functionalized electrochemical microreactor with nESI-MS
for stepwise monitoring of reactive intermediates in electro-
synthesis across both direct current (DC) and alternating
current (AC) regimes.”® As illustrated in Fig. 6b, two Pt wire
electrodes were inserted into a glass capillary, in which the Pt
wire WE at the tip ensures the rapid transfer of short-lived
intermediates into gas-phase ionization for MS detection. By
employing adjustable DC or AC power (pA to mA), this system
effectively simulates practical electrosynthetic conditions and
significantly accelerates reactions. Furthermore, building on a
previously established FE-ESI-MS platform, Wei’s group suc-
cessfully monitored and characterized transient intermediates
in real time during the electrochemical processes, providing
molecular evidence for the reaction pathways between indole
radical cations and various partners in the dearomatizing
esterification reaction (Fig. 6c).”> Such detailed insights into
the formation of these dynamic active intermediates are vital
for pioneering new reactivity and promoting efficient, lasting
electrochemical processes. In addition, by constructing an
electrochemical flow cell within a pneumatic spray device and
coupling it with atmospheric pressure chemical ionization
(APCI), Cui et al. proposed a step scanning voltage EC-MS
(SSV-EC-MS) and achieved the direct capture and APCI-MS ana-
lysis of freshly formed intermediates, in which the APCI
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Fig. 6 (a) Schematic illustration of the EC-MS setup integrated voltammetry into ESI-MS (VESI-MS). Reprinted with permission from ref. 74.
Copyright (2024) Wiley-VCH. (b) Schematic of the time-resolved operando EC-MS platform. Reprinted with permission from ref. 28. Copyright
(2023) Wiley-VCH. (c) Working process of the FE-ESI-MS setup for the real-time tracking of the intermediate dynamics. Reprinted with permission
from ref. 75. Copyright (2024) The Royal Society of Chemistry. (d) Schematic of the RT-Triplex platform for electricity-luminescence-mass synchro-
nization. Reprinted with permission from ref. 77. Copyright (2022) The Royal Society of Chemistry.
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boosted sensitivity for low-polarity species and decoupled
ionization from EC control.”®

Correlating multiple parameters, specifically mass spectro-
metric and electrochemical signals, in real time during electro-
chemical processes allows for the determination of each elec-
tron transfer event at the molecular level, leading to a deeper
comprehension of electrochemical reaction mechanisms and
aiding the dissection of complex reaction networks. Aiming to
correlate the signals of short-lived intermediates with the
applied potentials, our group designed and constructed an
integrated mass spectrometric platform (RT-Triplex) for real-
time acquisition and synchronization of electrical, lumine-
scence, and mass spectrometric signals during dynamic EC/
ECL processes.”” As shown in Fig. 6d, by integrating a home-
made capillary electrochemical microreactor, a photomulti-
plier tube (PMT) and a Venturi easy ambient sonic-spray
ionization mass spectrometer (V-EASI-MS), this RT-Triplex not
only identifies the electrochemical short-lived intermediates
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with sub-millisecond half-lives but also tracks and dis-
tinguishes multi-step electrochemical redox processes invol-
ving multi-electron transfers at high potentials and with tem-
poral resolution.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
can perform real-time sample detection through the analysis
of secondary ions liberated from a sample surface by primary
ion bombardment under a high vacuum.”®’® Nevertheless, the
necessity for a high-vacuum environment restricts its capa-
bility for in situ, real-time monitoring of electrochemical reac-
tions. To address this limitation, Zhu and Yu’s group pio-
neered an in situ liquid ToF-SIMS technique by integrating
ToF-SIMS with a vacuum-compatible microfluidic electro-
chemical device for in situ analysis of the solid-liquid inter-
faces.®® As shown in Fig. 7a, this EC-MS platform utilizes a
silicon nitride (SiN) membrane to isolate the electrolyte within
the electrochemical cell from the vacuum environment. A
primary ion beam subsequently etches a 1-2 pm diameter
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Fig. 7 (a) Schematic illustration of the side view of in situ liquid ToF-SIMS. Reprinted with permission from ref. 81. Copyright (2017) American
Chemical Society. (b) Schematic of in situ liquid ToF-SIMS coupled with an electrochemical workstation for probing EEls during an electrochemical
reaction of APAP. Reprinted with permission from ref. 82. Copyright (2019) American Chemical Society. (c) Schematic of in situ liquid ToF-SIMS
measurement through the microaperture drilled by the primary Biz* ions and the potential-resolved signal trends during the potential scan on the
gold electrode surface. Reprinted with permission from ref. 84. Copyright (2021) American Chemical Society. (d) In situ liquid ToF-SIMS chemical
mapping of key ionic species at 20 °C, 30 °C, and 50 °C, showing the increased formation of VO3~ and V,Os™ at elevated temperatures while anion-
coordinated species VO,SO,~ and VO,SO4VO,~ remain relatively stable. Reprinted with permission from ref. 85. Copyright (2025) Wiley-VCH.
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micro-aperture through the SiN membrane, enabling in situ
analysis of the confined liquid surface within the microporous
region. Compared to EC-MS methods based on ESI-MS and
AIMS, in situ liquid ToF-SIMS provides exceptional surface sen-
sitivity and nanoscale information depth. This technique
allows simultaneous in situ ionization of both solid surfaces
and liquid phases at EEIs, thereby enabling real-time charac-
terization of the electric double layer at the nanoscale.®" Zhu’s
group adopted the electrochemical reactions of acetamino-
phen (APAP) as a mimetic cytochrome P450 catalytic metab-
olism and employed ToF-SIMS to directly track the release and
recombination of hydrated protons at the EEIs during the
electrochemical reaction of APAP (Fig. 7b).** Zhang et al. uti-
lized in situ liquid ToF-SIMS to investigate the electrocatalytic
oxidation of ethanol on a gold electrode in an alcohol fuel cell
system. By correlating the real-time signals obtained from the
surface of the gold electrode at different potentials with the
oxidation products, the surface adsorbed hydroxide intermedi-
ates characterized by Au,OH,~ ions were molecularly deter-
mined to be the active surface sites on gold governing the
electrocatalytic process.®> Building on prior research, Zhang
et al. investigated the formation and evolution of the EEIs
between a gold electrode and phosphate buffer solution and
found that sodium cations form ion pairs with phosphate
anions (PO;") on the positively charged gold electrode surface,
resulting in a dense adsorption phase to retard electro-
chemical reactions (Fig. 7¢).®* Recently, Mu et al. revealed the
solvation structure and chemistry transformation mechanism
of V(v) electrolytes in vanadium flow batteries (VFBs) through
atomic-level simulations and in situ liquid ToF-SIMS character-
ization studies (Fig. 7d). Through in situ liquid ToF-SIMS
monitoring of the thermal behavior of V(v) solvated species in
electrolytes, they have clarified the transformation from
[VO,(H,0);]" to VO(OH)s, identifying the second deprotonation
as the rate-determining step in VFBs.*®

3. Applications of EC-MS methods in
mechanistic investigation of
electrochemical reactions

3.1 Organic electrosynthesis

Organic electrosynthesis directly employs electrons to drive
redox reactions, providing a robust and environmentally
benign strategy for the selective synthesis of target mole-
cules.®*®® In recent years, EC-MS methods, characterized by
high sensitivity and specificity, have been harnessed for the
detection of fleeting intermediates and the screening of poten-
tial substrates in organic electrosynthesis, serving as a power-
ful tool for investigating reaction mechanisms and uncovering
hidden reaction pathways.®® As a crucial aspect of studying
electrochemical reaction mechanisms, determining the initial
step offers fundamental insights into how these reactions
commence. However, this initial step frequently involves a
one-electron transfer, generating unstable radical cations or

This journal is © The Royal Society of Chemistry 2025
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anions, which consequently poses significant experimental
challenges. For this purpose, Zare and Chen’s group developed
a novel EC-MS platform featuring a “waterwheel” (WE) inte-
grated with DESI-MS and achieved the first mass spectrometric
snapshots of DMA radical cations, a key intermediate pro-
duced during the one-electron oxidation of DMA.*° Regarding
the electrochemical oxidation of ANI, Jiang’s group utilized an
EC-DSI-MS setup to rapidly capture the ANI radical cations
formed upon the one-electron oxidation of ANL® In addition
to the detection of radical cations or anions generated in the
initial step of electrochemical reactions, the direct observation
of the electrochemically generated nitrenium ions from the
electrooxidation of 4,4-dimethyoxydiphenylamine (DMDPA)
and di-p-tolylamine (DPTA) was achieved at the molecular level
by using EC-DESI-MS.*°

Understanding the reaction mechanisms of organic electro-
synthesis relies on identifying key intermediates along the
reaction pathway, as these often dictate the reaction outcomes.
Therefore, direct observation of these intermediates provides
invaluable insights into the underlying electrochemical pro-
cesses.”® Chen’s group reported the detection of short-lived
carbazole radical cations from the electrooxidation of carba-
zole using EC-DESI-MS. Following the successful observation
of these key intermediates, they have clarified the carbazole
dimerization mechanism, demonstrating that it proceeds via
the reaction of one radical cation with one neutral molecule,
rather than the previously proposed coupling of two radical
cations (Fig. 8a).”" Utilizing a home-built EC-MS platform, the
reactivity between N-cyclopropylaniline radical cation toward
alkenes was explored by their group (Fig. 8b). Based on the
molecular information obtained from this reaction, a novel
redox-neutral reaction pathway involving intermolecular [3 + 2]
annulation between N-cyclopropylanilines and alkenes was
uncovered, which directly affords an aniline-substituted
5-membered carbocycle through direct electrolysis, with yields
reaching up to 81%.°> Additionally, the degradation pathway
of ciprofloxacin removal via the electro-Fenton-like process was
verified by mass spectrometric detection of six characteristic
intermediates.”® As shown in Fig. 8c, Hu et al. employed an
EC-MS based hybrid BPE and nESI-MS to reveal a previously
hidden nitrenium ion involved in the reaction pathway in the
C-H/N-H cross-coupling reaction between DMA and phe-
nothiazine (PTA) by detecting the key intermediate nitrenium
ion.”* Based on FE-ESI-MS, Wei's group identified several
nitrene intermediates, thereby revealing a hidden reaction
pathway in which nitrene formation plays a crucial role in the
electroreductive coupling process.® Recently, through the
capture of key intermediates, Wei’s group collaborated with
Lei’s group to provide the molecular-level evidence for the
reaction between indole radical cations and both radical pre-
cursors and nucleophilic reagents, guiding the development of
an electrochemical dearomatizing esterification of indole and
synthesis of a diverse array of 3,3-disubstituted oxindoles with
notable regioselectivities (Fig. 8d).”” In addition, the molecular
evidence for the formation of a-amino radical cations and
iminium cations in the electrochemical oxidative a-C(sp®)-H
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Fig. 8 (a) Proposed oxidation and dimerization pathway of CBZ verified by the EC-MS setup with the rotating waterwheel WE. Reprinted with per-
mission from ref. 91. Copyright (2020) American Chemical Society. (b) Schematic of an EC-MS platform for the mechanistic study of the [3 + 2]
annulation reaction of N-cyclopropylanilines and styrene. Reprinted with permission from ref. 92. Copyright (2020) The Royal Society of Chemistry.
(c) Schematic of an on-the-fly microdroplet based microreactor for mass spectrometric probing of the flash chemistry of electrogenerated inter-
mediates and the proposed mechanism for cross-coupling between DMA and PTA. Reprinted with permission from ref. 94. Copyright (2021) Wiley-
VCH. (d) Proposed pathway of the electrochemical oxidative dearomatizating esterification reaction of 3-phenyl N-acetyl indole and cinnamic acid
verified by FE-ESI-MS. Reprinted with permission from ref. 75. Copyright (2024) Cell.

functionalization of tertiary amines was provided by utilizing
BPE-nESI-MS.”” In addition to the interfacial electrochemical
reactions at heterogeneous EEIs, organic electrosynthesis reac-
tions also involve homogeneous processes in the electrolyte.
To address this complexity, our group developed a decoupled
electrochemical flow microreactor hyphenated mass spec-
trometry platform (DEC-FMR-MS), which enables segmented
mechanistic investigation of electrode and homogeneous pro-
cesses by tracking the fate of key intermediates. Leveraging
this approach, we discovered two hidden quasi-electrocatalytic

4500 | Analyst, 2025, 150, 4490-4510

pathways mediated by nitrenium ions and N,N,N',N'-tetra-
methylbenzidine radical cations (TMB™") in electrooxidative C~
H/N-H cross-coupling. Moreover, we elucidated homogeneous
reaction routes initiated by alkene radical cations and nitrenes
during electrochemical aziridination at the molecular level.”®
Regarding the electrosynthesis mediated by molecular cata-
lysts, Wan et al. utilized an EC-nESI-MS method (Fig. 9a) to
investigate the mechanism of the TEMPO-mediated dehydro-
genation of THQ by capturing several key intermediates such
as TEMPO', TEMPOH, and 1,2-dihydroquinoline.>® Building

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5an00785b

Published on 09 2025. Downloaded on 09-12-2025 2:59:47.

View Article Online

Analyst Critical Review
a [
Red Ox L 3
I AgQRE Pi CE glN2
# z MS
®® ++ = i - Jh
A 1 = =5 alfs!
'
P f—n PtWE L)
e . Graphite plate
= ] CE ;
[e]
= % Ag QRE 2
A
IK‘
ﬁQ " Setup of DEC-FMR-MS
e >E)< NH
TEMPO* ~ 05 7 04
156.1395 = y=-1.718x - 0.
Anode TEMPO* L o K e Rz0043
m/z 156 + \ k=172s"
_N 2 -0.5 X
3 S
¢ QH * = N
+ f Control ™~ o Q
N N H @é‘ = L— 10cm 8 -1.5 AN N\
& T _ 12cm ~ “ /L J \\0
i 14 cm 5 ~ i
- 16 cm 2.5
TEMPQ TEMPOH dh— ™ 2" L S o3 08
m/z 158 154 156 158 160 ¢
Anod reaction (S)
H* e node
(o

Direct current electrolysis
s’ SH
=5
H
5A 5

o
"
(a' 6 .e_\ ! /@/ IEC oxidation
i S\, 0
Ry Fesad PR
[6A] " /@’ .
< N 58 (58] (8" 139.0212

246.0531
- .
g veg
L . g
N S ~
15 \@\ (6B*+Na]* /@ /@ .
o~ 299.0587 9

Captured by
B | ong mass ransfer distance A DMPO [9+H]* 263.0559
------------ qren-mmsn===t  [SADMPOJ
2 236.1104 Side reaction
Ts
e
/©/ J Unfavored main reaction
N
0

Alternating current electrolysis

| A |

SH s
JorFeog UV
H Ts’NO\ (6+H)'
5 5A

278.0845
o
e 6
H . o
(58] /©/ y 70 i )
* S,
246,0531 /@( s =

% H,
% 6A i H,

] He
\ : . | (68*+Na]*
‘ e N 299.0587
Captured by R
DMPO o

(SADMPO} A 5ame electrode 5B 300.0663

236.1104 ;I—‘ 100

Ts
Favored main reaction N~5©/
o

7 [7T+NH,) 417.1301

@
“
dwm
\ 3
o
S
3
2
Pleleciiode

1(%)
o
[ 299.0585

2985 300.0 3015
mz

Fig. 9 (a) Schematic illustration of the real-time electrochemical reaction platform and the proposed mechanism of TEMPO-mediated oxidation of
THQ. Reprinted with permission from ref. 51. Copyright (2018) The Royal Society of Chemistry. (b) Schematic of a decoupled electrochemical flow
microreactor hyphenated mass spectrometry platform (DEC-FMR-MS), and positive-ion-mode mass spectra and the plot of n (/156/(l156 + l158))
against reaction time for the reaction between electrochemically generated TEMPO* and THQ operated at different lengths of the mixing capillary.
Reprinted with permission from ref. 96. Copyright (2025) Nature. (c) Proposed mechanism of the N-S bond formation reaction under DC and AC
electrolysis. Reprinted with permission from ref. 28. Copyright (2023) Wiley-VCH.

on this, Li et al., using an electrochemical extraction electro-
spray ionization mass spectrometry (EC-EESI-MS) setup, found
that TEMPO" reacts with THQ via electron transfer to produce
THQ'" and TEMPOH. Subsequently, THQ™" converts to dihy-
droquinoline in solution, while TEMPOH is reoxidized at the
electrode to regenerate TEMPO', which leads to the continu-
ous dehydrogenation of dihydroquinoline to quinoline
(Fig. 9b).” Recently, our group employed DEC-FMR-MS to
measure the kinetics of the TEMPOH-mediated dehydrogena-
tion reaction of N-heterocycles. The kinetic measurements
revealed that THQ cores substituted with electron-donating
groups on the benzene ring exhibited faster kinetics than
those bearing electron-withdrawing moieties.’® In recent years,
the unique ability of alternating current (AC) electrolysis to
facilitate both oxidation and reduction processes on the same
electrode surface, unlike direct current (DC) electrolysis, has

This journal is © The Royal Society of Chemistry 2025

drawn considerable attention in the field of electroorganic syn-
thesis. Wan et al. proposed a time-resolved EC-MS platform to
study the reaction mechanism of AC electrosynthesis under
operando electrosynthetic conditions and verified the unique
reactivities of AC electrosynthesis. Direct verification of
effective cross-coupling between transient sulfur- and nitro-
gen-centered radicals, generated via AC electrolysis, was
achieved through rapid capture of neutral radicals, while time-
resolved intermediate mapping revealed AC electrolysis kinetic
control over N-radicals to suppress homocoupling pathways in
multistep electrosynthesis (Fig. 9¢).>®

3.2  Electrocatalysis

Given the pressing demand for advancements in clean energy
technologies, electrocatalysis employs catalysts to improve
reaction kinetics and boost selectivity by lowering electro-
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chemical reaction energy barriers, contributing sustainable
solutions to the discovery and utilization of alternative energy
sources.’®®? Real-time monitoring of electrode interface pro-
cesses and rapid capture of critical intermediates yield
mechanistic insights that direct catalyst design and selectivity
optimization. Recently, EC-MS technology has shown signifi-
cant promise in dissecting complex electrocatalytic reaction
networks. The significant CO, emissions from chemical manu-
facturing have spurred the pursuit of sustainable electro-
catalytic CO, conversion technologies.'® DEMS has emerged
as a powerful tool for mechanistic investigations of the electro-
catalytic CO,RR, owing to its ability to provide real-time, high-
sensitivity monitoring of both gaseous and volatile liquid pro-
ducts under operando conditions. Guo et al. employed online
DEMS to track ion signals of H,, CO, and formate during the
CO,RR on Bi@C-700-4 catalysts, elucidating the potential-
dependent onset of formate production and its correlation
with high catalytic selectivity.'”" Utilizing DEMS to track
product evolution during pulsed electrolysis of CO, on silver
and copper electrodes, Ye et al. discovered that anodic pulses
play a crucial role, which trigger surface reconstruction and
modify the interfacial environment, consequently boosting
local CO, levels and improving CO,RR selectivity.'> In
addition, the combination of an isotope labeling strategy with
DEMS offers a powerful means for tracking carbon transform-
ation pathways, identifying the origins of intermediates and
products, and elucidating complex reaction mechanisms. For
instance, DEMS was employed to measure the ion signals of
2C0,, *C0,, '*CO, and CO during the -electrocatalytic

View Article Online
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CO,RR, therefore confirming the existence of two CO, transfer
pathways. As shown in Fig. 10a, by introducing >CO, and
H"CO;" into the electrolytic cell under both open-circuit and
applied-potential conditions, the critical transport role of
HCOj;™ in facilitating CO, formation via rapid buffer reactions
was revealed.'®

To tackle nitrate pollution and reduce the energy burden of
ammonia production, the electrocatalytic nitrate reduction
reaction (NO;RR) is emerging as a viable and increasingly
researched technology.'® In this context, EC-MS has proved
indispensable for elucidating reaction dynamics through real-
time monitoring of nitrogen species, thereby guiding catalyst
optimization strategies. Furthermore, recent work underscores
the versatility of DEMS in dissecting NOz;RR mechanisms
across a wide array of catalysts. Wang et al. applied online
DEMS to track key nitrogen intermediates, such as NO,,
NO, NH,OH, and NHj;, during the electrocatalytic NO;RR
on Cu/Cu,O nanowires, revealing a stepwise hydrogenation
pathway where *NO-to-*NOH conversion governs selectivity
(Fig. 10b).’®> Han et al. combined DEMS with "N isotope
labeling to trace ammonia formation during the NO;RR on
RuCo alloys. Through real-time MS monitoring under potential
cycling, dynamic alterations in nitrogen species were observed,
validating a complex three-step relay mechanism encompass-
ing spontaneous redox, electrochemical reduction, and electro-
catalytic conversion.'°® Zhang et al. used DEMS to study the
NO;RR on Fe/Cu diatomic catalysts, identifying NO as the
main intermediate and NH; as the predominant product, sup-
porting a reaction network with both dissociative and associat-
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ive pathways.'® Furthermore, with recent advances in oper-
ando DEMS, the mechanistic studies have been extended to
complex C-N coupling processes, revealing the dynamic inter-
actions between nitrogen-containing intermediates and
carbon-based reactants that affect product selectivity. In
pulsed co-electrolysis for urea synthesis, DEMS revealed alter-
nating CO and NH, signal intensities at carbon nanotube elec-
trodes coated with an iron tetraphenylporphyrin (FeTPP) cata-
lyst, confirming potential-dependent accumulation of *CO and
*NH, intermediates crucial for C-N bond formation.'®® In
addition to the CO,RR and the NO3;RR, Lucky et al. utilized
EC-MS to investigate the potential-dependent distribution of
surface compounds in the electrocatalytic oxidation of
methane on Pt electrodes. Through direct measurement of
adsorbate oxidation products, they revealed that methane
adsorption exhibits strong potential dependence, peaking at
0.3 V vs. RHE. Furthermore, they identified *CO as the domi-
nant surface intermediate, regardless of the methane adsorp-
tion potential.’®®

Beyond the crucial capability of EC-MS for online detection
of gaseous and volatile products, the rapid capture of liquid-
phase metastable intermediates offers equally vital, direct evi-
dence essential for unraveling the intricate mechanisms
underlying electrocatalytic reactions. Bairagi et al. developed a
general EC-MS platform to identify key intermediates in the
CO,RR catalyzed by a series of cobalt complexes featuring tris
(2-pyridylmethyl)amine (TPA)-ligands with amino group modi-
fications in the secondary coordination sphere (Fig. 10c). By
combining the EC-MS experiments with density functional
theory (DFT) calculations, they revealed that the by-product Co
(1)-carbonyl species acts as a catalyst poison during CO,-to-CO
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conversion. Furthermore, protonation of Co(i) complexes also
initiates the HER, which is subsequently amplified by in situ
conversion of secondary sphere amino groups to carbamate,
thereby accelerating H, evolution."'® In the context of other
electrocatalytic reactions, such as the electrochemical oxygen
reduction reaction (ORR), Shao’s group utilized EC-MS to
investigate the oxygen reduction reaction (ORR) catalyzed by
ferrocene (Fc) and cobalt tetraphenylporphyrin (CoTPP) at the
liquid/liquid interface. The key intermediates, (Co(u)-O,)TPP
and (Co(m)-OH)TPP, were identified during this reaction
process, elucidating the four-electron pathway of ORR
(Fig. 11a).®® Recently, this research group successfully detected
crucial iron-oxygen intermediates using an in situ EC-MS
setup, thus providing detailed experimental evidence for the
catalytic cycle of the ORR catalyzed by [Fe(u)TPP]" and indicat-
ing a 4e”/4H" mechanism of this reaction.""" By integrating
current responses obtained from CV and EIS with dynamic
intermediate profiles collected via ESI-MS, Surendran et al
detected various reaction intermediates and revealed degra-
dation pathways in the ORR catalyzed by an iron tetraphenyl
porphyrin (FeTPP) complex under different kinetic regimes
(Fig. 11b).""> Furthermore, Shao’s group directly observed key
short-lived intermediates during water oxidation catalyzed by a
cobalt-tetraamido macrocyclic ligand complex (COTAML) using
an EC-MS method.""® This important observation further con-
firmed the possibility of a water nucleophilic attack mecha-
nism for the single-site water oxidation catalysis at the mole-
cular level (Fig. 11c)."™® Recently, Cheng et al. surprisingly dis-
covered that the reactive transition metal cations, such as Pd
() species, could be generated due to the anodic corrosion of
the Pd electrode in the ion emitter of nESI, which further cata-
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Fc in the organic phase catalyzed by CoTPP. Reprinted with permission

from ref. 69. Copyright (2019) American Chemical Society. (b) The electrocatalytic ORR mechanism catalyzed by Fe(1)(TPP). Reprinted with per-

mission from ref. 112. Copyright (2024) American Chemical Society. (c) Sch

ematic illustration of the in situ EC-MS setup and the proposed mecha-

nism of water oxidation catalyzed by Co(i)-TAML. Reprinted with permission from ref. 113. Copyright (2022) American Chemical Society.
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lyzed the cascade Suzuki coupling/electrochemical C-H aryla-
tion at room temperature. Plausible catalytic routes of cascade
Pd-catalyzed Suzuki coupling/electrochemical C-H arylation
were proposed on the basis of observed multiple key Pd inter-
mediates. More importantly, this EC-MS platform showcases
the capability of integrating an electrochemical microreactor
with MS, which greatly aids mechanistic studies by capturing
various intermediates.'®

3.3 Lithium-ion batteries

Lithium-ion batteries (LIBs) power a wide array of applications
from portable electronic devices and electric vehicles to grid-
scale renewable energy storage systems, owing to their high
energy density, long cycle life, low self-discharge rate, and
robust performance across diverse environmental con-
ditions."™ However, significant debate persists regarding the
lithium-ion solvation process and the formation mechanism
and the composition of the solid electrolyte interphase
(SED)."™'® In recent years, the development of EC-MS has
made it possible to monitor the chemical composition of SEI,
enabling a world of possibilities for deeply investigating the
complex physical and chemical processes occurring at EEI in
LIBs. Among them, in situ ToF-SIMS with its unique capability
for spectrally and depth-resolved data offers a potent means to
elucidate SEI composition, investigate electrolyte degradation
pathways, and map reaction zones across LIB interfaces. In
response to the volatile electrolyte environment of LIBs, Zhu
et al. firstly designed a specific liquid cell device to integrate
ToF-SIMS, allowing for the investigation of lithium plating and
stripping dynamics on a copper electrode. Through in-depth
profiling of representative secondary ions from both positive
and negative electrodes, they discovered that Li metal depo-
sition on copper induces solvent condensation. This process
establishes a lean electrolyte layer near the electrode which is
depleted of salt anions and Li', thereby contributing to the
overpotential of LIBs. Their finding provides unique insights
into molecular-level dynamics of initial SEI formation.""”
Solvation plays a key role in determining the transport rates
of lithium ions, the stability of the electrolyte, and the
dynamics of SEI formation. In situ liquid ToF-SIMS requires no
liquid pretreatment procedures, such as desalination, enabling
direct probing of solvation structures in electrolytes.
Leveraging this capability, Wang and Zhu’s group utilized
in situ ToF-SIMS to analyse lithium bis(fluorosulfonyl)imide/
1,2-dimethoxyethane (LiFSI/DME) and lithium hexafluoro-
phosphate/ethylene carbonate-dimethyl carbonate (LiPFe/
EC-DMC) systems in LIBs. Their investigation has shown that
Li" ions are predominantly solvated by EC molecules within
the LiPF¢/EC-DMC system, and a subtle attractive force is
detected between EC and PF,~ ions as well.''® Zhang et al.
investigated the chemical evolution during high-temperature
calendar aging at the anode/electrolyte interfaces in LiPFs and
LiFSI electrolyte systems by using in situ liquid ToF-SIMS.
Representative in situ liquid ToF-SIMS spectra in the positive
and negative ion modes of the LiPFs-based and the LiFSI-
based electrolyte were recorded before and after high-tempera-
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ture calendar aging for 6 d, highlighting the signals of ions
related to hydrolysis and showing their intensity evolution
(Fig. 12). Drawing on these observations, they identified that at
high temperatures, trace H,O preferentially attacks anion
aggregates in LiPFg, triggering its hydrolysis. The resulting in-
organic compounds aid in constructing an inorganic-rich SEI,
enhancing anode stability. Conversely, LiFSI-based electrolytes
are hydrolysis-resistant, leading to the preferential formation
of an organic-rich SEL.'**

During charge and discharge cycles, the complex chain
reactions linked to the decomposition of electrodes and elec-
trolyte materials can trigger gas evolution inside the LIBs,
which not only undermines their energy storage capacity but
also poses significant safety risks.'*° Based on real-time detec-
tion of various gaseous reaction products, DEMS allows for
detailed investigation of SEI formation, irreversible capacity
loss, degradation pathways, overpotential evolution, interfacial
stability, and gas evolution processes.’®*'?! By combining
DEMS and MS titration, McShane et al. characterized graphite
SEI formation under varying LiPF, concentrations by detecting
and quantifying gas evolution (H,, C,H,, and CO,). The results
revealed that increasing the LiPFs concentration leads to a
thicker inner SEI rich in LiF and a thinner outer SEI rich in
alkyl carbonates, ultimately resulting in a thinner overall SEI,
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Fig. 12 Schematic illustration and photograph of the assembly of the
ultrahigh-vacuum compatible microfluidic device, and representative
in situ liquid ToF-SIMS spectra in the positive and negative ion modes of
the LiPFg-and LiFSI-based electrolytes before and after high-tempera-
ture calendar aging for 6 d (144 h), highlighting the signals of ions
related to hydrolysis and showing their intensity evolution. Reprinted
with permission from ref. 119. Copyright (2025) Wiley-VCH.
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while the deposited LiEDC is transformed into LiEMC by HF
and further converted into noncarbonate species through a
host of other reactions (Fig. 13a)."** Nakanishi’s group utilized
the Br /Br’~ redox couple as a model mediator to investigate
its mitigating effects on Li,O, formation and decomposition
in Li-O, batteries. Through a combination of nanoscale sec-
ondary ion mass spectrometry (Nano-SIMS) isotopic 3D
imaging and DEMS analyses, they have observed that the oxi-
dative decomposition of Li,O, is highly dependent on the cell
voltage and discovered that accelerating the redox mediator’s
reaction rate at the Li,O,/electrolyte interface is crucial for
enhancing battery cycle life."*® Furthermore, the high solubi-
lity of long-chain polysulfides in Li-S batteries allows them to
permeate through the separator membrane during charge-dis-
charge cycles, causing self-discharge and lithium dendrite
growth, which in turn lead to capacity degradation and safety
concerns. Shao’s group investigated the distribution of polysul-
fides at different potentials using an in situ EC-MS platform
and subsequently selected cobalt phthalocyanine (CoPc) as a
model electrocatalyst to study the catalytic conversion of poly-
sulfides. By capturing a series of CoPc-lithium polysulfide
complex intermediates and mapping the distribution of
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Fig. 13 (a) The DEMS measurements of generated gases in the first for-
mation cycle of a Li-graphite cell. Insets show the proposed mechanism
of LiF deposition, LIEDC deposition, and the LIEMC chemical formation
mechanism. Reprinted with permission from ref. 122. Copyright (2022)
American Chemical Society. (b) Schematic of the EC-MS setup, relative
abundance distribution of various polysulfides at various potentials esti-
mated from the EC-MS data, and the proposed pathway of the electro-
lytic polysulfide conversion process with CoPc as an electrocatalyst.
Reprinted with permission from ref. 124. Copyright (2021) Wiley-VCH.
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various polysulfides at different potentials, they demonstrated
the selective catalytic activity of CoPc toward long-chain poly-
sulfides (Fig. 13b)."**

3.4 ECL

ECL is light emission from excited luminophores formed by
redox reactions at EEL. Understanding the ECL mechanisms is
vital for improving luminescence efficiency, developing novel
luminophore systems, and building selective, stable
sensors.'>'*®  Although conventional electrochemical and
spectroscopic methods offer insights into electron transfer
and energy level transition during ECL processes, they fall
short in revealing the detailed chemical transformation at the
molecular level."?”'*® Recently, EC-MS, capable of rapidly cap-
turing transient intermediates at the electrode surface, has
provided significant advantages for mapping reaction path-
ways in complex electrochemical systems, thereby broadening
its utility for advancing ECL mechanistic studies. The Ru
(bpy)s>*/TPrA system stands out as one of the most widely
employed ECL systems, with its mechanism having been
thoroughly investigated via the synchronous measurement of
luminescence and electrochemical signals during CV and step
scanning.'**"*° Despite this progress, obtaining a comprehen-
sive molecular-level understanding of the ECL process con-
tinues to pose a significant challenge. Utilizing an EC-MS
setup with a hybrid ultramicroelectrode, Shao’s group identi-
fied two ECL pathways in the Ru(bpy);*>'/TPrA system
(Fig. 14a). Applying 0.8 V to the electrode allowed the detection
of key intermediates [Pr,N=CHCH,CH;], [NHPr,]", and Ru
(bpy)s", corroborating the ECL “revisited route” at the mole-
cular level. At a higher potential (1.3 V), the intermediate Ru
(bpy);*>" was observed, which is then reduced to luminescent
Ru(bpy);*™* via co-reactant involvement.®® This group sub-
sequently employed EC-MS to study the ECL behavior of the
novel luminophore Ir(ppy);" by comparing the relative inten-
sity in the presence and absence of TPrA across different
potentials (Fig. 14b)."*' Additionally, Hu et al. firstly captured
the co-reactant TPrA radical cations with a lifetime of approxi-
mately 200 ps using a BUME-nESI-MS platform, which are con-
sidered to play an essential role in TPrA-mediated ECL.”® To
overcome the limitation of MS in directly detecting transient
neutral radicals, Liu et al. developed electrochemistry-neutral
reionization-mass spectrometry (EC-NR-MS) by connecting an
EC flow cell and an easy ambient sonic-spray ionization (EASI)
source (Fig. 14c)."** This setup allowed for the secondary
ionization and mass spectrometric analysis of key neutral
intermediates with strong reducing properties in ECL reac-
tions, such as the TPrA radical (TPrA"), the 2-(dibutylamino)
ethanol radical (DBAE’), and the triethanolamine radical
(TEOA"). Collaborating with Su’s group, Jiang’s group used this
EC-NR-MS platform to explore the reactivity of Ru(bpy);>" and
five co-reactants. By integrating the ECL signals and mass
spectra of neutral radicals and radical cations of five co-reac-
tants, including TPrA, DBAE, TEOA, 2,2’-(butylimino)diethanol
(BIDE) and 2,2-bis-(hydroxymethyl)-2,2’,2"-nitrilotriethanol
(BIS-TRIS), the reactivities of five tertiary amines consisting of
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Fig. 14 (a) Schematic illustration of the EC-MS setup containing one micro-carbon electrode and one empty micro-channel, and the “revisited ECL
route” of the Ru(bpy)s2*/TPrA system proposed by Bard. Reprinted with permission from ref. 68. Copyright (2016) The Royal Society of Chemistry.
(b) Schematic illustration of the EC-MS setup reported by Shao's group, the mass spectra of intermediate Ir(ppy)s*, and the comparison of the rela-
tive intensity of Ir(ppy)s* in the presence and absence of TPrA across different potentials. Reprinted with permission from ref. 131. Copyright (2018)
American Chemical Society. (c) Schematic diagram of the basic components of the EC-NR-MS setup, and the working principle of the ion deflector,
and the ECL pathway of the Ru(bpy)s>*/TPrA system at a low oxidation potential of 0.8 V. Reprinted with permission from ref. 132. Copyright (2021)
The Royal Society of Chemistry. (d) The mechanism for the ECL reaction of the BODIPY/TPrA system proposed by Bard and Min's group, and the
applied potential, ECL-time curve and EICs of characteristic ions obtained by modified RT-Triplex. Reprinted with permission from ref. 77. Copyright

(2022) The Royal Society of Chemistry.

hydroxyl groups were examined, and the lifetimes of corres-
ponding radical cations were estimated according to the ECL
distances in the vertical direction of the electrode surface.'*?
In addition to the Ru(bpy);*>"/TPrA ECL system, Jiang and
Su’s group verified the O, and "OH-mediated cathodic ECL
mechanism of an 8-amino-5-chloro-7-phenylpyrido [3,4-d]pyri-
dazine-1,4(2H,3H)-dione (L012)-O, ECL system by identifying
L012 intermediates. As shown in Fig. 14d, our group employed
RT-triplex for the identification of fleeting intermediates and
monitoring of ECL dynamic processes in luminol and boron

4506 | Analyst, 2025, 150, 4490-4510

dipyrromethene (BODIPY)/TrPA ECL systems. Due to the syn-
chronization of electrical, luminescence, and mass spectro-
metric outputs during ECL processes, two ECL pathways of
luminol regulated by key intermediates diazaquinone and
a-hydroxy hydroperoxide at electrooxidative potentials of 0.3 V
and 0.96 V were unraveled, respectively. Moreover, by observing
the flash ECL emission and employing a modified RT-Triplex
setup, the ECL “catalytic route” of BODIPY involving homo-
geneous oxidation of TPrA with the BODIPY radical cation is
proposed and verified at the molecular level.””

This journal is © The Royal Society of Chemistry 2025
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4. Summary and outlook

In summary, this review traces the development of EC-MS
methodologies for real-time electrochemical reaction monitor-
ing and their deployment across organic electrosynthesis, elec-
trocatalysis, LIBs, and ECL. Traditional approaches, such as
DEMS and EC-ESI-MS, serve as foundational techniques for
the online analysis of gaseous and liquid reaction products. To
achieve rapid detection of transient intermediates, innovative
strategies, including minimizing the distance between the EEI
and the MS inlet and the integration of ultramicroelectrodes
with ESI-MS, have been employed, markedly enhancing tem-
poral resolution. Moreover, EC-MS platforms based on the
AIMS technology, capitalizing on their unique capacity for
direct molecular interrogation at the EEIs, have demonstrated
exceptional efficacy in the capture of short-lived intermediates.
The advent of the time- and potential-resolved EC-MS rep-
resents a significant advancement, facilitating the dynamic
monitoring of fleeting intermediates with superior temporal
and potential resolution, thereby elucidating the relationship
between the ion signals of electrogenerated species and the
applied potentials. Consequently, driven by continuous refine-
ment of its capabilities, EC-MS has emerged as an indispens-
able analytical tool for probing reaction mechanisms in the
fields of organic electrosynthesis, electrocatalysis, LIBs, and
ECL.

Although significant efforts have been dedicated to enhan-
cing the temporal and potential resolution of EC-MS in real-
time monitoring of electrochemical reactions, the develop-
ment of operando EC-MS techniques, along with their in-depth
applications in the electrochemistry field, still lags consider-
ably behind expectations. (1) Current EC-MS achieves excellent
temporal and potential resolution but requires cell modifi-
cations for MS coupling and ionization, which compromises
the fidelity to the real electrochemical reaction conditions. (2)
The utilization of high-concentration and non-volatile electro-
lytes in electrochemical and electrocatalysis reaction systems
poses a significant challenge for MS analysis due to severe
matrix effects. (3) In light of the growing complexity of electro-
catalytic processes, it is crucial to simultaneously characterize
electron transfer, chemical changes, and structure evolution in
electrochemical systems, as well as to establish the dynamic
relationship between molecular and structural variations of
EEIs and applied potentials. Gaining such multidimensional
insights is essential for deciphering complex electrochemical
mechanisms, underscoring the need for integrating comp-
lementary analytical techniques.

Addressing the aforementioned drawbacks requires urgent
progress in several areas. Firstly, relentless innovation in the
coupling of electrochemical cells with MS is critical for achiev-
ing real-time monitoring and mechanistic studies of EC reac-
tions under operando conditions. The high fidelity of the
electrochemical reaction conditions not only bolsters the credi-
bility of mechanism studies but also unlocks potential appli-
cations in high-throughput screening of electrochemical reac-
tions, expedited optimization of reaction parameters, and the
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discovery of novel reaction systems. Subsequently, the develop-
ment of ionization sources boasting exceptional salt tolerance
or sophisticated online desalting methods is a pressing need
to broaden the utility of EC-MS in the field of energy electro-
chemistry. Equally important, the integration of MS with spec-
troscopic techniques, including FTIR and Raman spec-
troscopy, into multi-technique platforms constitutes a critical
frontier aimed at unraveling electron transfer mechanisms and
chemical transformations occurring at EEIs during electro-
chemical processes. As an emerging and powerful analytical
platform, we expect EC-MS technology to assume a more sig-
nificant role in the mechanistic study of electrochemical
reactions.
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