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2D	Materials	Design	for	ProducOon	of	Cold	Electrons

VASPSol	-	Ab	ini6o	methods	for 
solid/liquid	interfaces

Solvated Water in DMC

Method Dielectric energy Cavitation energy Solvation energy

DFT -19 mHa

DMC -20(1) mHa

Classical DFT* 4.90 mHa

Classical DFT+DMC -15(1) mHa

Expt5 -10 mHa

5.  T. Truong and E. Stefanovich, Chem. Phys. Lett. 240. 253 (1995).* Classical DFT from Ravishankar Sundararaman

MPInterfaces	-	High	throughput	framework	for	2D	materials
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GASP	-	Gene6c	algorithm 
and	machine	learning 

for	structure	predic6ons	

(b)    2D Pb-O System  (a)    2D Sn-O System 
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Open	source	available	at	h-ps://github.com/henniggroup

Data	available	at	h-p://materialsweb.org	
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4Screen	2D	materials	for	photocathodes	
• Forma6on	from	layered	bulk	materials	
• Semiconductors	with	small	effec6ve	masses	
• Promising	family	of	group-IV	monochalcogenides
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2D	Materials	Beyond	Graphene

Materials	interfaces	
• At	the	heart	of	many	modern-day	cri6cal	technologies	
• Importance	in	key	industrial	segments: 
Microelectronics,	chemical	and	energy	industries	

Single-layer	or	2D	materials	
•Maximize	their	interfacial	area	
• Proper6es	differ	from	3D	counterparts	
• Poten6ally	many	more	2D	materials	awai6ng	discovery	

Advantages	for	Photocathodes	
• Atomically	flat	
• Low	surface	energy,	hydrophobic,	low	reac6vity	
• Possibly	weak	interac6ons	with	substrates

Lauritsen	et	al.,	J.	Catalysis	221	25	(2004)

h-p://newsroom.intel.com/docs/DOC-2032
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Overview	of	2D	Materials
DefiniOon:	Two-dimensional	materials	are	crystals	with	structures	that	are	
periodic	in	two	dimensions	and	have	finite	extension	in	the	third	dimension.
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Overview	of	2D	Materials

• 2D	materials	could	consist	of	more	than	one	atomic	layer
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DefiniOon:	Two-dimensional	materials	are	crystals	with	structures	that	are	
periodic	in	two	dimensions	and	have	finite	extension	in	the	third	dimension.
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Overview	of	2D	Materials

• 2D	materials	could	consist	of	more	than	one	atomic	layer
• Electronic,	magne6c,	etc.	proper6es	for	electronic	and	energy	applica6ons

ProperOes
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Overview	of	2D	Materials

• 2D	materials	could	consist	of	more	than	one	atomic	layer
• Electronic,	magne6c,	etc.	proper6es	for	electronic	and	energy	applica6ons
• Substrates	for	synthesis	and	chemical	proper6es	for	processing
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DefiniOon:	Two-dimensional	materials	are	crystals	with	structures	that	are	
periodic	in	two	dimensions	and	have	finite	extension	in	the	third	dimension.
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H.	L.	Zhuang	and	RGH,	JOM	66,	366	(2014)	

Materials	InformaOcs	of	2D	Materials
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Structure

ProperOes

Processing Performance

Open	source	available	at		
h-ps://github.com/henniggroup

Materials	InformaOcs	of	2D	Materials
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InformaOon	from	DFT	for	Photocathodes

InformaOon	from	DFT	for	photocathodes	
• Band	structures	(gaps,	effec6ve	masses)

A.	K.	Singh	&	RGH	
Appl.	Phys.	Le-.	105,	042103	(2014)
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InformaOon	from	DFT	for	Photocathodes

InformaOon	from	DFT	for	photocathodes	
• Band	structures	(gaps,	effec6ve	masses)
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A.	K.	Singh	&	RGH	
Appl.	Phys.	Le-.	105,	042103	(2014)
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InformaOon	from	DFT	for	Photocathodes

InformaOon	from	DFT	for	photocathodes	
• Band	structures	(gaps,	effec6ve	masses)
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InformaOon	from	DFT	for	Photocathodes

InformaOon	from	DFT	for	photocathodes	
• Band	structures	(gaps,	effec6ve	masses)
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A.	K.	Singh	&	RGH	
Appl.	Phys.	Le-.	105,	042103	(2014)

Small	effecOve	masses	for	2D	
group-IV	monochalcogenides
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InformaOon	from	DFT	for	Photocathodes

InformaOon	from	DFT	for	photocathodes	
• Band	structures	(gaps,	effec6ve	masses)	
•Workfunc6on	and	electron	affinity
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InformaOon	from	DFT	for	photocathodes	
• Band	structures	(gaps,	effec6ve	masses)	
•Workfunc6on	and	electron	affinity
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that of SL APS3.

C. Alignment of the CBM and VBM energies of
single-layer APX3 with the redox potentials of water

As mentioned in the Introduction, to effectively utilize
visible light for photocatalysis, the typical band gap of the
semiconductor should be < 3.0 eV (> 415 nm). As shown in
Table I, the calculated band gaps with HSE06 of all SL APX3
are in the range of 1.77 eV–3.94 eV, thus most of them fall
within the visible spectrum. These materials have great poten-
tial to harvest a significant fraction of solar light. Beside the
requirement of reasonable band gap for photocatalytic water-
splitting, it also needs that a semiconductor has decent band
edge position to fit the reduction and oxidation potential.

The reduction/oxidation ability could be evaluated by
aligning the CBM and VBM with respect to the water redox
potential levels. The calculated band edge positions for all

of them, such as SL ZnPSe
Ag0.5In0.5PX3
gaps than that of TiO
CBM potentials relative to the H
of TiO2 (− 0.29 eV),
of such SL materials are more fit for hydrogen generation.
More fascinatingly, besides the advantages of suitable band
gaps for visible-light driving and sufficient over-potentials
for water splitting, SL Ag
semiconductor.

As discussed above, SL Ag
band gap (1.77 eV) for water splitting, but the VBM poten-
tial is only 0.13 eV lower than oxidation potential of water,
which might not thermodynamically sustainable to drive the
oxidation reaction. One possible solution is to change the pH
value, since the redox potentials for water increase with pH
by pH · 0.059.49
with pH increasing to make the oxidation reaction energeti-

C. Alignment of the CBM and VBM energies of
single-layer APX3 with the redox potentials of water

As mentioned in the Introduction, to effectively utilize
visible light for photocatalysis, the typical band gap of the
semiconductor should be < 3.0 eV (> 415 nm). As shown in

, the calculated band gaps with HSE06 of all SL APX3
are in the range of 1.77 eV–3.94 eV, thus most of them fall
within the visible spectrum. These materials have great poten-
tial to harvest a significant fraction of solar light. Beside the
requirement of reasonable band gap for photocatalytic water-
splitting, it also needs that a semiconductor has decent band
edge position to fit the reduction and oxidation potential.

The reduction/oxidation ability could be evaluated by
aligning the CBM and VBM with respect to the water redox
potential levels. The calculated band edge positions for all
these compounds based on Eq. (2) are shown in Figure 6.
It is of interest to note that for all the SL APX , the CBM

Ag0.5In0.5PX3 (X = S and Se), have not only smaller band
gaps than that of TiO2, but also they have much more negative
CBM potentials relative to the H+ /H2 potential than that
of TiO2 (− 0.29 eV),48 suggesting that band edge positions
of such SL materials are more fit for hydrogen generation.
More fascinatingly, besides the advantages of suitable band
gaps for visible-light driving and sufficient over-potentials
for water splitting, SL Ag0.5Sc0.5PSe3 is a direct band gap
semiconductor.

As discussed above, SL Ag0.5In0.5PSe3
band gap (1.77 eV) for water splitting, but the VBM poten-
tial is only 0.13 eV lower than oxidation potential of water,
which might not thermodynamically sustainable to drive the
oxidation reaction. One possible solution is to change the pH
value, since the redox potentials for water increase with pH
by pH · 0.059.49 This shift is beneficial to SL Ag
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InformaOon	from	DFT	for	Photocathodes

InformaOon	from	DFT	for	photocathodes	
• Band	structures	(gaps,	effec6ve	masses)	
•Workfunc6on	and	electron	affinity	
• Quasipar6cle	energies 
(correc6ons	to	band	structure)
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InformaOon	from	DFT	for	photocathodes	
• Band	structures	(gaps,	effec6ve	masses)	
•Workfunc6on	and	electron	affinity	
• Quasipar6cle	energies 
(correc6ons	to	band	structure)	

• Op6cal	transi6ons	and	excitons
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InformaOon	from	DFT	for	Photocathodes

InformaOon	from	DFT	for	photocathodes	
• Band	structures	(gaps,	effec6ve	masses)	
•Workfunc6on	and	electron	affinity	
• Quasipar6cle	energies 
(correc6ons	to	band	structure)	

• Op6cal	transi6ons	and	excitons		
•Materials	stability,	Pourbaix	diagrams

2D	Sn-O	Phases 2D	Pb-O	Phases

SnO2 (2D)

HSnO2
-

SnO3
2-

SnOH+

Sn2+

SnO(OH)+

+1

-1

0E 
(V

)

0 2 4 6 8 10 12 14
pH

-2

Pb2+

PbOH+

PbO2 (2D)

HPbO2
-

+2

+1

-1

0E 
(V

)

0 2 4 6 8 10 12 14
pH

-2

(b) Rutile (a) -Quartz  (c) Bi-tetrahedral  

(d) 1T (e) Orthorhombic 

mailto:rhennig@ufl.edu?subject=
http://hennig.mse.ufl.edu


UF####FLAMES#
Florida#Laboratory#for#Advanced#Materials#Engineering#Simula;ons#

rhennig@ufl.edu	
h-p://hennig.mse.ufl.edu

P3	Workshop	
October	17-19,	2016	•	Jefferson	Lab

Screening	of	2D	Materials	for	Photocathodes

Screening	of	2D	materials:	
1. Iden6fy	layered	bulk	materials		 	 ⇒	 826	monolayer	candidates	
2. Forma6on	energy	rela6ve	to	bulk	 ⇒	 625	stable	monolayer	
3. Monolayers	 	 	 	 	 	 	 	 	 	 	 	 ⇒	 282	semiconductors	(0	<	Egap	≤	3eV)	
4. Semiconductors	 	 	 	 	 	 	 	 	 	 ⇒	 81	with	direct	gap  

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 ⇒	 201	with	indirect	gap	
5. Semiconductors	 	 	 	 	 	 	 	 	 	 ⇒	 21	with	meffec6ve	<	1	me	

6. Addi6onal	considera6on:	Dirac-cone	2D	materials
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Datamining	to	Discover	Layered	Bulk	Materials
• Many	layered	structures	exist	in	materials	that	can	be	used	to	synthesize	monolayers	
• Iden6fying	layered	compounds	using	data	from	MaterialsProject.org	using	bond	topology

M.	Ashton,	J.	Paul,	S.	Sinno-,	RGH 
submi-ed	(2016)
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Datamining	to	Discover	Layered	Bulk	Materials
•Search	MaterialsProject	Database	for	layered	3D	structures	with	van	der	Waals	gap
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IdenOfied	826	unique	layered	3D	bulk	candidate	materials	for	exfoliaOon.
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IdenOfied	625	2D	materials	with	energy	below	150	meV/atom
M.	Ashton,	J.	Paul,	S.	Sinno-,	RGH 

submi-ed	(2016)

IdenOfied	826	unique	layered	3D	bulk	candidate	materials	for	exfoliaOon.
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Electronic	ProperOes	of	2D	Materials

• Iden6fy	2D	materials	with	PBE	bandgap	between	0	and	3	eV	
• Among	the	625	stable	monolayers, 
282	are	semiconductors	(about	46%)	
‣ 201	materials	with	indirect	gap	
‣ 81	materials	with	direct	gap

mailto:rhennig@ufl.edu?subject=
http://hennig.mse.ufl.edu


UF####FLAMES#
Florida#Laboratory#for#Advanced#Materials#Engineering#Simula;ons#

rhennig@ufl.edu	
h-p://hennig.mse.ufl.edu

P3	Workshop	
October	17-19,	2016	•	Jefferson	Lab

EffecOve	Electron	Masses	of	2D	Materials

Band gap (eV)
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Preliminary	results	for	effec6ve	masses	obtained	with	PBE	func6onal
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EffecOve	Electron	Masses	of	2D	Materials
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Small	effecOve	masses	for	2D	
group-IV	monochalcogenides

Preliminary	results	for	effec6ve	masses	obtained	with	PBE	func6onal
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ExoOc	Electronic	ProperOes	of	2D	Materials

2D	materials	with	zero	gap	
• Graphene	
• TiNI	
• Nb3IrS8	
• HfSiTe	
• ZrBr	
• InBi	
• SrSbSe2F	
• NiP2	
• YIC	
• ZrGeTe	
• YBrC	
• ZrTe5	
• HfTe5 � X S Y
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Website:	hbps://materialsweb.org
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Richard	G.	Hennig,	Joshua	Paul,	Michael	Ashton,	University	of	Florida

2D	Materials	Design	for	ProducOon	of	Cold	Electrons

MPInterfaces 
High	throughput	framework	for	2D	materials
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Data	available	at	h-p://materialsweb.org	
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Screen	2D	materials	for	photocathodes	
• Forma6on	from	layered	bulk	materials	
• Semiconductors	with	small	effec6ve	masses	
• Promising	family	of	group-IV	monochalcogenides
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