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  Controlling	microbial	proliferation	in	water	systems,	including	wastewater,	recreational	water,	and	
drinking	water,	is	essential	to	societal	health.	Microbial	inactivation	through	electrochemically	gen‐
erated	reactive	species	(RS)	mediated	pathways	provides	an	effective	route	toward	this	microbial	
control.	Herein	we	provide	an	overview	of	recent	progress	toward	electrocatalytic	generation	of	RS	
and	their	application	in	water	disinfection,	with	a	focus	on	the	selective	production	of	RS,	the	mi‐
croorganism	interactions	with	RS	(including	both	RS	mechanisms	of	action	and	innate	microorgan‐
ism	responses	to	RS),	and	practical	implementation	of	electrochemically	generated	RS	for	microbial	
inactivation.	The	article	is	concluded	with	a	perspective	where	the	challenges	and	opportunities	of	
RS‐based	electrochemical	disinfection	of	water	are	highlighted,	along	with	possible	future	research	
directions.	
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1.	 	 Introduction	

Assurance	of	safe	and	healthy	water	is	critical	for	progress	
of	life	on	earth.	Many	methods	for	water	disinfection	have	been	
implemented,	 including	 physical,	 biological,	 and	 chemical	
pathways	[1].	A	chemical	route	toward	water	disinfection	typi‐
cally	 involves	 the	 use	 of	 advanced	 processes	 to	 remove	 con‐
taminants	 through	oxidation.	 Several	 advanced	oxidative	pro‐
cesses	 (AOP)	 have	 already	 been	 implemented	 into	 water	
treatment,	 including	 ozonation	 and	 UV	 light	 [2].	 The	 field	 of	
electrochemistry	provides	another	viable	pathway	toward	effi‐
cient	water	 disinfection,	which	 also	 poses	 a	 sustainable	 path‐
way	as	electricity	supply	becomes	 increasingly	renewable	 [3].	
Water	 treatment	 by	AOP	 primarily	 focusses	 on	 production	 of	
highly	 oxidizing	 substances,	 such	 as	 hydroxyl	 radicals	 (HO•);	
however,	 significant	 research	 has	 been	 dedicated	 in	 recent	
literature	to	the	electrochemical	generation	of	many	other	re‐

active	species	(RS),	including	reactive	oxygen	species	(ROS)	like	
superoxide	(O2•‒)	and	hydrogen	peroxide	(H2O2),	reactive	chlo‐
rine	species	 (RCS),	 reactive	nitrogen	species	 (RNS),	as	well	as	
reactive	sulfur	species	(RSS),	which	can	also	be	used	in	the	wa‐
ter	treatment	process	[4‒7].	

Numerous	 microorganisms	 have	 been	 found	 to	 transmit	
diseases	 through	 water	 systems,	 including	 bacteria,	 viruses,	
protozoa,	and	helminths	[8].	It	is	essential	for	humans	to	treat	
these	 threats	 during	 the	 water	 disinfection	 process.	 Bacteria	
are	particularly	susceptible	to	the	presence	of	RS	with	damage	
to	 proteins,	 DNA,	 and	 lipid	 membranes	 leading	 to	 cell	 death	
[4‒7].	This	makes	electrochemical	generation	of	RS	an	attrac‐
tive	 pathway	 toward	 microbial	 inactivation	 during	 water	
treatment	(Fig.	1).	 	

There	are	several	distinct	advantages	of	electrochemical	RS	
generation	 over	 other	 methods	 such	 as	 photocatalysis.	 One	
major	advantage	is	the	ability	for	an	electrochemical	device	to	
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disinfect	 a	wide	variety	of	 contaminated	water	 including	par‐
ticularly	cloudy	or	murky	water	that	would	otherwise	prevent	
the	transmittance	of	light	through	the	water	medium	necessary	
for	photocatalytic	treatment.	Another	distinct	advantage	is	the	
ability	to	have	fine	control	over	the	input	energy	source,	elec‐
tricity,	during	 the	decontamination	process.	Other	advantages	
and	 disadvantages	 of	 electrochemical	 RS	 generation	 will	 be	
discussed	below	throughout	the	review.	

We	 begin	 this	 review	 outlining	 the	 primary	 RS	 studied	 in	
recent	 electrocatalysis	 research,	 with	 a	 focus	 on	 the	 electro‐
chemical	 conditions	 and	 RS	 reactivity,	 and	 provide	 a	 context	
into	recent	reports	of	the	deliberate	design	and	engineering	of	
relevant	electrocatalysts.	We	then	outline	how	these	RS	 inter‐
act	with	microbial	organisms	leading	to	microbial	inactivation.	
We	conclude	the	review	by	summarizing	recent	work	involving	
the	generation	of	specific	RS	toward	microbial	inactivation	with	
a	prospective	of	 the	 field	 and	what	 is	needed	 to	progress	 the	
current	technologies.	 	

2.	 	 Electrocatalytic	generation	of	reactive	species	

2.1.	 	 Reactive	oxygen	species	

Organisms	 that	 rely	 on	 aerobic	 respiration	 as	 a	 means	 of	
energy	production	are	required	to	interact	with	molecular	ox‐
ygen,	 as	 it	 is	 the	 final	 electron	 acceptor	 in	 the	 electron	
transport	 chain.	 At	 the	 end	 of	 aerobic	 respiration,	 the	 fourth	
and	final	enzyme	in	the	electron	transport	chain,	cytochrome	C	
oxidase,	catalyzes	the	reduction	of	molecular	oxygen	to	water	
[9‒19].	 Like	 the	 oxygen	 reduction	 reaction	 (ORR)	 in	 fuel	 cell	
electrocatalysis,	the	conversion	of	molecular	oxygen	to	water	in	
a	biological	cell	is	not	without	error	and	can	lead	to	toxic	oxy‐
gen	byproducts,	 such	 as	 superoxide	 (O2•‒)	 and	hydrogen	per‐
oxide	(H2O2)	[16‒24].	Production	of	these	species	during	elec‐
trocatalysis	is	often	categorized	as	an	undesirable	effect;	how‐
ever,	production	of	such	ROS	can	be	advantageous	under	con‐
trolled	 conditions.	 From	 an	 electrochemistry	 perspective,	 re‐
searchers	 are	 beginning	 to	 design	 electrocatalysts	 capable	 of	
efficiently	 producing	ROS	 for	many	 applications,	 including	 in‐
dustrial	hydrogen	peroxide	production,	organic	molecule	syn‐

thesis,	microbial	inactivation,	water	disinfection,	electrocoagu‐
lation,	 and	 other	 contaminant	 disinfection	 (e.g.,	 organic	 dye	
degradation)	[4‒7,25‒32].	

Electrochemical	 ROS	 generation	 can	 occur	 on	 the	 cathode	
by	 reduction	 of	 molecules,	 including	molecular	 oxygen,	 or	 at	
the	 anode	 through	 oxidation	 of	 adsorbates,	 such	 as	 water.	 A	
proposed	stepwise	mechanism	for	generating	such	ROS	 is	de‐
picted	in	Reaction	(1),	flowing	from	left	to	right	for	the	reduc‐
tion	processes	and	right	to	left	for	the	oxidation	processes	[33].	 	

O2	⇆	O2•‒	⇆	H2O2	⇆	HO•	⇆	H2O	 	 	 (1)	
From	Reaction	(1),	we	can	see	that	there	are	three	primary	

ROS	 products,	 superoxide,	 hydrogen	 peroxide,	 and	 hydroxyl	
radical.	 In	 the	 following	 sections,	 we	 will	 explore	 in	 further	
detail	 the	 relationship	 between	 these	 species,	 their	 chemical	
reactivity,	 and	 relevant	 electrocatalysts	 reported	 recently	 for	
the	synthesis	of	these	species.	

2.1.1.	 	 Superoxide	(O2•‒)	
Generation	of	O2•‒	in	electrochemical	systems	can	occur	by	a	

one‐electron	reduction	of	adsorbed	oxygen	at	the	cathode	sur‐
face,	as	shown	by	Reaction	(2),	with	a	formal	potential	(E0)	of	
+0.330	V	vs.	reversible	hydrogen	electrode	(RHE).	O2•‒	can	also	
be	 produced	 by	 the	 oxidation	 of	H2O2	 following	Reaction	 (3).	
O2•‒	generation	has	been	studied	primarily	in	aprotic	solvents,	
such	 as	 dimethyl	 sulfoxide	 (DMSO),	 as	 O2•‒	 quickly	 reacts	 in	
protic	solvents	forming	O2	and	hydroperoxide	anion	(HO2

),	the	
conjugate	base	of	H2O2,	as	shown	in	Reaction	(4),	with	a	short	
half‐life	of	only	5	s	at	physiological	pH,	which	renders	it	difficult	
to	harvest	for	actual	bacterial	control	applications	[34‒36].	 	 	

O2	+	e‒	→	O2•‒	 	 	 	 	 (2)	
H2O2	→	O2•‒	+	2H+	+	e‒	 	 	 (3)	

O2•‒	+	H2O	→	O2	+	HO2‒	+	HO•	 	 (4)	

2.1.2.	 	 Hydrogen	peroxide	(H2O2)	
Relative	to	O2•‒,	H2O2	has	a	long	half‐life	of	ca.	1	h	in	protic	

solvents	and	at	physiological	pH	with	spontaneous	dispropor‐
tionation	 occurring	 by	 Reaction	 (5)	 [37].	 Thus,	 H2O2	 can	 be	
collected	and	used	for	an	array	of	applications.	Electrochemical	
generation	of	H2O2	has	been	extensively	studied	alongside	fuel	
cell	 research	 [33,38‒43],	 where	 H2O2	 is	 produced	 through	 a	
two‐electron	process	either	by	the	reduction	of	O2	(E0	=	1.230	V	
vs.	RHE)	or	oxidation	of	H2O	(E0	=	1.760	V	vs.	RHE),	shown	by	
Reactions	(6)	and	(7),	respectively.	 	

H2O2	→	H2O	+	½O2	 	 	 	 	 	 (5)	
O2	+	2H+	+	2e‒	→	H2O2	 	 	 	 	 	 	 (6)	
2H2O	→	H2O2	+	2H+	+	2e‒	 	 	 	 (7)	
O2	 +	 4H+	 +	 4e‒	 →	 2H2O	 	 	 	 	 (8)	

In	fact,	hydrogen	peroxide	generation	at	the	cathode	during	
ORR	has	been	rather	extensively	studied	as	a	side	reaction	oc‐
curring	 in	 fuel	 cell	 electrocatalysis	 [44‒49].	 Classical	 fuel	 cell	
research	 aims	 to	 design	 electrocatalysts	 which	 facilitate	 the	
complete	 reduction	 of	 oxygen	 to	 water	 via	 the	 four‐electron	
pathway	 shown	 in	 Reaction	 (8)	 and	 avoid	 possible	 peroxide	
generation,	 to	maximize	 the	 electrocatalytic	 performance	 and	
minimize	corrosion	of	the	fuel	cell	device.	 	

However,	for	water	disinfection	purposes,	generation	of	hy‐
drogen	peroxide	can	be	advantageous,	as	manifested	in	a	series	

O 

N 

S 

H 

Fig.	1.	Schematic	representation	of	the	electrosynthesis	of	RS	and	cor‐
responding	 targets	 for	 microbial	 damage.	 Spheres	 represent	 oxygen
(red),	hydrogen	(grey),	 chlorine	(green),	sulfur	(yellow),	and	nitrogen
(blue)	atoms.	
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of	earlier	studies	[50‒52].	H2O2	is	sometimes	used	as	a	precur‐
sor	 to	 produce	 homogeneous	HO•	 via	 the	 electro‐Fenton	pro‐
cess.	Heterogeneous	HO•	 can	also	be	produced	directly	at	 the	
electrode	surface	and	will	be	discussed	further	in	the	next	sec‐
tion	of	 this	 review.	 It	 should	be	noted	 that	homogeneous	and	
heterogeneous	HO•	may	be	produced	 in	tandem	for	 improved	
decontamination	 efficiency.	 For	 instance,	 Brillas	 and	
co‐workers	 [53]	 successfully	demonstrated	 this	 application	 in	
their	 study	 of	 the	 degradation	 of	 monoazo,	 diazo,	 and	 triazo	
dyes	 using	 an	 electrochemical	 setup	 consisting	 of	 a	 car‐
bon‐ploytetrafluoroethylene	(PTFE)	air‐diffusion	cathode	and	a	
boron	 doped	 diamond	 anode	 (BDD).	 Carbon‐PTFE	 has	 been	
used	widely	as	a	cathode	for	the	two‐electron	reduction	of	ox‐
ygen	 forming	 H2O2	 [54‒56],	 while	 BDD	 has	 been	 extensively	
studied	as	an	inactive	anode	for	the	direct	production	of	heter‐
ogeneous	HO•	 [57‒61].	 It	was	 found	 that	dye	degradation	oc‐
curred	 to	 both	 heterogeneous	HO•	 created	 at	 the	 BDD	 anode	
and	homogeneous	HO•	produced	by	the	electro‐Fenton	process,	
where	 H2O2,	 produced	 at	 the	 carbon‐PTFE	 cathode,	 reacted	
with	added	Fe2+.	

Recently,	 researchers	 have	 also	 studied	 electrocatalysts	
specifically	 designed	 to	 allow	ORR	 via	 the	 two‐electron	 path‐
way	 shown	 in	 Reaction	 (6),	 and	 single	 atom	 catalysts	 (SACs)	
have	emerged	as	a	unique	and	powerful	platform	that	can	se‐
lectively	 catalyze	 the	 two‐electron	 reduction	of	 oxygen	 to	 hy‐
drogen	 peroxide	 [62], due	 to	 the	 possibility	 of	 tailoring	 the	
catalytic	activity	through	deliberate	modifications	to	the	single	
atom	 coordination	 environment	 [62].	 For	 instance,	 Tang	 and	
co‐workers	[63]	recently	reported	on	a	Mo	SAC	with	unique	O	
and	 S	 coordination	 towards	 two‐electron	 ORR.	 The	 material	

was	 synthesized	 through	a	 two‐step	process	 involving	hydro‐
thermal	synthesis	of	MgO	nanosheets	from	bulk	MgO	followed	
by	 calcination	 and	 a	 final	 carbonization	 step	 incorporating	 S	
from	a	benzyl	disulfide	precursor.	The	SAC	structure	was	con‐
firmed	by	high‐angle	annular	dark‐field	scanning	transmission	
electron	 microscopy	 (HAADF‐STEM),	 X‐ray	 photoelectron	
spectroscopy	 (XPS),	 extended	 X‐ray	 absorption	 fine	 structure	
(EXAFS),	 and	Wavelet	 transform‐EXAFS	(WT‐EXAFS)	analysis.	
Fig.	2(a)	depicts	a	pseudo‐color	surface	plot	produced	from	the	
HAADF‐STEM	 images	 for	 the	 obtained	 Mo1/OSG‐H	 sample,	
where	single	Mo	atoms	(blue)	were	deposited	on	a	carbon	ma‐
trix	 (green)	 with	 significant	 defect	 sites	 (yellow).	 Fig.	 2(b)	
shows	the	real‐space	EXAFS	spectra	for	Mo1/OSG‐H,	bulk	MoS2,	
bulk	molybdenum	oxide	(Na2MoO4),	and	bulk	molybdenum	foil.	
Mo1/OSG‐H	 exhibited	 a	 primary	 peak	 near	 1.2	 Å,	 which	 was	
assigned	to	Mo‐O	coordination,	and	the	lack	of	spectral	features	
at	longer	distance	suggested	virtually	no	Mo‐Mo	interactions,	in	
agreement	 with	 HAADF‐STEM	 findings.	 Electrochemical	 tests	
with	a	rotating	ring‐disk	electrode	(RRDE)	in	a	three‐electrode	
electrochemical	setup	were	carried	out	to	assess	the	material’s	
ability	 to	 catalyze	H2O2	 formation	 from	molecular	oxygen,	 re‐
vealing	95%	selectivity	under	these	conditions.	First	principles	
density	 functional	 theory	 (DFT)	 calculations	 were	 then	 em‐
ployed	to	better	understand	the	significance	of	the	Mo‐O/Mo‐S	
coordination	environments	(Fig.	2(c)),	and	the	results	revealed	
preferential	OOH*	 adsorption	on	C	 adjacent	 to	Mo	 (Mo‐O4‐C),	
with	electron	transfer	occurring	from	Mo	to	adsorbed	OOH*,	as	
evidenced	in	Bader	charge	calculations	(the	asterisk	denotes	a	
species	 adsorbed	 onto	 the	 catalyst	 surface).	 Notably,	 the	 ad‐
sorption	 was	 significantly	 improved	 upon	 S	 incorporation	

 
Fig.	2.	(a)	Pseudo‐color	surface	plot	created	from	HAADF‐STEM	image	of	Mo1/OSG‐H.	(b)	FT‐EXAFS	curves	at	Mo	K	edge.	(c)	Free	energy	diagram	of	
2e‒	ORR	on	three	substrates	at	equilibrium	potential.	(a‒c)	Reproduced	with	permission	from	Ref.	[63],	Copyright	2020,	Wiley‐VCH.	(d)	Volcano	plots	
for	ORR	producing	water	(blue)	and	H2O2	(red).	Solid	lines	are	created	from	the	calculations	of	various	M‐N4	species	(M	=	Co,	Ni,	Fe,	and	Ag).	(e)	Po‐
larization	curves	for	NG(O)	(black),	Co1‐NG(O)	(red),	and	Co1‐NG(R)	(blue)	with	currents	from	the	disk	(solid)	and	ring	(dashed)	electrodes.	(f)	H2O2
selectivity	measured	for	Co1‐NG(O)	(red)	and	Co1‐NG(R)	(blue)	over	the	potential	range	of	0.1–0.8	V	vs.	RHE.	Measurements	performed	at	1600	rpm	
rotation	rate	in	0.1	mol/L	KOH.	(d–f)	Reproduced	with	permission	from	Ref.	[64],	Copyright	2020,	Springer	Nature.	
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(Mo‐O3S‐C),	and	a	further	increase	of	S	loading	resulted	in	im‐
proved	OOH*	binding	strength	and	reduced	free	energy	of	ad‐
sorbed	OOH*	intermediate	(Mo‐S4‐C).	 	

Jung	and	co‐workers	[64]	also	highlighted	the	ability	to	op‐
timize	 the	 electrocatalytic	 performance	 through	 engineering	
SAC	coordination	environment	in	their	recent	report	of	a	CoN4	
catalyst	toward	two‐electron	reduction	of	molecular	oxygen	to	
H2O2.	They	began	 their	work	by	studying	 the	 relationship	be‐
tween	 M‐N4/graphene	 moieties	 and	 ORR	 selectivity	 through	
DFT	 calculations	 forming	 adjacent	 volcano	 plots	 that	 corre‐
sponded	to	catalyst	selectivity	toward	the	two‐	or	four‐electron	
reduction	of	 oxygen	 (Fig.	 2(d)).	 It	was	demonstrated	 through	
first	 principles	 DFT	 calculations	 that	 the	 OOH*	 free	 energy	
(ΔGOOH*)	on	 the	CoN4/graphene	moiety	 can	be	 tailored	by	 the	
addition	of	electron‐rich	oxygen	 functional	groups	around	the	
CoN4	centers,	due	to	a	slight	increase	of	the	Co	charge	state	and	
optimization	of	ΔGOOH*.	These	 findings	were	 indeed	confirmed	
experimentally.	 Three	 samples	 were	 prepared	 by	 controlled	
pyrolysis,	 one	 containing	 only	 graphene	 oxide	 (GO)	 (NG(O)),	
another	with	cobalt	single	atoms	embedded	in	GO	(Co1‐NG(O)),	
and	a	third	one	with	cobalt	single	atoms	embedded	in	reduced	
graphene	oxide	 (Co1‐NG(R)).	 Co1‐NG(O)	was	 found	 to	 contain	
6.6	 at.%	oxygen,	while	only	2.1	at%	 for	Co1‐NG(R).	ORR	 tests	
were	 then	 carried	 out	 with	 a	 three‐electrode	 setup	 and	 an	
RRDE	as	the	working	electrode,	and	the	results	(Fig.	2(e))	from	
collection	experiments	revealed	a	substantial	current	response	
at	the	ring	electrode	with	the	Co1‐NG(O)	sample	(red	curve),	in	
comparison	 to	 the	 metal‐free	 NG(O)	 (black	 curve)	 and	 oxy‐
gen‐deficient	(Co1‐NG(R)	(blue	curve).	The	corresponding	H2O2	
selectivity	 (Fig.	2(f))	was	estimated	 to	be	80%	for	Co1‐NG(O),	
markedly	higher	than	that	(<50%)	for	Co1‐NG(R).	Results	from	
this	study	provided	a	unique	method	for	 tailoring	the	electro‐
catalyst	selectivity	toward	H2O2	generation	through	controlled	
oxygen	functionality	within	the	GO	support.	

In	these	previous	studies,	theoretical	calculations	were	em‐
ployed	to	assist	the	rational	design	of	effective	electrocatalysts	
for	 two‐electron	 reduction	 of	 O2	 to	H2O2.	 Another	 side	 of	 the	
same	 coin	 can	 be	 found	 in	 the	work	 toward	H2O2	 production	
through	 the	 two‐electron	water	oxidation	 reaction	 (2e‒	WOR,	
Reaction	 (7)).	 As	 mentioned	 previously,	 the	 oxidizing	 condi‐
tions	typically	require	large	overpotentials,	due	to	the	thermo‐
dynamic	 constraints	 in	 the	 water	 oxidation	 processes.	 Thus,	
materials	 selected	 for	 this	 electrocatalytic	 process	 are	 often	
metal	 oxides	 capable	of	handling	 large	overpotentials	 applied	
over	 an	 extended	 period	 of	 time.	 For	 example,	 Shi	 and	
co‐workers	[65]	prepared	various	metal	oxide	electrocatalysts	
toward	H2O2	via	2e‒	WOR.	DFT	calculations	were	carried	out	to	
evaluate	the	limiting	potentials	as	a	function	of	OH*	adsorption	
energy	 for	 the	 2e‒	 and	 4e‒	WOR	 processes,	 as	 shown	 by	 the	
black	and	blue	curves	in	Fig.	3(a),	respectively.	Important	WOR	
intermediates	include	OH*,	O*,	and	OOH*.	These	intermediates	
arise	from	the	1e‒,	2e‒,	and	4e‒	oxidation	of	water,	respectively.	
OH*	is	the	first	intermediate	produced	in	WOR	and	its	adsorp‐
tion	energy	often	dictates	reaction	products,	where	strong	OH*	
binding	typically	follows	the	4e‒	WOR,	while	weak	OH*	binding	
leads	 to	 2e‒	 WOR	 and	 H2O2	 generation	 [66].	 Therefore,	 OH*	
binding	 was	 chosen	 as	 the	 descriptor	 in	 identifying	 possible	

candidates	for	2e‒	WOR	electrocatalysts.	Of	the	four	metal	ox‐
ides,	WO3(100)	(black	triangle),	SnO2(110)	(blue	square),	TiO2	
(110)	(pink	diamond),	and	BiVO4(111)	(red	circle),	where	the	
facet	 was	 selected	 based	 on	 stability	 for	 each	 material	 (Fig.	
3(a)),	 the	 calculated	 onset	 potentials	 were	 found	 to	 be	 con‐
sistent	with	the	experimental	results,	increasing	in	the	order	of	
WO3	<	 BiVO4	<	 SnO2	<	 TiO2	 (Fig.	 3(b)).	 However,	 BiWO4	 was	
observed	 to	 have	 the	 greatest	 selectivity	 among	 the	 series	 of	
materials	at	70%,	resulting	in	the	highest	H2O2	production	rate	
of	ca.	6	mol	min‒1	cm‒2.	 	

In	a	more	recent	 report,	Kelly	and	colleagues	 [67]	demon‐
strated	improved	activity	and	selectivity	of	a	unique	ZnO(101–0)	
material	 toward	 2e‒	 WOR.	 To	 better	 understand	 the	 WOR	
pathways,	 a	 free	 energy	 diagram	 was	 constructed	 beginning	
with	water,	including	intermediate	steps,	and	possible	reaction	
products	 such	as	OH•,	H2O2,	 and	O2,	 as	 shown	 in	Fig.	3(c).	To	
facilitate	2e‒	WOR	on	ZnO,	 the	 ideal	 adsorption	energy	of	 the	
OH*	intermediate	(ΔGOH*)	was	determined	to	be	in	the	range	of	
1.6	 to	 2.4	 eV,	 shown	by	 the	 green	 shaded	 region	 in	 Fig.	 3(d),	

Fig.	 3.	 (a)	 Volcano	 plot	 of	 electrocatalytic	 activity	 corresponding	 to	
limiting	 potential	 vs.	 OH*	 adsorption	 energy	 for	 2e‒	 (black)	 and	 4e‒

(blue)	WOR.	Equilibrium	potentials	are	shown	in	dashed	lines.	(b)	Po‐
larization	 curves	 for	 four	 select	 metal	 oxides	 toward	 2e‒	WOR.	 (a,b)	
Reprinted	 with	 permission	 from	 Ref.	 [66].	 Copyright	 2015,	 Springer	
Nature.	(c)	Free	energy	diagram	for	the	stepwise	O2	evolution	reaction	
(blue)	and	H2O2	evolution	reaction	(green)	with	4	 intermediate	steps;
(d)	Volcano	plots	produced	from	calculated	limiting	potential	(UL)	as	a	
function	of	OH*	binding	free	energy	(ΔGOH*)	for	the	four‐electron	water	
oxidation	(blue	dashed	line)	and	two	electron	water	oxidation	to	H2O2
(black	 line).	 Three	 favorable	 reaction	 pathways	 are	 highlighted	 by	
shading	O2	 evolution	 (blue),	H2O2	 evolution	 (green),	 and	OH•	 produc‐
tion	(red).	(e)	SEM	images	of	ZnO(101–0)	nanorods.	(f)	Catalytic	activity	
of	2e‒	WOR	in	2	mol/L	potassium	bicarbonate	of	ZnO(101–0),	Zn(0001)	
and	 other	 metal	 oxides.	 Inset	 depicts	 model	 representations	 of	 the	
ZnO(0001)	 and	 ZnO(101–0)	 crystal	 structures.	 (g)	 Faraday	 Efficiency	
(FE)	at	3.0	V	vs	RHE	for	ZnO(101–0),	as	compared	to	various	other	metal
oxide	materials	 with	 error	 bars	 taken	 from	 5	 independent	measure‐
ments.	(c‒g)	Reprinted	with	permission	from	Ref.	[67],	Copyright	2019,	
American	Chemical	Society.	
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such	 that	 the	binding	of	OH*	 is	not	 too	 strong,	 leading	 to	4e‒	
WOR,	or	too	weak,	leading	to	OH*	desorption	and	OH•	genera‐
tion.	All	ZnO	 facets	 studied	 in	 this	 report	were	determined	 to	
have	GOH*	within	this	 idealized	range.	The	limiting	potentials	
for	 these	 various	 ZnO	 facets	 were	 then	 calculated,	 and	 the	
ZnO(101–0)	 facet	was	 found	to	possess	 the	 lowest	 limiting	po‐
tential	and	thus	the	highest	predicted	2e‒	WOR	rate.	Motivated	
by	these	theoretical	results,	ZnO	with	predominant	(101–0)	fac‐
ets	 was	 synthesized	 on	 fluorine‐doped	 tin	 oxide	 (FTO)	 glass	
and	characterized	by	scanning	electron	microscopy	(SEM)	(Fig.	
3(e)),	 transmission	electron	microscopy	(TEM),	and	X‐ray	dif‐
fraction	 (XRD)	measurements.	Electrochemical	measurements	
revealed	 outstanding	 2e‒	 WOR	 selectivity	 and	 reaction	 rate	
with	 ZnO(101–0),	 as	 compared	 to	 that	 with	 Zn(0001)	 and	 re‐
sults	reported	previously	 in	the	 literature	with	relevant	metal	
oxides	 (Fig.	 3(f)).	 In	 fact,	 ZnO(101–0)	 exhibited	 a	 faradaic	 effi‐
ciency	(FE)	over	80%	and	a	current	density	of	0.1	mA	cm‒2	at	a	
low	 overpotential	 of	 40	 mV,	 much	 better	 than	 various	 other	
oxide	materials	reported	under	similar	reaction	conditions	(Fig.	
3(g)).	 	

In	summary,	with	a	sufficiently	 long	half‐life	 for	 the	 inacti‐
vation	 of	 bacteria,	 H2O2	can	 be	 produced	 through	 the	 partial	
reduction	 of	 oxygen	 or	 partial	 oxidation	 of	 water,	 where	 the	
design	and	engineering	of	relevant	electrocatalysts	plays	a	crit‐
ical	 role.	 Towards	 this	 end,	 SACs	 have	 emerged	 as	
high‐performance	electrocatalysts	 for	the	selective	production	
of	H2O2.	The	key	advantage	of	SACs	over	conventional	catalysts	
lies	in	the	maximal	atom	efficiency	and	mass	activity,	a	unique	
feature	to	optimize	the	use	of	precious	metals	added	and	mini‐
mize	the	catalyst	cost.	Table	S1	lists	additional	electrocatalysts	
for	H2O2	generation	 in	recent	studies.	 In	 the	 following	section	
we	will	examine	the	relationship	between	H2O2	and	HO•.	

2.1.3.	 	 Hydroxyl	radical	(HO•)	
H2O2	can	undergo	homolytic	fission	to	produce	two	hydrox‐

yl	radicals	with	substantial	oxidizing	capability,	as	depicted	 in	
Reaction	(9),	due	to	the	high	standard	reduction	potential	(E0	=	
2.330	V	vs.	RHE)	of	Reaction	(10)	[68].	

H2O2	→	2HO•	 	 	 	 	 	 	 	 (9)	
HO•	 +	 H+	 +	 e‒	 →	 H2O	 	 	 	 	 	 	 (10)	

Note	that	Reaction	(9)	is	readily	facilitated	by	the	addition	of	
ferrous	 (Fe2+)	ions	via	 the	Fenton	reaction,	which	was	 first	 re‐
ported	 in	 1894	 [69,70].	Utilizing	 this	premise,	 one	may	 facili‐
tate	the	formation	of	HO•	through	the	addition	of	 ferrous	ions	
into	the	electrolyte	medium	containing	an	H2O2	electrocatalyst.	
This	is	commonly	referred	to	as	the	electro‐Fenton	process	and	
has	 been	 studied	 with	 success	 in	 recent	 literature	 reports	
[71‒74].	For	instance,	Li	and	co‐workers	[75]	employed	nitro‐
gen‐doped	 graphene	 to	 catalyze	 the	 production	 of	 H2O2	 and	
subsequent	HO•	upon	the	addition	of	 ferrous	 ion	via	 the	elec‐
tro‐Fenton	 process.	 Experimentally,	 N‐doped	 graphene	 was	
synthesized	by	using	a	modified	Hummer’s	method	followed	by	
a	carbonization	step	with	the	addition	of	dopamine	hydrochlo‐
ride	 as	 the	 nitrogen	 source.	 The	 resulting	 N‐doped	 graphene	
was	combined	with	graphite	felt	(GF)	through	a	secondary	an‐
nealing	 process	 to	 create	 the	 N‐doped	 graphene/GF	 catalyst.	
RRDE	 tests	were	 then	carried	out	 to	examine	 the	electrocata‐

lytic	activity	for	the	2e‒	reduction	of	oxygen	to	H2O2,	which	was	
confirmed	 by	 analysis	 of	 the	 Koutecky‐Levich	 (KL)	 plots,	 and	
further	 supported	by	 results	 from	hydroxyl	 radical	 scavenger	
probes	and	electron	spin	resonance	(ESR)	measurements	with	
the	addition	of	0.5	mmol/L	Fe2+	to	the	electrolyte	solution	(0.05	
mol/L	Na2SO4).	Notably,	the	composite	catalyst	was	found	to	be	
active	 in	 the	degradation	of	 phenacetin	 for	wastewater	 treat‐
ment	purposes,	achieving	a	98%	degradation	rate	after	2	h	of	
electrocatalysis	at	an	applied	current	density	of	7	mA	cm‒2.	

In	a	more	recent	study,	Sheng	and	co‐workers	[74]	studied	
the	 electro‐Fenton	 chemistry	 of	 cobalt	 selenide	with	 samples	
prepared	 by	 hydrothermal	 selenization	 of	 cobalt	 hydroxide	
carbonate	 hydrate	 followed	 by	 thermal	 annealing,	 which	 re‐
moved	 excess	 selenium	 and	 was	 used	 to	 control	 the	 CoSe2	
polymorphism.	Low‐temperature	annealing	was	found	to	pro‐
duce	orthorhombic	marcasite‐CoSe2	(o‐CoSe2),	while	annealing	
above	 300	 °C	 resulted	 in	 complete	 transition	 to	 cubic	 py‐
rite‐CoSe2	 (c‐CoSe2).	 Cubic	 cobalt	 sulfide	 (c‐CoS2)	 was	 also	
produced	 for	 comparison.	 Based	 on	 spin	 polarized	 electronic	
structure	 calculations	 with	 the	 Vienna	 ab	 initio	 simulation	
package	 (VASP),	 the	 obtained	 surface	 Pourbaix	 diagrams	 re‐
vealed	OH*	surface	coverage	at	the	cobalt	sites	for	both	o‐CoSe2	
and	 c‐CoSe2	 polymorphs	 at	 low	 overpotentials.	 Note	 that	 4e‒	
reduction	 of	 molecular	 oxygen	 requires	 sufficient	 O2	 binding	
and	cleaving	of	the	O‒O	bond,	whereas	a	high	Co‒OH*	surface	
coverage	prevents	O2	binding	to	Co	and	subsequent	O‒O	bond	
cleavage.	Thus,	the	high	surface	coverage	of	OH*	on	the	cobalt	
site	was	determined	 to	be	beneficial	 for	 selective	2e‒	ORR,	 as	
shown	 in	 Fig.	 4(a).	 In	 fact,	 electrochemical	 measurements	
showed	 that	 the	 H2O2	 selectivity	 decreased	 in	 the	 order	 of	
o‐CoSe2	>	c‐CoSe2	>	c‐CoS2,	due	 to	 the	 increased	Co‒OH*	sur‐
face	 coverage	 at	 low	 to	 moderate	 overpotentials	 on	 o‐CoSe2.	
Fig.	 4(b)	 shows	 the	 corresponding	 kinetic	 current	 density	 for	
H2O2	generation.	One	can	see	that	within	the	potential	range	of	
0.5	 to	 0.7	 V,	 the	 current	 density	 decreases	 in	 the	 order	 of	
c‐CoSe2	(green)	>	o‐CoSe2	(red)	>	c‐CoS2	(blue),	and	they	are	all	
markedly	greater	than	results	reported	previously	for	other	2e‒	
ORR	 catalysts.	 o‐CoSe2	 was	 then	 used	 in	 the	 degradation	 of	
rhodamine	 B	 (RhB)	 dye	 via	 the	 electro‐Fenton	 process	 in	 a	
Na2SO4	 (0.5	mol/L)	 electrolyte	 containing	0.5	mmol/L	Fe2+	 at	
0.5	V	vs.	RHE.	Complete	degradation	of	rhodamine	B	(RhB,	20	
mg	L‒1)	occurred	within	20	min.	As	current	generation	was	not	
correlated	to	RhB	degradation	during	the	chronoamperometric	
measurements,	 RhB	 removal	was	most	 likely	 due	 to	 the	 pro‐
duced	hydroxyl	radicals	rather	than	direct	degradation	of	RhB	
in	contact	with	the	electrode	surface.	

The	 electro‐Fenton	 process	 is	 a	 useful	 technique,	 but	 it	
would	 be	 desirable	 in	 many	 applications	 to	 remove	 the	 re‐
quirement	 for	added	 ferrous	 ions	 and	catalyze	HO•	 formation	
directly	 using	 an	 electrocatalyst.	 Heterogeneous	 SACs	 are	 an	
ideal	 candidate	 for	 this	process,	 since	a	 series	of	 studies	have	
shown	that	homolytic	fission	of	H2O2	can	occur	on	select	SACs.	
For	 example,	 Wu	 and	 co‐workers	 recently	 developed	 a	 SAC	
containing	isolated	copper	atoms	through	a	two‐part	synthesis	
process	 [76].	 Experimentally,	 copper	 nitrate	 was	 mixed	 into	
solutions	of	melamine	and	cyanuric	acid,	where	a	small	amount	
of	 solution‐phase	 copper	 was	 trapped	 within	 the	 strong	 hy‐
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drogen	bonding	network	of	melamine	and	cyanuric	acid	before	
dropping	out	of	the	solution	as	a	precipitate.	GO	was	then	add‐
ed	 into	 the	 solution	 to	 form	a	 composite.	The	precipitate	was	
freeze‐dried	 and	 carbonized	 to	 produce	 high‐loading	 copper	
single	 atoms	 in	 nitrogen‐doped	 graphene	 (Cu‐SA/NGO).	 The	
atomic	dispersion	of	Cu	was	visualized	in	HAADF‐STEM	meas‐
urements,	 and	 EXAFS	 studies	 showed	 a	 Cu‐N	 coordination	
number	of	4.0,	 signifying	 the	 formation	of	CuN4	moieties.	The	
electro‐Fenton	activity	of	the	obtained	samples	was	then	tested	
towards	the	degradation	of	various	organic	contaminants,	such	
as	acetaminophen	(APAP),	in	the	presence	of	H2O2	at	controlled	
concentrations.	Complete	electro‐Fenton	degradation	of	APAP	
(10	mg	L‒1)	was	achieved	within	1	h	at	a	catalyst	loading	of	25	
mg	 L‒1.	 First	 principles	 DFT	 calculations	 suggested	 that	 the	
mechanism	involved	a	two‐electron	transfer	step	to	form	H2O2	
followed	by	 a	 third	 electron	 transfer	 and	homolytic	 fission	of	
H2O2	 to	 produce	 HO•,	 which	was	 confirmed	 in	 ESR	measure‐
ments	 in	 the	 presence	 of	 a	 spin‐trapping	 agent,	
5,5‐dimethyl‐1‐pyrroline	N‐oxide	 (DMPO),	 and	methanol	 as	 a	
hydroxyl	radical	quenching	agent.	

One	step	beyond	the	progress	by	Wu	et	al.	[76]	would	be	to	
develop	a	bifunctional	catalyst	that	can	facilitate	both	the	elec‐
trochemical	production	of	H2O2	and	homolytic	cleavage	of	H2O2	

to	HO•.	 This	 is	 demonstrated	 recently	by	Cao	 and	 co‐workers	
[77],	where	they	synthesized	single	iron	atoms	on	porous	car‐
bon	with	Fe‐C/Fe‐Cl	in	an	unsaturated	coordination	configura‐
tion	 through	 a	 three‐step	 synthesis	 route.	 Experimentally,	
FeCl3,	p‐phthalic	acid	(PTA),	and	NaOH	were	mixed	and	subject	
to	 a	 hydrothermal	 treatment	 to	 produce	 a	 hydrogel	 mixture,	
which	was	washed	and	dried	before	carbonization	and	 finally	
acid	 treatment	 to	 remove	 undesired	 metal	 particles.	 The	
unique	Fe‐C/Fe‐Cl	coordination	environment	was	confirmed	by	
EXAFS	measurements.	Electrochemical	studies	(Fig.	4(c))	con‐
firmed	a	3e‒	ORR	pathway	with	H2O2	formed	as	an	intermedi‐
ate	 and	 an	 additional	 electron	 transfer	 to	 the	 produced	H2O2	
generating	 HO•.	 A	 schematic	 representation	 of	 this	 reaction	
pathway	is	depicted	in	Fig.	4(d),	and	results	from	DFT	calcula‐
tions	 suggest	 that	 the	 unique	 Fe	 coordination	 configuration	
was	 responsible	 for	 the	 3e‒	 ORR	 pathway.	 Notably,	 in	 RRDE	
collection	experiments	(Fig.	4(c)),	a	clear	 increase	in	ring	cur‐
rent	 was	 observed	 upon	 the	 removal	 of	 the	 poisoning	 agent	
NaF,	 as	 F‒	 was	 known	 to	 attach	 to	 the	 Fe	 single	 atom	 sites	
within	 the	 material,	 blocking	 O2	 adsorption	 and	 preventing	
oxygen	reduction	 from	occurring	(Fig.	4(e)).	The	 formation	of	
HO•	was,	again,	confirmed	by	ESR	measurements	using	DMPO	
as	the	spin	trapping	agent	and	 tert‐butyl	alcohol	(TBA)	as	 the	

 
Fig.	4.	(a)	Calculated	free	energy	diagrams	of	2e‒	and	4e‒	ORR	for	c‐CoS2	(100)	(blue),	c‐CoSe2	(100)	(green),	and	o‐CoSe2	(101)	(red).	(b)	Kinetic	
current	density	for	H2O2	normalized	to	geometric	surface	area	and	compared	to	previously	reported	2e‒	ORR	catalysts.	(a,b)	Reproduced	with	per‐
mission	from	Ref.	[74].	Copyright	2020,	Royal	Chemistry	Society.	(c)	Linear	sweep	voltammetry	(LSV)	with	1200	r/min	rotation	and	10	mV	s‒1	scan	
rate	in	0.05	mol/L	Na2SO4	(pH	=	6)	for	fresh	electrolyte	(green),	10	mmol/L	NaF	poisoning	agent	(purple),	and	repeated	with	fresh	electrolyte	after	
poisoning	measurements	(red).	(d)	Schematic	representation	of	O2	stepwise	reduction	to	H2O2	and	OH•.	(e)	OH•	yield	with	increased	levels	of	poison‐
ing	agent,	NaF.	(f)	Spin	trapping	ESR	spectra	with	DMPO	(3	mmol/L).	(g)	degradation	of	nitrobenzene	(blue),	phenol	(green),	and	benzoic	acid	(purple
with	calculated	kinetic	constants	normalized	to	Fe	mass	(KM).	(c‒g)	Reproduced	with	permission	from	Ref.	[76].	Copyright	2020,	Springer	Science.	
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HO•	quenching	probe	(Fig.	4(f)).	The	electrocatalyst	was	further	
applied	to	the	degradation	of	small	molecules	(Fig.	4(g)),	where	
complete	degradation	of	phenol	and	nitrobenzene	(at	an	initial	
contaminant	 concentration	 of	 0.12	mmol/L)	 was	 achieved	 in	
45	min	at	an	applied	potential	of	0.15	V	vs.	RHE.	The	degrada‐
tion	rate	for	benzoic	acid	was	markedly	lower,	which	was	cor‐
related	to	the	difference	in	aromatic	ring	electron	density	and	
the	consequent	catalyst‐adsorbate	interactions.	

In	summary,	HO•	can	be	generated	 from	the	partial	 reduc‐
tion	 of	 oxygen	 or	 the	 partial	 oxidation	 of	water	 as	 seen	with	
H2O2.	HO•	can	also	be	formed	by	the	homolytic	fission	of	H2O2	
and	 possesses	 the	 highest	 oxidizing	 power	 of	 the	 three	 ROS	
discussed.	Rational	design	and	engineering	of	 the	electrocata‐
lysts	is	critical	in	dictating	the	specific	reaction	pathways,	effi‐
ciency	and	selectivity.	Table	S2	summarizes	the	performance	of	
additional	 electrocatalysts	 for	HO•	generation	 in	 recent	 litera‐
ture.	

2.2.	 	 Reactive	chlorine	species	

Another	 category	 of	 RS	 is	 the	 RCS,	 which	 are	 particularly	
important	 to	 keep	 in	mind	when	 chloride‐containing	 electro‐
lytes	 are	 utilized,	 especially	 under	 oxidizing	 conditions	
[78‒82].	 Chlorine	 evolution	 reaction	 (CER,	 E0	 =	 1.358	 V	 vs.	
RHE),	 shown	in	Reaction	(11),	 is	energetically	more	 favorable	
than	WOR	in	aqueous	electrolytes.	 	

2Cl	→	Cl2	+	2e‒	 	 	 	 	 	 	 (11)	
½Cl2	+	H2O	→	HClO	+	H+	+	e‒	 	 	 	 	 	 (12)	
Cl	+	H2O	→	HClO	+	H+	+	2e‒	 	 	 	 	 	 (13)	

6ClO	+	3H2O	→	2ClO3	+	6H+	+	4Cl‒	+	3/2O2	+	6e‒	 	 	 (14)	
Note	that	chlorine	produced	in	aqueous	media	can	undergo	

hydrolysis	 forming	 hypochlorous	 acid	 (HClO,	 Reactions	
(12,13)),	which	partially	dissociates	to	hypochlorite	ion	(ClO),	
a	species	that	can	be	further	oxidized	to	chlorate	(ClO3

,	Reac‐
tion	(14)).	Further	oxidation	of	ClO3

	can	lead	to	the	formation	
of	perchlorate	(ClO4

).	ClO3
	and	ClO4

	are	toxic,	stable	byprod‐
ucts	that	should	be	considered	[83].	This	activity	has	been	ex‐
ploited	 for	 the	 design	 of	 chlorine‐generating	 electrocatalysts	
[21,84‒92].	For	instance,	Cho	and	colleagues	[93]	developed	an	
unique	 composite	 material	 containing	 Ir0.7Ta0.3Oy/BixTi1xOz	
heterojunctions	as	an	anode	catalyst	 for	electrochemical	 chlo‐
rine	 generation,	where	 the	 outer	 layer	 of	 BixTi1xOz	 served	 to	
improve	OH*	 adsorption,	while	 the	 inner	 Ir0.7Ta0.3Oy	 layer	 im‐
proved	 electrical	 conductivity	 and	 electron	 shuttling.	 Similar	
mixed	 metal	 oxide	 materials	 have	 also	 been	 implemented	 in	
previous	studies	as	some	of	 the	most	efficient	RCS	generating	
electrocatalysts	 [94,95].	 The	 sample	 was	 synthesized	 by	 fol‐
lowing	a	thermal	decomposition	approach	in	which	H2IrCl6	and	
TaCl5	were	coated	on	Ti	metal	sheets	and	annealed	at	525	°C.	
The	 heterojunctions	 were	 created	 through	 the	 deposition	 of	
bismuth	citrate	and	titanium	butoxide	solutions	 followed	by	a	
secondary	annealing	step	at	425	°C.	LSV	of	the	resulting	mate‐
rial	was	performed	in	NaCl	(50	mmol/L),	and	the	RCS	current	
efficiency	(RCS)	was	calculated	by	Eq.	(15),	

RCS	=	(2VF/I)(d[ClDPD/dt]	 	 	 	 	 (15)	
with	V	 being	 the	 electrolyte	 volume	 (L),	 F	 the	 Faraday’s	 con‐
stant	(96480	C	mol‒1),	[ClDPD]	the	RCS	concentration	(mol/L),	I	

the	current	(A),	and	t	 the	electrolysis	 time	(s).	The	Ir0.7Ta0.3Oy	
catalyst	 layer	proved	essential	 for	 sufficient	electrical	conduc‐
tivity,	while	a	decreasing	Bi:Ti	molar	ratio	resulted	in	improved	
RCS	 generation.	 Note	 that	 the	 electrochemical	 oxidation	 of	
chloride	 can	 follow	 two	 reaction	 pathways	 on	 a	 metal	 oxide	
surface,	as	shown	in	Reactions	(16,17).	

MOx(HO•)	+	Cl	→	MOx	+	½Cl2	+	OH	 	 	 (16)	
MOx+1	+	Cl	→	MOx	+	ClO	 	 	 	 (17)	

Reaction	(16)	depicts	the	formation	of	hydroxyl	radicals	on	
metal	 oxide	 surfaces	 (MOx)	 followed	 by	 a	 fast	 direct	 electron	
transfer	from	Cl	to	produce	Cl2,	which	then	undergoes	hydrol‐
ysis	 forming	hypochlorous	acid	through	Reaction	(17),	depict‐
ing	 the	direct	 transfer	 and	 consumption	of	 oxygen	within	 the	
metal	oxide	lattice	forming	the	conjugate	base	of	hypochlorous	
acid	 (ClO).	 Reaction	 (16)	 occurs	 much	 faster	 than	 displace‐
ment	of	the	lattice	oxygen,	which	makes	this	reaction	pathway	
more	desirable	for	electrochemical	chlorine	generation	[96].	In	
the	 study	 of	 the	 degradation	 kinetics	 of	 formate	 ions,	 it	 was	
determined	that	high	Bi	mole	fractions	(>	0.3)	accelerated	RCS	
generation	through	the	undesirable	pathway	of	Reaction	(17);	
however,	a	low	mole	fraction	of	Bi	(≤	0.3)	resulted	in	improved	
chlorine	generation	with	RSC	>	85%.	Recently,	Hong	and	col‐
leagues	 [86]	prepared	a	 similar	composite	anode	material	 for	
RCS	generation	and	also	determined	that	Bi	incorporation	had	
limited	to	adverse	contributions	toward	catalysis.	 	

Other	 researchers	 came	 to	 similar	 conclusions	 that	 TiO2	
may	 serve	 as	 a	 sole	 framework	 for	 RCS	 generation.	 For	 in‐
stance,	Heo	and	co‐workers	[85]	recently	used	RuO2	deposited	
on	 black	 TiO2	 (b‐TiO2)	 for	 CER	 electrocatalysis.	 b‐TiO2	 was	
synthesized	 through	 electrochemical	 anodization	 of	 a	 Ti	 foil	
followed	 by	 an	 annealing	 step	 at	 450	 °C	 in	 an	 argon	 atmos‐
phere,	 which	 resulted	 in	 the	 formation	 of	 significant	 oxygen	
vacancies	within	the	TiO2	lattice,	enhanced	visible	light	absorp‐
tion	and	hence	a	blackened	coloration.	A	crystalline	TiO2	sam‐
ple	 was	 created	 for	 comparison	 in	 air	 and	 denoted	 (c‐TiO2).	
RuO2	 nanoparticles	 were	 deposited	 on	 the	 resulting	 titania	
through	 a	 pulsed	 electrodeposition	 method	 using	 solu‐
tion‐phase	 Ru3+.	 HAADF‐STEM	 and	 XPS	 measurements	 con‐
firmed	 the	homogeneous	deposition	of	RuO2	nanoparticles	on	
the	titania	scaffolds.	Dramatic	differences	were	seen	in	the	CER	
polarization	 curves	 in	which	 RuO2/b‐TiO2	 displayed	 excellent	
CER	activity	with	an	RSC	of	95.25%	in	5.0	mol/L	NaCl,	in	com‐
parison	to	almost	0%	with	RuO2/c‐TiO2.	Mott‐Schottky	analysis	
showed	that	RuO2/b‐TiO2	exhibited	a	charge	carrier	density	5	
orders	of	magnitude	higher	than	that	of	RuO2/c‐TiO2.	Further‐
more,	 cyclic	 voltammetry	 measurements	 in	 the	 presence	 of	
ferrocene	 revealed	 that	 RuO2/c‐TiO2	 was	 electrochemically	
inactive	under	 anodic	polarization.	Therefore,	 the	 remarkable	
CER	 performance	 of	 RuO2/b‐TiO2	 was	 attributed	 to	 the	 im‐
proved	conductivity	of	the	b‐TiO2	scaffold	under	anodic	condi‐
tions.	

In	 another	 study,	 Ha	 and	 co‐workers	 [84]	 prepared	metal	
oxide	catalysts	for	highly	selective	chlorine	generation	by	using	
a	 hot	 injection	 method	 to	 synthesize	 Co3O4	 nanoparticles	
(Co3O4	 NPs)	 with	 cobalt(II)	 acetate	 and	 myristic	 acid	 as	 the	
precursors	in	1‐octadecene	at	315	°C.	Amorphous	CoOx	(Co‐Pi),	
bulk	CoO,	and	bulk	C3O4	were	also	prepared	by	electrodeposi‐
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tion,	 along	 with	 commercially	 available	 dimensionally	 stable	
anode	 (DSA)	 composed	 of	 RuO2‐based	 mixed‐metal	 oxides	
used	for	comparison.	The	structure	of	the	Co3O4	NPs	was	care‐
fully	 examined	 by	 XRD,	 TEM,	 and	 XPS	 measurements,	 and	
spin‐coated	on	FTO	for	electrochemical	assessments.	From	Fig.	
5(a),	one	can	see	that	the	Co3O4	NPs	exhibited	a	more	positive	
onset	 potential	 towards	 CER	 than	 bulk	 CoO	 and	 Co3O4	 in	 0.6	
mol/L	 NaCl.	 In	 situ	 X‐ray	 absorption	 near‐edge	 structure	
(XANES)	measurements	were	carried	out	under	CER	and	OER	
conditions	 to	 discern	 possible	 competition	 between	 the	 two	
pathways.	 From	Fig.	 5(b),	 one	 can	 see	 that	 under	OER	 condi‐
tions,	the	XANES	profile	exhibited	an	apparent	positive	energy	
shift,	 as	 compared	 to	 that	 under	 CER,	 signifying	 a	 higher	 Co	
oxidation	 state	 in	 the	 former.	 This	 suggests	 that	 under	 CER	
conditions	O2	did	not	compete	with	Cl‒	 for	Co	binding.	 It	was	
therefore	 determined	 that	 the	 reaction	 mechanism	 did	 not	
follow	the	classical	metal	oxide	pathway,	as	described	in	Reac‐
tions	(16)	and	(17),	but	the	one	proposed	by	Krishtalik	[97].	In	
the	 Krishtalik	 pathway,	 the	 chlorine	 adsorbate	 binds	 to	 the	
metal	of	the	metal	oxide	(e.g.,	Co	in	the	present	study)	followed	
by	two	electron‐transfer	steps	from	Cl	to	the	metal	center,	such	
that	 a	 cationic	 chlorine	 intermediate	 is	 produced	 and	 then	
combined	 with	 Cl	 to	 form	 the	 final	 Cl2	 product	 (Fig.	 5(e)),	
where	the	rate	determining	step	is	the	second	electron‐transfer	
process.	This	is	supported	by	results	from	in	situ	Raman	spec‐
troscopy	 measurements,	 where	 the	 Co‒Cl	 vibration	 (ca.	 502	
cm‒1)	 became	 intensified	 with	 an	 anodic	 shift	 of	 the	 applied	
potential	 (Fig.	5(c)),	whereas	the	Raman	shift	remained	virtu‐
ally	invariant	in	H2O,	D2O,	and	H218O	(Fig.	5(d)),	ruling	out	any	

possible	contribution	of	H	or	O	to	the	interaction.	 	
RCS	can	also	be	produced	using	nonactive	electrode	materi‐

als	 including	 DSA.	 For	 example,	 Araujo	 and	 co‐workers	 [98]	
compared	 the	 use	 of	 two	DSA	materials	 (IrO2	 and	RuO2)	 and	
BDD	 toward	 inactivation	 of	 Pseudomonas	 aeruginosa,	 a	
gram‐negative	 bacterium	 commonly	 found	 in	 water	 and	 soil.	
With	a	stainless‐steel	cathode	and	a	7	mmol/L	Na2SO4	electro‐
lyte,	complete	inactivation	of	100	mL	of	106	CFU	mL‒1	bacteria	
was	achieved	at	 a	 current	density	of	33.3	mA	cm‒2	within	30	
min	for	both	DSAs,	in	comparison	to	60	min	for	BDD.	Most	in‐
terestingly,	complete	activation	using	the	DSAs	was	achieved	in	
just	 5	 min	 under	 the	 same	 experimental	 conditions	 and	 the	
addition	 of	 1	 mmol/L	 NaCl.	 BDD	 inactivation	 time	 also	 im‐
proved	 with	 the	 addition	 of	 NaCl	 to	 30	 min.	
N,N‐diethyl‐p‐phenylenediamine	 (DPD)	 was	 used	 as	 a	 colori‐
metric	method	to	quantify	RCS	produced	during	electrocataly‐
sis.	These	measurements	suggested	RuO2	to	be	the	most	active	
of	the	three	materials	toward	RCS	generation	producing	more	
than	5	mg	L‒1	of	active	chlorine	within	15	min	of	electrolysis.	
These	results	highlight	the	ability	for	nonactive	electrodes	such	
as	BDD	and	other	DSAs	to	produce	RCS	under	electrochemical	
conditions.	

In	 summary,	 the	 generation	of	RCS	 is	 important	when	 the	
electrolyte	or	water	used	for	disinfection	contains	a	significant	
concentration	of	chloride	ions.	Chlorine	can	be	produced	from	
the	 oxidation	 of	 chloride	 ions,	 and	 further	 oxidation	 can	 pro‐
duce	 various	 RCS	 including	 hypochlorous	 acid,	 chlorate,	 and	
perchlorate.	 If	 the	disinfected	water	 is	to	be	consumed	by	hu‐
mans,	 it	would	be	important	to	prevent	the	formation	of	toxic	
stable	species	such	as	chlorate	and	perchlorate.	Table	S3	sum‐
marizes	 the	performance	of	additional	electrocatalysts	 for	 the	
generation	of	RCS	reported	in	recent	studies.	Beyond	chloride,	
the	presence	of	other	species	in	the	disinfection	medium	gives	
rise	 to	 the	 formation	 of	 other	 RS	 discussed	 in	 the	 following	
section,	such	as	reactive	nitrogen	and	sulfur	species.	 	

2.3.	 	 Other	reactive	species	

Under	typical	electrochemical	conditions,	ROS	and	RCS	are	
the	primary	RS	that	are	produced.	However,	depending	on	the	
specific	 experimental	 conditions,	 the	 production	 of	 less	 com‐
mon	RS,	such	as	RNS	[99‒101]	and	RSS	[102‒105],	need	to	be	
investigated	 as	 well.	 A	 series	 of	 possible	 reaction	 pathways	
toward	RNS	is	provided	in	equation	(18).	

NO3	⇆	NO2•	⇆	NO2	⇆	NO•	⇆	HNO	⇆	NR3‒xHx	 	 (18)	
RNS	 can	 be	 produced	 through	 nitrate	 (NO3)	 reduction	

(from	left	to	right	in	Reaction	(18)),	or	by	amine	(NR3‒xHx)	oxi‐
dation	(from	right	to	left	in	Reaction	(18)).	A	variety	of	amine	
species	may	be	present	in	the	experimental	systems,	including	
ammonia	(NH3)	and	biologically	derived	amines,	such	as	nitro‐
gen	within	the	amino	acid	L‐arginine	[106].	Through	these	re‐
duction	or	oxidation	reactions,	a	range	of	RNS	can	be	produced,	
including	 nitrogen	 dioxide	 (N2O•),	 nitrite	 (NO2

),	 nitric	 oxide	
(NO•),	 and	 nitroxyl	 (HNO)	 [107].	 Many	 more	 species	 can	 be	
formed	between	HNO	and	ammonia,	including	nitroxyl	radical	
(H2NO)	and	hydroxyl	amine	(H2NOH)	[108].	These	various	RNS	
are	often	grouped	together	and	referred	to	as	NOx	in	the	litera‐

Fig.	5.	(a)	Polarization	curves	for	chlorine	evolution	reaction	(CER)	for
various	cobalt	containing	materials.	(b)	In	situ	XANES	at	Co	K	edge	for
Co3O4	nanoparticles	under	CER	and	OER	conditions	in	0.6	mol/L	NaCl	
and	0.5	mol/L	phosphate	buffered	species	(Pi),	respectively.	(c)	In	situ
Raman	measurements	under	increasing	oxidative	potentials	from	0.4	to
1.3	V	in	4	mol/L	NaCl.	(d)	Broad	peak	occurs	near	500	cm‒1	ascribed	to	
Co‒Cl,	 with	 deconvolution	 in	 H2O,	 D2O,	 and	 H218O.	 Reproduced	 with
permission	from	ref.	[84].	Copyright	2019,	American	Chemical	Society.
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ture	 [109‒112].	 It	 is	 also	 important	 to	note	 that	 formation	of	
these	RNS	require	either	molecular	oxygen	or	water.	Therefore,	
these	 species	 should	 be	 considered	 during	 electrocatalysis	
when	 nitrogen‐containing	 compounds	 are	 present	 within	 the	
system	of	interest.	

Like	RNS,	RSS	can	be	found	in	many	oxidation	states	and	are	
often	grouped	together	as	SOx	species	[102].	Non‐oxygen	con‐
taining	RSS	can	be	formed	by	the	reduction	of	elemental	sulfur	
(S2)	or	oxidation	of	 sulfide‐type	 species,	 like	hydrogen	sulfide	
(H2S),	as	seen	in	Reaction	(19).	

H2S	⇆	HS•	⇆	H2S2	⇆	S2•	⇆	S2	 	 	 	 	 	 	 (19)	
Such	non‐oxygen	containing	RSS	include	thiyl	radical	(HS•),	

hydrogen	persulfide	(H2S2),	and	persulfide	radical	(S2•)	[103].	
The	importance	of	RSS,	as	compared	to	RNS	and	ROS,	has	been	
a	growing	topic	in	biology,	and	it	has	been	concluded	that	bio‐
logically	 derived	RSS	 play	 a	more	 important	 role	 in	 oxidative	
stress	than	once	believed	nearly	two	decades	prior	[103‒105].	
For	these	reasons,	RSS	should	be	taken	into	account	in	electro‐
chemical	 systems	 containing	 elemental	 sulfur,	 hydrogen	 sul‐
fide,	or	sulfate	species.	

Other	peroxo	species	may	be	formed	under	electrochemical	
conditions	beyond	hydrogen	peroxide,	such	as	persulfate,	per‐
carbonate,	 and	 perphosphate	 [113‒117].	 Specifically,	 persul‐
fate	 (SO52‒	 or	 S2O82‒)	 can	 be	 produced	 from	 sulfate,	 percar‐
bonate	 (H3CO6)	 from	 carbonate,	 and	 perphosphate	 (PO53‒	 or	
P2O82‒)	from	phosphate.	

Recently,	there	has	also	been	significant	advancement	in	the	
electrochemical	production	of	ozone	as	a	viable	oxidant	source	
[118‒122].	 This	 is	 a	 desirable	 strategy	 since	 the	 production	
and	use	of	ozone	involves	only	oxygen,	preventing	the	further	
formation	of	undesirable	byproducts	and	toxins.	

In	 summary,	 there	 are	 numerous	 other	 reactive	 species,	
such	as	RNS	and	RSS,	that	can	be	formed	during	the	electrocat‐
alytic	generation	of	ROS	and	RCS	depending	on	the	disinfection	
media	and	precursors.	Thus,	contributions	 from	these	various	
RS	 to	 the	 electrodisinfection	 activity	 cannot	 be	 ignored,	 and	
careful	analysis	is	necessary.	

2.4.	 	 Homogeneous	electrocatalysis	for	RS	generation	

In	the	above	sections,	the	electrogeneration	of	RS	is	primar‐
ily	achieved	by	heterogeneous	catalysis.	However,	it	should	be	
noted	 that	 homogeneous	 electrocatalysis	 has	 also	 been	 ex‐
ploited	 for	 RS	 production	 [123‒128].	 For	 example,	 Siu	 et	 al.	
[123]	recently	reviewed	their	work	on	redox‐active	molecular	
catalysts,	 and	 discussed	 in	 detail	 the	 electrocatalytic	 mecha‐
nisms	of	radical	formation	and	the	activity	in	the	heterodifunc‐
tionalization	 of	 alkenes.	 One	 can	 imagine	 the	 application	 of	 a	
similar	 homogeneous	 catalyst	 for	 the	 purposes	 of	 microbial	
control,	as	these	materials	produce	high‐energy	radical	species	
which	 can	 be	 used	 for	 the	 deterioration	 of	 microorganism	
components,	such	as	lipids,	proteins,	and	DNA,	as	described	in	
the	sections	below.	

3.	 	 Interactions	of	reactive	species	with	microorganisms	

Now	that	we	have	established	a	foundation	to	produce	RS,	it	

is	 critical	 to	 investigate	 how	 these	 RS	 interact	 with	microor‐
ganisms.	RS	can	cause	severe	damage	within	a	microorganism	
at	high	enough	levels	and	in	the	absence	of	remediation	path‐
ways	 [28,129‒132].	 For	 instance,	 RS	 can	 oxidize	 amino	 acids	
within	proteins	and	nucleic	 acids	within	DNA,	 leading	 to	pro‐
tein	and	DNA	inactivation	[133‒137].	Oxidation	of	polyunsatu‐
rated	 lipids	 within	 the	 microorganism’s	 lipid	 membrane	 can	
cause	 structural	 damage	 leading	 to	 apoptosis	 and	 cell	 death	
after	prolonged	lipid	membrane	degradation	[138‒142].	Outer	
lipid	membrane	degradation	 is	 of	particular	 importance	 since	
RS	 do	 not	 need	 to	 penetrate	 the	 cell	 to	 cause	microorganism	
inactivation,	 considering	 the	 limited	 lifespan	of	 the	 generated	
RS	and	difficulties	penetrating	microbial	membranes	[143,144].	
If	the	RS	can	contact	the	surface	lipid	layer	of	the	microorgan‐
ism,	 microbial	 inactivation	 can	 occur	 [145,146].	 Notably,	 mi‐
croorganisms	produce	 small	 levels	 of	RS	on	 their	 own,	which	
has	 led	to	the	development	of	specific	enzymes	used	to	break	
down	RS,	as	shown	in	Fig.	6.	The	following	section	will	explore	
the	regulation	of	these	RS	within	the	cell.	

3.1.	 	 Oxidative	homeostasis	regulated	within	microorganisms	

Microorganisms	encounter	some	 level	of	RS	regularly	with	
response	 pathways	 designed	 to	 circumvent	 the	 damaging	 ef‐
fects	of	RS	[147,148].	Toxic	RS	can	be	removed	by	antioxidant	
enzymes	within	 a	microorganism.	These	 enzymes	 include	 su‐
peroxidase	 dismutase	 (SOD),	 catalase	 (Cat)	 and	 glutathione	
peroxidase	 (GPx),	 amng	 others	 (Fig.	 6)	 [149].	 SOD	 was	 first	
discovered	by	Fridovich	et	al.	[150]	in	1969.	The	most	common	
RS	 found	 natively	within	 the	 cell	 is	 O2•	 produced	within	 the	
electron	transport	chain	of	mitochondria	[9,12].	SOD	has	been	
found	to	catalyze	the	conversion	of	O2•	to	H2O2.	Working	alone,	
the	conversion	of	one	RS	to	another	is	not	ideal;	however,	Loew	
identified	an	antioxidant	enzyme,	Cat,	in	1900	which	catalyzed	
the	conversion	of	H2O2	to	H2O	and	O2	[151].	In	1957,	Mills	[152]	
discovered	 another	 enzyme,	 GPx,	 that	 was	 responsible	 for	

Fig.	6.	Regulation	of	reactive	oxygen	species	within	the	cell	by	enzymes	
SOD,	 Cat,	 and	 other	 peroxidase	 enzymes	 (GPx	 and	 Prx).	 Red	 spheres	
represent	oxygen	and	grey	spheres	denote	hydrogen.	
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breaking	 down	 hydroperoxides,	 including	 lipid	 hydroperox‐
ides,	 which	 were	 formed	 during	 radical	 reactions	 with	 lipid	
membranes	found	in	microorganisms.	There	have	been	several	
other	 peroxidase	 (Prx)‐like	 enzymes	 discovered	 thereafter	
[4,153‒156].	A	schematic	summary	of	RS	conversion	within	the	
cell	is	shown	in	Fig.	6.	It	is	important	to	note	the	familiarity	that	
microorganisms	 have	with	 RS,	 such	 as	 O2•‒	 and	 H2O2,	 due	 to	
their	production	within	mitochondria	and	their	evolved	meth‐
ods	 for	 controlling	 damage	 from	 these	 species.	 RS	 including	
HO•	 and	 HClO	 are	 not	 directly	 produced	 within	 the	 cell,	
providing	less	pathways	 for	damage	prevention	by	the	micro‐
organism’s	stress	response.	Under	increased	levels	of	oxidative	
stress,	microorganisms	 are	 unable	 to	 prevent	 damage	 caused	
by	 their	 interaction	 with	 RS.	 In	 these	 cases,	 there	 are	 some	
measures	that	the	microorganism	can	take	to	repair	damage	to	
the	cell.	In‐depth	studies	of	these	pathways	can	be	found	in	the	
literature	[156‒159].	

Microorganisms	exist	under	a	spectrum	of	RS	exposure	(Fig.	
7(a)).	This	is	because	microorganisms	naturally	produce	some	
level	 of	 RS,	most	 often	within	mitochondria,	 through	 aerobic	
respiration	processes.	Normal	levels	of	RS	are	handled	by	var‐
ious	cellular	processes	and	minor	damage	caused	by	RS	can	be	
repaired.	 When	 a	 certain	 RS	 threshold	 is	 surpassed,	 cellular	
processes	 cannot	 keep	 up	with	 RS	 removal	 and	 the	microor‐
ganism	 enters	 a	 state	 of	 oxidative	 stress.	 Under	 these	 condi‐
tions,	microbes	 increase	 the	 production	 of	 glutathione	 (GSH),	
which	is	limited	by	the	availability	of	the	precursor	amino	acid,	
cysteine,	 and	 the	 expression	of	 the	 gene	gshA	 [160].	GSH	will	
become	oxidized	 to	glutathione	disulfide	 (GSSG)	upon	contact	
with	RS	(Fig.	7(b)).	Oxidation	of	GSH	prevents	oxidation	of	oth‐
er	nearby	species	that	may	result	in	long‐lasting	damage	to	the	
microbial	organism.	Many	research	reports	have	used	this	as	a	
method	 of	 determining	 effective	 antimicrobial	 catalysts	
through	 quantifying	 GSH	 interactions	 [161,162].	 Electrocata‐
lysts	 must	 produce	 enough	 RS	 to	 overcome	 the	 presence	 of	
glutathione	before	moving	on	to	degrade	the	microorganism’s	
cellular	 components.	 One	 frequently	 used	method	 for	 quanti‐

fying	GSH	 and	 thiol	 oxidation	 is	 known	 as	 the	Ellman’s	 assay	
[163,164].	 In	 this	 process	 the	 Ellman	 reagent,	
5,5′‐dithio‐bis(2‐nitrobenzoic	acid)	(DTNB),	 is	added	and	light	
absorption	near	430	nm	is	measured	over	time	(Fig.	7(c)).	As	
shown	in	Fig.	7(a),	there	is	a	point	at	which	the	microorganism	
cannot	properly	function	in	the	presence	of	RS,	and	experience	
damaging	effects,	as	detailed	below.	

3.2.	 	 Damaging	effects	caused	by	reactive	species	

3.2.1.	 	 Lipids	
Exogenous	RS	first	encounter	the	lipid	membrane	of	the	cell,	

and	 this	must	 be	 breached	 to	 further	 interact	with	 organelle	
and	 other	 cell	 components,	 such	 as	 proteins	 and	DNA.	 In	 eu‐
karyotes,	this	lipid	membrane	is	composed	of	glycerophospho‐
lipids	with	 >	50%	of	 these	phospholipids	 comprised	of	 phos‐
phatidylcholine	 [165].	These	 lipids	 self‐organize	 to	 form	a	 bi‐
layer	 exposing	 polar	 groups	 toward	 the	 surface	 of	 the	mem‐
brane.	Nonpolar	groups	within	the	membrane	are	comprised	of	
saturated	and	cis‐unsaturated	fatty	acyl	chains.	Both	the	polar	
groups	 at	 the	 surface	 of	 the	 membrane	 and	 the	 unsaturated	
acyl	chains	are	vulnerable	to	RS	oxidation.	The	oxidation	of	the	
unsaturated	nonpolar	fatty	acyl	chains	by	RS	is	known	as	lipid	
peroxidation	 and	 results	 in	 oxidative	 degradation	
[145,146,166‒168].	 Fig.	 8(a)	 depicts	 the	 lipid	 peroxidation	 of	
linoleate	 resulting	 in	 structural	 changes	 to	 the	 lipid	and	addi‐
tion	of	polar	oxygen‐containing	functional	groups.	This	reaction	
follows	 a	 free	 radical	 chain	 reaction	 mechanism	 resulting	 in	
proliferation	 of	membrane	 damage	 and	 incorporation	 of	 oxy‐
gen	functional	groups	within	the	nonpolar	chains.	The	oxygen	
functional	 groups	at	 this	 site	are	polar	 in	nature	 and	 leads	 to	
increased	 hydrophilicity	 and	 ultimately	 decomposition	 of	 the	
membrane	barrier	 and	 exposure	of	 endogenous	 cellular	 com‐
ponents.	

3.2.2.	 	 Proteins	
Once	the	 lipid	membrane	of	the	organism	is	compromised,	

further	 RS	 damage	 may	 be	 accrued	 to	 inner	 cellular	 compo‐
nents,	including	proteins	and	DNA.	Exposure	of	RS	to	a	protein	
leads	to	modifications	of	amino	acid	side	chains	by	protein	ox‐
idation.	 These	 changes	 can	 prevent	 protein	 function	 or	make	
the	protein	increasingly	susceptible	to	proteolytic	degradation	
by	the	proteosome,	a	catalytic	ATP‐independent	enzyme	com‐
plex	 designed	 to	 degrade	 proteins	 tagged	 by	 ubiquitin	 [169].	
This	is	part	of	the	cell’s	evolved	methods	for	self‐preservation	
by	removing	damaged	cellular	components.	 	

The	 ability	 for	 the	 proteosome	 to	 track	 and	 remove	 dam‐
aged	protein	has	been	shown	to	correlate	with	oxidant	concen‐
tration	 [170].	 At	mild	 oxidant	 concentrations	 the	 proteosome	
can	keep	up	with	proper	removal	of	damaged	proteins.	Under	
conditions	 of	 high	 oxidant	 concentrations,	 damaged	 proteins	
are	less	likely	to	be	captured	and	removed	from	the	cell	matrix	
resulting	in	an	increased	opportunity	for	these	proteins	to	be‐
come	 further	 damaged	 or	 interact	with	 undamaged	 cell	 com‐
ponents.	These	protein‐protein	interactions	can	lead	to	protein	
cross‐linkage	where	 two	proteins	become	attached	to	one	an‐
other	either	by	hydrophobic,	electrostatic,	or	covalent	interac‐

Fig.	7.	 (a)	 Spectrum	 of	 cellular	 response	 to	 RS	 ranging	 from	 cellular
homeostasis,	 left,	 to	 cell	 death,	 right.	 (b)	 Schematic	 representation	 of	
GSH	oxidation	 to	GSSG	by	RS.	 (c)	UV‐vis	 absorption	 spectrum	 for	 the	
Ellman’s	 reagent.	 (a)	 Reproduced	 with	 permission	 from	 Ref.	 [147].
Copyright	2013,	Springer	Nature.	(c)	Reproduced	with	permission	from	
Ref.	[163].	Copyright	2020,	Royal	chemistry	society.	
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tions.	Left	unchecked,	the	cross‐linking	can	continue	and	create	
a	protein	aggregate.	Such	aggregates	can	overwhelm	the	prote‐
olytic	 system	making	 basic	 cell	 function	 increasingly	 difficult.	
Fig.	 8(b)	 depicts	 the	 progression	 of	 protein	 damage	 with	 in‐
creased	oxidation	from	left	to	right.	Heavily	oxidized	and	cross‐
linked	 proteins	 cannot	 be	 degraded	 by	 the	 proteosome	 and	
establish	 cell	 signals	 related	 to	 programmed	 cell	 death.	 For	
antimicrobial	 purposes,	 this	 creates	 a	 circumstance	 in	 which	
increased	 RS	 production	 only	 improves	 bacterial	 inactivation	
efficiency.	 	

3.2.3.	 	 DNA	
A	 third	 vital	 component	 susceptible	 to	 RS	 interactions	 is	

DNA.	The	 central	dogma	of	biology	 states	 that	DNA	holds	 the	
code	 necessary	 for	 producing	 cellular	 components	 critical	 for	
survival.	DNA	is	converted	to	RNA	through	transcription	within	
the	nucleus	and	RNA	produces	the	final	product	including	pro‐
teins	 and	 enzymes	 through	 translation	 [171].	 Thus,	 cell	 func‐
tion	relies	on	the	preservation	of	DNA	and	any	deletions,	muta‐
tions,	or	other	structural	damage	can	lead	to	devastating	effects	
during	the	transcription	or	translation	processes.	 	

Structurally	DNA	 is	 comprised	 of	 a	 sugar	 phosphate	 back‐
bone	 connected	 in	 a	 double	 helix	 through	 hydrogen	 bonding	
between	4	unique	nucleotide	bases,	adenine,	thymine,	guanine,	
and	cytosine.	Damage	to	the	DNA	can	occur	 in	many	ways	in‐
cluding	deletion	of	one	or	more	nucleotide	base	pair,	mutation	
of	one	or	more	base	pairs	replaced	by	another,	or	by	breaks	in	
the	 DNA	 chain	 either	 through	 single	 (SSB)	 or	 double	 strand	

breaks	(DSB)	[172,173].	This	type	of	damage	to	DNA	is	so	fre‐
quent	that	multiple	recovery	pathways	have	evolved	within	the	
cell	to	correct	such	damage	and	prevent	mutant	RNA	or	protein	
from	being	produced.	With	 this	 reasoning,	DNA	damage	 does	
not	directly	result	 in	cell	death,	but	prolonged	exposure	to	RS	
and	further	DNA	damage	can	result	in	irreversible	DNA	damage	
and	contribute	to	cell	inactivation.	

OH•	has	been	shown	 to	 interact	with	DNA	nucleotide	base	
pairs	through	addition	to	the	pyrimidine	region	of	thymine	and	
cytosine	and	to	the	purine	region	of	adenine	and	guanine	[174].	
This	interaction	can	lead	to	separation	of	the	double	stranded	
structure	 and	prevent	 transcription	 from	occurring.	HClO	has	
also	 been	 shown	 to	 cause	 nucleotide	 chlorination	 leading	 to	
similar	 damaging	 effects	 [175].	With	 sufficient	 RS	 concentra‐
tion	 the	 microorganism	 exhibits	 an	 increase	 in	 devastating	
effects	 including	 lipid	 peroxidation,	 protein	 degradation,	 and	
irreversible	DNA	damage	culminating	to	prevent	necessary	cell	
functions	and	ultimately	resulting	in	cell	inactivation.	 	

4.	 	 Electrogenerated	reactive	species	for	microbial	 	
inactivation	

Now	 that	 we	 have	 established	 a	 foundation	 for	 different	
types	of	RS	and	their	interactions	with	microorganisms,	it	is	of	
particular	interest	to	summarize	where	the	field	of	electrogen‐
erated	RS	for	microbial	 inactivation	currently	resides.	Electro‐
generated	 RS	 for	 microorganism	 inactivation	 is	 a	 new	 and	
growing	 field.	 In	 the	 studies	of	 electrodisinfection	 throughout	
the	 last	 decade	 [31,176‒194],	 the	 electrochemical	 activity	 is	
primarily	 attributed	 to	 electric	 field	 (EF),	microbial	 cohesion,	
and	electrocoagulation,	with	 less	 focus	on	quantifying	RS	gen‐
eration	and	the	impacts	on	microbial	inactivation.	RCS	are	the	
leading	 RS	 quantified	 and	 discussed	 in	 these	 accounts	
[177,179‒181,189,192,193,195].	 For	 instance,	 Cotallis	 [195]	
and	colleagues	recently	reported	on	a	water	electrodisinfection	
device	created	with	a	stainless‐steel	cathode	and	a	BDD	anode	
attached	by	 a	 filter	 pressed	 stack	with	40	mm	separation	be‐
tween	 the	 cathode	 and	 anode	 compartments.	 Three	 of	 these	
filter	stacks	were	used	in	series	during	experimental	operation.	
Chloride	(82.19	mg	dm‒3),	nitrate	(14.8	mg	L‒1),	sulfate	(152.10	
mg	L‒1),	ammonia	(18.89	mg	L‒1),	and	E.	coli	(1100	‒	2200	CFU	
mL‒1)	were	the	most	likely	species	within	the	untreated	water	
to	interact	with	the	electrode	surface	during	water	electrodis‐
infection.	 An	 optimized	 current	 density	 in	 the	 range	 of	 5‒10	
mA	m‒2	and	applied	electrical	charge	of	0.1	kAh	L‒1	resulted	in	
complete	 disinfection	 of	 the	 contaminated	 water.	 Successful	
removal	of	E.	coli	was	quantified	through	changes	in	water	tur‐
bidity	 and	 cell	 cultures	 of	 the	 resulting	water.	 Free	 and	 com‐
bined	 chlorine	 species	were	 considered	 as	 the	primary	 disin‐
fectants,	 and	 ion	 chromatography	 measurements	 showed	 a	
level	close	to	0.5	mmol/L	at	the	applied	current	density	of	10	
mA	m‒2	and	electrical	charge	of	0.1	kAh	L‒1.	It	was	noted	that	
some	 leaching	of	Fe	occurred	at	 the	 stainless‐steel	 anode	and	
these	dissolved	species	might	have	assisted,	to	some	degree,	in	
the	coagulation	process	and	decreased	water	turbidity.	

Other	research	groups	have	also	had	success	studying	sim‐
ulated	wastewater,	created	under	controlled	laboratory	condi‐

Fig.	8.	(a)	An	example	of	lipid	peroxidation	using	linoleate	as	the	start‐
ing	substrate.	Reproduced	with	permission	 from	Ref.	 [167].	Copyright	
2005,	Elsevier.	(b)	Results	of	protein	damage	caused	by	increased	levels
of	 oxidation.	 Reproduced	with	 permission	 from	Ref.	 [170].	 Copyright	
2003,	Elsevier.	
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tions.	This	allows	 for	close	 studies	 into	 the	possible	 reactants	
involved	 and	 possible	 products	 generated	 during	 the	 electro‐
disinfection	 process.	 Ding	 and	 colleagues	 [192]	 used	 a	 com‐
mercially	available	DSA	electrode	composed	of	Ru‐Ir‐Ti	oxides	
with	 graphite	 felt	 as	 a	 cathode	 material,	 and	 studied	 how	
changing	water	 conditions	would	 influence	wastewater	 treat‐
ment.	Simulated	wastewater	was	created	using	deionized	wa‐
ter,	NaCl,	and	NH4Cl	(as	a	source	of	ammonia),	and	electrodis‐
infection	rates	were	measured	at	varying	contents	of	ammonia	
(0,	 10	mg	L‒1)	 and	 chloride	 (50‒500	mg	L‒1),	 as	well	 as	 con‐
stant	E.	coli	concentration	(1000	CFU	mL‒1).	It	was	determined	
that	bacterial	inactivation	was	optimized	at	250	mg	L‒1	chloride	
ions,	and	addition	of	more	chloride	ions	did	not	improve	bacte‐
rial	 inactivation	 under	 the	 same	 reaction	 conditions.	 Also,	 a	
minimum	applied	charge	of	0.07	Ah	L‒1	was	required	for	com‐
plete	water	disinfection	over	a	24	h	period.	Free	chlorine	gen‐
eration	 was	 found	 to	 vary	 with	 the	 applied	 electrical	 charge	
and	peaked	at	0.4	Ah	L‒1.	Beyond	 this	 applied	 charge,	 chlora‐
mines	and	chlorate	ions	were	the	leading	chlorine	species	pro‐
duced.	 Complete	E.	 coli	 removal	was	 obtained	 at	 0.07	Ah	L‒1,	
250	mg	L‒1	chloride,	in	4	h.	

As	Ghernaout	et	al.	 [177]	pointed	out	 in	 their	most	 recent	
review,	future	work	must	also	look	to	determine	contributions	
from	 oxygen	 containing	 RS	 including	 the	 hydroxyl	 radical.	 In	
fact,	 ROS	 have	 been	 identified	 under	 similar	 electrochemical	
conditions	without	 the	presence	of	 chloride	 in	 the	 electrolyte	
solution.	For	example,	Qi	and	co‐workers	[196]	observed	syn‐
ergistic	effects	between	rGO	and	BDD	toward	electrochemical	
inactivation	of	E.	coli.	Experimentally,	GO	was	first	synthesized	
by	 a	 modified	 Hummer’s	 method	 and	 chemically	 reduced	 by	
hydrazine	 to	 produce	 rGO.	 The	 electrodisinfection	 tests	were	
carried	out	with	an	electrochemical	cell	comprised	of	a	400	mL	
beaker,	 commercially	 purchased	 BDD	 anode	 (4	 cm2),	 and	 a	
stainless‐steel	cathode	(4	cm2)	separated	1	cm	away	from	the	
anode.	Multiple	electrochemical	measurements	were	conduct‐
ed	with	rGO	alone,	BDD	alone,	and	with	both	BDD	and	rGO.	It	
should	be	noted	that	rGO	was	dispersed	in	the	electrolyte	dur‐
ing	these	studies.	It	was	found	that	increasing	the	applied	cur‐
rent	density	 led	 to	 improved	antimicrobial	 activity.	 rGO	 load‐
ing,	 degree	 of	 reduction,	 and	 electrolyte	 concentration	 were	
then	 optimized	 to	 further	 improve	 the	 antimicrobial	 activity.	
The	HO•	concentration	was	quantified	by	a	colorimetric	meth‐
od	involving	reaction	with	N,N‐dimethy‐p‐nitrosoaniline.	It	was	
observed	that	the	HO	concentration	increased	over	electrolysis	
time	and	was	markedly	higher	in	the	presence	of	both	BDD	and	
rGO,	as	compared	to	that	with	BDD	or	rGO	alone.	The	antimi‐
crobial	activity	was	also	significantly	better	in	the	presence	of	
BDD	and	rGO,	suggesting	that	the	electrochemically	generated	
HO•	was	responsible	 for	 the	antibacterial	performance,	where	
rGO	 was	 postulated	 to	 increase	 the	 electric	 field	 within	 the	
electrolyte	 and	 improve	 charge	 carrier	 migration,	 leading	 to	
improved	antimicrobial	 inactivation	by	direct	 charge	 transfer.	
However,	 when	 the	 power	was	 turned	 off	 after	 5	min’s	 elec‐
trolysis,	 the	E.	coli	 count	 continued	 to	decline	over	 time.	This	
implies	 that	 in	 addition	 to	 RS,	 other	 contributors	 need	 to	 be	
identified	and	considered	 for	 the	continued	bacterial	 inactiva‐
tion,	 and	more	 systematic	 research	 is	 desired.	 A	 similar	 elec‐

trochemical	 setup	was	also	utilized	 in	other	reports	 in	 the	 in‐
vestigation	of	pristine	TiO2	and	bismuth‐doped	TiO2	nanotubes	
[197,198].	 	

A	significant	amount	of	research	has	also	been	dedicated	to	
the	study	of	BDD	toward	water	disinfection	over	the	previous	
two	 decades	 [51,57,183,193,195,196,199‒205].	 BDD	 is	 typi‐
cally	produced	through	chemical	vapor	deposition	at	low	tem‐
peratures	often	with	methane	as	a	carbon	source	and	gaseous	
boron	 in	 the	 form	 of	 B2H6	 or	 B(OCH3)3	 [206].	 Pristine	 BDD	
contains	only	sp3	carbon	similar	to	diamond;	however,	sp2	type	
surface	 carbon	 defects	 are	widely	 accepted	 as	 active	 sites	 for	
much	of	the	catalytic	properties	associated	with	the	BDD	elec‐
trodes	[204,207].	With	this	reasoning,	significant	research	has	
been	developed	 toward	 the	preparation	of	nanocrystalline	di‐
amond	(NCD),	containing	crystal	grain	sizes	under	100	nm,	and	
ultra‐nanocrystalline	 diamond	 (UNCD),	 containing	 grain	 sizes	
of	3‒5	nm	[208,209].	Reducing	 the	BDD	grain	size	 introduces	
surface	defects	and	sp2	carbon	content	thereby	improving	elec‐
trochemical	performance.	 	

For	 example,	 Glass	 and	 co‐workers	 recently	 studied	 the	
production	of	H2O2	using	an	UNCD	BDD	electrode	[205].	Com‐
mercially	 available	 boron‐doped	 UNCD	was	 deposited	 onto	 a	
silicon	wafer	by	a	thin	copper	wire	and	silver	paste.	The	copper	
wire	and	paste	were	isolated	from	the	electrolyte	by	glass	tub‐
ing	 and	 nonconductive	 epoxy.	 XPS	was	 used	 to	 identify	 func‐
tional	groups	on	the	surface	of	the	UNCD	electrode	both	before	
and	after	electrochemical	cycling.	 It	was	found	that	prolonged	
use	of	 the	 electrode	under	 cathodic	 conditions	 resulted	 in	 re‐
moval	of	oxygen	functional	groups	at	the	electrode	surface	and	
decreased	H2O2	production.	In	addition,	H2O2	generation	could	
be	 improved	 by	 a	 pre‐anodization	 step	 in	 which	 the	 UNCD	
electrode	was	first	oxidized	prior	to	cathodic	H2O2	generation.	
Furthermore,	the	use	of	a	repeated	oxidation‐reduction	cycling	
process	was	found	to	improve	H2O2	generation	under	catholic	
conditions	and	prolong	the	electrode	lifetime.	Incorporation	of	
an	oxidation	step	allowed	reincorporation	of	oxygen	functional	
groups	on	the	surface	of	the	electrode	necessary	for	H2O2	gen‐
eration.	

In	a	 later	 study,	Glass	and	co‐workers	 [210]	demonstrated	
the	 effectiveness	 of	 the	 potential	 cycling	 process	 toward	
blackwater	 disinfection	using	 an	 oxidized	BDD	electrode.	 The	
potential	 cycling	 approach	 improved	 the	 disinfection	 energy	
efficiency	by	as	much	as	124%.	Furthermore,	the	production	of	
RCS	 was	 quantitatively	 assessed	 using	 black	 water	 samples	
containing	 0.154	 mol/L	 NaCl.	 Potential	 cycling	 (between	 ‒2	
and	+2	V)	was	shown	to	dramatically	improve	the	production	
of	free	Cl2	to	30	µg	cm‒2,	as	compared	to	less	than	15	µg	cm‒2	
produced	by	constant	applied	potentials	of	+2	and	‒2	V.	Mech‐
anistically,	 Cl‒	adsorption	and	oxidation	was	 facilitated	by	 an‐
odic	polarization	due	to	the	generated	HO•	species,	and	cathod‐
ic	polarization	led	to	desorption	of	RCS	into	the	bulk	solution.	
Similarly,	 O2	 rather	 than	 Cl	 was	 adsorbed	 during	 the	 anodic	
cycles	 to	 produce	 H2O2.	 This	 demonstrates	 how	 multiple	 RS	
were	produced	under	working	conditions,	each	contributing	to	
the	disinfection	of	blackwater.	 	

In	 another	 study,	 Jiang	 et	 al.	 [211]	 incorporated	 a	 mem‐
brane	 to	 separate	 the	 cathode	 and	 anode	 compartments	 in	
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their	 study	 of	 transition‐metal	 (TM)	 SACs	 toward	 oxygen	 re‐
duction	 for	 hydrogen	 peroxide	 generation	 and	 their	 applica‐
tions	in	bacterial	inactivation.	They	used	a	cathode	material	for	
hydrogen	peroxide	production	and	a	commercial	 IrO2	catalyst	
as	 the	anode,	and	the	anode	and	cathode	compartments	were	
separated	by	a	Fumasep	FAA‐3‐PK‐130	anion	exchange	mem‐
brane	in	an	H	cell.	Various	TMs	(i.e.,	Fe,	Pd,	Co,	and	Mn)	were	
atomically	 deposited	 on	 carbon	nanotubes	 (CNT)	 synthesized	
by	a	freeze‐drying	and	thermal	annealing	process	under	an	Ar	
atmosphere	at	600	°C.	Fig.	9(a)	shows	the	HAADF‐STEM	image	
of	Fe‐CNT	where	Fe	single	atoms	can	be	readily	identified.	Con‐
sistent	 results	were	 obtained	 in	 the	 corresponding	 FT‐EXAFS	
spectrum	(Fig.	9(b)),	where	no	evident	Fe‐Fe	neighbors	can	be	
found;	for	bulk	Fe3O4	(blue)	and	Fe	foil	(black),	the	Fe	spectra	
exhibited	 a	 small	 peak	 characteristic	 of	 Fe‐O	 linkage.	 Electro‐
chemical	tests	revealed	a	H2O2	yield	over	80%	for	the	Fe‐CNT	
sample	 within	 a	 wide	 range	 of	 applied	 potentials,	 which	 de‐
creased	in	the	order	of	Fe‐CNT	>	Pd‐CNT	>	Co‐CNT	>	Mn‐CNT	
(Fig.	 9(c)).	 Two	 additional	 Fe	 containing	 samples	 were	 pre‐
pared	 for	 comparison,	 one	 with	 nitrogen	 doping	 (Fe‐N‐CNT)	
and	the	other	by	a	gas‐phase	reduction	step	of	the	as‐prepared	
Fe‐CNT,	denoted	as	Red.	Fe‐CNT.	From	Fig.	9(d)	one	can	see	a	
significant	loss	of	H2O2	production	with	the	addition	of	N	(red)	
or	 reduction	 (blue),	 likely	due	 to	Fe‐N	propensity	 toward	4e‒	
ORR	and	removal	of	oxygen	during	the	reduction	process	losing	
the	Fe‐C‐O	character.	DFT	analysis	 further	supported	the	pro‐
posed	F‐C‐O	moiety	as	the	active	site	for	selective	H2O2	genera‐
tion	with	initial	O2	adsorption	occurring	on	the	C	site.	The	ma‐
terials	were	then	tested	for	electrochemical	disinfection	of	wa‐
ter	by	quantifying	the	inactivation	of	E.	coli	at	neutral	pH	and	in	
a	 phosphate	 buffered	 saline	 solution	 (PBS,	 0.1	mol/L)	 at	 the	
catalyst	 loading	of	0.5	mg	cm‒2	and	applied	current	density	of	
20	mA	cm‒2.	Colorimetric	analysis	showed	an	H2O2	concentra‐
tion	of	1613	ppm	after	210	min’s	electrolysis,	with	a	calculated	

FE	of	90.8%.	Apparent	inactivation	of	E.	coli	was	observed	with	
the	 population	 decreased	 by	 43%	 in	 5	min	 and	 99.9999%	 in	
120	min	(Fig.	9(e)).	 	

5.	 	 Conclusions	and	perspectives	

In	summary,	substantial	progress	has	been	made	toward	a	
fundamental	understanding	of	 the	 electrochemical	 generation	
of	 various	 RS	 and	 their	 implication	 in	 bacterial	 inactivation.	
RRDE	measurements	 have	 proven	 to	 be	 a	 most	 popular	 and	
trusted	 route	 toward	 the	 characterization	 of	 RS	 generation,	
particularly	for	the	two‐electron	reduction	of	oxygen	producing	
H2O2.	 Anodic	 and	 cathodic	 pathways	 are	 both	 feasible	 routes	
toward	electrocatalytic	generation	of	RS	with	a	slight	edge	giv‐
en	 to	 the	 cathodic	 pathways,	 primarily	due	 to	 favorable	 ther‐
modynamics.	Among	the	significant	breakthroughs	in	the	field	
over	 recent	years	 is	 the	work	demonstrating	 the	 feasibility	of	
H2O2	homolytic	fission	under	electrochemical	conditions	yield‐
ing	 highly	 reactive	HO•	 [77].	 Furthermore,	 there	 have	 been	 a	
number	 of	 studies	 into	 the	 practical	 applications	 of	
RS‐generating	 electrocatalysts	 toward	 microbial	 disinfection.	
These	 studies	 have	 provided	 the	 groundwork	 of	 research	 to	
further	understand	the	conditions	required	for	effective	disin‐
fection,	in	particular,	in	light	of	the	recent	emergence	of	SACs.	 	

Toward	 future	 progress	 into	 the	 field,	 significant	 break‐
throughs	 are	 needed	 on	 various	 fronts.	 Rational	 design	 and	
engineering	 of	 effective	 electrocatalysts	 is	 a	 critical	 first	 step	
toward	 electrochemical	 microbial	 inactivation.	 For	 instance,	
the	breakthrough	in	the	research	of	monometallic	and	bimetal‐
lic	single	atom	electrocatalysts	can	be	capitalized	for	the	effec‐
tive	 and	 selective	 production	 of	 RS	 [62,212,213],	 laying	 the	
groundwork	 to	 scale	 up	 the	 technology	 for	 industrial	 water	
disinfection	 applications.	 Towards	 this	 end,	 it	 is	 important	 to	
entail	rigorous	characterization	of	a	material’s	electrocatalytic	

 
Fig.	9.	(a)	HAADF‐STEM	image	of	Fe‐CNT	composites.	(b)	FT‐EXAFS	R	real‐space	plot	of	Fe	foil	(black),	Fe‐CNT	(red),	and	Fe3O4	(blue).	(c)	Calculated	
H2O2	selectivity	and	electron	transfer	number	for	Fe‐CNT	(black),	Pd‐CNT	(red),	Co‐CNT	(blue),	and	Mn‐CNT	(green).	(d)	Calculated	H2O2	selectivity	
and	electron	transfer	number	for	Fe‐CNT	(black),	nitrogen	doped	Fe‐N‐CNT	(red),	and	gas	reduced	Red.	Fe‐CNT	(blue).	(e)	CCD	Photos	of	overnight	
cultured	E.	coli	plates	taken	from	different	electrolysis	timepoints.	Reproduced	with	permission	from	Ref.	[211].	Copyright	2019,	Springer	Nature.	
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capacity	toward	the	generation	of	RS	outlined	above,	in	partic‐
ular,	under	operando	condition.	In	many	cases,	more	than	one	
RS	may	provide	contributions	toward	microbial	disinfection.	It	
is	 therefore	 critical	 to	 identify	 and	 quantify	 all	 possible	 RS	
produced	within	a	given	system,	such	that	a	correlation	can	be	
established	with	the	bactericidal	activity	to	advance	mechanis‐
tic	understanding	of	the	 inner	working	of	the	system	of	 inter‐
est.	

Furthermore,	 from	the	microorganism	perspective,	current	
research	has	focused	mostly	on	a	narrow	range	of	possibilities.	
It	 is	of	both	 fundamental	and	technological	significance	to	de‐
velop	electrochemical	technologies	towards	the	disinfection	of	
a	 wide	 range	 of	 microorganisms,	 including	 gram‐positive/	
‐negative	 bacteria,	 viruses,	 fungi,	 and	 helminths,	 within	 the	
context	 of	 electrochemical	 RS	 generation.	 For	 instance,	 there	
are	 three	 major	 groups	 of	 microorganisms	 found	 in	
wastewater,	with	the	most	common	being	bacteria	followed	by	
viruses	and	helminths	[214‒219].	It	is	therefore	imperative	to	
quantify	 a	material’s	 ability	 to	 inactivate	 a	 range	 of	microor‐
ganisms	to	accurately	develop	an	ideal	wastewater	electrocat‐
alyst.	Previous	reports	have	 focused	primarily	on	the	antibac‐
terial	activity	 toward	E.	coli,	 the	most	common	gram‐negative	
strain	of	bacteria,	likely	due	to	the	accessibility	of	various	E.	coli	
strains	 in	most	biology	 laboratories.	However,	bacterial	 inter‐
actions	with	 electrocatalysts	 are	 likely	 influenced,	most	 likely	
to	 a	 varying	 degree,	 by	 electrostatic	 interactions	with	 E.	 coli.	
Future	studies	should	aim	to	examine	and	compare	the	activity	
to	at	least	one	bacterium	from	each	strain,	ideally	an	additional	
one	with	gram‐positive	nature.	Furthermore,	viruses	may	pose	
a	higher	risk	in	wastewater	than	bacteria	due	to	increased	dif‐
ficulty	 in	 detection	 and	 lower	 doses	 required	 for	 infection	 to	
occur	 [220,221].	 Therefore,	 future	 work	 should	 also	 look	 to	
quantify	 disinfection	activity	 toward	 common	virus	 strains	 as	
well.	In	these	studies,	it	is	also	critical	to	carry	out	relevant	as‐
says	 to	 unravel	 the	 biochemical	 origin	 of	 the	 disinfection,	 as	
various	mechanisms	of	action	may	be	involved,	such	as	oxida‐
tive	 stress	 induction,	protein	dysfunction,	membrane	damage,	
and	transcriptional	arrest	[222].	Of	these,	study	in	conjunction	

with	 metabolomic	 and	 proteomic	 analysis	 [223‒225]	 repre‐
sents	an	attractive	route	and	is	a	focal	area	of	ongoing	research.	 	
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反应性物种的电催化生成及其对微生物灭活的影响 

Forrest Nichols a, Kenneth I. Ozoemena b, 陈少伟a,* 
a加利福尼亚大学化学与生物化学系, 加利福尼亚, 美国 

b金山大学化学学院, 分子科学研究所, 约翰里司堡, 南非 

摘要: 控制水系统(包括废水、娱乐用水和饮用水)中的微生物增殖对社会健康至关重要.  电催化反应产生的反应性物质

(RS)可以作为介导来使微生物失活, 从而为控制微生物生长提供了有效途径.  本文概述了电催化反应产生RS及其应用于

水消毒的最新进展, 重点介绍了RS的选择性生产、微生物与RS的相互作用(包括RS作用机制和微生物对RS的先天反应), 以

及催化反应产生的RS用于微生物灭活的实际应用.  本文还展望了基于RS的水电化学消毒的挑战和机遇以及未来可能的研

究方向.  
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