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ABSTRACT 

Electrochemical Behaviors of Two-Dimensional Layered Materials 

by 

Jing Zhang 

In	this	thesis	several	aspects	of	the	electrochemical	behaviors	of	two-

dimensional	layered	materials	are	discussed.	First,	large-area	continuous	few-layer	

molybdenum	disulfide	film	is	prepared	by	simple	solid-gas	elemental	reaction	and	

transferred	onto	fluorine	doped	tin	oxide	glass	substrate	as	the	counter	electrode	

for	dye-sensitized	solar	cells.	The	catalytic	activity	of	the	MoS2	atomic	layers	are	

dramatically	improved	by	craving	the	MoS2	film	and	creating	artificial	edges	on	it.	

Electrochemical	analysis	shows	that	the	edges	contribute	to	the	improve	catalytic	

activity	of	MoS2.	Second,	large-area	continuous	hexagonal	boron	nitride	film	is	

grown	by	chemical	vapor	deposition	method.	The	film	is	transferred	onto	copper	

substrate	and	tested	as	the	corrosion-inhibiting	coating	in	sodium	sulphate	aqueous	

solution.	The	sample	with	30nm	h-BN	coating	shows	significantly	suppressed	

copper	dissolution	peak	and	only	one	fourth	of	the	corrosion	rate	of	the	uncoated	

sample.	Electrochemical	impedance	spectroscopy	analysis	reveals	that	the	charge	

transfer	resistance	is	much	higher	when	h-BN	film	is	present.	Third,	we	invent	a	

local	probe	electrochemical	measurement	method	and	successfully	applied	it	to	the	

electrolysis	catalytic	activity	measurement	of	various	kinds	of	transition	metal	

dichalcogenides.	The	catalytic	activity	and	turnover	frequencies	of	the	2H-MoS2	



	
	

basal	plane	versus	edge	as	well	as	the	1T’-MoS2	basal	plane	are	identified	by	this	

measurement.	At	the	same	time,	the	basal	plane	activity	and	turnover	frequencies	of	

transition	metal	dichalcogenides	from	different	element	groups	has	been	obtained.	

We	have	shown	that	the	general	trend	of	the	transition	metal	dichalcogenides	in	the	

form	of	volcano	plot	follows	the	trend	of	metals.	VB-VIA	dichalcogenides	have	been	

identified	as	the	preferential	selection	for	hydrogen	evolution	reaction	catalysts.	

Last,	we	discussed	the	measurement	of	layered	materials	in	photoelectrolysis	using	

the	local	probe	electrochemical	method.	Gallium	selenide	as	a	good	photoconductor,	

is	examined	as	the	photoelectrolysis	catalyst	and	shows	promising	

photoelectrochemical	hydrogen	evolution	performance.	The	turnover	frequency	and	

photon-to-electron	conversion	efficiency	are	obtained	from	our	measurements.	
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Chapter 1 

I. Overview 

Layered	materials	have	attracted	much	attention	in	recent	years	thanks	to	

their	intriguing	physical	and	chemical	properties.	While	the	physical	properties	of	

layered	materials	have	been	extensively	studied,	the	electrochemical	properties	still	

require	deeper	and	more	thorough	understanding.	The	scope	of	this	thesis	is	to	

explore	some	aspects	of	the	electrochemical	properties	of	layered	two-dimensional	

materials.	The	contents	include	a	brief	introduction	to	the	layered	materials	

(chapter	II),	followed	by	the	study	on	the	catalytic	activity	of	MoS2	as	the	iodine/tri-

iodide	redox	shuttle	for	the	counter	electrode	of	dye-sensitized	solar	cells	(chapter	

III),	the	anti-corrosion	resistivity	of	hexagonal	boron	nitride	atomic	layers	in	

aqueous	environment	(chapter	IV),	and	the	electrolysis	(chapter	V)	and	

photoelectrolysis	(chapter	VI)	catalytic	activity	of	selected	metal	chalcogenides.	
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Chapter 2 

II. Introduction 

2.1. Structure	of	Layered	Materials	

Layered	materials	are	materials	with	unique	crystal	configurations.	In	the	

lattice	space	layered	materials	are	only	chemically	bonded	in	two	directions	which	

define	the	chemically	stable	atomic	layers.	Along	the	other	direction	the	layers	

interact	with	each	other	under	the	Van	der	Waals	force.	The	peculiar	structure	

brings	about	distinct	properties	to	the	layered	materials.	In	this	subsection	the	

commonly	seen	crystal	structure	configurations	for	layered	materials	are	

introduced.	

2.1.1. Honeycomb	Structure	

Honeycomb	structure	is	the	one	of	the	simplest	2D	configuration.	Take	the	

most	commonly	seen	allotrope	of	carbon	–	graphite	for	example,	it	is	made	of	layers	

of	carbon	atoms	separated	by	Van	der	Waals	interaction.	In	each	layer	the	carbons	
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atoms	are	arranged	in	the	shape	of	a	honeycomb	and	located	at	the	corner	of	each	

hexagon.	There	are	two	types	of	stacking	sequences	for	graphite,	namely,	the	AB	

stacking1,	in	which	half	of	the	atoms	lie	directly	over	the	center	of	a	hexagon	in	the	

lower	graphene	sheet,	and	half	of	the	atoms	lie	over	an	atom,	and	the	AA	stacking,	in	

which	the	layers	are	exactly	aligned2.	When	the	number	of	layers	is	reduced	to	one,	

the	atomic	layer	is	called	graphene3,	as	shown	in	Figure	2.1(a).	By	trimming,	

rotating	and	bending	multiple	types	of	carbon	structure	including	graphene	ribbon,	

fullerene	and	single-wall	carbon	nanotube	could	be	obtained.	Another	

representative	member	in	the	honeycomb	family	is	hexagonal	boron	nitride	(h-BN),	

nicked	‘white	graphite’	due	to	their	similarity	in	the	crystal	structure.	The	C-C	pair	in	

the	graphite	is	replaced	by	the	B-N	pair	in	h-BN.	There	is	slight	difference	in	the	

crystal	constant	between	graphene	and	h-BN.	The	lattice	constant	for	graphene	

(neighboring	C-C	bonding	length)	is	0.142nm4	while	for	h-BN	(neighboring	B-N	

bonding	length)	it	is	0.145nm5.	The	existence	of	the	ternary	alloy	system	B-N-C	has	

been	proved	possible	as	well6.	

Graphene	in	theory	is	the	infinite	plane	of	carbon	atoms,	however,	in	reality	

the	graphene	layer	has	boundaries.	There	are	two	types	of	graphene	boundaries,	

namely,	the	zig-zag	and	the	armchair	configurations7.	As	shown	in	Figure	2.1(a),	the	

left	and	right	edges	for	the	finite	graphene	sheet	(blue)	are	zig-zag	boundaries,	

while	the	top	and	bottom	edges	are	armchair	boundaries.	The	difference	in	the	edge	

terminations	can	be	found	in	all	kinds	of	layered	materials.	At	the	same	time,	unique	

and	important	properties	have	originated	from	the	basal	plane	and	edge	structure	

inhomogeneity	as	well.	
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Figure	2.1	–	(a)	Mother	of	all	graphitic	forms.	Graphene	is	a	2D	building	
material	for	carbon	materials	of	all	other	dimensionalities.	It	can	be	wrapped	

up	into	0D	buckyballs,	rolled	

a 

b 
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into	1D	nanotubes	or	stacked	into	3D	graphite.4	(b)	Structural	models	of	2D,	
1D	and	0D	BN	nanostructures.	The	edge	of	a	nanosheet	or	nanoribbon	can	be	

either	zigzag	(B-	or	N-edged)	or	armchair	(BN	pair-edged).8	
	

2.1.2. Sandwich	Structure	

Another	important	atomic	configuration	for	the	layered	materials	is	called	

the	tri-layer	sandwich	structure.	It	is	the	dominant	structure	for	the	transition	metal	

dichalcogenides	(TMD,	chemical	formula	as	MX2)	materials.	Take	the	most	widely	

studied	TMD	–	MoS2	for	instance,	there	are	two	allotropes	–	2H	(hexagonal)	and	1T	

(tetragonal)	for	layered	MoS2	crystal.	As	shown	in	Figure	2.2(a),	from	the	side	view	

the	structure	of	both	2H-	and	1T-MoS2	is	made	of	three	layers	of	atoms,	namely,	

sulfur,	molybdenum	and	sulfur	from	the	top	to	the	bottom.	From	the	top	view	it	can	

be	seen	that	for	2H-MoS2	the	positions	of	the	top	and	bottom	layer	sulfur	overlap	

with	each	other	and	the	projection	of	the	Mo	and	S	atoms	form	the	honeycomb	

structure	analogue	to	h-BN.	The	lattice	constant	for	2H-MoS2	(neighboring	Mo-Mo)	

is	3.16Å.	In	the1T-MoS2	structure	one	of	the	sulfur	layer	locates	at	the	center	of	the	

Mo-S	hexagons.	The	1T	phase	could	be	equalized	to	the	2H	phase	with	the	top	or	

bottom	sulfur	atoms	rotating	60	degrees.	In	the	phase	diagram	of	most	TMD	

materials	both	2H	and	1T	exist.	While	there	is	distortion	in	the	1T	configuration,	i.e.	

some	pairs	of	the	neighboring	Mo	atoms	are	closer	to	each	other,	the	structure	is	

called	1T’.	The	representative	TMD	this	type	of	structure	is	1T’-MoS2	made	from	

lithium	assisted	liquid	exfoliation9.	
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Figure	2.2	–		Schematic	models	of	single-layered	MoS2	with	2H	(a)	and	1T	(b)	
phases	in	basal	plane	and	cross-section	views.	Mo,	blue;	top	S,	orange;	bottom	

S′,	purple.10	

There	are	two	types	of	edge	for	2H-MoS2.	As	shown	in	Figure	2.3,	among	the	six	

edges	of	the	hexagon	there	are	three	edges	terminated	with	Mo	(grey	spheres),	

while	the	other	three	with	S	(yellow	spheres).	These	two	type	of	edges	are	called	

Mo-	and	S-terminated	edges.	For	a	perfect	2H-MoS2	hexagon	they	exist	at	the	same	

time	and	are	alternate	to	each	other.	However,	for	a	perfect	2H-MoS2	triangle	only	

one	type	of	edge	dominants.		

a 
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Figure	2.3	–		Schematic	structure	of	a	2H-MoS2	hexagon	with	both	Mo-	and	S-
terminated	edges.11		

2.1.3. Other	structures	

There	are	several	known	structures	other	than	the	honeycomb	and	tri-layer	

sandwich	structures	for	layered	materials.	For	single	element	layered	materials	

phosphorene	(black	phosphorus)	has	a	puckered	layered	structure.	The	same	

structure	has	been	found	in	tin	sulfide	(SnS)	and	tin	selenide	(SnSe)	as	well.	Grey	

arsenic	has	the	buckled	honeycomb	structure.		Another	representative	structure	is	

the	four-atom-layer	structure	of	the	group	IIIA	chalcogenides	including	indium	

sulfide	(InS),	indium	selenide	(InSe),	gallium	sulfide	(GaS)	and	gallium	selenide	

(GaSe).	With	the	number	of	atoms	in	each	layer	goes	up	to	five,	there	is	the	Bi2S3	and	

Bi2Se3	structure.	A	more	complex	system	called	MXene	has	been	created	by	

Barsoum’s	group.	The	crystal	structures	mentioned	here	are	depicted	in	Figure	2.4	
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Figure	2.4	–		Gallary	of	the	layered	materials.	12-18	

2.2. Preparation	of	Layered	materials	

The	physical	properties	of	the	layered	materials	undergo	significant	

alternation	when	the	number	of	layers	gradually	reduces	to	one.	Essentially	there	

are	two	approaches	to	obtain	as	less	as	possible	number	of	layers.	The	top-down	

approach	starts	from	bulk	state	and	thins	down	the	layered	material	taking	the	

advantage	that	the	interlayer	Van	der	Waals	interaction	is	week	and	easy	to	

overcome.	The	bottom-up	approach	starts	from	precursors	and	build	up	layers	by	

Black phosphorus Tin selenide 
MXene 

Indium selenide 
Arsenene 

Bi2Se3 

Borophene Silicene 
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chemical	reaction.	In	this	subsection	we	are	going	to	introduce	the	most	widely	used	

methods	to	prepare	2D	material	atomic	layers	including	mechanical	exfoliation,	

liquid	exfoliation	and	chemical	vapor	deposition.	These	methods	are	frequently	

used	in	the	following	chapters	to	prepare	various	kinds	of	2D	materials.	

2.2.1. Mechanical	exfoliation	

Mechanical	exfoliation	is	the	first	viable	method	to	obtain	various	kinds	of	

monolayer	materials	including	graphene19,	h-BN20	and	MoS221.	The	mechanism	of	

mechanical	exfoliation	is	to	use	adhesive	substance	attaching	both	side	of	the	crystal	

to	cleavage	it	into	two	crystals	with	fresh	cleavage	surfaces.	The	schematic	

illustration	of	this	process	is	shown	in	Figure	2.5.	The	advantage	of	this	method	is	

the	feasibility	to	obtain	monolayer	of	interested	sample	by	simply	repeating	the	

exfoliation	process.	However,	there	are	several	drawbacks	of	this	method.	First,	the	

size	of	the	monolayer	region	is	often	in	the	submicron	range	despite	that	the	whole	

flake	has	micrometer	size.	This	limitation	determines	that	the	mechanical	

exfoliation	method	is	good	for	the	fundamental	study	of	the	material	but	not	the	

large-scale	application.	Second,	the	force	required	to	delaminate	the	layers	strongly	

depends	on	the	degree	of	the	interaction	between	the	layers.	For	materials	like	tin	

selenide	that	has	strong	interaction	in	between	the	Van	der	Waals	gap,	it	is	

extremely	difficult	to	obtain	the	monolayer.	
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Figure	2.5	–	Micromechanical	exfoliation	of	2D	crystals.	(a)	Adhesive	
tape	is	pressed	against	a	2D	crystal	so	that	the	top	few	layers	are	
attached	to	the	tape	(b).	(c)	The	tape	with	crystals	of	layered	

material	is	pressed	against	a	surface	of	choice.	(d)	Upon	peeling	off,	
the	bottom	layer	is	left	on	the	substrate.22	

2.2.2. Liquid	exfoliation	

Liquid	exfoliation	is	a	method	that	utilizes	the	liquid	as	the	tool	to	tailor	the	

layered	materials.	The	mechanism	of	liquid	exfoliation	is	weakening	the	interaction	

between	layers	with	the	assistance	of	proper	liquids	or	gas	generated	by	the	liquid	

and	consequently	separate	the	layers	apart.	Because	of	the	sufficient	contact	

between	the	material	and	the	liquid,	the	liquid	exfoliation	method	often	has	quite	

high	yield	of	monolayer	production.	However,	as	the	layers	are	separated	they	are	

under	breakdown	as	well.	The	breakdown	of	the	material	reduces	the	lateral	size	of	

a 
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the	exfoliated	flakes.	As	a	result,	the	exfoliated	material	usually	has	limited	lateral	

size	of	tens	to	hundreds	of	nanometers.		

There	are	essentially	two	ways	to	exfoliate	the	layered	materials	in	liquids.	

The	first	way	utilizes	the	surface	energy	matching	between	the	layered	material	and	

the	solvent	to	stabilize	the	exfoliated	flakes.	Solvents	with	appropriate	surface	

energy	could	prevent	the	exfoliated	sheets	from	aggregation.	Organic	solvents	

including	isopropanol	(IPA),	N,N-dimethylformamide	(DMF),	N-Methyl-2-

pyrrolidone	(NMP)	and	their	mixtures	have	been	used	to	exfoliate	layered	

materials23.	Exfoliated	products	by	this	method	are	mostly	hybrids	of	few-layer	

sheets.	To	obtain	monolayer	flakes	the	second	way	-		the	alkali	metal	intercalation	

and	dissolution	method	has	been	developed.	Alkali	metal	such	as	lithium	(or	sodium)	

is	driven	into	the	Van	der	Waal	gap	of	the	layered	material	by	either	diffusion	or	

electrical	field.	This	process	is	called	the	intercalation	of	the	alkali	metal.	Since	alkali	

metal	reacts	with	water	aggressively,	the	lithiated	compound	is	then	deintercalated	

with	water,	producing	hydrogen	gas	in	between	the	atomic	layers.	The	gas	bubbles	

expand	the	layer	spacing	and	facilitate	the	delamination	between	them.	This	method	

has	been	widely	used	to	produce	monolayer	MoS2	from	MoS2	bulk	crystals.	It	has	

been	found	that	depending	on	the	alkali	metal	type,	the	exfoliated	product	could	

have	distinguished	crystal	phases.	Li	intercalation	leads	to	the	phase	transition	of	

MoS2	from	2H	to	distorted	1T	(1T’),	while	Na	intercalation	causes	no	phase	

transition.	Following	the	same	principle,	high	yield	of	graphene	sheets	has	been	

obtained	by	the	interaction	of	FeCl3	into	graphite	and	deintercalation	of	FeCl3	by	

reacting	the	compound	with	hydrogen	peroxide.	The	drawback	for	liquid	exfoliation	
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is	the	product	usually	has	even	smaller	flake	lateral	sizes	comparing	to	mechanical	

exfoliation.	

	

Figure	2.6	–	Schematic	diagram	of	liquid	exfoliation	(a)	Ion	intercalation.	(b)	
Ion	exchange.	(c)	Solvent	sonication.23	

2.2.3. Chemical	vapor	deposition	

The	principle	for	chemical	vapor	deposition	(CVD)	is	vaporizing	the	

precursors	for	the	crystal	growth	and	enable	the	nuclei	and	growth	process	by	

adjusting	environmental	temperature	and	pressure.	So	far	CVD	method	is	the	most	

successful	method	to	prepare	large	single-crystalline	monolayer	2D	materials.	The	

CVD	method	has	been	first	applied	to	the	growth	of	graphene.	The	schematic	

diagram	for	a	typical	graphene	CVD	growth	process	is	illustrated	in	Figure	2.7.	The	
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hydrocarbon	gas	contains	carbon	source	as	well	as	hydrogen	bonded	to	carbon	

atoms.	In	order	to	break	the	hydrogen-carbon	bond	metal	catalyst	is	required.	

Various	types	of	metals	such	as	nickel,	copper	and	platinum	have	been	successfully	

utilized	as	the	dehydrogenation	catalysts.	The	free	carbon	atoms	diffuse	into	the	

metal	and	the	solubility	of	carbon	increases	with	rising	temperature.	The	metal	

substrate	is	then	cooled	down	and	the	excess	carbon	will	precipitate	on	the	surface	

of	the	metal	and	forms	a	carbon	layer.	By	controlling	the	right	cooling	rate,	the	

crystallized	monolayer	to	few-layer	hexagonal	graphene	lattice	could	form.	The	

growth	of	graphene	on	other	metal	substrates	follows	the	same	principle.	The	

experimental	details	including	the	temperature	and	cooling	rate	vary	due	to	the	

diverse	solubility	of	carbon	and	catalytic	activities	of	the	metals.	

	

Figure	2.7	–	Chemical	vapor	deposition	of	graphene	on	Ni	(111).	(a)	
Illustration	of	carbon	segregation	at	metal	surface.	(b)	Top:	a	low	

magnification	image	with	step	shaped	edges,	highlighted	by	red	dash	lines.	

a 

b 
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Inset	shows	the	SAED	pattern	of	the	graphene	film.	Bottom:	HRTEM	image	of	
wrinkles	in	the	graphene	film,	apparently	of	3–4	layers.24	

CVD	method	was	first	applied	to	grow	monolayer	MoS2	flakes	in	201225.	By	

CVD	method	repeatable	growth	of	monolayer	MoS2	with	large	lateral	size	was	

demonstrated.	Later	2D	materials	with	the	same	elemental	groups	combination	

including	MoSe2,	WS2,	WSe2	and	their	alloys	and	heterostructures	were	synthesized.	

Followed	studies	have	proved	that	several	other	2D	material	monolayers	such	as	

ReS226	and	SnS2	could	be	grown	by	CVD	method	as	well.	By	seeding	the	substrate	

even	wafer	size	monolayer	MoS2	has	been	obtained,	demonstrating	the	industrial	

application	potential	of	CVD	method.	

In	a	typical	MoS2	CVD	growth	process,	volatile	precursors	containing	the	

metal	composition	such	as	the	metal	oxide	or	metal	chlorides	are	heated	to	the	

temperature	above	the	volatile	point.	Sulfur	is	heated	to	its	melting	point.	Both	the	

vaporized	metal	precursor	and	sulfur	were	carried	to	the	growth	zone	of	the	furnace	

by	inert	gas.	Distinct	from	the	graphene	growth,	no	catalyst	is	required	in	the	MoS2	

CVD	process.	The	nuclei	and	growth	process	happen	directly	on	the	substrate	

(usually	SiO2/Si	or	quartz).	After	the	reaction	monolayer	MoS2	could	be	found	on	the	

substrate.	The	CVD-grown	MoS2	usually	has	fairly	large	lateral	size	from	10µm	to	

hundreds	of	micrometers	and	is	perfect	for	device	studies	and	applications.	In	next	

chapters	we	will	discuss	in	detail	the	electrochemical	properties	of	the	monolayer	

MoS2	flakes.	
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Figure	2.8	– Chemical	vapor	deposition	reaction	of	MoS2.	(a)Schematic	
illustration	for	the	experimental	set-up.	(b)	Monolayer	MoS2	triangular	flakes	
on	SiO2/Si	substrate	with	high	density.	(c)	Monolayer	MoS2	triangular	flake	
with	lateral	size	of	123µm.	(d)	AFM	image	of	a	monolayer	MoS2	triangular	
flake.	The	profile	in	the	inset	shows	that	the	thickness	is	less	than	1nm.	(e)	

Low	magnification	TEM	image.	Inset	is	the	SAED	pattern	of	MoS2.	(f)	STEM-ADF	
image	of	the	defect	free	MoS2	lattice.25,	27-28	

2.2.4. Other	methods	

Layered	TMD	can	be	directly	synthesized	by	elemental	reaction.	Take	MoS2	

for	instance,	as	shown	in	Figure	2.9(a),	several	nanometer	of	Mo	previously	

a 

b c
a

d
a

e f 
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deposited	on	the	SiO2/Si	substrate	is	directly	sulfurized	by	vaporized	S	and	produce	

few-layer	MoS2	film.	The	MoS2	film	prepared	this	way	is	of	continuous	large	area	

and	good	for	catalyst	and	device	applications.	In	one	of	the	chapters	we	are	going	to	

discuss	the	catalytic	properties	of	this	type	of	MoS2	film.	

	

Figure	2.9	– 	Illustrations	and	morphologies	of	atomic-layered	MoS2.	a)	
Introducing	sulfur	on	the	Mo	thin	film	that	was	pre-deposited	on	the	SiO2	
substrate.	b)	MoS2	films	that	are	directly	grown	on	the	SiO2	substrate.	The	

atoms	in	black	and	yellow	represent	Mo	and	S,	respectively.	c)	SiO2	substrate	
(left)	and	peeled-off	few-layered	MoS2	(right,	indicated	by	the	arrow).	d)	
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Optical	image	of	one	local	section	with	MoS2	on	the	SiO2	substrate.	Most	of	
areas	in	dark	grey	are	few-layered	MoS2.	The	area	in	light	grey	is	(1–2)-

layered	MoS2	marked	by	an	arrow.	e)	Corresponding	SEM	image.	These	images	
show	a	large	size,	uniform,	and	continuous	MoS2	atomic	layer.29	

Other	commonly	seen	methods	to	grow	layered	materials	are	chemical	vapor	

transport	(CVT)	and	physical	vapor	deposition	(PVD)	method.	Both	methods	have	

long	been	developed	and	were	used	to	prepare	layered	materials	in	their	bulk	form.	

Iodine	and	several	other	species	can	form	low	volatile	point	compounds	with	the	

high	melting	temperature	precursors.	As	shown	in	CVT	process	utilizes	this	

advantage	and	transports	the	high	melting	temperature	precursor	by	transport	

agent	such	as	iodine.	The	precursor	is	release	at	low	temperature	region	of	the	

reaction	chamber	to	feed	the	single	crystal	growth.	Product	from	CVT	growth	is	

often	large	single	crystals	and	requires	further	exfoliation	in	order	to	be	studied.	In	

the	following	chapters	several	kinds	of	TMD	materials	were	originally	synthesized	

by	CVT	method	and	later	mechanically	exfoliated	for	the	electrochemical	

measurements.	

PVD	is	a	process	very	similar	to	CVD	but	without	any	chemical	reaction	in	it.	

In	a	typical	PVD	process	the	precursor	has	the	same	chemical	composition	as	the	

product.	As	shown	in	Figure	2.11,	the	precursor	is	simply	evaporated	and	

recrystallized	at	the	low	temperature	zone	of	the	furnace.	
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Figure	2.10	– (a)	Illustration	of	CVT	method.	Optical	images	of	(b)	single	
crystals	of	TMD	bulk	alloy	and	(c)	exfoliated	TMD	alloy	flakes	on	a	tape.	(d)	
Optical	image	of	a	Mo1−xWxS2	monolayer	flake	on	SiO2/Si	(oxide	thickness	of	

300	nm).30-31	

	



	 35	

Figure	2.11	– (a)	Illustration	of	a	three-zone	low-pressure	furnace	system	for	
PVD	synthesis	of	MoS2(1−x)Se2x	monolayers.	(b)	Optical	image	of	grown	
MoS2(1−x)Se2x	films	on	SiO2/Si	substrates.	(c)	Optical	image	and	(d)	AFM	

image	of	MoS2(1−x)Se2x	monolayers.32	

2.3. Properties	of	Layered	Materials	

Due	to	the	unique	crystal	structure,	layered	materials	owe	many	special	

physical	and	chemical	properties.	Some	of	the	properties	are	related	to	the	basal	

plane	and	edge	diversity,	while	other	properties	are	derived	from	the	layer	number	

reduction	from	bulk	state	to	monolayer.	In	this	subsection	we	are	going	to	briefly	

introduce	the	basic	physical	properties	including	the	electrical	and	optical,	as	well	

as	the	chemical	property	specified	on	the	electrochemical	property	of	layered	

materials.	

2.3.1. Electrical	property	

The	most	representative	case	for	the	electric	property	of	layered	material	is	

the	transition	from	the	bulk	state	graphite	to	the	few-layer	state	graphene.	At	the	

bulk	state	graphite	is	a	conductor	and	shows	metallic	behavior.	In	2004	Novoselov	

and	Geim	experimentally	demonstrated	the	field-effect	in	few-layer	graphene3.	The	

field-effect	is	led	by	the	famous	Dirac	cone	formed	in	the	band	diagram	while	the	

number	of	layers	is	reduced	to	few.	The	breakthrough	signals	the	future	of	graphene	

as	the	next	generation	electronic	building	block.	
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Figure	2.12	–	Few-layer	graphene:	optical	image,	device	and	field-effect	in	it.3	

2.3.2. Optical	property	

The	optical	properties	introduced	in	this	subsection	include	the	absorption,	

photoluminescence	and	Raman	characteristics	of	the	commonly	seen	layered	

materials.	The	absorption	of	monolayer	graphene	is	around	3%33.	On	the	Raman	

spectra	of	graphene	there	are	three	important	peaks.	The	peak	around	1270-

1450cm-1,	1580cm-1	and	2700cm-1	are	called	D,	G	and	2D	peak.	The	intensity	of	D	

peak	is	directly	related	to	the	crystal	quality	and	defect	concentration	of	graphene.	G	

peak	corresponds	to	the	in-plane	vibration	of	the	carbon	atoms.	G	peak	can	be	used	

to	identify	the	number	of	layers	in	graphene.	2D	peak	is	the	two-phonon	resonance	

peak	and	is	used	to	identify	the	thickness	of	graphene	as	well.	
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Figure	2.13	–	(a)	Optical	transmittance	measurement	of	CVD	graphene.33	(b)	
Typical	Raman	spectra	for	CVD	grown	graphene.34	

The	Raman	spectra	of	MoS2	provides	information	on	the	crystal	symmetry	as	

well	as	thickness.	In	a	typical	2H-MoS2	Raman	spectra,	there	is	a	peak	around	

380cm-1	(E12g)	and	another	peak	around	405cm-1	(A1g).	As	shown	in	Figure	2.14	

(b)the	two	peaks	correspond	to	the	in-plane	and	out-of-plane	vibration	modes	

separately.	As	shown	in	Figure	2.14	(a)	The	E12g	peak	blue	shifts	and	the	A1g	peak	

red	shifts	while	the	layer	number	increases.		The	peak	distance	of	E12g	and	A1g	

depends	on	the	thickness	of	MoS2	and	can	be	used	as	a	reference	for	the	layer	

number	determination.	The	Raman	spectra	is	also	used	to	differentiate	2H-MoS2	

from	its	allotrope	1T’-MoS2.	As	shown	in	Figure	2.14	(c),	three	new	peaks	(J1,	J2	and	

J3)	appear	on	the	Raman	spectra	of	1T’-MoS2.	Raman	is	a	powerful	tool	to	

characterize	2D	materials	and	will	be	widely	used	in	the	following	chapters.	

b 
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Figure	2.14	–	(a)	Raman	spectra	of	MoS2	with	the	layer	number	from	one	to	
three.35	(b)	Vibration	modes.36	(c)	Crystal	structure	and	Raman	vibration	of	

1T’-MoS2.37	

For	layered	materials	with	semiconductor	nature,	the	band	structure	

evolution	led	by	the	layer	number	reduction	affects	the	direct	or	indirect	nature	of	

b 
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the	layered	material	as	well	as	the	bandgap	value.	2H-MoS2	is	an	indirect	bandgap	

semiconductor	at	its	bulk	state.	It	undergoes	the	famous	indirect	to	direct	transition	

when	the	number	of	layers	reduces	to	one38.	In	the	band	diagram	in	Figure	2.15	the	

orange	line	and	blue	lines	represent	the	lowest	point	of	the	conduction	band	and	

highest	points	of	the	spit-valence	band	of	MoS2.	A	and	B	correspond	to	the	direct-

band	transition	in	monolayer	MoS2.	I	correspond	to	the	indirect-band	transition	in	

bulk	MoS2.	Bottom	figures	depict	that	the	PL	peak	intensity	and	position	of	the	MoS2	

varies	with	the	number	of	layers.	Therefore,	PL	could	be	used	to	identify	if	the	if	the	

MoS2	is	monolayer	and	if	not,	the	layer	number	of	it.		For	other	VIB-VIA	TMD	

materials	this	conclusion	is	valid	as	well.		This	conclusion	is	widely	used	in	the	

following	chapters.	
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Figure	2.15	–	Band	diagram	and	PL	spectra	of	MoS2	with	different	number	of	
layers.38	

2.3.3. Electrochemical	catalytic	property	

So	far	the	most	successful	application	of	layered	materials	is	the	field-effect	

transistors.	Aside	from	that,	the	electrochemical	properties	of	layered	materials	

have	been	extensively	studied.	In	this	subsection	we	are	going	to	review	the	

reported	electrochemical	application	of	layered	materials,	especially	layered	

chalcogenides	as	the	catalysts	for	electrolysis	and	photoelectrolysis.		

MoS2	has	been	considered	as	an	effective	and	low-cost	HER	catalyst	for	

decades39.	MoS2	has	a	unique	layer	structure	which	consists	of	a	sulfur	terminated	

basal	plane,	a	sulfur	rich	edge	and	a	molybdenum	rich	edge40.	As	shown	in	Figure	

2.16,	the	exchange	current	density	shows	strong	dependence	on	the	MoS2	edge	

length	but	weak	dependence	on	the	area	coverage.	This	demonstrates	that	the	edge,	

particularly	the	Mo	terminated	edge,	contributes	most	to	the	HER	catalytic	activity41.	

Following	this	principle	multiple	works	have	proved	the	positive	effect	of	creating	

edges	on	the	improvement	of	MoS2	HER	activity11,	42-43.	
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Figure	2.16	–Exchange	current	density	versus	(A)	MoS2	area	coverage	and	(B)	
MoS2	edge	length.41	

The	success	synthesis	of	monolayer	2D	layered	materials	in	recent	years25,	27-

28	has	triggered	the	interests	in	exploring	the	HER	performance	of	MoS2	in	a	more	

explicit	way.	The	ability	to	synthesize	monolayer	MoS2	in	a	large	yield	makes	it	

feasible	for	such	measurements.	Quite	a	few	attempts	have	been	made	using	CVD	

monolayer	MoS2	as	the	catalytic	material44-47.	As	shown	in	Figure	2.17,	MoS2	

monolayer	has	been	grown	or	transferred	onto	gold	nano-pore	frame	and	gold	

nano-cone	arrays	and	the	HER	activities	of	the	MoS2	monolayer	has	been	measured	

directly.	Comparing	to	the	MoS2	ink	based	experiments,	the	monolayer	

measurements	interpret	the	effect	of	strain,	surface	modification	and	other	factors	

more	straightforward	and	precisely.	Works	have	also	been	done	to	study	the	effect	

of	the	number	of	MoS2	layers	on	the	HER	performance48.	
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Figure	2.17	–MoS2	monolayer	on	gold	frame	and	cone	arrays	as	well	as	the	
HER	measurements.45,	49	

The	unique	phase	transition	from	2H	to	1T’	of	VIB-VIA	TMDs	has	attracted	

much	attention	in	recent	years	due	to	the	significantly	improve	HER	catalytic	

activity	on	1T’	phase	VIB-VIA	TMDs.	The	1T’	phase	is	a	distorted	structure	of	1T	

phase	and	was	discovered	for	VIB-VIA	TMDs	in	1990s50.	The	catalytic	behavior	of	1T’	

phase	for	hydrogen	evolution	reaction	was	not	studied	until	recently51-52.	As	shown	

in	Figure	2.18,	1T’-WS2	was	prepared	by	intercalation	of	lithium	into	the	2H-WS2	
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lattice	and	following	exfoliation	in	water.	The	HER	catalytic	activity	boosts	after	the	

exfoliation	and	phase	transition.	

	

Figure	2.18	–1T’-WS2	and	its	catalytic	performance	on	HER.51	

Layered	semiconductors	have	also	been	explored	as	the	photoelectrolysis	

catalysts	due	to	their	light	absorption	abilities.	As	described	previously,	the	bandgap	

of	layered	materials	usually	increases	as	the	number	of	layer	decreases.	Larger	

bandgap	makes	some	of	the	layered	materials	perfect	for	photoelectrolysis	or	even	

photolysis	regarding	on	their	band	position	matching	to	the	redox	couple	position	of	

water.	Layered	materials	with	promising	photoresponse	such	as	GaSe,	SnS2,	have	

been	inspected	as	the	photoelectrolysis	catalysts.	As	shown	in	Figure	2.19,	the	bulk	
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state	SnS2	does	not	show	active	photoelectrolysis	response.	However,	when	the	

thickness	of	the	SnS2	is	reduced,	the	photoelectrolysis	catalytic	activity	becomes	

prominent.	
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Figure	2.19	–Single	layer	SnS2	sheets	made	by	solvent	exfoliation	method	and	
their	performance	on	photoelectrochemical	oxygen	evolution	reaction.53	

In	the	following	chapters	we	will	focus	on	the	electrolysis	and	

photoelectrolysis	properties	on	some	of	the	commonly	seen	TMDs	as	well	as	several	

selected	novel	TMDs	for	this	type	of	application.	

2.3.4. Electrochemical	insulation	property	

Some	of	the	layered	materials	are	chemically	inert	and	catalytically	inactive	

in	most	electrochemical	systems.	Therefore,	they	can	be	used	as	the	electrochemical	

insolation	layer.	An	application	of	this	property	is	the	anti-corrosion	coating.	

Theoretically	a	monolayer	of	2D	material	can	be	the	thinnest	coating	that	has	been	

ever	made.	Graphene	was	extensively	inspected	as	the	electrochemical	anti-

corrosion	coating	in	recent	years.	As	shown	in	Figure	2.20,	the	corrosion	of	copper	

in	aqueous	solution	was	significantly	suppressed	by	few-layer	graphene	coating.	

The	corrosion	rate	decreases	up	to	4	times	while	few-layer	graphene	is	present.	In	

one	of	the	chapters	we	are	going	to	discuss	the	electrochemical	anti-corrosion	

properties	of	hexagonal	boron	nitride	atomic	layers.	
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Figure	2.20	–Single	layer	SnS2	sheets	made	by	solvent	exfoliation	method	and	
their	performance	on	photoelectrochemical	oxygen	evolution	reaction.53	
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Chapter 3 

III. Catalytic Behavior of 
MoS2 for I-/I3

- Redox Shuttle 
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3.1. Background	

3.1.1. Dye-sensitized	solar	cells	

Dye-sensitized	solar	cell	(DSC)	is	the	third	generation	of	solar	cells	after	the	

invention	of	the	single-crystalline	silicon	(1st	generation)	and		amorphous	silicon,	

CIGS	and	CdTe	(2nd		generation)	solar	cells54.	Distinct	from	other	kinds	of	solar	

cells,	DSC	is	essentially	a	kind	of	electrochemical	cell.	The	record	photon-to-electron	

conversion	efficiency	for	DSC	is	around	13%55.		

3.1.1.1. Fundamentals	

The	fundamental	structure	of	DSC	is	depicted	in	Figure	3.1.	When	photons	

from	the	solar	light	are	absorbed	by	the	dye	molecules	(component	1),	electrons	in	

the	dye	molecules	will	transit	from	the	ground	state	(S+/S)	to	the	excited	state	

(S+/S*).	The	excited	electrons	(component	2)	are	injected	into	the	conduction	band	

of	the	semiconductor	(component	3)	and	move	along	the	external	circuit	passing	the	

load	until	they	reach	the	counter	electrode	side.	The	redox	couple	in	the	electrolyte	

(component	5)	then	accept	the	electrons	and	on	the	other	side	donate	the	electrons	

to	the	dye	molecules	for	them	to	return	to	the	ground	state.		

The	performance	of	DSC	is	characterized	by	the	I-V	curve	primarily.	Figure	

3.1b	shows	a	series	of	typical	I-V	curves	of	a	solid-state	DSC.	There	are	three	

important	parameters	in	the	curve,	namely,	the	short-circuit	current	density	(Jsc),	

the	open-circuit	voltage	(Voc)	and	the	fill	factor	(FF).	Jsc	and	Voc	are	the	intercepts	of	

the	I-V	curve	with	the	y-axis	and	x-axis	respectively.	FF	is	defined	as	the	maximum	
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power	point	(I×V)	on	the	I-V	curve	divided	by	the	product	of	Jsc	and	Voc.	Jsc	is	affected	

dominantly	by	the	ability	of	the	light-harvesting	material	(dye)	to	absorb	photons	

and	convert	them	to	electrons.	Voc	is	decided	by	the	energy	level	match	of	the	

photoanode	and	cathode.	In	the	case	of	DSC,	Voc	is	usually	the	energy	level	difference	

of	the	fermi	level	position	of	the	semiconductor	at	photoanode	and	redox	couple	

position	in	the	electrolyte	(component	4).	Based	on	the	definition	of	FF,	it	is	a	value	

between	zero	and	one.	In	the	field	of	Si	solar	cells,	the	closer	of	FF	to	one,	or	in	other	

words,	geometrically	the	squarer	the	I-V	curve	is,	the	higher	quality	the	p-n	junction	

has.	In	the	field	of	DSC	FF	reflects	the	recombination	rate	of	the	excited	electrons	

back	to	the	lower	energy	levels,	which	could	be	considered	as	the	quality	of	the	

junction	made	of	dye	and	redox	couple	as	well.	

	

Figure	3.1	–	(a)	Schematic	representation	of	the	dye-sensitized	photovoltaic	
cell	regarding	on	the	electron	energy	level	in	the	different	phases.56	(b)	
Photocurrent	density–voltage	(J–V)	characteristics	of	a	DSC	devices	under	

irradiation	of	100 mW cm–2	simulated	AM	1.5	sunlight.	

a b 
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3.1.1.2. Counter	electrode	

At	the	counter	electrode	the	redox	couple	transit	from	its	oxidized	state	to	

the	reduced	state	by	accepting	electrons	from	the	external	circuit.	This	process	is	

naturally	slow	on	pure	conductive	glass.	To	increase	the	reaction	rate	proper	

catalyst	is	required.	For	the	most	commonly	seen	redox	couple:	iodide	(I-)	and	

triiodide	(I3-),	platinum	has	the	best	catalysis	behavior	as	well	as	the	stability	in	the	

electrolyte.	However,	platinum	is	a	rare	element	and	therefore	its	application	is	

limited	by	its	expensive	price.	To	replace	platinum	researchers	have	focused	on	

carbon-based	catalysts	since	carbon	is	as	stable	as	platinum	in	the	electrolyte	but	

much	cheaper.	Several	allotropes	of	carbon	including	the	activated	carbon,	carbon	

nanotube	and	graphene	have	been	inspected	as	the	counter	electrode	materials	and	

showed	promising	catalytic	activities.	The	successful	use	of	2D	material	(graphene)	

as	the	catalyst	triggered	the	broader	exploration	into	this	field.	2D	TMD	materials	

are	known	for	their	promising	catalytic	activities	in	many	processes	including	

electrolysis,	decarbonization	and	dehydration,	therefore	it	is	expected	that	they	are	

catalytically	active	for	the	I-/I3-	redox	couple	as	well.	Lee	demonstrated	that	few-

layer	MoSe2	thin	film	showed	comparable	catalytic	activity	to	platinum	as	the	I-/I3-	

shuttle57.	In	this	chapter	we	are	going	to	study	the	catalytic	activity	of	the	most	

representative	TMD,	MoS2	as	the	counter	electrode	material	for	DSC.	Furthermore,	

an	effective	way	to	improve	the	MoS2	counter	electrode	performance	by	creating	

artificial	edge	active	sites	has	been	developed.	
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3.2. MoS2	counter	electrode	

3.2.1. Preparation	

Atomic	layers	of	MoS2	was	synthesized	by	a	solid-vapor	phase	reaction.	

Depending	on	the	final	film	thickness,	0.5-5	nm	of	molybdenum	was	deposited	on	

the	wafer	by	ebeam	evaporation	method.	The	wafer	with	Mo	and	a	porcelain	boat	

containing	sulfur	were	then	placed	at	the	center	and	upstream	of	the	heating	zone	

respectively.	As	shown	in	Figure	3.2,	during	the	reaction	the	sulfur	vapor	was	

carried	to	the	wafer	by	high	purity	argon.	At	temperature	higher	than	500oC	the	

reaction:	Mo(s)+S(g)àMoS2	starts	to	occur.	At	around	750oC	the	Mo	could	be	

completely	sulfurized.	The	sulfurization	process	lasts	for	30min	and	the	furnace	was	

cooled	down	naturally	before	the	sample	was	taken	out.	

	

a 

b 
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Figure	3.2	–	Schematic	illustration	of	(a)	the	reaction	chamber	and	(b)	the	
solid-vapor	phase	reaction58.	

3.2.2. Physical	characterizations	

The	wafer	before	and	after	sulfurization	is	shown	in	Figure	3.3(a).	The	color	

contrast	change	indicates	that	Mo	is	sulfurized	uniformly	across	the	wafer.	After	the	

reaction	two	major	peaks	E12g	(~380cm-1)	and	A1g	(~420cm-1)	in	the	Raman	spectra	

(Figure	3.3(b))	proves	that	the	Mo	has	been	converted	to	MoS2.	The	distance	

between	the	two	peaks	(~40cm-1)	is	consistent	with	the	few-layer	MoS2	in	the	

literatures.	The	thickness	of	the	MoS2	film	is	identified	by	AFM.	As	shown	in	Figure	

3.3(c),	the	surface	of	the	MoS2	film	is	smooth	and	the	thickness	of	the	film	is	about	

20nm	read	from	the	profile.	

	

a 

b c 
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Figure	3.3	–	MoS2	electrode	prepared	by	solid-vapor	phase	reaction:	(a)	Mo	
deposited	wafer	before	and	after	the	sulfulrizaiton;	(b)	Raman	spectra	of	the	
few-layer	MoS2	film;	58(c)	AFM	image	of	the	few-layer	MoS2	film	transferred	to	

SiO2/Si	substrate	

3.2.3. Catalytic	behavior	

To	catalytic	behavior	of	the	few-layer	MoS2	thin	film	was	first	inspected	as	

the	counter	electrode	of	a	typical	DSC	as	illustrated	in	Figure	3.6(a).	Before	the	test	

the	MoS2	film	was	transferred	onto	the	FTO	(F:	SnO2)	substrate	using	the	PMMA	

assisted	transferring	method.	The	J-V	curves	of	the	few-layer	MoS2	thin	film	as	noted	

‘un-Patterned	MoS2’	and	the	sputtered	20nm	platinum	control	group	as	noted	‘Pt’	

are	shown	in	Figure	3.6(b).	The	control	group	DSC	has	the	average	performance	

(Jsc~15mA/cm2,	Voc~0.75V	and	Eff~7%)	comparing	to	other	DSCs	with	platinum	

based	counter	electrode.	The	DSC	with	the	MoS2	thin	film	based	counter	electrode,	

however,	exhibits	slightly	reduced	Jsc,	Voc	and	dramatically	degraded	FF.	The	

comparable	Jsc	and	Voc	to	platinum	imply	that	the	electron	transport	through	the	

MoS2	film	does	not	hinder	the	cell	performance	and	the	Fermi	level	position	of	the	

MoS2	matches	the	redox	potential	well.	Therefore,	it	can	be	inferred	that	the	charge	

transfer	from	the	few-layer	MoS2	film	to	the	redox	couple	is	the	limiting	factor	as	

identified	by	the	low	FF.	
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3.3. Edge-rich	MoS2	counter	electrode	

3.3.1. Preparation	

The	idea	in	this	section	is	to	expose	enough	edge	sites	of	MoS2	by	simply	

pattern,	cover	and	etch	away	partial	region	of	the	few-layer	MoS2	film.	Commonly	

used	methods	to	this	purpose	include	optical	lithography,	ebeam	lithography	and	

template	method.	Due	to	the	large	size	of	the	film,	template	method	was	utilized	

here.	Figure	3.4(a-d)	represent	the	fabrication	procedure	of	the	edge-rich	few-layer	

MoS2.	Commercially	available	PMMA	beads	(average	diameter	ranging	from	10	to	25	

µm)	were	dispersed	into	DI	water	and	sonicated	by	a	batch	sonicator	for	30min.	The	

concentration	of	the	PMMA	beads/water	suspension	was	determined	to	be	1mM	in	

order	to	have	a	monolayer	bead	coating	with	high	packing	density.	The	beads	were	

coated	onto	the	MoS2	film	by	the	spin-coating	process	at	the	speed	of	1000rpm	and	

ramping	rate	of	100rpm/s.	The	SEM	picture	of	the	beads	coated	MoS2	is	shown	in	

Figure	3.4(e).	It	can	be	seen	that	despite	the	monolayer	formation	of	the	beads,	they	

overlap	with	each	other	occasionally	and	fully	block	the	MoS2	film	underlying.	In	

order	to	have	a	higher	usage	of	the	beads	template,	we	used	reaction	ion	etching	

(RIE)	to	reduce	the	bead	size.	The	PMMA	beads/MoS2	on	SiO2	substrate	was	kept	in	

argon	RIE	for	1min.	As	shown	in	Figure	3.4(f),	the	average	bead	size	was	

successfully	trimmed	and	each	bead	was	separated	from	one	another.	The	beads	as	

presented	here	were	used	as	the	initial	mask	for	the	edge	creation.	One	fact	worth	

being	mentioned	is	that	the	MoS2	film	was	extremely	stable	under	the	argon	RIE,	

implying	that	negligible	structure	destruction	and	defect	formation	lead	by	the	RIE	
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in	our	case.	30nm	gold	was	then	sputtered	onto	the	substrate	to	cover	both	the	

beads	and	the	MoS2	film	(Figure	3.4(b)).	To	have	the	final	gold	mask	for	the	edge	

creation,	the	substrate	was	put	upside	down	in	DI	water	batch	and	sonicated	

tenderly.	By	this	way	the	beads	delaminated	gradually	from	the	MoS2	film	while	the	

film	remained	intact	on	the	substrate.	The	gold	masked	MoS2	film	was	then	

patterned	using	the	ion	bombardment	process.	As	shown	in	Figure	3.4(h),	the	

substrate	was	attached	to	a	gold	sputtering	target	and	installed	into	the	sputtering	

machine.	Argon	ions	were	accelerated	by	high	voltage	and	hit	the	substrate	

continuously.	The	gold	and	MoS2	were	removed	at	the	same	time	by	the	knock-out	

effect.	However,	since	the	gold	the	much	thicker	than	the	MoS2	film,	therefore	by	

controlling	the	sputtering	time	properly	the	MoS2	underlying	the	gold	mask	would	

not	be	etched	away.	The	sputtering	time	in	our	experiment	was	found	to	be	30s.	

Finally,	the	gold	mask	was	etched	away	in	a	KI/I2	(molar	ratio	3:1)	aqueous	solution.	

	

Figure	3.4	–	Schematic	of	the	fabrication	procedure	of	the	patterned	MoS2.	(a)	
PMMA	beads	mono-layer	is	made	by	dip-coating.	(b)	Sizes	of	the	beads	are	
reduced	by	oxygen	plasma	etching	and	a	gold	mask	layer	is	deposited.	(c)	
PMMA	beads	are	removed	forming	a	patterned	gold	mask,	and	the	exposed	
MoS2	is	sputtered	away.	(d)	The	residual	gold	is	cleaned	and	the	pattern	is	

h	
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made	on	MoS2.	(e)	SEM	image	of	PMMA	beads	mono-layer	as	deposited	by	dip-
coating.	(f)	SEM	image	of	PMMA	beads	mono-layer	after	size	reduction	in	
oxygen	plasma.	(g)	SEM	image	of	patterned	MoS2.	The	scale	bar	is	50µm.	(h)	
Schematic	picture	of	the	argon	ions	bombardment	process.	Ar+	ions	in	the	
plasma	are	accelerated	by	a	high	voltage	and	hit	the	surface	of	the	sample	
consequently.	Mo,	S	and	Au	atoms	are	bombarded	away.	The	areas	with	gold	

are	protected	and	holes	on	MoS2	are	formed.	

3.3.2. Physical	characterizations	

The	patterned	and	un-patterned	few-layer	MoS2	films	were	transferred	onto	

FTO	(F:	SnO2)	glass	by	the	commonly	used	PMMA	assisted	transferring	method.	

Figure	3.5(a)	shows	the	optical	transmittance	of	FTO	(F:	SnO2)	glass,	patterned	and	

un-patterned	MoS2	atomic	layers	on	FTO	glass	in	the	visible	light	wavelength	range	

of	380	to	800	nm.	The	transmittance	of	the	patterned	MoS2	is	much	higher	than	that	

of	the	un-patterned	one,	and	is	quite	transparent	to	the	naked	eye,	as	shown	in	

Figure	3.5(b).	The	surface	morphology	of	the	patterned	MoS2	on	SiO2/Si	is	inspected	

by	AFM.	According	to	the	topography	image,	the	depths	of	the	holes	are	around	15	

to	20nm,	which	is	slightly	smaller	than	the	thickness	of	the	MoS2	film	(Figure	3.3(c)).	

By	focusing	on	different	spots	on	the	patterned	MoS2	film,	different	Raman	intensity	

ratios	for	active	modes	E12g	and	A1g	have	been	observed	(Figure	3.5(d)).	The	much	

weaker	intensities	of	E12g	and	A1g	peaks	inside	the	circles	imply	that	MoS2	has	been	

effectively	removed.	The	two	weak	peaks	may	result	from	small	amount	of	residual	

MoS2	after	the	sputtering	process,	or	the	interference	of	signals	from	outside	of	the	

circles	due	to	the	comparable	diameters	of	the	laser	spot	to	the	circles.		
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Figure	3.5	–	characerizations	of	the	artificial	holes	on	few-layer	MoS2	film:	(a)	
Optical	transmittance	curves	of	different	samples	in	visible	light	range.	(b)	
Photos	of	patterned	MoS2	(above)	and	un-patterned	MoS2	(below)	on	FTO	
glass.	(c)	AFM	topography	image	of	MoS2	with	two	holes.	The	depths	of	the	

holes	are	approximate	15	to	20nm.	(d)	Raman	spectra	of	different	spots	on	the	
same	patterned	sample.	The	inset	is	the	optical	image	of	the	corresponding	

area	being	inspected.	

3.3.3. Catalytic	behavior	

To	inspect	the	effect	of	active	edge	sites	on	the	catalytic	activity	of	MoS2	

atomic	layers,	dye	sensitized-solar	cells	using	patterned	MoS2	as	counter	electrodes	

were	assembled	following	the	same	manner	as	the	un-patterned	MoS2	(Figure	
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3.4(a)).	The	photocurrent-voltage	characteristic	curves	of	the	solar	cell	devices	are	

shown	in	Figure	3.4(b).	In	contrast	to	the	DSC	with	un-patterned	MoS2	based	

counter	electrode,	devices	based	on	patterned	MoS2	exhibit	promising	Jsc	and	Voc	

values	(Table	3.1).	Although	the	Eff	for	devices	based	on	patterned	MoS2	is	still	

slightly	lower	than	Pt,	the	performance	has	already	increased	nearly	3	times	than	

the	devices	based	on	un-patterned	MoS2	films.	

	 	 	 	 	 	 	

Sample	 Voc[V]	 JSC[mA/cm2]	 FF	 Eff	
[%]	 Rs[W]	 Rct[W]	

Patterned	MoS2	 0.73	 15.2	 0.52	 5.8	 20.2	 193.7	

un-Patterned	MoS2	 0.71	 13.8	 0.20	 2.0	 24.3	 4000	

Pt	 0.72	 15.4	 0.66	 7.3	 24.5	 19.6	

Table	3.1	–	Photovoltaic	and	EIS	parameters	of	DSCs	using	MoS2	and	Pt	
counter	electrodes.	

The	catalytic	properties	of	MoS2	are	directly	investigated	by	cyclic	

voltammetry	(CV)	in	Figure	3.4(c).		For	the	patterned	and	un-patterned	as	well	as	

the	Pt	samples,	two	peak	pairs	could	be	observed.	The	more	negative	peak	pair	

represents	the	redox	transition	between	I3-	and	I-,	while	the	other	pair	represents	I2	

and	I3-	transition.	The	electrochemical	catalytic	activity	of	the	counter	electrode	

material	in	a	DSC	is	determined	by	the	peak	current	density	at	the	I3-/I-	reduction	

peak	and	the	peak-to-peak	separation	(△Ep)	of	the	more	negative	peak	pair.	△Ep	is	
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reciprocal	to	the	electrochemical	constant,	ks	(△Ep∝1/ks).	The	peak	current	density	

and	△Ep	for	un-patterned	and	patterned	MoS2	are	3.10mA/cm2,	703mV	and	

3.97mA/cm2,	520mV,	respectively.	It	is	obvious	that	by	creating	active	edge	sites	

both	peak	current	density	and	ks	are	notably	increased,	resulting	in	great	

improvement	on	the	photovoltaic	performance	of	corresponding	solar	cell	devices.	

Electrochemical	impedance	spectroscopy	(EIS)	is	also	used	to	explore	the	

interface	properties.	Two	half	circles	could	be	observed	for	both	un-patterned	and	

patterned	MoS2	and	Pt	samples.	The	radius	of	the	first	half	circle	represents	the	

charge	transfer	resistance	at	the	counter	electrode/electrolyte	interface	(Rct).	By	

producing	active	edge	sites	in	MoS2	the	Rct	reduced	from	about	4000	to	200Ω	(Table	

3.1),	indicating	that	those	active	edge	sites	contribute	mostly	in	charge	transfer	

from	MoS2	to	I3-.	At	the	same	time,	the	series	resistance	(Rs),	which	could	be	

reflected	from	the	starting	point	of	the	Nyquist	curve,	is	nearly	identical	for	all	the	

samples.	Considering	the	complete	coverage	of	the	substrates	by	the	un-patterned	

MoS2	samples,	this	implies	that	electrons	can	transfer	both	within	the	layer	and	

from	MoS2	to	FTO	glass	effectively.	
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Figure	3.6	–	Catalytic	behaviro	evaluation	of	the	MoS2	counter	electrode:	(a)	
Schematic	diagram	of	the	solar	cell	used	for	the	measurements;	(b)	

Photocurrent	density	–	voltage	characterzation	curves	;	(c)	Cyclic	vlotammetry	
curves	and	(d)	electrochemical	impedance	spectra	of	the	un-patterned	and	

patterned	MoS2.	

3.4. Conclusion	

In	summary,	MoS2	films	made	of	a	few	atomic	layers	were	synthesized	by	a	

direct	sulfurization	method	and	patterned	to	create	active	edge	sites.	Patterned	

MoS2	films	showed	significantly	improved	performance	as	the	counter	electrode	in	

DSCs	as	compared	with	un-patterned	MoS2	samples.	CV	and	EIS	analysis	revealed	

that	the	artificial	active	edge	sites	tremendously	enhanced	the	catalytic	activity	of	

MoS2	films.		Despite	the	slightly	lower	performance	of	patterned	MoS2	in	
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comparison	to	Pt,	more	active	edge	sites	could	be	created	by	engineering	circular	

hole	array	density	and	hole	diameters,	hence	further	increase	the	catalytic	activity	

of	MoS2	atomic	layers.	
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Chapter 4 

IV. Corrosion-inhibition 
Behavior of Hexagonal Boron 

Nitride 
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4.1. Background	

The	corrosion	of	steel	as	structural	material	for	buildings,	railways	and	ships	

as	well	as	oil	transportation	pipes	and	many	other	applications	remains	a	huge	cost	

in	the	world.		The	term	‘anti-corrosion’	or	‘corrosion-inhibition’	refers	to	the	

protection	of	the	material	from	corroding	in	the	corrosive	environment.	This	could	

be	achieved	by	either	modifying	the	material	property	or	coating	the	material	with	

an	inert	protection	layer.	For	metals	the	most	commonly	seen	anti-corrosion	coating	

materials	are	inert	metals,	conductive	polymers,	or	even	thiol-based	monolayers.	

However,	those	coating	materials	either	cannot	stand	high	temperatures	or	change	

the	physical	properties	of	the	coated	metal.	The	development	of	a	thin,	dense	and	

thermally	stable	anti-corrosion	material	remains	a	huge	challenge.	

4.1.1. 2D	anti-corrosion	coating	

As	the	most	widely	studied	2D	material,	graphene	has	very	high	conductivity	

as	well	as	stability	in	non-oxidizing	environment.	Graphene	has	been	demonstrated	

as	an	effective	corrosion-inhibition	coating	for	copper	and	nickel	in	201259.	With	a	

single	layer	of	graphene,	the	corrosion	rate	of	copper	dropped	to	less	than	a	quarter	

of	the	bare	copper.	However,	graphene	is	also	known	for	its	extreme	cathodic	

potential	compared	to	metals.	Therefore,	graphene	and	the	underlying	metal	could	

form	a	galvanic	cell	and	trigger	galvanic	corrosion60-61.	Hexagonal	boron	nitride,	on	

the	other	hand,	excludes	the	possibility	of	forming	galvanic	cell	with	the	underlying	

metal	because	its	insulating	nature.	Moreover,	h-BN	is	stable	under	oxidizing	

environment	at	high	temperature	and	capable	of	preventing	the	underlying	metal	
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from	being	oxidized62.	It	is	therefore	reasonable	to	expect	that	h-BN	could	be	used	

as	a	promising	coating	material	for	metals.	

4.2. h-BN	anti-corrosion	coating	

4.2.1. h-BN	growth	

A	low-pressure	chemical	vapor	deposition	(LPCVD)	method	was	used	to	

grow	h-BN.	Ammonia-borane	(NH3-BH3)	is	used	as	the	borazine	source.	75µm	thick	

nickel	foil	is	used	as	the	growth	substrate	as	well	as	the	catalyst	(Figure	4.1	–(b)).	

The	experimental	setup	of	the	CVD	growth	is	shown	in	Figure	4.1	–(a).	In	a	typical	

procedure,	10mg	ammonia	borane	is	placed	in	a	porcelain	crucible	at	the	upstream	

of	the	quartz	tube	10cm	away	from	the	heating	zone.	Nickel	foil	is	placed	at	the	

central	region	of	heating	zone.	Nitrogen	and	hydrogen	are	used	as	protection	gases	

and	the	pressure	of	the	tube	was	kept	below	0.3	torr	throughout	the	growth	

process.	The	temperature	of	the	furnace	is	then	raised	up	to	1050oC	at	the	ramping	

rate	of	20oC/min.	After	staying	at	1050oC	for	10min,	the	furnace	is	cooled	down	to	

room	temperature	naturally.	
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Figure	4.1	–	CVD	growth	of	h-BN	atomic	layers.	(a)	Schematic	diagram	of	the	
experimental	setup.	(b)	Schematic	diagram	of	the	the	metal	catalyst	and	the	

growth	mechanism.	

4.2.2. Basic	characterizations	

The	as-grown	h-BN	thin	films	were	first	transferred	onto	300nm	SiO2/Si	

substrates	with	the	commonly	used	PMMA	assisted	wet	transferring	method	before	

further	characterizations.	During	the	transferring	process,	the	nickel	substrate	was	

etched	away	by	dilute	FeCl3	aqueous	solution.	The	h-BN	thin	film	exhibits	green	

color	on	300nm	SiO2	(Figure	4.2(a)),	implying	that	the	film	thickness	ranges	from	10	

to	30nm.	The	representative	Raman	peak	for	h-BN	around	1370cm-1	63	was	
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b 
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identified	from	the	film	as	shown	in	the	inset	of	SiO2	Figure	4.2(a).	In	the	X-ray	

photoelectron	spectroscopy	(XPS)	results	(Figure	4.4(b)),	the	B	1s	and	N	1s	peak	

were	clearly	seen.	The	estimated	atomic	ratio	from	the	XPS	peaks	is	around	1	

between	boron	and	nitride,	which	is	in	consistent	with	the	chemical	composition	of	

h-BN.	Atomic	Force	Microscopy	(AFM)	profiles	reveal	that	the	film	thickness	is	

about	12.5nm	(Figure	4.2(d)).	The	uniformity	of	the	film	was	then	examined	by	SEM	

images.	It	can	be	seen	that	after	the	transfer	process	a	lot	of	cracks	appeared	(Figure	

4.2(c)).	The	cracks	usually	formed	during	the	natural	cooling	of	the	CVD	growth	

stage64	and	propagated	during	the	wet	transfer	process	due	to	the	folding	of	PMMA	

scaffold	and	the	interface	stress	between	PMMA	and	h-BN65.	Figure	4.2(e)	shows	an	

h-BN	thin	sheet	under	low	magnification	TEM.	Sub-nanometer	size	wrinkles	and	

curls	could	be	seen	in	Figure	4.2(e).	About	5nm	thick	h-BN	film	with	around	10	

atomic	layers	could	be	clearly	observed	in	the	HRTEM	image	(Figure	4.2(f)).	
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Figure	4.2	–	(a)	Photograph	of	large	area	(1cm×1cm)	continuous	h-BN	film	
transferred	onto	300nm	SiO2/Si	substrate.	Inset	is	the	Raman	spectra	of	the	h-
BN	film.	(b)	XPS	identification	of	B	1s	and	N	1s	n	the	h-BN	film.	(c)	Scanning	
electron	microscope	(SEM)	image	of	transferred	h-BN	on	300nm	SiO2/Si	
substrate.	(d)	Atomic	force	microscope	(AFM)	image	of	the	h-BN	film.	The	

profile	shows	that	the	film	thickness	is	approximately	12.5	nm.	(e)	h-BN	thin	
sheet	under	transmission	electron	microscope	(TEM)	and	(f)	5nm	thick	h-BN	

with	approximately	14	atomic	layers.	

	

4.2.3. Anti-corrosion	behavior	

h-BN	thin	film	was	transferred	using	a	standard	PMMA	assisted	wet	transfer	

method.	A	sandwich	like	design	(inset	of	Figure	4.3(a))	was	used	to	make	electrodes	

with	desired	area	exposed	to	test	solutions.	The	sandwich	structure	is	made	of	a	
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layer	of	PET	with	Φ6mm	hole	and	a	layer	of	Surlyn	with	Φ6mm	hole	as	top	cover	

with	window,	a	50-nm	copper	thin	film	covered	silicon	substrate	with	h-BN	sitting	

on	top	of	as	the	subject	to	be	measured,	a	layer	of	Surlyn	and	PET	as	bottom	

insulation	protection	layer.	The	window	was	made	smaller	than	the	h-BN	film	so	

that	only	h-BN	covered	area	was	exposed	during	our	measurements.	

The	electrochemical	properties	of	uncoated	and	coated	copper	in	Na2SO4	

aqueous	solution	were	first	examined	via	Cyclic	Voltammetry	(CV).	Twenty	cycles	

were	performed	before	the	curve	shapes	started	to	overlap	consistently.	

Distinguished	features	are	found	for	uncoated	and	coated	copper	samples,	as	shown	

in	Figure	4.3(a).	In	the	case	of	bare	copper,	current	starts	to	increase	sharply	in	the	

positive	scan	as	bias	surpasses	0V,	and	an	oxidation	peak	appears	at	about	180mV.	

Considering	the	possible	reactions	in	the	system,	we	attribute	the	peak	to	the	anodic	

dissolution	of	copper:	Cu→Cu2++2e-.	In	the	negative	scan,	a	reduction	peak	at	-

100mV	could	be	clearly	seen,	indicating	the	occurrence	of	corresponding	cathodic	

deposition	to	the	former	anodic	dissolution.	Besides	this	pair	of	redox	peaks,	no	

other	significant	reaction	(i.e.,	the	reduction	of	Cu2+	to	Cu+	species	and	Cu+	to	Cu)	

could	be	observed.		

For	h-BN	coated	samples,	the	anodic	dissolution	of	copper	is	greatly	

suppressed.	The	anodic	current	ipa	is	reduced	more	than	10	times	(7mA/cm2	vs.	

0.5mA/cm2)	for	15nm	h-BN	coated	copper	samples	and	almost	completely	inhibited	

with	30nm	h-BN	coated	samples.	An	additional	peak	is	found	at	-450mV	during	the	

negative	scan	of	15nm	h-BN	coated	samples.	We	attribute	this	peak	to	the	reduction	
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of	extra	Cu2+	to	Cu+	species	due	to	the	incomplete	reduction	of	Cu2+	to	Cu	blocked	by	

h-BN.	Both	reduction	peaks	become	indistinguishable	for	30nm	h-BN	coated	sample,	

confirming	a	rather	pronounced	corrosion-inhibiting	effect	of	the	h-BN	thin	film	

coating.	

During	the	CV	scan,	the	color	of	bare	copper	changes	from	orange,	dark	

brown	to	cyan.	With	15nm	h-BN	coating	the	main	part	of	the	copper	is	dark	brown,	

while	sporadically	distributed	cyan	region	could	be	identified	through	eyes.	With	

30nm	h-BN	coating,	the	copper	color	remains	as	dark	brown.	SEM	images	revealing	

the	detail	regarding	on	the	surface	morphologies	of	the	samples	before	and	after	CV	

scans	were	shown	in	Figure	3.	Before	the	scan,	the	sputtered	copper	exhibits	a	flat	

and	homogeneous	appearance	(Figure	3a).	After	the	scan,	pits	and	nano-sized	

particles	could	be	observed	all	over	the	copper	surface.	We	infer	that	the	pits	come	

from	the	locally	intensive	loss	of	copper	atoms	and	the	nano-sized	particles	account	

for	the	trace	amount	of	Cu(OH)2.	To	testify	this	assumption,	XPS	measurements	

were	carried	out	on	copper	before	and	after	the	CV	scan.	Cu	2p3/2	peaks	for	both	

copper	(933eV)	and	CuO	(934eV)	are	present	in	the	spectra	of	copper	before	the	CV	

scan.	The	Cu	2p3/2	peak	of	copper	quenched	and	a	significant	peak	assigned	for	

Cu(OH)2	(935.4eV)	emerged	after	the	CV	scan,	revealing	that	Cu(OH)2	is	the	main	

product	of	copper	oxidation.	As	shown	in	Figure	4.4(c)	and	(d),	a	much	lower	

density	of	the	Cu(OH)2	nano-sized	particles	was	present	on	both	15nm	and	30nm	h-

BN	coated	samples.	In	addition,	a	higher	peak	intensity	for	copper	Cu	2p3/2	peak	

could	be	observed	for	the	sample	with	30nm	h-BN	coating.	Despite	the	significantly	

suppressed	anodic	current	by	the	h-BN	coating,	trace	amount	of	Cu(OH)2	could	still	



	 70	

form	through	the	cracks	located	on	the	h-BN	film.	Drastic	dissolution	of	copper	in	

the	absence	of	h-BN	coating	which	results	in	the	greenish	film	of	Cu(OH)2,	however,	

is	almost	fully	inhabited.	

Tafel	analysis	was	then	used	to	quantitatively	evaluate	the	corrosion	

passivation	properties	of	h-BN	coating,	as	shown	in	Figure	4.3(b).	Divided	by	the	

apex	of	one	Tafel	plot,	the	negative	potential	region	describes	the	cathodic	reaction	

of	oxygen	reduction,	while	the	other	half	describes	the	anodic	dissolution	of	copper.	

Open	circuit	voltage	(Ecorr)	value	could	be	obtained	when	the	anodic	current	is	

balanced	with	the	cathodic	current.	The	Ecorr	values	shift	positively	(ca.	-200mV,	-

165mV	and	-87mV)	as	the	h-BN	coating	thickness	increases	from	0	to	30nm.	This	on	

one	hand	proves	the	corrosion	passivation	effect	brought	by	h-BN	coating,	since	Ecorr	

is	the	measurement	of	corrosion	susceptibility66.	On	the	other	hand,	corrosion	

current	(icorr)	which	could	be	obtained	from	the	intersection	of	the	anodic	and	

cathodic	linear	fitting	extrapolations	decreases	more	than	4	times	for	h-BN	coated	

specimen	(3.24µA/cm2	vs.	0.79µA/cm2).	The	corrosion	rate	(CR)	could	be	calculated	

using	icorr	values	following	the	definition:	

𝐶𝑅 = 𝑚%&''/(𝜌 ∙ 𝐴 ∙ 𝑡) = (𝑞 ∙ 𝑚)/(𝐹 ∙ 𝑛 ∙ 𝜌 ∙ 𝐴 ∙ 𝑡) = (𝑖3&44 ∙ 𝑀)/(𝐹 ∙ 𝑛 ∙ 𝜌)		

Equation	4.1	–	Definition	of	corrosion	rate.	

In	our	case,	the	molar	mass	M	=	64g/cm3,	the	Faraday	Constant	F	=	

96485C/mol,	the	electron	number	transferred	per	ion	n	=	2,	the	material	density	r =	

8.93g/cm3.	Taking	the	values	of	icorr	into	the	equation,	the	corrosion	rates	of	bare,	
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15nm	and	30nm	h-BN	coated	copper	are	determined	to	be	1.2×10-12	m/s,	7.4×10-

13	m/s	and	2.9×10-13	m/s,	respectively.	The	significantly	reduced	corrosion	rate	

further	proves	the	effectiveness	of	the	h-BN	coatings.	

To	understand	the	mechanism	of	the	corrosion	passivation	induced	by	h-BN	

coating,	electrochemical	impedance	spectroscopy	(EIS)	analysis	was	carried	out.	

The	Bode	plots	of	magnitude	for	bare,	15nm	and	30nm	h-BN	coated	copper	are	

shown	in	Figure	4.5.	Qualitatively,	15nm	and	30nm	h-BN	coatings	contribute	to	the	

larger	corrosion	resistance	one	and	a	half,	and	more	than	five	times	in	orders	of	

magnitude	at	low	and	intermediate	frequencies,	respectively.	At	higher	frequencies	

all	specimens	exhibit	similar	behaviors.	This	is	because	the	capacitor	components	in	

the	equivalent	circuit	act	as	conducting	paths	so	the	circuits	and	impedance	spectra	

of	uncoated	and	coated	copper	become	identical.	

By	building	an	equivalent	electric	circuit	(EEC)	and	performing	

corresponding	fitting,	details	regarding	to	interface	resistance	and	capacitance	

could	be	extracted,	and	better	comprehension	of	the	h-BN	coating	effect	on	

corrosion	resistance	could	be	obtained.	The	EECs	for	all	specimens	are	identical	at	

the	auxiliary	electrode	side,	comprising	a	constant	phase	element.	The	situation	

near	the	copper	electrode,	however,	differs	due	to	the	existence	of	h-BN	layer.	As	

shown	in	Figure	4.5(a),	the	EEC	of	bare	copper	is	comprised	of	a	series	resistance	

element	(i.e.	electrical	contact,	cable	resistance,	electrolyte	resistance)	Rs,	an	

interface	charge	transfer	resistance	element	Rct	and	an	electrical	double	layer	

capacitance	element	Cdl.	When	a	layer	of	h-BN	presents,	the	EEC	is	shown	in	Figure	
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4.5(b).	The	interface	between	h-BN	coating	and	electrolyte	results	in	a	new	

capacitance	Ch-BN	and	charge	transfer	resistance	Rh-BN.	However,	Rh-BN	is	neglected	

here	since	h-BN	itself	is	insulating	hence	only	trace	amount	of	charge	transfer	will	

happen	at	the	interface.	The	defects	on	the	h-BN	film	offer	paths	for	electrolyte	

contacting	the	exposed	copper,	yielding	a	pore	resistance	Rp,	a	charge	transfer	

resistance	Rct.	The	electric	double	layer	capacitance	Cdl	is	expected	to	be	contributed	

universally	from	both	the	defected	and	protected	areas,	despite	the	fact	that	h-BN	is	

insulating.	

The	fitting	curves	were	in	good	agreement	with	the	experimental	curves,	as	

shown	in	Figure	4.5(c).	The	fitted	values	of	Rct,	which	account	for	the	rate	of	copper	

dissolution,	are	around	3kΩ,	21kΩ	and	151kΩ	for	bare,	15nm	and	30nm	h-BN	

coated	specimens	separately.	The	value	of	Rct	elevates	almost	two	orders	of	

magnitude	under	the	protection	of	30nm	h-BN	coating,	indicating	the	drastically	

mitigated	copper	dissolution	rate.	The	fitted	values	of	Ch-BN	induced	by	h-BN	coating	

are	on	the	order	of	several	µF.	A	Lower	Ch-BN	value	for	thicker	h-BN	is	in	agreement	

with	the	definition	of	a	traditional	plate	capacitance.	The	Cdl	values	turn	out	to	be	in	

the	range	of	hundreds	of	µF	for	all	the	specimens,	meeting	our	previous	

expectations.	The	values	of	resistance	from	the	defects	on	h-BN	film	are	around	

2.5µΩ	and	14µΩ	for	15nm	and	30nm	h-BN.	The	negligible	values	of	the	Rp	suggest	

that	the	defects	on	the	h-BN	film	are	the	primary	paths	for	the	copper	dissolution.	

Therefore,	by	improving	the	quality	of	h-BN	film	or	passivation	of	the	defects,	a	

much	better	corrosion	passivation	could	be	achieved.	
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Figure	4.3	–	(a)	Cyclic	voltammetry	(CV)	measurements	of	uncoated	and	
coated	Cu	samples	in	0.1M	Na2SO4	solution.	Inset	is	the	schematic	illustration	
of	the	electrochemical	measurement	cell.	The	window	area	is	0.283cm2.	(b)	
Tafel	plots	of	uncoated	and	coated	Cu	samples	in	0.1M	Na2SO4	solution.	The	

scan	rate	is	0.2mV/s.	

	

Figure	4.4	–	SEM	morphology	comparison	of	bare	Cu,	15nm	h-BN	coated	Cu,	
30nm	h-BN	coated	Cu	before	(a)	and	after	(b-d)	corrosion	tests.	All	scale	bars	
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represent	100µm.	(e)	XPS	results	on	the	Cu	(bare	and	with	30nm	h-BN	
coating)	before	and	after	the	corrosion	tests.	

	

Figure	4.5	–	Electrochemical	impedance	spectroscopy	(EIS)	analysis	of	
uncoated	and	coated	Cu	samples.	(a)	and	(b)	are	the	equivalent	electric	
circuits	for	the	uncoated	and	coated	Cu,	separately.	(c)	the	Bode	plots	of	

uncoated	and	coated	Cu.	

	

4.3. Conclusion	

Repeatable	large	area	continuous	h-BN	thin	film	is	successfully	synthesized	

by	chemical	vapor	deposition	method.	The	film	on	nickel	foil	is	transferred	onto	

sputtered	copper	as	corrosion	passivation	coating.	CV	result	shows	that	anodic	

dissolution	could	be	significantly	suppressed	with	h-BN	coating.	Tafel	analysis	

a

b

c
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reveals	that	the	corrosion	rate	decreases	up	to	4	times	when	h-BN	coating	is	

present.	EIS	fitting	results	suggest	that	the	enhanced	corrosion	passivation	effects	

originated	from	the	drastically	increased	charge	transfer	resistance	Rct	for	thicker	h-

BN	coatings.	It	is	also	implicated	that	defects	on	h-BN	coatings	are	the	dominant	

copper	dissolution	pathways	and	by	proper	passivation	of	these	defects	enhanced	

corrosion	inhibition	properties	could	be	achieved.	
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Chapter 5 

V. Local Probe Hydrogen 
Evolution Reaction Study on 

2D Transition Metal 
Dichalcogenides 
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5.1. Background	

5.1.1. Electrolysis	of	water	

5.1.1.1. Fundamentals	

The	electrolysis	of	water	is	a	very	basic	electrochemical	reaction.	The	

cathode	half	reaction	is	called	the	hydrogen	evolution	reaction	(HER).	In	the	acidic	

condition,	the	HER	reaction:	2H++2e-àH2(g),	is	the	process	of	two	protons	combing	

with	two	electrons	and	form	one	hydrogen	gas	molecule.		The	thermodynamic	

threshold	voltage	for	the	overall	water	electrolysis	is	1.23V,	while	the	HER	half	

reaction	potential	depends	on	the	pH	of	the	electrolyte.	The	HER	rate,	which	is	

reflected	on	the	current	i,	increases	as	the	overpotential	V	on	the	cathode	goes	

negative.	The	relationship	between	i	and	V	is	called	current-overpotential	equation:		

𝑖 = 𝑖&[𝐶&(0, 𝑡)/𝐶&∗𝑒;<=>? − 𝐶A(0, 𝑡)/𝐶A∗𝑒 B;< =>?],67	

Equation	5.1	–	Current	–	Overpotential	Equation.	

in	which	Co	and	Cr	are	the	concentration	of	the	oxidase	and	reduzate	separately,	io	is	

the	exchange	current,	a	is	the	asymmetry	coefficient	and	f=F/RT.	The	right	term	in	

the	equation	is	negligible	while	V	is	negative	enough	and	the	equation	is	rewritten	

as	𝑖 = 𝑖&𝑒;<=>? .	At	the	very	V	range	the	current	increases	exponentially	with	the	

overpotential	and	the	dependence	is	called	Tafel	behavior.	The	Tafel	equation	could	

be	transformed	to	𝑙𝑜𝑔𝑖 = 𝑙𝑜𝑔𝑖& + 𝑐 ∗ 𝑉,	in	which	c	is	a	constant.	By	fitting	logi	and	V	

linearly,	the	information	regarding	on	the	exchange	current	could	be	obtained.	The	
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reciprocal	to	the	slope	of	the	line	is	called	Tafel	slope,	which	is	another	critical	

parameter	gauging	the	performance	of	a	catalyst	besides	the	exchange	current.	Tafel	

slope	represents	how	fast	the	current	increase	with	the	overpotential	and	often	is	

influenced	not	only	by	the	property	of	the	material	but	also	the	whole	electrode	

including	the	resistance	and	the	electrochemical	surface	area.	An	efficient	catalyst	

should	have	as	large	as	possible	exchange	current	and	as	small	as	possible	Tafel	

slope.	In	addition,	from	the	exchange	current	another	parameter	quantifies	the	

reaction	rate,	the	turnover	frequency	(TOF)	could	be	derived	knowing	the	number	

of	a	specific	kind	of	active	sites.	TOF	is	defined	as	the	amount	of	product	generated	

by	per	active	site	per	second.	The	relationship	between	TOF	and	the	exchange	

current	is:	TOF=jo/ncz,	where	jo,	n,	c	and	z	represent	for	exchange	current	density,	

active	sites	density,	elementary	charge	and	number	of	electrons	transferred	for	one	

product	molecule,	respectively.	Comparing	to	exchange	current	density,	TOF	

describes	the	catalytic	activity	more	directly	from	the	kinetic	aspect	of	view.	

Density	functional	theory	(DFT)	has	been	widely	used	to	evaluate	the	

thermodynamic	activities	of	the	HER	catalysts	since	Norskov	first	developed	the	

theory68.	In	the	theory	the	HER	is	divided	into	two	steps.	In	the	first	step	a	proton	

bonds	to	the	catalyst:	H++e-+*→H*,	where	*	denotes	the	site	on	the	surface	able	to	

bind	to	hydrogen68.	In	the	second	step	the	hydrogen	gas	molecule	debonds	from	the	

catalyst	through	one	of	the	two	processes69-70:	2H*→H2+2*	or	H++e-+H*→H2+*.	By	

calculating	the	free	energy	to	atomic	hydrogen	bonding	to	the	active	site	the	

thermodynamic	activity	of	the	catalyst	could	be	gauged.	Strong	bonds	to	the	active	
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site	is	not	favorable	for	a	good	catalyst	since	the	hydrogen	release	process	will	be	

slow.	In	other	words,	to	achieve	the	optimized	catalyzing	property	the	hydrogen	

bonding	free	energy	of	a	catalyst	should	be	close	to	zero	(∆G°H	≈	0).	

Until	now	the	most	efficient	HER	catalysts	are	still	noble	metals	such	as	

platinum	and	palladium.	Platinum	experimentally	shows	the	exchange	current	

density	of	around	1	×10-4A/cm2	and	Tafel	slope	of	less	than	50mV/decade.	DFT	

simulation	reveals	that	∆G°H	for	platinum	is	positive	and	less	than	50eV.	However,	

the	high	cost	of	platinum	limits	its	wide	application	and	the	exploration	for	low-cost	

and	efficient	HER	catalyst	remains	an	urgent	need.	

5.1.1.2. Layered	transition	metal	dichalcogenides	catalysts	

MoS2	has	been	investigated	among	the	early	selection	of	semiconducting	

transition	metal	chalcogenides	as	the	catalyst	for	electrolysis	catalysts	but	showed	

poor	performance	due	to	the	limited	bulk	surface	area71.	The	material	regain	

intention	later	because	of	its	comparably	low	hydrogen	bonding	energy	at	the	edge	

site	to	platinum	predicted	by	DFT	simulation41.	As	shown	in	Figure	5.1,	∆G°H	for	the	

edge	sites	of	MoS2	is	positive	but	the	absolute	value	is	very	close	to	that	of	platinum,	

indicating	their	similar	HER	activities.	The	theory	has	been	proved	to	be	solid	by	

multiple	following	work,	which	demonstrated	significantly	improved	HER	activity	

by	increasing	the	amount	of	edge	sits11,	42-43.	At	the	same	time,	an	allotrope	of	the	

commonly	seen	2H-MoS2,	the	1T-MoS2	has	been	found	to	exhibit	superior	HER	
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performance	due	to	the	high	basal	plane	activity9,	52.	

	

Figure	5.1	–	(a)	Calculated	free	energy	diagram	for	hydrogen	evolution	at	
potential	U	=	0	relative	to	the	standard	hydrogen	electrode	at	pH	=	0.68	(b)	
Volcano	plot	of	the	exchange	current	density	as	a	function	of	the	DFT-

calculated	Gibbs	free	energy	of	adsorbed	atomic	hydrogen	for	MoS2	nanoplate.	
MoS2	follows	the	same	trend	as	the	pure	metals.41	

The	successful	application	of	MoS2	as	the	HER	catalyst	triggered	the	

exploration	for	other	HER	active	TMD	materials.	TiS2	and	TaS2	single-layers	have	

been	prepared	by	lithium	intercalation	and	exfoliation	method	and	investigated	for	

HER	and	showed	overpotential	of	0.5V72.	VS2	nanosheets	have	been	grown	by	CVD	

method	and	exhibits	superior	HER	activity73.	Theories	have	predicted	among	the	

TMD	family	the	group	VB	materials	have	the	highest	catalytic	activity74.	To	testify	

and	compare	with	the	theory,	in	this	chapter	we	are	going	to	study	the	local	HER	

activities	of	different	active	sites	as	well	as	allotropes	of	MoS2,	and	different	kinds	of	

TMDs.	

a b 
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5.2. Local	probe	electrochemical	HER	measurement	

The	local	probe	electrochemical	measurement	as	titled	here	means	the	

inspection	of	the	electrochemical	property	on	the	single-flake	2D	material	scale.	The	

motivation	of	inspecting	single-flake	2D	material	is	to	precisely	quantify	the	

turnover	frequencies	of	different	types	of	active	sites.	The	traditional	

electrochemical	measurements	lack	the	accurate	quantification	of	the	type	of	active	

sites	involved	in	the	reaction	as	well	as	the	number	of	them,	due	to	the	poor	control	

of	the	material	composition	uniformity,	morphology	and	loading	amount	on	the	

electrode.	To	achieve	the	best	estimation	of	the	parameters	mentioned	above,	the	

material	should	have	organized	shape	such	as	the	pyrite-type	cobalt	

phosphosulfide75	so	that	mere	known	crystal	facet	and	area	are	catalyzing	the	

reaction.	2D	layered	materials	is	a	prefect	model	catalyst	system	for	this	type	of	

research.	Quite	a	few	attempts	have	been	made	using	CVD	monolayer	MoS2	as	the	

catalytic	material44-47,	49,	76.	Works	have	also	been	done	to	study	the	effect	of	the	

number	of	MoS2	layers	on	the	HER	performance48.		Despite	the	attempt	to	

distinguish	the	HER	performance	of	basal	plane,	edge,	grain	boundary	and	defects,	

the	results	from	the	regular	type	of	measurement	are	still	indirect.	In	this	chapter,	

we	demonstrate	for	the	first	time	that	direct	measurements	on	specific	area	of	a	

monolayer	MoS2	flake	could	be	carried	out	with	the	help	of	a	simple	e-beam	

lithography	process.	Measurements	could	be	done	directly	on	the	basal	plane	and	

edge	active	sites	as	well	as	the	basal	plane	after	the	2H	to	1T’	phase	transition.	By	
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calculating	the	active	site	number	from	the	area	of	the	basal	plane	and	length	of	the	

edge,	the	TOFs	of	different	types	of	active	sites	could	be	quantitatively	obtained.	

5.2.1. Experimental	setup	

The	local	probe	electrochemical	measurement	is	designed	based	on	the	‘on	

chip’	concept.	The	schematic	illustration	of	the	chip	for	measurement	is	shown	in	

Figure	5.2(a).	A	2D	flake	is	sitting	on	a	SiO2/Si	wafer	and	a	gold	finger	is	lying	on	top	

the	it.	The	2D	flake	is	insulated	to	the	substrate	so	that	the	electrons	or	holes	can	

only	be	collected	by	the	gold	contact.	A	layer	of	polymethyl	methacrylate	(PMMA)	is	

covering	both	the	2D	flake	and	the	gold	finger,	isolating	them	from	contacting	the	

electrolyte.	Designed	region	of	the	PMMA	is	etched	away	to	expose	the	2D	flake	

underneath	so	that	during	the	electrochemical	reaction	the	type	of	the	active	sites	

(region	of	the	material)	as	well	as	the	number	of	them	(area	of	the	material)	could	

be	precisely	calculated.		

Experimentally,	a	1.5×1.5cm2	SiO2/Si	wafer	was	first	patterned	by	optical	

lithography	technique	and	gold	fingers	(Ti/Au	5/50nm	in	thickness)	were	deposited	

onto	the	chip	by	ebeam	evaporation	method.	Each	chip	has	16	independent	gold	

fingers	(Figure	5.2(b))	so	that	multiple	samples	could	be	tested	on	the	same	chip.	

Material	of	interest	was	then	transferred	onto	the	500×500µm2	material	loading	

region	of	the	chip	(Figure	5.2(c))	by	the	PMMA	assisted	wet	transfer	method.	

Contacts	(20nm	gold)	between	the	gold	fingers	and	the	2d	flakes	were	built	by	the	

commonly	used	ebeam	lithography	method	and	ebeam	evaporation	metal	

deposition.	HER	windows	were	made	using	the	e-beam	lithography	technique.	
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Approximate	1µm	PMMA	was	made	on	top	of	the	substrate	with	MoS2	flakes	by	3	

times	of	1000rpm	spin-coating	accompanied	by	baking	on	a	hotplate	at	180oC	for	

1min	after	each	time	of	spin-coating.	The	PMMA	was	used	as	the	electrochemical	

blocking	layer	to	prevent	any	undesired	factors	from	contributing	to	the	HER	

reaction.	350µC/cm2	e-beam	dose	was	used	during	the	lithography	process.	The	

windows	were	finally	developed	by	MIKB/IPA	solution	for	90s.	

The	electrochemical	measurements	were	carried	out	in	the	traditional	three-

electrode	manner.	One	probe	was	laid	on	the	gold	finger	connecting	the	interested	

MoS2	flake	as	the	working	electrode.	A	platinum	wire	and	a	Ag/AgCl	wire	were	used	

as	the	counter	and	reference	electrodes	separately.	0.5M	H2SO4	was	used	as	the	

electrolyte.	The	half-cell	potential	for	Ag/AgCl	versus	RHE	in	0.5M	H2SO4	was	

measured	to	be	0.468V	in	our	case.	The	scan	rate	was	set	to	10mV/s	for	the	HER	

polarization	measurements.	To	testify	the	electrochemical	blocking	reliability	of	the	

PMMA	layer,	linear	IV	scan	was	done	as	shown	in	Figure	5.2(d).	Significant	leakage	

current	could	be	seen	for	300nm	PMMA	coating	(300nm),	which	means	that	the	thin	

PMMA	coating	is	not	efficient	enough	to	prevent	the	gold	from	contributing	to	the	

total	reaction.	No	leakage	current	could	be	observed	for	1µm	PMMA	coating.	When	

the	PMMA	thickness	goes	larger,	cracks	start	to	form	on	the	PMMA	surface	due	to	

the	strain	mismatch	between	each	PMMA	layers.	Unlike	the	previous	reports41,	49	

which	use	gold	as	the	substrates	for	MoS2,	in	our	experiments	the	gold	was	equally	

active	as	MoS2	in	the	HER	(Figure	5.2(e))	hence	we	used	the	electrochemically	inert	

SiO2	as	the	substrate	and	PMMA	as	the	electrochemical	blocking	layer	to	exclude	any	

HER	contribution	from	gold.	
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Figure	5.2	–	(a)	Schematic	diagram	of	the	local	probe	HER	measurement.	(b)	A	
typical	chip	used	for	the	measurement.	(c)	Zoomed	in	picutre	for	the	material	
loading	region	of	the	chip.	(d)	Actual	experimental	steup.	(e)	IV	scan	of	PMMA	
blocking	layer	covering	the	gold	fingers	with	two	different	thickness.	(f)	

Polarization	curves	of	monolayer	MoS2	and	gold	with	same	HER	window	size.	

5.2.2. Measurement	on	2H-MoS2	basal	plane	

Monolayer	2H-MoS2	flakes	were	synthesized	using	the	CVD	method	reported	

in	our	previous	work28.	Briefly,	an	alumina	boat	containing	MoO3	powder	as	growth	

precursor	was	put	in	the	center	of	the	furnace	heating	zone.	Clean	SiO2/Si	substrate	

was	put	on	top	the	boat	with	SiO2	side	facing	the	precursor.	Sulfur	powder	was	

placed	at	the	upstream	zone	of	the	tube	furnace.	The	tube	was	purged	with	argon	

for	15min	and	the	growth	was	maintained	at	750oC	for	40min	under	the	protection	

of	argon.	The	furnace	was	then	cooled	to	room	temperature	naturally.	As	shown	in	

Figure	5.3(a),	the	morphologies	of	the	flakes	are	perfect	equilateral	triangles	with	an	

average	size	of	tens	of	micrometers.	The	Raman	peaks	at	around	380	and	410	cm-1	

a b c 

d e 
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confirm	the	flakes	are	2H	phase	MoS2	(Figure	5.3(d)).	The	strong	PL	peaks	at	round	

1.8eV	indicate	the	flakes	are	monolayers	(Figure	5.3(3)).	From	the	AFM	image	

(Figure	5.3(b))	the	monolayer	MoS2	has	smooth	and	clean	surface	without	

secondary	layers	observed	sometimes	from	the	CVD	growth.	

To	locally	study	the	HER	performance	on	monolayer	MoS2	flakes,	we	started	

with	measurements	on	the	basal	plane	active	sites.	As	shown	in	Figure	5.3(a),	a	

circular	HER	window	(Φ1µm)	is	located	merely	on	the	basal	plane	region	of	the	

monolayer	MoS2	flake.	In	this	case,	only	the	sulfur	terminated	basal	plane	sites	will	

be	involved	in	the	hydrogen	evolution	reaction.	The	HER	polarization	curve	of	MoS2	

basal	plane	is	shown	in	Figure	5.3(c).	Owing	to	the	difficulty	in	getting	a	region	of	

merely	edge	active	sites,	HER	windows	are	opened	including	both	basal	plane	and	

edge	area	as	shown	in	Figure	5.3(b).		
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Figure	5.3	–	(a)	Optical	image	of	the	monolayer	MoS2	flake.	The	flake	has	the	
equilateral	geometry;	(b)	AFM	image	shows	that	the	MoS2	flake	is	atomically	
smooth	and	without	secondary	layers;	(c)	diffraction	pattern	of	the	MoS2	flake	
and	Raman	(d)	spectra	suggest	it	is	2H	phase;	PL	(e)	spectra	and	height	profile	
(b)	of	the	2H-MoS2	flake	indicate	it	is	monolayer.	(f)	Top	view	of	the	2H-MoS2	
with	molybdenum-rich	edge	sites.	The	purple	sphere	represents	Mo	atom	and	

yellow	represents	S	atom.	

5.2.3. Measurement	on	2H-MoS2	edge	

Once	the	HER	performances	of	merely	basal	plane	and	basal	plane	plus	edge	

active	sites	are	obtained,	the	edge	performance	could	be	determined	by	subtracting	

the	basal	plane	contribution	from	the	basal	plane	plus	edge	performance.	For	the	

edge	shown	in	Figure	5.4(b),	the	HER	polarization	curve	and	Tafel	plot	are	shown	in	

A B 
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Figure	5.4(c)	and	(d)	respectively	as	dotted	lines.	From	the	Tafel	plots	in	Figure	

5.4(d)	it	can	be	seen	that	the	Tafel	slope	is	around	116mV/decade	for	basal	plane	

active	sites	and	decreased	to	around	61mV/decade	with	edge	active	sites.	A	

decrease	in	overpotential	(~0.1V)	could	also	be	observed	in	Figure	5.4(c)	with	the	

presence	of	edge	active	sites.	Qualitatively	the	importance	of	edge	active	site	for	

MoS2	in	HER	could	be	clearly	demonstrated	from	our	measurements.	

The	exchange	current	values	of	the	basal	plane	and	edge	active	sites	are	

extrapolated	from	the	fitting	results	of	the	Tafel	plots.	From	more	than	10	samples	

of	each	case	the	exchange	current	densities	of	basal	plane	and	edge	active	sites	are	

determined	to	be	7.1±3.1×10-16A/µm2	and	1.6±1.2×10-15A/µm	respectively.	To	

quantitatively	calculate	the	TOF	of	the	basal	plane	and	edge,	the	densities	of	active	

sites	are	counted	based	on	the	atomic	structure	of	monolayer	2H-MoS2	(Figure	

5.9(a)).	Note	that	the	active	site	density	quantitatively	equals	the	molybdenum	atom	

density.	Therefore,	the	active	density	of	the	basal	plane	is	determined	to	be	

~1.14×1019/cm2	while	the	that	of	the	edge	is	~3.14×109/cm.	Combining	the	

exchange	current	density	and	the	active	sites	density,	the	TOFs	are	calculated	

according	to	the	following	equation:		

𝑇𝑂𝐹 = LM
=∙3∙N

,	

Equation	5.2	–	Relationship	between	the	turnover	frequecy	and	the	exchange	
current	density.	
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where	jo,	n,	c	and	z	represent	for	exchange	current	density,	active	sites	density,	

elementary	charge	and	number	of	electrons	transferred	for	one	hydrogen	molecule,	

respectively.	By	putting	all	the	values	into	the	equation,	the	TOFs	for	basal	plane	and	

edge	active	sites	are	determined	to	be	1.9±0.8×10-4	s-1	and	1.6±1.2s-1,	separately.	

The	results	directly	suggest	a	much	more	HER	activity	of	sites	on	edge	than	basal	

plane.	

For	2H-MoS2	there	are	two	kinds	of	edges,	namely,	the	Mo	and	S	terminated	

edges.	Structurally	both	types	of	edges	are	organized	in	the	zigzag	shape	while	the	

major	difference	is	the	type	of	the	atom	that	is	not	fully	bonded.	Electrochemically	

the	two	types	of	edges	show	significantly	different	activities.	DFT	simulations	

predict	that	the	Mo	terminated	edge	has	much	lower	hydrogen	binding	energy	and	

higher	HER	catalytic	activity	than	the	S	terminated	edge.	One	way	to	identify	the	

edge	type	quickly	for	the	CVD-grown	monolayer	MoS2	is	that	the	Mo	terminated	

edges	are	sharper	and	straighter	than	the	S	terminated	edges27.	As	shown	in	Figure	

5.3(a)	and	(b),	our	MoS2	flakes	have	rather	sharp	and	straight	edge,	suggesting	the	

edge	type	is	Mo	terminated.	

We	have	collected	data	from	devices	with	different	basal	plane	areas	and	

edge	lengths.	The	insets	in	Figure	5.5	show	that	both	basal	plane	area	and	edge	

length	have	good	linear	relationship	with	the	exchange	current.	However,	when	the	

basal	plane	area	and	edge	length	are	normalized	to	the	number	of	active	sites,	it	

becomes	obvious	that	the	exchange	current	has	stronger	dependence	on	the	edge	

length	comparing	to	the	basal	plane	area41.	
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Figure	5.4	–	(a)	Optical	image	of	a	MoS2	flake	with	gold	contact	and	HER	
window	opened	on	basal	plane.	The	circular	window	size	is	about	0.8µm2;	(b)	
optical	image	of	a	MoS2	flake	with	gold	contact	and	HER	window	opened	on	the	
region	containing	both	0.3µm2	basal	plane	and	0.8µm	edge;	(c)	polarization	
curves	of	monolayer	MoS2	basal	plane	with	and	without	edge	active	sites	in	
HER.	The	polarization	curve	of	MoS2	edge	is	obtained	by	subtracting	the	basal	
plane	current	from	the	overall	current	of	basal	plane	and	edge;	(d)	Tafel	plots	

of	the	corresponding	curves	in	(c).	

A B 

C D 
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Figure	5.5	–	The dependence of the exchange current on the type and number of the 
active sites. Inset (a) and (b) show the dependence of exchange current on the basal 

plane area and edge length separately.	

5.2.4. Measurement	on	1T’-MoS2	basal	plane	

Now	that	the	HER	performance	of	monolayer	2H-MoS2	is	directly	identified,	

we	continue	to	investigate	its	allotrope:	1T’-MoS2.	The	1T’-MoS2	device	is	fabricated	

in	the	same	manner	as	2H-MoS2.	The	only	difference	is	right	after	transferring	the	

2H-MoS2	monolayers	are	converted	to	1T’	phase	by	the	interaction	of	lithium.	The	

Raman	and	PL	spectra	of	1T’-MoS2	are	shown	in	Figure	5.6(a)	and	(b).	Similar	to	

bulk	1T’-MoS277,	the	intensity	of	A1g	and	E12g	vibration	modes	on	the	Raman	spectra	

and	the	PL	spectra	significantly	quenches.	At	the	same	time	three	new	peaks	J1,	J2,	J3	

appeared,	indicating	the	happening	of	the	phase	transition78.	We	have	also	noticed	

that	the	contrast	of	the	monolayer	flake	on	the	SiO2/Si	dramatically	decreased	after	

A B 

Edge Basal	
plane 
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the	phase	transition	(Figure	5.6(c)).	Similar	phenomenon	was	observed	on	

monolayer	WSe2	phase	transition79.	

The	HER	performance	of	the	2H	and	1T’-MoS2	basal	planes	are	plotted	in	

Figure	5.6	(c)	and	(d).	After	the	phase	transition,	the	Tafel	slope	drops	from	

116mV/decade	to	83mV/decade.	The	overpotential	at	10mA/cm2	drops	from	~-

420mV	to	~-300mV.	Comparing	to	the	Mo	terminated	edge,	the	1T’	basal	plane	

doesn’t	dramatically	reduce	the	Tafel	slope,	however,	remarkably	lowers	the	

overpotential.	We	have	summarized	the	Tafel	slopes,	exchange	current	densities,	

TOFs	and	overpotentials	for	2H-MoS2	basal	plane	and	Mo	terminated	edge	as	well	as	

1T’-MoS2	basal	plane	in	Table	5.1.	To	compare	MoS2	with	pure	metal	catalysts,	we	

plotted	their	TOFs	versus	the	theoretical	hydrogen	binding	Gibbs	free	energy80	

(DGH)	in	Figure	5.7.	The	TOFs	of	2H-	and	1T’-MoS2	basal	planes	and	edges	satisfy	the	

Sabatier	principle.	Although	the	edges	of	2H-	and	1T’-MoS2	match	the	trend	of	pure	

metals41,	81	as	indicated	by	the	blue	dotted	line,	the	MoS2	basal	plane	and	edge	data	

points	fit	into	a	trend	as	indicated	by	the	red	dotted	line	that	distinguished	from	the	

pure	metals.	
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Figure	5.6	–	2H- and 1T’-MoS2 monolayers: (a) The A1g and E1
2g quenches and J1, 

J2, J3 peaks appear on the spectra; (b) the PL peak almost disappears after the 
phase transition; (c) optical images showing that the contrast changes after the 

phase transition. The HER performance of monolayer 2H and 1T’-MoS2: (d) the 
polarization curves and (e) Tafel plots. 
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Figure	5.7	–	Volcano plot based on the DGH and TOF of the metal catalysts41 (●) 
for HER with MoS2 basal plane and edge (★)fitted in. 

	 	 	 	 	

Site	 Jo	(A/cm2)	 Tafel	slope	
(mV/decade)	

Overpote
ntial	(mV)	 TOF	(s-1)	

2H-MoS2	basal	plane	 -7.1±3.1×10-8	 78±14	 -356±41	 1.9±0.8×10-4	

2H-MoS2	Mo	edge	 -1.6±1.2×10-11*	 68±10	 -201±42	 1.6±1.2	

1T’-MoS2	basal	plane	 -2.8±0.7×10-6	 84±8	 -425±27	 0.008±0.002	
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1T’-MoS2	Mo	edge	 -3.8	±	1.6×10-11*	 60	±	4	 -77	±	24	 3.8	±	1.6	

Table	5.1	–	Summary	of	the	experimental	HER	performance	for	different	types	
of	active	sites.	Jo	stands	for	exchange	current	density.	Overpotential	is	

obtained	at	the	current	density	of	10mA/cm2.	*The	unit	is	A/cm	for	the	edge.	

5.2.5. Inspection	on	other	TMDs	

Theoretically	there	are	various	kinds	of	TMDs	other	than	MoS2	that	are	HER	

active	and	our	local	probe	measurement	is	the	perfect	way	to	study	the	catalytic	

activities	of	those	materials.	Since	the	basal	plane	site	is	richer	and	practically	more	

important,	we	next	focused	on	the	quantification	of	basal	plane	activity.	As	examples	

the	devices	for	2H-MoS2	and	2H-NbS2	flakes	are	displayed	in	Figure	5.8(d)	and	(e),	

respectively.	The	chemical	vapor	deposition	(CVD)-grown	2H-NbS2	flake	has	a	

hexagonal	morphology	(Figure	5.8(a)).	The	high	resolution	transmission	electron	

microscopy	image	shows	single	crystallinity	and	hexagonal	symmetry	(Figure	

5.8(b)).	Raman	spectroscopy	(Figure	5.8(c))	verifies	the	formation	of	2H	phase	with	

an	A1g	mode	at	360	cm-1,	an	E2g	mode	at	300	cm-1,	an	E1g	mode	at	240	cm-1,	and	an	

additional	double	peak	between	120~150	cm-1	for	2-phonon	interaction	as	reported	

previously82-83.	
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Figure	5.8	–	(a) A piece of hexagonal 2H-NbS2 platelet observed under SEM. The 
thickness of the flakes is around 100~300 nm in average. (b) HRTEM pictures show 
that the atoms are arranged in the hexagonal crystal system. (c)&(d) After the gold 
electrodes were fabricated on the TMD flakes, circular HER windows were opened 
on the PMMA layer. These windows in the pictures are observed under an optical 

microscope. (e) Raman spectra of the NbS2. All the vibration peaks and the 2-
phonon double peak match the reported 2H-NbS2 data well. (f) The measured local 

HER polarization curves of the 2H-MoS2 and NbS2 flakes in 0.5M H2SO4. 

From	the	comparison	of	the	HER	polarization	curves	between	2H-MoS2	and	

2H-NbS2	(Figure	5.8(f)),	the	basal	plane	of	2H-NbS2	exhibits	superior	activity	over	

that	of	2H-MoS2.	The	overpotential	(η)	for	the	basal	plane	of	2H-NbS2	is	only	-176	

mV	to	reach	10	mA	cm-2	compared	to	-477	mV	for	basal	plane	of	2H-MoS2.	More	

attractively,	the	basal	plane	of	2H-NbS2	possesses	far	larger	exchange	change	

current	density	(j0)	of	2.8×10-5	A	cm-2	than	that	of	2H-MoS2	(5.2×10-10	A	cm-2).	

When	normalized	to	the	number	of	metal	elemental	sites	in	the	pre-defined	basal	
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plane	area,	the	turn	over	frequency	(TOF)	of	2H-NbS2	basal	plane	is	calculated	to	be	

0.11	S-1,	a	promising	value	even	compared	to	0.9	S-1	for	Pt	(111)	regarding	the	non-

noble	nature	of	2H-NbS2.	In	sharp	contrast,	the	basal	plane	of	2H-MoS2	only	has	TOF	

of	1.4×10-6	S-1,	five	orders	of	magnitude	lower	than	that	of	2H-NbS2.	

	

Figure	5.9	–	The top view of the crystal lattice of (a) 2H-MoS2 (b) 1T’-MoS2 (c) 2H-
NbS2. The dotted rhombus area is considered as one active site in the TOF 

calculation. 

To	screen	high	efficient	metal-free	catalysts,	this	local	measurement	was	

performed	on	a	number	of	other	2D	TMDs,	at	least	one	representative	intentionally	

chosen	from	each	elemental	groups	spanning	from	group	IVB	to	VIIB,	and	group	

IVA.	Among	all	the	tested	2D	TMDs	including	1T-TiS2,	2H-NbS2,	2H-TaS2,	2H-	and	

1T’-MoS2,	1T’-ReS2	and	1T-SnS2,	2H-NbS2	exhibits	the	best	activity	in	basal	plane	in	

terms	of	j0,	Tafel	slope	(b)	and	η	at	10	mA	cm-2	(Table	5.2).	The	catalytic	nature	of	

these	basal	planes	of	2D	TMDs	was	further	explored	by	plotting	the	experimental	

TOF	as	a	function	of	Gibbs	free	energy	of	H	atom	adsorption.	The	2D	TMDs	data	

points	fit	well	with	the	volcano-type	plot,	suggesting	2D	TMDs	also	follow	Sabatier	

principle	like	metal	catalysts	(Figure	5.10).	The	basal	planes	of	most	of	the	2D	TMDs,	

A B C 



	 97	

such	as	2H-MoS2	and	1T-SnS2,	weakly	bound	H,	as	shown	with	a	large	positive	∆GH*,	

indicating	the	limited	step	of	Volmer	reaction,	and	thus	exhibit	poor	activity	toward	

HER.	However,	the	2H-NbS2	basal	plane	possesses	a	∆GH*	very	close	to	an	ideal	value	

of	0	eV,	in	good	agreement	with	the	local	catalytic	measurement	that	it	catalyzes	

HER	thermodynamically	efficiently	and	kinetically	fast.	The	other	member	of	group	

VB	TMDs	like	2H-TaS2	also	has	highly	active	basal	plane	that	is	only	inferior	to	2H-

NbS2	among	our	studied	candidates	(Figure	5.10	and	Table	5.2).	Our	local	

measurement	also	testifies	the	enhancement	of	HER	activity	when	the	phase	

transits	from	semiconductor	2H	to	metallic	1T’	in	MoS2,	consistent	with	the	DFT	

calculation	showing	the	increasing	of	binding	intensity	of	atomic	H	on	the	basal	

plane	from	2H	to	1T’	phase.	

	 	 	 	 	

Formula	 Structure	 J0	(A/cm2)	 Tafel	slope	
(mV/decade)	

Overpotential	
(mV)	

TiS2	 1T	 1.4±1.1×10-5	 78±14	 -356±41	

NbS2	 2H	 2.8±0.4×10-5	 68±10	 -201±42	

TaS2	 2H	 2.8±2.3×10-5	 91±22	 -302±51	

MoS2	 2H	 5.2±3.1×10-10	 69±7	 -459±38	

	 1T’	 2.8±0.7×10-6	 84±10	 -279±30	

ReS2	 1T’	 3.4±0.7×10-6	 88±13	 -307±47	
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SnS2	 1T	 1.5±1.1×10-7	 84±8	 -425±27	

Table	5.2	–	Fitted	parameters	from	experimental	data	of	the	local	HER	
measurements.	Jo	stands	for	exchange	current	density.	

	

Figure	5.10	–	Volcano plot of the turn over frequency as a function of the DFT-
calculated Gibbs free energy of adsorbed atomic hydrogen at the basal planes of 

transition metal dichalcogenides and pure metals. The symmetry between the 
positive branch made of TMDs and negative branch made of TMDs and metals 

indicates TMDs generally follow the same trend as the pure metals. 
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5.3. Conclusion	

In	conclusion,	local	HER	measurements	were	successfully	carried	out	on	

monolayer	MoS2	flakes	with	the	three-electrode	configuration.	Measurements	on	

selective	regions	of	the	MoS2	regarding	the	basal	plane	and	edge	active	sites	were	

realized	utilizing	PMMA	as	blocking	layer	and	e-beam	lithography	technique	to	open	

HER	windows.	The	results	directly	suggest	the	improvements	on	HER	activity	

including	both	decreased	overpotential	and	Tafel	slope	contributed	from	the	Mo	

terminated	edge	active	sites	and	2H	to	1T’	phase	transition.	The	TOFs	of	the	active	

sites	were	quantitatively	obtained	based	on	the	crystal	structure	of	2H	and	1T’-

MoS2.	Result	from	our	local	measurements	suggest	that	the	active	sites	on	the	Mo	

terminated	edge	of	2H-MoS2	and	basal	plane	of	1T’-MoS2	shows	five	times	of	

magnitude	higher	HER	TOF	than	the	2H-MoS2	basal	plane.	Meanwhile,	our	

investigation	of	the	basal	plane	activities	of	various	kinds	of	2D	TMDs	using	the	local	

probe	electrochemical	measurements	reveals	that	group	VB	TMDs	such	as	2H-NbS2	

have	the	lowest	overpotential	and	highest	exchange	current	density.	
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Chapter 6 

VI. Local Probe 
Photoelectrochemical Study 

on 2D GaSe 

6.1. Background	

6.1.1. Fundamentals	

Photoelectrolysis,	or	in	other	words,	electrochemical	photolysis	has	been	a	

major	and	important	topic	in	the	scientific	society	since	Honda	and	Fujishima	first	

discovered	the	photoelectrochemical	(PEC)	water-splitting	on	a	TiO2	electrode	in	

197284.	Figure	6.1	depicts	a	typical	photoelectrolysis	process	of	TiO2.	When	a	

photon	(hu)	is	absorbed	by	the	semiconductor	(TiO2),	an	electron	is	injected	into	the	

conduction	band,	forming	a	hole	in	the	valence	band	at	the	same	time.	If	the	valence	

band	position	of	the	semiconductor	matches	the	oxygen	evolution	potential,	the	hole	
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will	combine	with	the	right	molecule	or	ion	to	form	oxygen.	In	acidic	solution,	for	

example,	the	reaction	is	written	as:	H2O+2h+=1/2O2+2H+.	The	excited	electron	goes	

through	the	external	circuit	and	reaches	the	counter	electrode.	The	catalyst	at	the	

counter	electrode	will	drive	the	hydrogen	evolution	reaction:	2H++2e-=H2.	In	the	

overall	reaction	water	is	decomposed	into	hydrogen	and	oxygen.	The	light	acts	as	

the	pump	for	electron	generation	and	transportation	in	the	overall	reaction.	

Thermodynamically	the	conduction	band	position	should	be	above	the	H+/H2	

position	and	the	valence	band	position	should	be	below	the	H2O/O2	position.	In	

order	to	make	the	reaction	efficient,	the	driving	force	should	not	only	exceed	the	

thermodynamic	limit	of	1.23V	but	also	include	the	overpotential	required	for	the	

hydrogen	and	oxygen	evolution	reactions.	

	

Figure	6.1	– (a) Schematic	representation	of	water	photoelectrolysis	using	
illuminated	titania	semiconductor	electrode85.	(b)	Schematic	representation	
of	the	band	gap	energies	and	band	positions	for	some	semiconductors86.	
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6.1.2. Photoelectrolysis	of	metal	chalcogenide	catalysts	

Metal	chalcogenide	materials	with	good	photoresponse	are	the	preferential	

selections	for	photoelectrolysis	catalysts.	The	IIIA-VIA	and	IVA-VIA	chalcogenides	

such	as	GaS	and	SnS2	are	well-known	for	their	fast	photoresponse87-88	and	high	

photocurrent.	Sun	et	al.	have	studied	the	photoelectrical	oxygen	evolution	using	

SnS2	and	found	that	the	bulk	state	SnS2	does	not	show	active	photoelectrolysis	

response.	However,	when	the	thickness	of	the	SnS2	is	reduced,	the	photoelectrolysis	

catalytic	activity	becomes	prominent53.	Single-layer	group-III	monochalcogenides	

are	theoretically	predicted	to	be	suitable	catalysts	for	water	splitting89.	GaSe	and	

GaS	are	experimentally	proved	to	be	active	for	photoelectrochemical	HER	and	ORR90.	

In	this	chapter	we	are	going	to	study	the	photoelectrolysis	activity	of	mechanically	

exfoliated	few-layer	GaSe	using	the	local	probe	photoelectrochemical	measurement	

and	obtain	the	in-depth	information	on	the	photoelectrolysis	properties	of	the	

material.	

6.2. Local	Probe	Photoelectrochemical	Measurement	

6.2.1. Experimental	setup	

The	experimental	setup	is	made	of	two	major	parts,	namely,	the	

electrochemical	site	and	the	optical	control	site.	The	electrochemical	site	

configuration	is	identical	to	the	local	probe	electrochemical	configuration.	The	

optical	control	part	is	composed	of	a	solar	light	simulator	that	illuminates	the	
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sample,	and	a	source	meter	that	programs	the	on/off	state	of	the	solar	simulator.	

The	setup	is	capable	of	obtaining	both	the	dark	and	illuminated	i-V	curves	of	the	

sample,	as	well	as	the	dynamic	on/off	photoresponse	during	an	i-V	scan	and	i-t	scan.	

6.2.2. Measurement	on	few-layer	GaSe	

The	lattice	structure	of	gallium	selenide	is	depicted	in	Figure	6.2	(a).	From	

the	top	view	Ga	and	Se	atoms	form	the	typical	honeycomb	configuration	similar	to	

hexagonal	boron	nitride	and	molybdenum	disulfide	(2H).	From	the	side	view	the	

GaSe	monolayer	is	composed	of	four	atomic	layers,	namely,	Se-Ga-Ga-Se	from	the	

top	to	the	bottom.	The	monolayer	GaSe	thickness	is	around	1nm.	To	obtain	the	GaSe	

atomic	layers,	bulk	GaSe	crystal	was	first	grown	by	chemical	vapor	transport	(CVT)	

method	as	described	elsewhere.	The	bulk	GaSe	was	then	thinned	down	to	only	

several	atomic	layers	by	the	tape	exfoliation	method.	The	optical	image	of	a	typical	

GaSe	few-layer	flake	is	shown	in	Figure	6.2	(b).	The	flake	has	blue	color	on	the	

300nm	SiO2/Si	substrate.	The	thickness	of	the	flake	is	identified	by	atomic	force	

microscope	(AFM).	In	the	topological	image	(Figure	6.2	(c))	the	flake	is	atomically	

flat	and	uniform	in	height.	The	thickness	read	from	the	profile	(Figure	6.2	(c)	inset)	

is	about	10nm,	indicating	there	are	ten	atomic	layers	of	GaSe	in	the	flake.	

The	optical	properties	of	the	GaSe	atomic	layers	were	inspected	by	Raman	

and	photoluminescence	(PL)	spectra.	In	the	Raman	spectrum	(Figure	6.2	(d))	there	

are	three	major	peaks	around	the	wavenumber	of	125cm-1,	250cm-1	an	300cm-1.	The	

first	and	the	last	peaks	were	signified	as	the	A11g	and	A21g	peaks	of	the	few-layer	
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GaSe.	The	peak	around	250cm-1	was	fitted	into	two	peaks	marked	with	dotted	lines.	

The	two	peaks	locate	at	231cm-1	(orange	line)	and	254cm-1	(blue	line)	correspond	to	

the	E2g	and	E1g	vibration	modes	of	few-layer	GaSe	respectively.	In	the	PL	spectrum	

the	GaSe	atomic	layers	exhibit	weak	response	around	2.02eV.	The	low	PL	signal	

indicates	that	the	few-layer	GaSe	is	an	indirect	bandgap	semiconductor.	

	

Figure	6.2	– Mechanically exfoliated GaSe. (a) Illustration of the GaSe crystal 
structure. (b) Optical image of a few-layer GaSe flake. (c) AFM image of the 

corresponding flake shown in (b). The scales bar in (b) and (c) represent 4µm. 
(d)&(e) Raman and PL spectra of the few-layer GaSe flake. (f)&(g) XPS results of 

Ga and Se in the few-layer GaSe flakes. 

We	first	examined	the	catalytic	activity	of	GaSe	atomic	layers	for	

electrochemical	hydrogen	evolution.	In	order	to	understand	the	electrochemical	

behavior	of	individual	GaSe	flake,	we	applied	the	local	probe	electrochemical	

measurement	here.	The	schematic	diagram	for	the	measurement	is	depicted	in	

Figure	6.3	(a).	The	GaSe	flakes	previously	exfoliated	onto	the	SiO2/Si	substrate	were	
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electrically	connected	by	gold	fingers	and	pads.	A	layer	of	PMMA	coating	was	spin-

coated	on	top	of	the	GaSe	flakes	and	the	gold	contact	so	that	they	are	insulated	from	

the	liquid	used	as	the	electrolyte	for	the	tests.	To	facilitate	the	HER	at	interested	

region	of	the	flake,	PMMA	inside	that	region	was	etched	away	by	ebeam	irradiation	

and	MIKB	dissolution.	The	etched	region	is	called	the	HER	window	and	the	GaSe	

with	known	area	was	partially	exposed	to	the	electrolyte.	Figure	6.3	(b)	shows	the	

optical	images	of	original	GaSe	atomic	layers	(right)	and	the	local	probe	

measurement	device	fabricated	on	it	(left).	The	yellow	dotted	line	illustrates	the	

flake	that	has	been	tested	and	the	HER	window	has	the	diameter	of	4mm.	

The	polarization	curve	of	the	GaSe	atomic	layers	is	compared	with	the	widely	

studied	TMD	catalyst	MoS2.	As	shown	in	Figure	6.3	(c),	during	the	negative	potential	

scan	the	few-layer	GaSe	exhibits	much	smaller	onset	potential	and	faster	current	

increase	than	the	MoS2	sample.	From	the	corresponding	Tafel	curves	in	figure	2d	

the	Tafel	slopes	were	obtained.	The	slopes	are	154mV/decade	and	283mV/decade	

for	few-layer	GaSe	and	MoS2	separately.	The	significantly	reduce	Tafel	slope	

indicates	that	the	reaction	is	kinetically	a	lot	faster	on	the	GaSe	than	MoS2.	The	fitted	

overpotentials	at	the	current	density	of	1mA/cm2	are	170	and	410mV	for	GaSe	

atomic	layers	and	MoS2	respectively.	Both	the	reduced	Tafel	slope	and	overpotential	

are	favored	for	the	electrochemical	process	and	we	conclude	that	few-layer	GaSe	is	

efficient	HER	catalyst.	

The	turnover	frequency	which	directly	interprets	the	catalytic	activity	of	the	

material	could	be	derived	from	the	local	probe	electrochemical	measurements.	The	
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turnover	frequency	is	defined	following	Equation	5.2.	The	exchange	current	

densities	for	GaSe	and	MoS2	are	fitted	to	be	95.5µA/cm2	and	30.2µA/cm2	from	the	

Tafel	curves.	The	active	sites	density	of	GaSe	and	MoS2	are	estimated	to	be	

1.01×1019/cm2	and	1.14×1019/cm2	separately	according	to	the	basal	plane	structure	

and	lattice	constant	(3.75Å	for	GaSe	and	3.18Å	for	MoS2)	of	their	crystals.	Putting	e	=	

1.6×10-19	C	and	z	=	2	into	the	equation,	the	turnover	frequencies	of	GaSe	and	MoS2	

for	HER	are	determined	to	be	0.03s-1	and	0.008s-1	respectively.	The	active	sites	on	

the	GaSe	basal	plane	shows	approximately	4	times	high	turnover	frequency	

comparing	to	MoS2.	
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Figure	6.3	– Hydrogen evolution performance of the few-layer GaSe atomic layers. 
(a) Schematic diagram of the local probe electrolysis measurement. (b) Optical 

image of the device made on the few-layer GaSe flake. Left and right images 
correspond to the same region after and before being made into device. (c) 

Polarization curve of the few-layer GaSe atomic layers catalyzed HER. (d) Tafel 
plot corresponding to (d). 

The	photoelectrolysis	properties	of	the	GaSe	atomic	layers	were	inspected	in	

the	same	manner	as	the	electrolysis	properties	except	that	light	is	involved.	Under	

programmed	periodic	light	pulse	(AM1.5,	ultra-violet	filtered)	the	polarization	curve	

of	the	few-layer	GaSe	is	represented	in	Figure	6.4.	It	can	be	observed	form	the	curve	

that	the	few-layer	GaSe	sample	has	fast	photoresponse	to	the	light	pulse.	The	crest	

and	valley	points	of	the	curve	depict	the	polarization	curves	in	dark	and	under	

illumination.	Their	difference	-	the	photo	induced	current,	increased	as	the	applied	

potential	goes	more	negative.	MoS2,	on	the	other	hand,	has	slow	and	negligible	

photoresponse	comparing	to	GaSe.	

Figure	6.4	(a)	describes	the	mechanism	of	the	photoelectrolysis	on	GaSe.	

While	a	photon	(hn)	is	absorbed	by	the	GaSe	atomic	layers,	an	electron	is	injected	

into	the	conduction	band,	leaving	a	hole	in	the	valence	band.	Two	electrons	in	the	

conduction	band	are	then	combined	with	two	protons	in	the	electrolyte	and	form	a	

hydrogen	molecule.	The	hole	is	conducted	to	the	metal	catalyst	to	form	oxygen	gas.	

While	there	is	no	applied	potential	on	the	GaSe	atomic	layers,	the	measured	current	

is	merely	contributed	from	the	photo-induced	electron	and	hole	pairs.	The	whole	

system	could	be	considered	as	an	electrochemical	cell	and	the	current	at	the	zero	
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bias	is	called	short	circuit	current	density	(Jsc).	As	shown	in	Figure	6.4	(c),	for	the	

few-layer	GaSe	the	Jsc	is	around	500mA/cm2.	The	photon-to-electron	conversion	

efficiency	(h)	of	the	few-layer	GaSe	could	be	calculated	according	to	the	following	

equation:	

𝜂 = =∙P
QRS
	,	

Equation	6.1	–	Calculation	of	photon-to-electron	conversion	efficiency	based	
on	the	short-circuit	current	density.	

in	which	n	is	the	number	of	photons	in	the	visible	light	range	of	the	AM1.5	

irradiation	spectrum	and	e	is	the	elemental	charge.	The	photon-to-electron	

conversion	efficiency	is	calculated	to	be	2.6%	putting	n	=	1.2×1017	cm-2	and	e	=	1.6

×10-19	C	into	the	equation.	Considering	there	are	ten	atomic	layers	in	the	GaSe	

crystal,	each	GaSe	atomic	layer	is	estimated	to	have	the	external	photon-to-electron	

efficiency	of	0.26%.	
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Figure	6.4	– Photoelectrochemical hydrogen evolution performance of the few-layer 
GaSe atomic layers. (a) Schematic diagram of the photoelectrolysis on GaSe. (b) 

Polarization curve of the few-layer GaSe atomic layers catalyzed HER. (c) Tafel plot 
corresponding to (a). 
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6.3. Conclusion	

We	demonstrate	that	the	local	probe	electrochemical	measurement	is	not	

only	good	for	electrolysis	study	but	also	photoelectrolysis	study.	A	novel	type	of	

metal	chalcogenides,	gallium	selenide	(GaSe)	is	examined	for	both	HER	and	

photoelectrochemical	HER.	Comparing	to	the	commonly	used	catalyst	MoS2,	GaSe	

shows	much	higher	HER	catalytic	activity.	The	TOF	for	GaSe	and	MoS2	in	the	tests	

are	0.03s-1	and	0.008s-1	respectively.	While	MoS2	shows	weak	photoresponse,	GaSe	

has	strong	photoelectrochemical	response.	The	external	photon-to-electron	

conversion	efficiency	for	GaSe	is	estimated	to	be	0.26%	under	the	illumination	of	

100mW/cm2	AM1.5	solar	light.	
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Chapter 7 

VII. Summary 

In	summary,	the	electrochemical	properties	including	the	anti-corrosion	

properties	and	catalytic	activities	of	two-dimensional	layered	materials	have	been	

carefully	studied.	Our	results	suggest	that:	

1. Few-layer	MoS2	is	efficient	as	the	catalyst	for	the	iodine/tri-iodide	redox	shuttle.	

The	dye-sensitized	solar	cells	with	few-layer	MoS2	as	the	counter	electrode	

material	shows	the	photon-to-electron	conversion	efficiency	of	2%.	The	catalytic	

activity	of	the	few-layer	MoS2	atomic	layers	are	increased	to	5.8%	by	craving	

hole	pattern	on	the	MoS2	atomic	layers	and	creating	artificial	active	edge	sites.	

Electrochemical	impedance	spectroscopy	analysis	reveals	that	the	charge	

transfer	resistance	at	the	MoS2/electrolyte	interface	reduces	from	4000Ω	to	

200Ω	after	the	patterning.	
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2. Large	area	continuous	hexagonal	boron	nitride	film	is	successfully	grown	using	

low	pressure	chemical	vapor	deposition	method.	The	film	is	transferred	onto	

copper	substrate	as	a	layer	of	corrosion-inhibition	coating.	Cyclic	voltammetry	

result	shows	that	the	anodic	dissolution	under	positive	bias	is	significantly	

suppressed	by	the	h-BN	coating.	The	corrosion	rate	of	the	h-BN	coated	sample	is	

reduced	to	only	one	fourth	of	the	uncoated	sample.	Electrochemical	impedance	

spectroscopy	analysis	indicates	that	the	corrosion	resistance	is	dramatically	

enhanced	while	h-BN	coating	is	present.	

3. A	novel	local	probe	electrochemical	measurement	method	is	developed.	The	

method	fits	the	conventional	electrochemical	measurement	into	the	device	

configuration	of	two-dimensional	materials.	Using	this	method,	we	manage	to	

obtain	the	information	regarding	on	the	turnover	frequencies	of	different	2D	

catalysts.	For	the	first	time	the	edge	and	basal	plane	TOF	for	hydrogen	evolution	

of	monolayer	2H-MoS2	is	obtained	separately.	The	values	are	determined	to	be	

1.9±0.8×10-4s	and	1.6±1.2s.	The	basal	plane	TOF	of	1T’-MoS2	for	HER	is	

determined	to	be	0.008±0.002s.	VB-VIA	dichalcogenides	are	identified	to	have	

the	highest	HER	activity	among	other	transition-metal	dichalcogenides.	In	our	

experiments	2H-NbS2	showed	the	average	TOF	of	0.1s-1.	

4. We	demonstrate	that	the	local	probe	electrochemical	measurement	is	good	for	

photoelectrochemical	study	as	well.	A	novel	type	of	metal	chalcogenides,	gallium	

selenide	is	examined	for	both	HER	and	photoelectrochemical	HER.	Comparing	to	

the	commonly	used	catalyst	MoS2,	GaSe	shows	much	higher	HER	catalytic	
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activity.	The	TOF	for	GaSe	and	MoS2	in	the	tests	are	0.03s-1	and	0.008s-1	

respectively.	While	MoS2	shows	weak	photoresponse,	GaSe	has	strong	

photoelectrochemical	response.	The	external	photon-to-electron	conversion	

efficiency	for	GaSe	is	estimated	to	be	0.26%.	
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