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Abstract Electrochemical reaction is a continuous dynamic process, accompanied by generation of short-lived intermedi-
ates and complex structural substances. Therefore, precisely and effectively capturing the products of the reaction process is
helpful to accurately deduce its reaction mechanism, optimize the reaction parameters and improve the reaction efficiency. At
present, the mainstream electrochemical on-line monitoring techniques include spectroscopy, cyclic voltammetry and linear
polarization curves. These methods are capable to detect the structure and composition changes of most substances in the
reaction process. However, in order to more systematically and accurately grasp the information of all products, the real-time
and in situ reaction monitoring technologies needs to be further expanded. Mass spectrometry (MS) has the advantages of
high sensitivity, good selectivity, rapid response time and structural analysis, making itself an ideal research method for elec-
trochemical reactions. In recent years, more and more reports on the study of electrochemical reaction by MS have been pub-
lished. In particular, ambient ionization sources such as electrospray ionization (ESI) and its derived ionization techniques
developed for electrochemistry have become a research hotspot. This review introduced the recently published electrochem-
istry-mass spectrometry (EC-MS) techniques, and described the electrochemical ion sources that designed and developed for
different types of electrochemical reactions.
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Figure 1 Schematic diagram of the on-line electrochemical-mass spec-
trometry device developed by Bruckenstein et al.*”!
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Table 1 Comparison of advantages and disadvantages, applicable sample status, commonly used reagents and polarity of analytes of different electro-

chemical-mass spectrometry methods
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“DEMS: Differential Electrochemical Mass Spectrometry; ? EC-ESI-MS: Electrochemical Electrospray lonization Mass Spectrometry; ¢ EC-DESI-MS: Electrochem-

ical Desorption Electrospray Ionization Mass Spectrometry; ¢ EC-DART-MS: Electrochemical Direct Analysis in Real Time Mass Spectrometry.
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Table 2 Summary of the electrochemical mass spectrometry techniques in this review
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“ DEMS: Differential Electrochemical Mass Spectrometry; * ESI: Electrospray Ionization; “ nESI: nano-Electrospray Ionization; ¢ DESI: Desorption Electrospray

Tonization; ° DART: Direct Analysis in Real Time;’EI: Electro lonization; € DSI: Droplet Spray lonization; * PSI: Paper Spray Ionization.
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Figure 2 (a) Schematic diagram of the on-line electrochemical mass
spectrometry device. (b) Schematic diagram of the mass spectrometry
entry. (c) Photographs of the pinhole entrance!*®). Reprinted with permis-
sion from Ref. 46 Copyright (2016) Hydrogen Energy Publications LLC.
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Figure 3 (a) Schematic and cross section of the small volume DEMS
device and its components: (1) copper wire, (2) mounting nut, (3) refer-
ence electrode, (4) battery cover plate, (5) Kel-F shaft, (6) porous glass
bead, (7) working electrode disc, (8) steel filter, (9) mass spectrum inlet,
(10) mounting ring, (11) steel screw, (12) electrolyte, (13) glass housing,
(14) counter electrode, (15) electrolyte inlet, (16) gas outlet; (b) Photo-
graphs of installations®®”). Reprinted with permission from Ref. 50 Copy-
right (2019) American Chemical Society.
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Figure 4 (a) Schematic diagram of on-line electrochemical mass spec-
trometry device developed by Koper et al. (b) amplification diagram of
on line electrochemical mass spectrometry probe!®!. Reprinted with
permission from Ref. 52 Copyright (2006) Springer.

ITHA, Clark 591 & 17— 8L DEMS 36 &, WK s
Fiw, ZREEH AL AR EA
RN ALK, AT BB B A F TR B R )
BIERAE EE RS TAE R, TAE AR AN B AR P

http://sioc-journal.cn 507



¥ F R

ATICE, B AC 3 BERR PP, Clark %57 A 3% B 7L
AR R E AR A Sl SR SN, KBS B
A i 1 PEL AR VR T B VR P o T AR N PRI BEE, HLAE
BRI LA B v O LT, IS AR A 30 8y 2 e A P2 i A AT T
R P R T TG N, R DAL R iy 28 2 Z B AT
T (AR, T P2 I AR RI A4, X el AL AL R R
BB SOEAE 9 AR AR e, T LB R A -
S T A 2B B R R PR AT RS DN, i T
S 00 Ry SR

Membrane

2
E
S
a
=2
£
2
B
=
@
o

El5 (A) Clark % & 1) DEMS % B R 7% &, (B) DEMS R B A = 1)
. (C)VBLE T WAL R 2 1 2 AL 5% DU 9 2 0 JBE £ 4 3 e 5
1%[53].

Figure 5 (A) Schematic diagram of the DEMS device developed by
Clark et al. (B) Photograph of the DEMS cell cathode chamber. (C) SEM
image of porous PTFE film coated with thin layer of electrocatalyst’®*,
Reprinted with permission from Ref. 53 Copyright (2018) American
Chemical Society.
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Figure 6 Schematic of the DEMS device (left) developed by Moller et
al. and schematic of the device for CO, detection (right)**!. Reprinted
with permission from Ref. 54 Copyright (2020) The Authors.
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Figure 7 Schematic diagram of the DEMS device developed by Behm
et al.”®. Reprinted with permission from Ref. 55 Copyright (2016) Else-
vier Ltd.
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Figure 8 Schematic diagram of the electrochemical device designed by
Peng et al.””). Reprinted with permission from Ref. 57 Copyright (2017)
WILEY-VCH Verlag GmbH & Co. KGaA.
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Figure 9 On-line electrochemical-electrospray mass spectrometry sys-
tem designed by Iftikhar et al.!**). Reprinted with permission from Ref. 64
Copyright (2017) Elsevier Ltd.
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Figure 10 Electrochemical-electrospray mass spectrometry system
setup designed by Liu et al.®"). Reprinted with permission from Ref. 67
Copyright (2017) The Authors.
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Figure 11 (a) Structure of the nESI developed by Wan et al. (b) The C—N dehydrodimerization of 8-methyl-1,2,3,4-tetrahydroquinoline. (¢) TEM-
PO-mediated electrooxidative dehydrogenation of tetrahydroisoquinolines!®®). Reprinted with permission from Ref. 68 Copyright (2018) The Royal Society

of Chemistry.
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Figure 12 (a) The instrument structure of nESI-MS developed by Shao
et al.™. (b) The instrument structure of nESI-MS for liquid/liquid inter-
face reactions detection developed by Shao et al.". Reprinted with per-
mission from Ref. 71 Copyright (2016) The Royal Society of Chemistry
and Ref. 72. Copyright (2019) American Chemical Society
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Figure 13 Paper-based electrochemical cell coupled with Sonic spray
ion source "l Reprinted with permission from Ref. 76 Copyright (2015)
American Society for Mass Spectrometry.
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Figure 14 Desorption electrospray ion sources coupled with water
wheel electrode developed by Zare et al.””). Reprinted with permission
from Ref. 77 Copyright (2015) WILEY-VCH Verlag GmbH & Co.
KGaA.
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Figure 15 (a) Schematic diagram of the first design. (1) DESI probe, (2)
gas shield, (3) inserted capillary, (4) culture dish with electrolyte, (5)
reference electrode, (6) counter electrode, (7) carbon paper (served as
working electrode), (8) glass subslide cover, (9) glass slide substrate, (10)
30° triangular platform, (11) MS inlet, (12) primary microdroplets, (13)
secondary microdroplets. (b) Schematic diagram of the second design. (1)
DESI probe, (2) culture dish with electrolyte, (3) reference electrode, (4)
carbon paper (served as working electrode), (5) stainless steel tubing
(served as counter electrode), (6) platinum wire connected to carbon
paper and electrolyte in culture dish, (7) glass slide cover containing an
access hole, (8) PEEK ferrule, (9) MS inlet, (10) primary microdroplets,
(11) secondary microdroplets™. Reprinted with permission from Ref. 80
Copyright (2017) American Chemical Society.
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Figure 16 Schematic diagram of the EC-RTMS device developed by
Katsounaros et al.®). Reprinted with permission from Ref. 81 Copyright
(2019) WILEY-VCH Verlag GmbH & Co. KGaA.
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Figure 17 (a) Electrochemical-ambient ionization mass spectrometry system developed by Jiang ez al. (b) Mechanism of dimers produced by “head to
tail”, “head to head” and “tail to tail” coupling of aniline in polymerization®*). Reprinted with permission from Ref. 83 Copyright (2018) American Chem-

ical Society.
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Figure 18 (a) Schematic diagram of the instrument for paper-based
electrochemical mass spectrometry designed by Narayanan et al.® (b)
Electrochemical transformation of cysteine to cysteine disulfide. Re-
printed with permission from Ref. 85 Copyright (2019) The Royal Socie-
ty of Chemistry.
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