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ABSTRACT:	Ligand-to-metal	charge	transfer	(LMCT)	can	bring	about	the	separation	of	photo-generated	charges.	Here	we	
calculate	the	electronic	structures	of	metal-organic	frameworks	(MOFs)	having	the	UiO-66	architecture	and	M6O4(OH)4	in-
organometallic	nodes	with	M	=	Zr,	Hf,	Th,	Ti,	U,	or	Ce.	We	find	that	LMCT	is	favorable	only	in	the	Ce	case,	where	it	is	promot-
ed	by	the	low-lying	empty	4f	orbitals	of	Ce+4.	We	therefore	propose	that	incorporating	Ce+4	into	the	node	is	an	effective	way	
to	 facilitate	LMCT	 in	a	MOF.	 In	addition,	we	show	that	by	 functionalizing	 the	 linker,	 it	 should	be	possible	 to	engineer	the	
electronic	structure	of	 the	Ce-MOF	for	a	desired	reaction	(e.g.,	water	splitting)	while	preserving	 favorable	LMCT.	We	also	
find	that	linker	functionalization	with	electron	donating	or	withdrawing	groups	allows	tuning	of	the	LMCT	energy,	and	in-
creasing	the	number	of	functional	groups	on	each	linker	enhances	the	tuning;	these	findings	are	encouraging	for	applying	
Ce-MOFs	for	visible-response	photocatalytic	water	splitting.	

1.	INTRODUCTION	
Porous	metal-organic	 framework	 (MOF)	materials	with	

inorganometallic	nodes	and	tailorable	organic	ligands	find	
widespread	 applications	 such	 as	 catalysis,1	 gas	 storage,2	
and	 gas	 separation.3	 Recently,	 the	 use	 of	MOFs	 as	 photo-
catalysts	 has	 aroused	 great	 interest.4,5	 An	 important	 pro-
moter	of	 this	 interest	 is	 that	MOFs	can	facilitate	the	diffu-
sion	of	reactants	to	the	active	sites	to	potentially	overcome	
the	 low	 charge	mobility	 of	many	 nonporous	 semiconduc-
tors.	In	addition,	some	MOFs	are	effective	at	adsorbing	gas	
molecules;6	thus	a	single	MOF	has	the	potential	to	act	as	a	
dual-functional	material	 in	both	capturing	and	converting	
reactants	 (e.g.,	 CO2),	 thereby	 reducing	 the	 complexity	 of	
the	photocatalytic	 system.	Consequently	 there	 is	 great	 in-
terest	 in	 finding	 the	 best	 structure	 to	 take	 advantage	 of	
MOF	tunability	and	porosity.	Extending	 the	capabilities	of	
MOFs	for	photocatalysis	is	still	an	emerging	research	field,	
and	 searching	 for	 promising	 photocatalytic	 MOFs	 is	 the	
main	objective	of	the	present	article.	
Over	 the	 past	 ten	 years,	 UiO-66,	 which	 is	 built	 from	

Zr6O4(OH)4	 nodes	 and	 1,4-benzene-dicarboxylate	 (BDC)	
linkers	 (see	 Figure	 1),	 stands	 out	 among	MOFs	due	 to	 its	
exceptionally	 chemical,	 mechanical,	 and	 thermal	 stabili-
ties.7	Furthermore,	the	UiO-66	framework	can	be	tuned	by	
linker	 functionalization,8	 and	 in	 recent	 years	 complete	 or	
partial	metal	 substitutions	with	Hf,	Th,	Ti,	U,	 or	Ce	 in	 the	
Zr6O4(OH)4	 nodes	 have	 become	 feasible	 as	well.5f,9	 Linker	
functionalization	 has	 been	 found	 to	 be	 a	 powerful	 tech-
nique	 to	 shift	 the	 absorption	 bands	 of	 the	 linker	 toward	
visible-light	wavelengths,5c	and	metal	 substitution	with	Ti	
has	 been	 shown	 to	 prolong	 the	 lifetime	 of	 the	 excited	
states.5g	However,	 there	is	no	research	that	systematically	
considers	 both	 metal	 substitutions	 and	 linker	 modifica-
tions	 in	UiO-66	for	photocatalytic	applications,	 in	part	be-
cause	 some	 of	 the	 substituted	 structures	 (e.g.,	 Ce-based	
UiO-66)	 have	 been	 synthesized	 only	 recently.9c,e	 Such	 a	
systematic	 investigation	 is	presented	here	by	using	Kohn-

Sham	density	 functional	 theory	(DFT).	First	we	show	that	
the	 excited	 states	 are	 expected	 to	 be	 longer-lived	 in	 Ce-
based	UiO-66	 than	 in	UiO-66	MOFs	with	other	metals	be-
cause	charge	separation	should	be	more	facile	in	this	MOF.		
Then	 we	 consider	 12	 monosubstituted	 and	 2	 disubsti-

tuted	variants	of	the	BDC	linker	(i.e.,	BDC-X	and	BDC-2,5X,	
see	Figure	2)	to	understand	how	one	can	further	engineer	
the	electronic	structure	of	Ce-based	UiO-66	to	increase	its	
photocatalytic	 activity	 for	 specific	 photoredox	 reactions	
such	 as	water	 splitting	 or	 reduction	 of	 carbon	 dioxide	 to	
produce	methane	or	methanol.	

2.	COMPUTATIONAL	DETAILS	
2.1.	 Geometry	 and	 Cell	 Relaxations.	 To	 reduce	 the	

computational	 cost,	 the	 primitive	 cell	 of	 the	 UiO-66		

	

Figure	 1.	 Framework	 structure	 of	 UiO-66	with	 the	 primitive	
cell	indicated	by	a	blue	background.	Color	scheme:	metal,	yel-
low;	O,	red;	C,	brown;	H,	light	pink.	
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Figure	2.	The	BDC	(left),	BDC-X	(middle),	and	BDC-2,5X	(right)	
linkers.	Color	scheme:	O,	red;	C,	brown;	H,	light	pink;	substitu-
ent	X,	blue.	The	X	groups	are	discussed	in	sections	3.2	and	3.3.	

framework	 (see	 Figure	 1)	 was	 used	 to	 perform	 periodic	
DFT	 calculations	 by	 using	 the	Vienna	ab	 initio	 Simulation	
Package	 (VASP)10.	 The	 number	 of	 atoms	 in	 the	 primitive	
cell	 depends	 on	 the	 functionalization	 of	 the	 linkers.	 The	
pristine	primitive	cell	of	UiO-66(M)	 (M	=	Zr,	Hf,	Th,	Ti,	U,	
Ce)	has	114	atoms,	including	6	metals,	 32	O,	 48	C,	and	28	
H.	During	the	optimization	of	the	UiO-66	framework,	both	
atomic	positions	and	the	shape	of	the	cell	were	allowed	to	
relax	 using	 the	 PBEsol11	 exchange–correlation	 functional	
with	a	kinetic	energy	cutoff	of	500	eV.	The	reason	for	using	
PBEsol	 to	 do	 optimizations	 is	 that	 PBEsol	 is	 superior	 to	
PBE	for	predicting	equilibrium	lattice	constants.11	We	used	
a	Hellman–Feynman	 force	 criterion	 of	 0.02	 eV/Å	on	 each	
relaxed	 ion.	 The	 PBEsol	 calculated	 lattice	 parameters	 for	
UiO-66(M)	 and	 available	 experimental	 data	 are	 given	 in	
Table	 S1	 (figures	 and	 tables	 with	 a	 prefix	 “S”	 are	 in	 the	
Supporting	Information);	agreement	is	better	than	1%.	
The	 core-valence	 electron	 interactions	 were	 described	

by	 using	 the	 projector	 augmented	wave	 (PAW)	method12	
with	H	 (1s),	C	 (2s,	 2p),	N	 (2s,	 2p),	O	 (2s,	 2p),	 S	 (3s,	 3p),	 F	
(2s,	2p),	Cl	(3s,	3p),	Br	(4s,	4p),	I	(5s,	5p),	Ti	(3s,	3p,	4s,	3d),	
Zr	(4s,	4p,	5s,	4d),	Hf	(5s,	5p,	6s,	5d),	Th	(6s,	6p,	7s,	6d),	Ce	
(5s,	5p,	6s,	5d,	4f),	and	U	(6s,	6p,	7s,	5f,	6d)	electrons	being	
treated	 as	 valence	 states.	 Spin-orbit	 coupling	 is	 neglected	
in	all	calculations;	 it	 is	not	expected	to	be	large	enough	to	
affect	our	conclusions.	
The	 k-point	 mesh	 was	 sampled	 using	 a	 3×3×3	 Monk-

horst–Pack	grid.	We	set	a	convergence	criterion	of	10-5	eV	
for	electronic	minimization.	
2.2.	Density	 of	 States	 (DOS)	Calculations.	The	details	

for	DOS	 calculations	 are	 the	 same	as	described	 above	 ex-
cept:	
(i)	 The	 HSE0613	 exchange–correlation	 functional	 was	

used	 to	obtain	 electronic	properties	 (we	will	 refer	 to	 this	
protocol	 as	HSE06//PBEsol	 to	 indicate	 the	 use	 of	 PBEsol	
for	 geometries)	 because	 HSE06	 is	 powerful	 in	 predicting	
band	 gaps	 of	 materials	 and	 previous	 work	 reported	 that	
the	HSE06	band	gaps	of	various	functionalized	UiO-66(Zr)	
show	 quantitative	 agreement	 with	 the	 experimental	 val-
ues.5c	
(ii)	 A	1×1×1	k-point	mesh	was	used	to	make	the	compu-

tationally	expensive	HSE06	calculations	feasible	since	pre-
vious	studies	found	that	Γ	point	sampling	of	the	first	Bril-
louin	zone	is	sufficient	to	obtain	correct	electronic	proper-
ties.5c,g	
2.3.	Band	Alignment.	We	used	a	method	developed	by	

Butler	 et	 al.14	 to	 determine	 the	 vacuum	 levels	 of	 porous	

UiO-66	frameworks.	A	spherical	electrostatic	probe	with	a	
radius	 of	 1	Å	 located	 at	 the	 center	 of	 the	 large	octahedra	
cage	(~11	Å)	of	each	UiO-66	framework	was	used	to	esti-
mate	 the	 electrostatic	 reference	 potential.	 For	 each	 case,	
the	 variance	 of	 the	 potential	 values	 within	 the	 spherical	
probe	 is	 less	 than	 10-4	 V,	 indicating	 that	we	 obtained	 ro-
bust	 results;	 finally,	 the	mean	of	 the	potential	 values	was	
taken.	
2.4.	 Excited-State	 Calculations.	 Excited-state	 calcula-

tions	were	performed	on	the	cluster	models	of	UiO-66(Ce)	
[Ce6O4(OH)4(HBDC)2(HCOO)10]	 and	 UiO-66(Ce)-X	
[Ce6O4(OH)4(HBDC-X)2(HCOO)10]	 (see	 Figure	 3)	 to	 obtain	
node-localized	 excitations	 and	 ligand-to-metal	 charge-
transfer	excitations	in	the	UiO-66(Ce)	frameworks,	and	on	
the	 isolated	H2BDC	and	H2BDC-X	linkers	 	 to	obtain	 linker-
localized	 excitations	 in	 the	 UiO-66(Ce)	 frameworks.	 The	
cluster	models	of	the	UiO-66(Ce)	frameworks	and	the	iso-
lated	 linkers	 were	 generated	 by	 cutting	 the	
[Ce6O4(OH)4(BDC)2(COO)10]12-,	 [Ce6O4(OH)4(BDC-
X)2(COO)10]12-,	 BDC2-,	 and	 BDC-X2-	anions	 from	 the	 corre-
sponding	 periodic	 models	 optimized	 using	 PBEsol	 and	
capping	 the	 unsaturated	 sites	 with	 protons.	 The	 ground-
state	 structures	were	optimized	by	 relaxing	only	 the	pro-
ton	 capping	 ions	 to	 keep	 their	 geometries	 in	 the	periodic	
frameworks.	Excited-state	calculations	were	performed	by	
time-dependent	 density	 functional	 theory	 (TD-DFT)	 with	
the	 adiabatic	 linear-response	 approximation.15	 All	 report-
ed	excitation	energies	are	for	vertical	transitions.	
For	both	ground-state	and	excited-state	calculations,	we	

used	 the	HSE06	 exchange–correlation	 functional	with	 the	
6-311+G(d)16	 basis	 set	 for	 H,	 C,	 N,	 O,	 S,	 F,	 Cl,	 Br,	 the	 6-
311G(d)16	 basis	 set	 for	 I,	 and	 the	 Stuttgart-Dresden-
Dunning	 (SDD,	MWB28)17	basis	 set	 and	effective	 core	po-
tential	for	Ce.	These	calculations	were	carried	out	with	the	
Gaussian	16	program.18	

3.	RESULTS	AND	DISCUSSION	
3.1.	 Pristine	 UiO-66(M)	 Frameworks.	 For	 the	 photo-

catalytic	 process	 in	 UiO-66(Zr),	 it	 is	 suggested	 that	 the	
linker	 should	 be	 responsible	 for	 the	 light	 absorption	 and	
excitation,5c,g,h	in	which	case	the	absorption	energy	(Eabs)5h	
is	controlled	by	the	energy	gap	between	the	highest	occu-
pied	 and	 lowest	 unoccupied	 linker	 orbitals.	 For	 UiO-
66(Zr),	 both	 the	 highest	 occupied	 and	 lowest	 unoccupied	
crystal	 orbitals	 (HOCO	and	LUCO)	 are	predominantly	 on	 the	
l i n k e r s		

	

Figure	 3.	 The	 cluster	 models	 of	 UiO-66(Ce)	 (left)	 and	 UiO-
66(Ce)-X	(right).	Color	scheme:	Ce,	yellow;	O,	red;	C,	brown;	H,	
light	pink;	substituent	X,	blue.	The	X	groups	will	be	discussed	
in	section	3.2.	
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(see	 Figure	 4),	 and	 this	 indicates	 that	Eabs	 approximately	
equals	the	HOCO–LUCO	gap	in	UiO-66(Zr).	We	calculated	a	
HOCO–LUCO	gap	 (Eabs)	 of	3.73	eV	 for	UiO-66(Zr),	 in	 good	
agreement	with	the	reported	experimental	gap	(measured	
as	the	extrapolated	onset	of	the	UV	spectrum)	of	3.76	eV.5a	
This	validates	the	HSE06//PBEsol	calculations	used	in	this	
study.	
In	 general,	 the	 photocatalytic	 activity	 of	 a	 material	 is	

correlated	with	 the	 lifetime	 of	 the	 excited	 states.	 To	 pro-
long	 the	 lifetime	 of	 the	 excited	 states	 in	 UiO-66(Zr),	 the	
photo-generated	electrons	should	undergo	ligand-to-metal	
charge	 transfer	 (LMCT)	 to	 form	 charge-separated	
states,5c,19	 preventing	 the	 rapid	 recombination	 of	 photo-
generated	charges.	Therefore	we	consider	the	LMCT	ener-
gy,	 ELMCT,5h	 which	 is	 defined	 as	 the	 energy	 change	 upon	
transferring	the	photo-generated	electron	from	the	photo-
excited	 linker	 orbital	 to	 the	 lowest	 unoccupied	metal	 or-
bital.		
A	 desirable	 photocatalytic	 MOF	 material	 would	 have	 a	

low-lying	 unoccupied	metal	 orbital	with	 an	 energy	 lower	
than	 the	 donor	 level	 (lowest	 unoccupied	 linker	 orbital);	
this	 leads	 to	 a	 negative	ELMCT,	 that	 is,	 efficient	 LMCT.	 Our	
calculations	 on	 UiO-66(Zr)	 show	 that	 the	 lowest	 unoccu-
pied	metal	orbital	(4d	of	Zr)	is	located	2	eV	above	the	low-
est	 unoccupied	 linker	 orbital	 (LUCO)	 (see	Figure	4),	 indi-
cating	 inefficient	 LMCT	 (ELMCT	 =	 2.00	 eV)	 in	 UiO-66(Zr),	
which	 is	consistent	with	previous	theoretical	studies.5g,h	A	
recent	theoretical	study	showed	that	the	energies	of	unoc-
cupied	 4d	 orbitals	 of	 Zr	 in	 UiO-66(Zr)	 can	 be	 lowered	
moderately	 by	 including	 missing-linker	 defects	 in	 the	
framework,5h	 but	 this	 lowering	 is	 not	 enough	 make	 the	
ELMCT	of	UiO-66(Zr)	negative	or	even	close	to	zero.	
We	 then	 considered	 UiO-66	with	 all	 Zr	 replaced	 by	Hf,	

Th,	Ti,	U,	or	Ce.	These	metals	have	a	variety	of	valence	or-
bitals	 including	3d,	5d,	6d,	4f,	 and	5f.	Figure	4	shows	 that	
the	 change	 of	 the	metallic	 character	 of	 the	 UiO-66	 nodes	
leaves	the	 linker	orbitals	relatively	unchanged	(the	U	plot	
looks	different	because	the	DOS	plots	are	aligned	using	the	
energy	level	of	HOCO,	and	the	presence	of	occupied	5f	or-
bitals	 in	U	shifts	everything	down,	but	Eabs	 is	only	0.09	eV	
lower	in	U	than	in	Zr).	
Figure	4	shows	that	three	UiO-66	MOFs	composed	with	

d0	metal	ions	(Zr+4,	Hf+4,	and	Th+4,	where	the	superscript	is	
the	 oxidation	 state)	 feature	 similar	 electronic	 structures,	
but	 UiO-66(Ti),	 which	 also	 contains	 d0	 metal	 ions	 (Ti+4),	
shows	quite	different	electronic	properties	with	the	LUCO	
delocalized	 over	 linker	 and	metal	 orbitals	 (ELMCT	 =	 0	 eV).	
This	could	be	due	to	the	fact	that	the	3d	orbitals	of	Ti	are	
low	in	energy,	and	thus	they	can	effectively	mix	with	the	π*	
orbital	 of	 the	 linker.	 These	 calculations	 imply	 that	 UiO-
66(Ti)	 should	 have	 more	 efficient	 LMCT	 than	 the	 other	
three	MOFs	with	d0	metal	 sites.	 Indeed,	 a	 recent	work	by	
Nasalevich	 and	 co-workers	 confirmed	 that	 the	 photo-
excited	states	in	a	Ti+4-MOF	have	longer	lifetime	than	those	
for	isostructural	Zr+4	and	Hf+4	MOFs.5g	

For	UiO-66(U),	we	considered	six	arrangements	of	mag-
netic	 spins	 (see	 Figure	 S1).	 Although	 the	 ferromagnetic	
(FM)	 state	 was	 determined	 to	 be	 most	 stable,	 we	 found		

	

Figure	4.	Total	(black)	and	projected	(red	and	blue)	density	of	
states	of	the	pristine	UiO-66(M)	with	M	=	Zr,	Hf,	Th,	Ti,	U,	and	
Ce.	For	U,	only	 the	most	stable	case	 (the	FM	state)	 is	 shown.	
The	 unoccupied	 Zr	 4d	 orbitals,	 Hf	 5d	 orbitals,	 Th	 6d	 and	 5f	
orbitals,	 Ti	 3d	 orbitals,	 U	 5f	 orbitals,	 and	 Ce	 4f	 orbitals	 are	
highlighted	with	a	yellow	background.	The	U	plot	also	shows	
(at	higher	energy)	some	unoccupied	6d	orbitals.	

that	 all	 six	 states	 have	 similar	 stabilities	with	 the	 largest	
energy	difference	being	only	0.14	eV	(see	Table	S2).	There-
fore,	 one	would	 expect	 all	 these	 states	 to	 co-exist	 in	UiO-
66(U).	We	 found	 that	 their	main	electronic	properties	 re-
lated	to	photocatalytic	performance	(i.e.,	Eabs	and	ELMCT)	are	
almost	identical	(see	Figure	S2).	Therefore	the	FM	state	of	
UiO-66(U)	 is	 discussed	 here	 to	 illustrate	 the	 electronic	
structure.	 It’s	 reasonable	 to	 assume	 that	 linker	 excitation	
occurs	 in	 UiO-66(U)	 as	 well.	 Then	 it	 appears	 that	 UiO-
66(U),	 like	 UiO-66(Zr,	 Hf,	 or	 Th),	 has	 a	 positive	ELMCT	 be-
cause	 the	 unoccupied	 5f	 orbitals	 of	 U	 are	 high	 in	 energy	
(see	Figure	4).	
The	low-lying	nature	of	the	empty	4f	band	of	Ce	in	mate-

rials	containing	Ce+4	ions	(e.g.,	CeO2)20	makes	such	materi-
als	 highly	 reducible	 because	 of	 the	 facile	 formation	 of	
Ce+3.21	So	we	can	rationally	predict	 that	 incorporating	 the	
f0	Ce+4	metal	ion	into	the	node	of	a	MOF	should	be	a	general	
and	 effective	 strategy	 to	 facilitate	 LMCT.	 To	 test	 this,	 we	
performed	 calculations	 on	 UiO-66(Ce),	 and	 –	 consistent	
with	this	hypothesis	–	we	found	that	the	LUCO	is	predomi-
nantly	on	the	metal	(4f	of	Ce+4)	(see	Figure	4),	which	intro-
duces	a	different	scenario	from	the	cases	discussed	above.	
Since	the	empty	4f	orbitals	of	UiO-66(Ce)	are	distributed	

within	the	gap	of	 the	 linker	orbitals,	 it	 is	necessary	to	de-
termine	the	place	where	excitations	mainly	occur.	Here	we	
consider	 three	 types	 of	 excitations,	 i.e.,	 node-localized,	
ligand-to-metal	 charge-transfer,	 and	 linker-localized.	 To	
study	the	first	two	types	of	excitations,	we	performed	TD-
DFT	 calculations	 on	 the	 cluster	model	 of	UiO-66(Ce)	 (see	
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Figure	3).	With	this	model,	we	obtained	300	excited	states	
involving	excitations	from	occupied	linker	and	node	orbit-
als	to	4f	orbitals	(i.e.,	node-localized	excitations	and	ligand-
to-metal	 charge-transfer	 excitations).	 However,	 because	
the	unoccupied	 linker	orbitals	 are	high	 in	 energy	and	 the	
occupied	and	unoccupied	 linker	orbitals	are	 separated	by	
42	4f	orbitals,	we	were	unable,	with	the	available	comput-
er	 power,	 to	 calculate	 the	 excitations	 from	 the	 occupied	
linker	orbitals	 to	 the	unoccupied	 linker	orbitals	 (i.e.,	 link-
er-localized	 excitations)	 by	 using	 such	 a	 cluster	 model.	
Therefore,	to	obtain	these	excitations,	we	used	an	isolated	
H2BDC	linker	model	with	the	BDC2-	anion	fixed	at	the	posi-
tions	of	the	optimized	UiO-66(Ce)	framework.	
All	of	the	first	300	excited	states	for	the	cluster	model	of	

UiO-66(Ce)	 show	 an	 oscillator	 strength	 smaller	 than	 0.01	
(in	fact,	most	of	the	300	oscillator	strengths	are	close	to	or	
smaller	than	0.001),	indicating	these	transitions	are	weak.	
The	energy	 range	 for	 these	 excitations	 is	3.00	 to	3.47	eV.	
For	the	isolated	H2BDC	linker	model,	the	S0	→	S3	and	S0	→	
S4	transitions	have	oscillator	strengths	of	0.041	and	0.436,	
respectively,	 and	 their	 excitation	 energies	 are	 4.54	 and	
4.93	 eV	 (see	 Table	 1).	 The	 HOMO-1,	 HOMO,	 and	 LUMO	
(HOMO	 and	 LUMO	 refer	 to	 highest	 occupied	 and	 lowest	
unoccupied	molecular	orbitals,	 respectively,	 in	 the	cluster	
calculations)	 shown	 in	 Figure	 5	 were	 found	 to	 play	 im-
portant	 roles	 in	 these	 two	 excitations.	 Using	 the	 cluster	
model	 of	UiO-66(Ce),	 due	 to	 the	 high	 computational	 cost,	
we	calculated	only	 the	 first	300	excitations,	and	 this	does	
not	 include	 all	 the	 excitations	 that	 have	 lower	 excitation	
energies	 than	 the	 linker-localized	 excitations	 (S0	→	 S1,	 S0	
→	S2,	S0	→	S3,	and	S0	→	S4).	Nevertheless,	we	expect	that	in	
UiO-66(Ce)	 linker-localized	 excitations	 should	 be	 more	
likely	 to	occur	 than	node-localized	excitations	and	 ligand-
to-metal	 charge-transfer	 excitations	 for	 the	 following	 two	
reasons:	 (i)	 the	 excitations	 in	 the	 cluster	 model	 of	 UiO-
66(Ce)	which	have	lower	excitation	energies	than	the	link-
er-localized	excitations	(S0	→	S1,	S0	→	S2,	S0	→	S3,	and	S0	→	
S4)	are	all	dominated	by	2pC,O	→	4fCe	configurations;	there-
fore,	all	these	excitations	should	have	similarly	small	oscil-
lator	 strength;	 (ii)	π	→	π*	 excitations	 in	 the	 linker	 are	 in-
deed	strong	(see	Table	1).	This	leads	to	a	negative	ELMCT	(-
1.43	 eV)	 in	 UiO-66(Ce).	 Although	 the	 LMCT	 process	 is	
complicated	 and	 is	 not	 solely	 governed	 by	 ELMCT,	 UiO-
66(Ce)	would	be	particularly	likely	to	have	more	favorable	
LMCT	 than	 UiO-66(Ti).	 We	 then	 conclude	 that	 photo-
excited	 charges	 could	 be	 separated	 effectively	 in	 UiO-
66(Ce)	 through	 favorable	 LMCT,	 yielding	 longer-lived	 ex-
cited	states	and	significantly	 increasing	the	photocatalytic	
performance.	 This	 finding	 is	 consistent	 with	 an	 experi-
mental	 study	 by	 Wen	 and	 coworkers	 that	 showed	 that	
doping	Ce+4/Ce+3	 ions	 into	the	nodes	of	MOF	MIL-101	can	
remarkably	increase	the	photocatalytic	activity.22	

In	principle,	thermal	activation	of	UiO-66	could	result	in	
the	 dehydroxylation	 of	 the	 M6O4(OH)4	 node	 to	 M6O6.23	
Nevertheless,	 the	 dehydroxylated	 nodes	 would	 be		

Table	1.	The	 first	 four	excitations	of	 the	 isolated	H2BDC	
linker 

	 Excitation	
energy	(eV)	

Oscillator	
strength	f	 Major	contribution	

S0	→	S1	 4.22	 0.000	 HOMO-2	→	LUMO:	93%	

S0	→	S2	 4.32	 0.000	 HOMO-3	→	LUMO:	92%	

S0	→	S3	 4.54	 0.041	
HOMO-1	→	LUMO:	31%	
HOMO	→	LUMO:	59%	

S0	→	S4	 4.93	 0.436	
HOMO-1	→	LUMO:	58%	
HOMO	→	LUMO:	36%	

 

Figure	5.	Selected	frontier	orbitals	of	the	isolated	H2BDC	link-
er.	The	 color	 scheme	 for	 the	 structures	 is:	O,	 red;	C,	 gray;	H,	
white. 

rehydroxylated	in	aqueous	solution	when	performing	pho-
tocatalytic	 reactions	 (e.g.,	 water	 splitting).	 Nevertheless,	
we	also	studied	the	novel	UiO-66(Ce)	with	dehydroxylated	
nodes	(Ce6O6).	We	found	that	the	two	photocatalytic	prop-
erties	 (Eabs	 and	ELMCT)	 remain	 essentially	 unchanged	 after	
node	 dehydroxylation	 (see	 Figure	 S3),	 probably	 because	
the	three	orbitals	(HOCO	and	the	lowest	unoccupied	4f	and	
linker	orbitals)	 that	determine	Eabs	and	ELMCT	are	not	 con-
tributed	 by	 the	μ3-OH	 species	 and	protons	 removed	 after	
dehydroxylation,	 and	 the	 structural	distortion	 induced	by	
dehydroxylation	has	no	significant	effect	on	the	electronic	
structure. 

3.2.	Linker	Functionalization	and	Photoredox	Possi-
bilities.	An	important	structural	variation	that	can	be	used	
to	 design	 a	 promising	 photocatalytic	 UiO-66(Ce)	 is	 linker	
functionalization.	We	 therefore	 studied	 UiO-66(Ce)	MOFs	
with	 12	 different	 linker	 designs	 obtained	 by	monosubsti-
tuting	NH2,	NO2,	F,	Cl,	Br,	I,	OH,	SH,	COOH,	CH3,	CF3,	or	SO3H	
on	 BDC;	 these	 substitutions	 are	 synthetically	 feasible.8a	
Figure	2	shows	the	position	of	the	substitution.	In	practice,	
the	 UiO-66(Ce)-X	 MOF	 would	 have	 different	 local	 struc-
tures	because	nodes	can	have	different	numbers	of	BDC-X	
linkers	having	the	X	group	on	the	side	of	the	node.	Howev-
er,	different	 local	structures	are	unable	to	be	fully	consid-
ered	 by	 using	 the	 primitive	 cell.	We	 therefore	 performed	
some	 tests	 on	 UiO-66(Ce)-NH2	 by	 using	 the	 unit	 cell	 and	
found	 that	 different	 local	 structures	 would	 have	 similar	
electronic	 structures	 (see	 Figure	 S4).	 Therefore,	 a	 primi-
tive	cell	is	adequate	to	simulate	UiO-66(Ce)-X.	
Table	 2	 shows	 Eabs	 of	 the	 resulting	 UiO-66(Ce)-X.	 En-

couragingly,	 all	 12	 linker	 designs	 show	 a	 decreased	 Eabs		
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Table	2.	Absorption	energies	(Eabs,	in	eV)	and	ligand-to-metal	charge-transfer	energies	(ELMCT,	in	eV)	of	UiO-66(Ce)-X	
	 H	 NH2	 NO2	 F	 Cl	 Br	 I	 OH	 SH	 COOH	 CH3	 CF3	 SO3H	

Eabs	 4.09	 2.74	 3.77	 3.83	 3.57	 3.42	 2.97	 3.02	 2.54	 3.43	 3.83	 4.03	 3.70	

ELMCT	 -1.43	 -1.57	 -1.33	 -1.38	 -1.39	 -1.42	 -1.44	 -1.61	 -1.59	 -1.65	 -1.47	 -1.35	 -1.50	

with	a	maximum	decrease	of	1.55	eV	for	X	=	SH,	indicating	
that	 linker	 functionalization	 can	 lower	 the	absorption	en-
ergy	and	increase	the	possibility	of	absorbing	in	the	visible	
range	of	solar	radiation.	The	functionalization	roughly	fol-
lows	the	trend	that	the	BDC	linker	substituted	by	a	group	
with	 stronger	 electron	 donating	 character	 will	 lead	 to	 a	
lower	Eabs.	The	calculated	HOMO–LUMO	gaps	of	the	isolat-
ed	H2BDC-X	linkers	provide	a	similar	trend	(see	Table	S3),	
suggesting	 that	 isolated	 linkers	 can	 be	 used	 for	 prelimi-
nary	screening	of	the	 light	harvesting	capabilities	(Eabs)	of	
these	linkers	in	MOFs.	
To	 understand	 the	 substituent	 effects,	we	 analyzed	 the	

total	 DOS	 of	 UiO-66(Ce)-X	 (see	 Figure	 6).	 We	 found	 that	
linker	 functionalization	 can	 strongly	 affect	 the	 electronic	
structure	(especially	HOCO)	of	UiO-66(Ce).	For	most	cases	
(except	UiO-66(Ce)-CF3),	new	filled	states	form	within	the	
original	HOCO–LUCO	gap	of	pristine	UiO-66(Ce)	after	link-
er	 functionalization,	which	pushes	 the	HOCO	 towards	 the	
LUCO	and	thereby	lowers	the	HOCO–LUCO	gap	and	Eabs.	In	
general,	the	new	filled	states	tend	to	appear	near	the	mid-
dle	of	the	original	HOCO–LUCO	gap	of	pristine	UiO-66(Ce)	
when	the	BDC	linker	is	substituted	by	an	electron	donating	
group	such	as	NH2,	while	substituting	the	BDC	linker	with	
an	electron	withdrawing	group	(e.g.,	NO2)	 introduces	new	
filled	 states	 located	 just	 above	 the	 original	HOCO	 of	 pris-
tine	UiO-66(Ce),	which	are	consistent	with	previous	stud-
ies	on	UiO-66(Zr)5c	and	MIL-1255l.	For	UiO-66(Ce)-CF3,	we	
observed	 the	 formation	 of	 new	 filled	 states	 as	 well;	 but	
they	are	distributed	below	the	HOCO.	
Since	 linker	 functionalization	 introduces	 new	 filled	

states	 of	 the	 linker	 above	 the	 original	 HOCO	 of	 pristine	
UiO-66(Ce),	the	favorable	type	of	excitation	in	UiO-66(Ce)-
X	 could	be	different	 from	 that	 in	 pristine	UiO-66(Ce).	We	
found	that	the	occupied	node	orbitals	and	empty	4f	orbit-
als	remain	largely	unchanged	after	linker	functionalization.	
Therefore	it	is	expected	that	node-localized	excitations	are	
still	 weak.	 To	 investigate	 the	 ligand-to-metal	 charge-
transfer	 excitations	 associated	 with	 the	 newly	 generated	
states	 in	UiO-66(Ce)-X,	we	calculated	the	first	100	excited	
states	for	the	cluster	model	of	each	UiO-66(Ce)-X	(see	Fig-
ure	3	for	a	schematic	view	of	the	cluster	model).	As	for	the	
cluster	model	of	pristine	UiO-66(Ce),	for	each	case	of	UiO-
66(Ce)-X,	all	the	calculated	excited	states	have	a	very	small	
oscillator	 strength,	 typically	 smaller	 than	 0.01	 (in	 fact,	
most	of	the	oscillator	strengths	are	close	to	or	smaller	than	
0.001),	 indicating	 that	 new	 states	 introduced	 by	 the	 sub-
stituent	 cannot	 enhance	 the	 ligand-to-metal	 charge-
transfer	excitations.	We	also	performed	excited	states	cal-
culations	 on	 isolated	 H2BDC-X	 linkers;	 the	 results	 show	

 
Figure	6.	Total	density	of	states	of	UiO-66(Ce)-X	(aligned	with	
the	energy	level	of	the	lowest	unoccupied	4f	orbital).	Only	the	
spin-up	manifold	is	shown.	The	occupied	states	are	filled	with	
black.	

that	 for	all	cases	excitations	mainly	contributed	by	HOMO	
→	LUMO	are	strong	(see	Tables	S4	and	S5).	Therefore,	 in	
UiO-66(Ce)-X,	 linker-localized	 excitations	 should	 be	more	
likely	 to	occur	 than	node-localized	excitations	and	 ligand-
to-metal	charge-transfer	excitations	as	well.	
Table	 2	 shows	 that	ELMCT	 of	 all	 UiO-66(Ce)-X	 are	 nega-

tive.	Therefore,	all	 the	functionalized	UiO-66(Ce)-X	frame-
works	inherit	the	long-lived	LMCT	excited	state	of	the	pris-
tine	UiO-66(Ce).	
For	photocatalytic	 applications,	 it	 is	 important	 to	know	

the	band	gap	(i.e.,	HOCO–LUCO	gap)	and	the	absolute	band	
edge	 positions	 (with	 respect	 to	 the	 vacuum	 level)	 of	 the	
photocatalyst	 to	 predict	 the	 thermodynamic	 feasibility	 of	
the	 photocatalytic	 reactions.	 In	 principle,	 the	 valence	 and	
conduction	band	edges	(HOCO	and	LUCO)	of	a	single	water	
splitting	photocatalyst	should	straddle	the	redox	potentials	
for	water	splitting	reactions,24	i.e.,	the	HOCO	energy	should	
be	lower	than	the	energy	level	of	the	oxygen	evolution	re-
action	 (OER):	H2O	↔	2H(aq)+	 +	½O2(g)	 +	2e-,	 and	 the	LUCO	
energy	 should	 be	 higher	 than	 the	 energy	 level	 of	 the	 hy-
drogen	evolution	reaction	(HER):	2H(aq)+	+	2e-	↔	H2(g).	Half-
reaction	photocatalysts	 for	OER	or	HER	should	satisfy	the	
corresponding	one	of	 the	two	requirements.	For	CO2	pho-
to-reduction,	the	LUCO	energy	of	the	photocatalyst	should	
be	higher	than	the	energy	level	of	the	CO2	reduction	reac-
tion,	which	depends	on	the	product.5d,25	
The	free	energy	change	per	electron	of	a	reduction	reac-

tion	 (note	 that	 this	 free	 energy	 change	 has	 the	 opposite	
sign	of	electrode	potentials)	is	given	in	eV	by	

∆𝐺 = −𝑒 𝜀° + 𝜀!"# + 𝑎(ln10)(𝑘!𝑇) 𝑝𝐻  
where	 e	 is	 the	 charge	 on	 an	 electron,	𝜀°	is	 the	 standard	
electrode	potential	of	the	reaction	in	V,	𝜀!"# 	is	the	absolute	
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electrode	potential	 of	 the	 standard	hydrogen	electrode	 in	
V,	a	 is	 a	 parameter	 depending	 on	 the	 stoichiometry,	𝑘!	is	
Boltzmann’s	constant,	T	is	temperature,	and	pH	is	the	usu-
al	measure	of	acidity.	The	parameter	a	is	the	number	of	H+	
per	e	in	the	balanced	reduction	half	reaction	(the	value	of	a	
is	usually	one,	but	it	may	be	different,	for	example	a	=	0.5	
for	CO2	+	H+	+	2e–	→ HCOO–).	The	recommended	value	of	
𝜀!"# 	is	4.28	V.26	The	standard	electrode	potentials	and	the	
computed	∆𝐺	at	pH	=	7	and	room	temperature	(298.15	K)	
of	the	selected	reactions	are	summarized	in	Table	3	(for	all	
cases	 in	the	table,	a	 is	1).	The	∆𝐺	in	the	above	equation	 is	
the	 quantity	 to	 be	 compared	 to	 the	 absolute	 band	 edge	
positions	relative	to	the	energy	of	an	ionized	electron	in	a	
vacuum,	that	is,	we	compare	∆𝐺	to	the	orbital	energies.	

Table	 3.	 The	 standard	 electrode	 potentials	 (𝜺°, 𝐢𝐧 𝐕)	 and	
the	computed	∆G	(in	eV)	at	pH	=	7	and	room	temperature	
(298.15	K)	of	the	selected	reactions	

Reaction 𝜀° ∆𝐺 
H+/H2 0a -3.87 
H2O/O2 1.229a -5.09 
CO2/CO -0.106b -3.76 
CO2/CH4 0.169b -4.03 

CO2/CH3OH 0.016b -3.88 
CO2/HCHO -0.070b -3.80 
CO2/HCOOH -0.250b -3.62 
CO2/C2H4	 0.064b	 -3.93	

CO2/C2H5OH	 0.084b	 -3.95	
aobtained	from	ref.	27	
bobtained	from	ref.	28 
The	band	gaps	and	absolute	band	edge	positions	of	vari-

ous	UiO-66(Ce)-X	materials	 are	 shown	 in	 Figure	 7.	 It	 can	
be	observed	that	the	(vacuum-aligned)	absolute	position	of	

the	LUCO	(the	lowest	unoccupied	4f	orbital)	can	be	varied	
significantly	from	one	substituent	to	the	other,	for	example	
from	-4.07	eV	for	X	=	H	to	-6.12	eV	for	X	=	COOH.	However,	
Figure	6	shows	that	the	4f	orbitals	only	show	limited	varia-
tions	 (in	 terms	 of	 shape	 and	 the	 relative	 position	 to	 the	
lowest	 unoccupied	 linker	 orbital)	 with	 the	 change	 of	 the	
substituent	X.	Therefore	 it	 is	necessary	 to	check	 if	 it	 is	an	
artifact	 resulting	 from	 the	 change	 of	 the	 electrostatic	 po-
tential	 at	 cage	 center	 by	 large	 substituents	 on	 the	 BDC	
linker.	Table	S6	in	the	Supporting	Information	provides	the	
standard	deviations	of	 the	Kohn-Sham	HOCO	energy	 level	
[i.e.,	EHOCO(KS)],	the	HOCO–LUCO	gap	(i.e.,	Eg),	the	spherical	
average	of	the	total	electrostatic	potential	at	the	cage	cen-
ter	(i.e.,	Φav),	the	ionization	potential	(i.e.,	IP,	which	has	the	
opposite	 sign	 of	 vacuum-aligned	 absolute	 position	 of	
HOCO),	 and	 the	 electron	 affinity	 (i.e.,	 EA,	 which	 has	 the	
opposite	 sign	 of	 the	 vacuum-aligned	 absolute	 position	 of	
LUCO)	are	0.59,	0.57,	0.68,	1.01,	and	0.78	eV,	respectively.	
The	 standard	 deviation	 of	Φav	 is	 only	 slightly	 larger	 than	
the	 standard	 deviation	 of	 EHOCO(KS)	 or	 Eg.	 Thus	 Table	 S6	
shows	that	 the	variation	 in	 the	 IP	or	EA	 is	not	dominated	
by	Φav.	
As	 a	 second	 check,	 we	 note	 that	 the	 gas-phase	 cluster	

calculations	have	an	absolute	value	for	the	electron	affinity	
(which	 is	correlated	with	 the	LUMO	energy)	without	hav-
ing	 to	 use	 the	 electrostatic	 potential.	 Therefore,	 we	 did	
cluster	calculations	(with	two	HBDC-X-	and	ten	formates	as	
linkers)	 for	 all	 cases	 of	 substituent	 X.	 The	 absolute	 posi-
tions	and	deviations	(from	X	=	H)	of	LUCO	(periodic	mod-
el)	or	LUMO	(cluster	model)	of	UiO-66(Ce)-X	are	 summa-
rized	in	Table	S7	in	the	Supporting	Information.	Since	only	
two	of	 the	 twelve	 linkers	 in	 the	 cluster	models	have	 sub-
stituent	 X,	 the	 deviations	 are	multiplied	 by	 6	 to	 estimate	
the	 twelve-HBDC-X--linker	 situations.	 The	 deviation	 from	
that		

	 	

 
Figure	7.	Band	alignment	of	UiO-66(Ce)-X,	where	the	structure	of	the	BDC-X	linkers	is	shown	in	the	box	at	 lower	right.	For	each	
case	of	UiO-66(Ce)-X,	the	HOCO	and	LUCO	are	from	the	linker	and	the	Ce,	respectively.	The	red	and	blue	dashed	lines	represent	
energy	 levels	corresponding	to	redox	potentials	 for	water	splitting	and	the	green	region	covers	the	energy	 levels	of	various	CO2	
reduction	reactions	that	listed	in	Table	3	(pH	=	7;	T	=	298.15	K).	The	band	gaps	(black	numbers)	and	the	vacuum	aligned	HOCO	
energies	(white	numbers)	are	given	as	well.	
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for	 H	 of	 the	 periodic	 LUCO	 energy	 with	 various	 X	 corre-
lates	well	with	 six	 times	 the	 deviation	 from	 that	 for	H	 of	
the	 cluster	 LUMO	 energy.	 These	 results	 further	 confirm	
that	the	effect	is	real.	Because	similar	substituent-induced	
variations	in	the	excitation	energies	are	also	seen	in	cluster	
calculations,	the	explanation	is	the	same	as	for	substituent-
induced	variations	in	excitations	in	isolated	molecules,	and	
these	 have	 been	 explained	 in	 the	 literature	 by	molecular	
orbital	arguments.29	

Figure	 7	 also	 shows	 the	 vacuum	 aligned	 energy	 levels	
corresponding	 to	 redox	 potentials	 for	water	 splitting	 and	
various	CO2	 reduction	reactions	at	pH	=	7	and	room	tem-
perature.	Among	the	materials	considered,	the	UiO-66(Ce)-
I	framework	is	most	suitable	to	be	a	single	water	splitting	
photocatalyst	 though	 its	 LUCO	 almost	 overlaps	 with	 the	
HER	 level.	 Making	 a	 further	 improvement	 on	 the	 UiO-
66(Ce)-I	 photocatalyst	 requires	 further	 lowering	 the	 ab-
sorption	energy	(Eabs),	thereby	allowing	for	the	absorption	
of	visible	 light.	Considering	both	 the	absolute	positions	of	
band	edges	and	the	Eabs,	UiO-66(Ce)-NH2	 is	shown	to	be	a	
potential	 photocatalyst	 for	 HER	 and	 CO2	 reduction,	while	
UiO-66(Ce)-SH	 should	 be	 active	 for	 OER.	 The	 other	 UiO-
66(Ce)-X	frameworks	can	catalyze	the	OER	half-reaction	as	
well,	 but	 their	 high	 Eabs	 (>	 3	 eV)	 limits	 their	 application	
with	visible	 light	 (note	 that	 the	visible	 light	 region	 corre-
spond	to	1.7–3.2	eV).	
A	previous	study	found	that	disubstituted	BDC	(i.e.,	BDC-

2,5X,	 see	 Figure	 2)	 linkers	 show	 larger	 shifts	 toward	 the	
visible	 range	 in	 the	 absorption	 spectra	 than	 their	 mono-
substituted	 counterparts	 (BDC-X).5c	 Accordingly,	 it	 would	
be	 interesting	 to	systematically	 investigate	 the	photocata-
lytic	 performance	 of	 UiO-66(Ce)-2,5X	 frameworks.	 The	
work	 presented	 here	 though	 already	 shows	 the	 power	 of	
linker	functionalization	for	tuning	the	photoredox	possibil-
ities	while	preserving	the	LMCT	capability	of	the	Ce-MOF.	
For	 UiO-66(Ce)	 frameworks,	 LMCT	 after	 linker	 excita-

tion	favors	the	separation	of	electrons	and	holes	with	elec-
trons	being	 localized	on	Ce	 ions	and	holes	being	 localized	
on	linkers.	If	electron	and	hole	transport	are	slow,	the	pho-
to-oxidation	half	reaction	will	take	place	at	linkers	and	the	
photo-reduction	 half	 reaction	 will	 take	 place	 at	 nodes.	
However,	the	mechanism	can	be	complicated,	and	it	is	be-
yond	the	scope	of	this	paper.	
3.3.	Tuning	the	Ligand-to-Metal	Charge-Transfer	En-

ergy.	Table	2	shows	that	 the	ELMCT	of	 the	considered	UiO-
66(Ce)-X	are	very	negative,	spanning	the	range	from	-1.33	
to	-1.65	eV.	A	very	negative	ELMCT	favors	charge	separation,	
thus	might	 be	 desirable	 for	 HER-only,	 OER-only,	 and	 CO2	
reduction	photocatalysts.	However,	 in	 the	 case	of	 the	 sin-
gle	water	splitting	photocatalyst	(HER	+	OER),	a	very	nega-
tive	ELMCT	might	be	undesirable.	That	is	because	single	wa-
ter	 splitting	 photocatalysts	 need	 to	 have	 an	 appropriate	
HOCO–LUCO	gap	(i.e.,	Eg)	to	straddle	the	HER	and	OER	lev-
els,	 and	 Eabs	 is	 the	 sum	 of	 Eg	 and	 -ELMCT	 (see	 Scheme	 1).	
Therefore,	if	Eg	is	constant,	a	more	negative	ELMCT	leads	to	a	
larger	 Eabs;	 to	 utilize	 the	 visible	 light	 (1.7–3.2	 eV)	 while	
preserving	 favorable	 charge	 separation	 capability,	 the	
ELMCT	of	 UiO-66(Ce)	 frameworks	 should	 be	 raised	moder-
ately	but	should	still	be	negative.	

	

Scheme	 1.	 Decomposition	 of	 the	 absorption	 energy	 (Eabs)	 in	
UiO-66(Ce)	frameworks.	

In	Table	2,	although	the	ELMCT	only	shows	minor	changes	
when	the	functional	groups	are	varied,	the	electron	donat-
ing	 and	 withdrawing	 groups	 indeed	 affect	 the	 ELMCT.	 For	
example,	UiO-66(Ce)	with	the	BDC	linkers	monosubstitut-
ed	 with	 electron	 donating	 groups	 (such	 as	 NH2)	 usually	
have	a	more	negative	ELMCT	than	pristine	UiO-66(Ce),	while	
electron	 withdrawing	 groups	 (such	 as	 NO2)	 usually	 have	
an	 opposite	 effect	 (see	 Table	 2	 and	 Figure	 6).	 To	 further	
investigate	 such	 effects,	 we	 studied	 the	 electronic	 struc-
tures	of	UiO-66(Ce)	with	the	BDC	linkers	disubstituted	by	
NH2	 and	 NO2;	 more	 specifically,	 we	 studied	 the	 UiO-
66(Ce)-2,5X	with	X	=	NH2	and	NO2.	The	calculated	electron-
ic	structures	of	UiO-66(Ce)-2,5NH2	and	UiO-66(Ce)-2,5NO2	
as	well	as	the	electronic	structures	of	pristine	UiO-66(Ce),	
UiO-66(Ce)-NH2	 and	UiO-66(Ce)-NO2	 are	 shown	 in	Figure	
8.	Analyses	of	the	projected	density	of	states	of	the	substit-
uents	(i.e.,	NH2	and	NO2)	show	that	the	unoccupied	orbitals	
of	the	NO2	groups,	which	should	have	strong	ability	to	ac-
cept	 electrons,	 hybridize	 effectively	 with	 the	 unoccupied	
linker	orbitals,	thereby	down-shifts	the	lowest	unoccupied	
linker	 orbital	 (see	 Figure	 8).	 In	 contrary,	 the	 substitution	
on	BDC	with	the	electron	donating	NH2	group	up-shifts	the		

	

Figure	8.	Density	of	states	(aligned	with	the	energy	level	of	the	
lowest	unoccupied	4f	orbital)	of	the	pristine	UiO-66(Ce),	UiO-
66(Ce)-NH2,	 UiO-66(Ce)-2,5NH2,	 UiO-66(Ce)-NO2,	 and	 UiO-
66(Ce)-2,5NO2.	 Black	 lines	 represent	 total	 density	 of	 states.	
The	 projected	 density	 of	 states	 of	 substituents	 (i.e.,	 NH2	 and	
NO2)	 are	 filled	 with	 blue.	 The	 states	 below	 4f	 are	 occupied.	
The	 green	 (red)	 arrow	 indicates	 the	 continuous	 up	 (down)	
shift	of	the	lowest	unoccupied	linker	orbital	with	the	increase	
of	the	number	of	substituent	NH2	(NO2)	on	each	BDC	linker.	
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lowest	unoccupied	linker	orbital	(see	Figure	8).	We	found	
that	 disubstituting	 the	 BDC	 linker	 with	 NH2	 and	 NO2	 en-
hance	the	effect	on	shifting	the	relative	position	of	the	low-
est	 unoccupied	 linker	 orbital	 (with	 respect	 to	 the	 lowest	
unoccupied	 4f	 orbital)	 by	 their	monosubstituted	 counter-
parts.	 The	 ELMCT	 for	 UiO-66(Ce)-2,5NH2	 and	 UiO-66(Ce)-
2,5NO2	 are	 -1.72	 and	 -1.06	 eV,	 respectively.	 It	 can	 be	 ex-
pected	 that	 further	 increasing	 the	 number	 of	 functional	
groups	on	each	linker	will	further	enhance	the	effect.	
It	 is	 reported	 that	 UiO-67(Zr)	 with	 4,4’-biphenyl-

dicarboxylate	as	the	linker	and	UiO-68(Zr)	with	terphenyl-
dicarboxylate	 as	 the	 linker	 have	 lower	 linker	 absorption	
energies	 than	 UiO-66(Zr).5h	 Therefore,	 we	 propose	 that	
when	 one	 is	 searching	 for	 visible-response	 single	 water	
splitting	photocatalysts	based	on	Ce-MOFs	that	have	a	too	
negative	ELMCT,	one	needs	to	(i)	explore	different	combina-
tions	of	 the	 linker	and	 the	electron	withdrawing	group	 to	
functionalize	the	linker	and	(ii)	adjust	the	number	of	func-
tional	groups	on	each	 linker	 in	order	 to	have	appropriate	
band	edge	positions	and	a	desirable	ELMCT,	Eabs,	and	Eg,	 for	
example,	ELMCT	=	-0.5	eV,	Eabs	=	2.0	eV,	and	Eg	=	1.5	eV. 

4.	CONCLUSIONS	
In	 summary,	we	 first	explored	 the	electronic	 structures	

of	pristine	UiO-66(M)	with	M	=	Zr,	Hf,	Th,	Ti,	U,	and	Ce;	we	
found	 that	 among	 metal	 substituted	 UiO-66	 MOFs,	 only	
UiO-66(Ce)	 favors	 LMCT	 because	 the	 low-lying	 nature	 of	
the	empty	4f	orbitals	of	Ce+4	leads	to	a	negative	ELMCT.	TD-
DFT	calculations	suggest	that	excitations	are	more	likely	to	
occur	 in	 the	 linker	 of	 UiO-66(Ce)	 upon	 light	 absorption.	
Therefore,	in	UiO-66(Ce),	the	photo-generated	charges	via	
linker-localized	 excitations	 can	 be	 separated	 effectively	
through	LMCT,	prolonging	the	lifetime	of	the	photo-excited	
states.	 We	 predict	 that	 incorporating	 Ce+4	 (f0	 metal	 ion)	
into	the	node	of	a	MOF	is	an	effective	way	to	stabilize	the	
LMCT	excited	states	and	increase	the	photocatalytic	activi-
ty.	
So	far	there	has	been	only	a	little	experimental	work	on	

Ce-MOF	 photocatalysis,	 and	 there	 has	 been	 no	 previous	
clear	understanding	of	why	Ce	incorporation	into	the	node	
of	 the	 MOF	 can	 increase	 the	 photocatalytic	 activity.	 The	
present	 work	 explains	 this	 and	 provides	 a	 direction	 for	
designing	 photocatalytic	 MOFs	 (by	 incorporating	 Ce	 into	
the	node	of	a	MOF).	
We	 also	 explored	 linker	 functionalization	 and	 showed	

that	 this	 leads	 to	 promising	 design	 possibilities	 for	 the	
electron	promoting	the	photocatalytic	activity.	
For	 applications	 of	 Ce-MOFs	 as	 single	 water	 splitting	

photocatalysts,	 the	 too	 negative	 ELMCT	 of	 Ce-MOFs	 are	 al-
ways	required	to	be	raised	to	have	desirable	Eabs	to	enable	
visible	light	absorption.	We	found	that	linker	functionaliza-
tion	with	electron	withdrawing	groups	can	raise	the	ELMCT	
and	 increasing	 the	 number	 of	 functional	 group	 on	 each	
linker	 enhances	 such	 an	 effect.	 To	 find	 visible-response	
single	 water	 splitting	 photocatalysts	 based	 on	 Ce-MOFs,	
further	work	is	required	to	explore	different	combinations	
of	 the	 linker	 and	 the	 electron	 withdrawing	 functional	
group	as	well	 as	 to	determine	 the	appropriate	number	of	
functional	groups	on	each	linker. 

Note	 added.	 After	 the	 present	 paper	 was	 submitted,	 a	
paper30	 became	 available	 on	 the	Web	 that	 independently	
came	to	the	conclusion	reached	here	that	UiO-66(Ce)	has	a	
negative	ligand-to-metal	charge-transfer	energy. 

ASSOCIATED	CONTENT		
Supporting	 Information.	 Lattice	 parameters	 of	 UiO-66(M)	
frameworks	 and	 additional	 data	 for	 UiO-66(U)	 and	 UiO-
66(Ce).	This	material	 is	available	free	of	charge	via	the	Inter-
net	at	http://pubs.acs.org.	
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