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Abstract:		

This	 study	 addresses	 a	 practical	 aspect	 of	 hybrid	 dye-sensitized	 photoelectrochemical	 cells	 by	

exploring	a	 simple	method	 to	prepare	multicomponent	 systems.	Building	on	a	previously	 reported	

methodology	 based	 on	 a	 copper-free	 click	 chemistry	 dipolar	 cycloaddition	 of	 azide	with	 activated	

alkyne,	a	naphthalene	diimide	(NDI)	derivative	substituted	with	two	propiolic	esters	was	clicked	on	a	

NiO	photocathode	already	coated	with	a	diketopyrrolopyrrole	(DPP)	dye	bearing	two	azido	groups.	A	

detailed	 photophysical	 study	 by	 transient	 absorption	 spectroscopy	 demonstrates	 that	 optical	

excitation	of	DPP	dye	leads	to	an	effective	electron	transfer	chain	from	the	NiO	valence	band	to	the	

NDI	passing	via	the	DPP	dye,	resulting	to	a	long-lived	charge-separated	state	(hole	in	NiO/NDI	radical	

anion)	 of	 170	 µs.	 p-type	 dye-sensitized	 solar	 cells	 were	 also	 fabricated	 with	 the	 above	molecular	

components	and	confirm	 the	occurrence	of	 the	electron	 transfer	as	 the	performances	of	 the	 solar	

cells	were	improved	in	terms	of	Voc	and	Jsc	compared	to	the	DPP	dye	lacking	the	NDI	unit.	The	above	

clicked	system	was	also	compared	to	a	covalently	linked	DPP-NDI	dyad,	whose	performances	are	30%	

superior	to	the	clicked	system	probably	due	to	 longer	mean	distance	between	the	NiO	surface	and	

the	 NDI	 with	 the	 dyad.	 This	 finding	 paves	 the	way	 for	 the	 design	 of	multicomponent	 hybrid	 dye-

sensitized	photoelectrochemical	cells	by	chemistry	on	the	electrode.	

	

	

Introduction		
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Hybrid	nanomaterials	consisting	of	a	nanocrystalline	metal	oxide	 film	whose	surface	area	 is	coated	

with	a	molecular	system	are	the	key	components	of	dye-sensitized	solar	cells	(DSSCs),1	dye-sensitized	

photoelectrosynthetic	cells	 (DSPECs)2,	 3,	 4	and	even	other	electronic	devices.5,	 6	So	 far,	many	studies	

on	 dye-sensitized	 photoelectrochemical	 cells	 have	mostly	 focused	 on	 the	 design	 of	more	 efficient	

sensitizers1,	7	or	catalysts,8,	9	but	they	are	very	few	works	devoted	to	the	development	of	versatile	and	

powerful	 fabrication	 techniques	 to	 assemble	 several	 molecular	 components	 on	 the	 surface	 of	

mesoporous	metal	oxide	films.	On	one	hand,	copper-catalyzed	click	chemistry	between	an	azide	and	

a	 terminal	 alkyne	 is	 a	 classical	 strategy	 to	 functionalize	 surfaces.10,	 11	 Notable	 examples	 of	 this	

approach	are	the	modification	of	flat	surfaces	of	gold12	and	silica,13		of	spherical	nanoparticles,14	and	

even	mesoporous	metal	oxide	layers.15,	16,	17,	18	Except	for	the	recent	elegant	works	of	Dinolfo	and	co-

workers	 on	 flat	 ITO	 substrates,19,	 20	 surface	post-functionalization	 is,	 however,	 often	 limited	 to	 the	

immobilization	 of	 a	 single	 molecular	 component	 via	 a	 simple	 alkyl	 chain	 terminated	 by	 azido	 or	

alkyne	 group	 and	 grafted	 on	 the	 surface	 via	 a	 carboxylic	 or	 alkoxysilane	 anchoring	 group.	 On	 the	

other	 hand,	 it	 is	 well	 accepted	 that	 molecular	 complexity	 is	 a	 prerequisite	 to	 achieve	 elaborated	

functions.	 In	 this	 context,	 preformed	 bi-component	 molecular	 systems,	 such	 as	 “dye-catalyst”	

systems	 for	 DSPECs,	 have	 been	 prepared	 prior	 immobilization	 on	 the	 surface,	 but	 they	 require	

tedious,	 multistep	 procedures	 and	 complex	 chromatographic	 separations.3,	 4,	 21,	 22,	 23	 A	 bottom-up	

approach	 that	 permits	 the	 straightforward	 functionalization	 of	 a	 porous	 film	 by	 the	 successive	

grafting	of	different	molecular	 components	onto	each	other	would	be	extremely	useful	 to	achieve	

complex	functionalities	such	as	highly	active	photocatalytic	systems	and	even	beyond,	but	they	are	

rare	 and	 particularly	 on	 mesoporous	 electrodes.	 Meyer	 and	 co-workers	 have	 reported	 two	

interesting	 strategies	 toward	 this	 goal.	One	 is	 based	on	 the	 reductive	electro	 co-polymerization	of	

vinyl	 groups	born	by	 the	dye	and	an	oxidation	 catalyst24,	 25,	 26	 and	 the	other	method	makes	use	of	

phosphonate	chemistry	between	the	free	phosphonic	acid	groups	on	a	dye	and	a	catalyst	which	are	

assembled	via	a	zirconium(IV)	cation.27	In	the	same	vein,	more	recently	Tian	and	Hammarström	have	

used	the	amide-coupling	reaction	to	attach	catalysts	on	a	silatrane-decorated	NiO	photocathode.28,	29	

Building	 on	 an	 innovative	 copper-free	 click	 chemistry	 strategy,30	 which	 proved	 very	 efficient	 to	

stabilize	 the	 dye	 from	 the	 desorption	 from	 the	 electrode,	 we	 investigate	 herein	 the	 possibility	 to	

implement	 this	 strategy	 to	 post-functionalize	 the	 photoelectrode	 with	 an	 active	 component	 to	

fabricate	 a	photoactive	hybrid	 system	 in	 view	of	obtaining	a	more	elaborate	property	 (Scheme	1).	

More	specifically,	we	have	explored	the	opportunity	to	introduction	of	a	naphthalene	diimide	(NDI)	

electron	acceptor	by	click	chemistry	on	the	already	chemisorbed	DPP	layer	on	NiO	electrode	in	order	

slow	down	the	usually	fast	geminate	charge	recombination	reaction.	
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Scheme	1.	Schematic	representation	of	the	click	chemistry	reaction	directly	conducted	on	NiO	

nanocrystalline	electrode	with	symbolic	representation	of	the	DPP	dye	(red)	and	NDI	electron	

acceptor	(yellow	star).	

	

It	is	well	accepted	that	charge	recombination	is	one	of	the	major	causes	of	the	low	performances	of	

p-DSSCs	 and	 the	 introduction	 of	 a	 secondary	 electron	 acceptor	 to	 the	 sensitizer	 is	 an	 effective	

strategy	to	overcome	this	problem.31,	 32,	 33,	 34	Moreover,	 in	p-DSPEC	it	 is	crucial	to	efficiently	shuttle	

several	reducing	equivalents	produced	on	the	dyes	to	activate	the	catalysts	prior	the	catalytic	event.	

Our	objective	in	this	study	was,	therefore,	to	explore	if	the	post-functionalization	of	the	DPP	dye	by	

copper-free	click	reaction	with	NDI	could	be	compatible	with	the	effective	electron	transfer	from	DPP	

to	 this	 secondary	 electron	 acceptor.	 In	 case	 of	 success,	 this	 would	 pave	 the	 way	 to	 the	

straightforward	incorporation	of	many	reduction	catalysts	for	the	fabrication	of	DSPECs.	Toward	this	

end,	we	have	prepared	 the	new	NDI,	which	was	clicked	 to	 the	DPP	dye	after	 its	 chemisorption	on	

NiO	electrode	 (Chart	and	Scheme	1).	The	previously	 reported	dyad	DPP-NDI34	was	also	studied	 for	

comparison	 purposes.	 The	 photophysical	 study	 by	 transient	 absorption	 spectroscopy	 and	 the	

photovoltaic	measurements	clearly	evidence	that	the	electron-transfer	chain	from	the	valence	band	

of	NiO	to	the	NDI	via	the	photoexcited	DPP	effectively	occurred	in	the	clicked	assembly.	
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Chart.	Structures	of	the	components	investigated	in	this	work.	

	

Fabrication	of	the	assembly	on	mesoporous	electrode	

The	synthetic	route	of	the	NDI	is	illustrated	on	Scheme	2.	In	brief,	4-iodo-2,6-diisopropylaniline	1	was	

coupled	to	3-butyn-1-ol	according	to	a	Sonogashira	cross-coupling	reaction	and	the	triple	bond	was	

reduced	quantitatively	with	hydrogen	on	palladium	on	charcoal	to	afford	the	aniline	derivative	3.	The	

latter	aniline	3	was	condensed	in	refluxed	acetic	acid	with	naphthalenetetracarboxylic	dianhydride	to	

afford	the	naphthalene	diimide	4	 in	which	the	alcohol	groups	were	esterified	into	acetate.	This	was	

not	 an	 issue,	 since	 the	 acetate	 groups	 can	 be	 subsequently	 trans-esterified	 by	 3-(trimethylsilyl)

propiolic	acid	in	good	yield	(87%)	in	the	next	step.	Finally,	the	trimethylsilyl	(TMS)	protecting	groups	

were	cleaved	by	tetrabutylammonium	fluoride	(TFA)	in	almost	quantitative	yield	to	give	NDI.		

	

Scheme	2.	Synthetic	scheme	for	NDI.	Reagents	and	conditions:	a)	Pd(PPh3)2Cl2,	CuI,	Et2NH/THF	(1/2),	

RT,	 12h,	 70%;	 b)	 10%-Pd/C,	 AcOEt,	 RT,	 12h,	 99%;	 c)	 acetic	 acid,	 120	 °C,	 12h,	 54%;	 d)	 APTS,	

benzene,	90	°C,	5d,	87%;	e)	TBAF,	acetic	acid,	THF,	RT,	30min,	99%.	
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The	NDI	was	 connected	 to	 the	DPP	 dye	 already	 grafted	 on	 nanocrystalline	 NiO	 electrode	 by	 click	

reaction	 by	 a	 simple	 heating	 at	 140°C	 for	 20	 minutes	 of	 the	 NiO	 photocathode	 into	 an	

orthodicholorobenzene	solution	of	NDI	(see	ESI	materials	for	detailed	experimental	conditions).	We	

have	 previously	 demonstrated	 that	 these	 conditions	 exclusively	 lead	 to	 Huisgen	 cycloaddition	

product	as	schematically	shown	in	Scheme	1.30	The	reaction	was	monitored	by	ATR-IR	spectroscopy	

(Figure	 1).	 The	 NDI	 displays	 characteristic	 IR	 bands	 located	 around	 1717	 cm-1	 and	 1675	 cm-1	 for	

asymmetric	and	symmetric	stretching	band	of	carbonyl	group	on	diimide	and	the	also	intense	C–N–C	

absorption	at	1340	cm-1.35	Moreover,	the	carbonyl	group	of	propiolate	ester	is	located	around	1708	

cm-1	and	that	of	the	lactam	of	DPP	at	1676	cm-1.30		The	ethynyl	stretching	band	at	2118	cm-1	of	NDI	

completely	 collapsed	 after	 heating	 while	 that	 of	 the	 azido	 at	 2098	 cm-1	 has	 strongly	 shrunk,	

evidencing	 thus	 that	 most	 of	 these	 two	 reacting	 groups	 have	 been	 consumed	 during	 the	

functionalization	 process.	 Interestingly,	 after	 click	 reaction	 and	 abundant	 rinsing	 of	 the	

photocathode,	 the	 carbonyl	 stretching	 band	 of	 diimide	 groups	 in	NDI	 and	 of	 the	 propiolate	 ester	

around	1710	cm-1	appeared	next	to	that	of	the	lactam	groups	of	DPP	at	1670	cm-1	accounting	for	the	

covalent	attachment	of	the	NDI	to	the	DPP	dye	(Figure	1).		

	

Figure	1.	ATR-IR	spectra	of	NDI	powder	(blue)	and	of	the	NiO	electrodes	coated	with	DPP	before	

(black)	and	after	click	reaction	with	NDI	(red).	
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Table	 1.	 Spectroscopic	 and	 electrochemical	 data	 of	 the	 compounds	 and	Gibbs	 free	 energy	 for	 the	

hole	injection	into	NiO	(ΔGhinj)	and	for	the	dye	regeneration	reaction	(ΔGreg)	by	the	cobalt	electrolyte.	

	 λabs/ε	

(nm/M-1xcm-1)	

E00	

(eV)a	

ERed(NDI/NDI-)	

(V	vs.	SCE)	

ERed(DPP/DPP-)	

(V	vs.	SCE)	

ΔGhinj	

(eV)b	

ΔGreg	

(eV)c	

DPPd	 489	(2.22x104)	 2.33	 -	 -1.20	V	 -0.83	 -1.41	

NDI	 362	(2.54x104	);	

382	(2.82x104	)	

-	 -0.52	V	 -	 -	 -	

DPP-NDIe	 380	(5.08x104);	

492	(2.20x104)	

2.29	 -0.60	V	 -1.22	V	 -0.77	 -0.81	

acalculated	according	to	the	equation:	E00	=	1240/ λinter,	with	λinter	the	wavelength	at	the	intersection	

of	 the	normalized	absorption	and	emission	 spectra.	 bCalculated	according	 to	 the	equation:	ΔG°inj	 =	

EBV(NiO)	 -	 ERed(DPP/DPP-)	with	ERed(DPP*/DPP-)	 =	ERed(DPP/DPP-)	 +	E00	 and	EBV(NiO)	=	0.30	V	vs	 SCE.	
cCalculated	 according	 to	 the	 equation:	 ΔGreg=	 	 ERed(A/A-)	 -	 E(CoIII/CoII)	 with	 A	 =	 DPP	 or	 NDI	 and	

E(CoIII/CoII)	=	0.21	V	vs.	SCE.	ddata	taken	from	ref.	30.		edata	taken	from	ref.	34.	

	

The	electronic	absorption	spectra	were	also	recorded	on	mesoporous	Al2O3	electrodes,	because	the	

transparency	of	Al2O3	films	is	much	higher	than	that	of	NiO	films.36,	37	After	the	click	reaction,	the	π-

π*	 transition	of	NDI	 is	 clearly	discernible	 in	 the	 spectrum	as	a	 shoulder	at	380	nm	and	 its	 relative	

intensity	matches	very	well	with	that	of	the	DPP-NDI	dyad	(Figure	2).	The	extinction	coefficient	of	the	

DPP	 in	 both	 compounds	 (DPP	and	DPP-NDI)	 being	 very	 similar,	 the	 comparison	 of	 the	 absorption	

spectra	on	mesoporous	Al2O3	of	DPP	 clicked	with	NDI	with	 that	of	 the	DPP-NDI	 dyad	qualitatively	

indicates	 that	 there	 is	 be	about	one	NDI	 unit	 per	DPP	 dye	after	 the	 click	 reaction.	 The	absorption	

band	of	DPP	chromophore	(around	500	m)	is	slightly	red	shifted	in	DPP-NDI	compared	to	that	of	DPP	

because	of	the	increased	π-conjugation	upon	connection	of	NDI	via	the	triple	bond.34	
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Figure	2.	Normalized	absorption	spectra	of	Al2O3	films	coated	with	DPP-NDI	(red),	DPP	before	(black)	

and	after	click	reaction	with	NDI	(blue).	The	three	spectra	were	normalized	on	the	DPP	absorption	

band.	

	

The	 spectroscopic	 and	 electrochemical	 data	 of	 the	 compounds	 are	 gathered	 in	 Table	 1.	 The	

determination	of	the	driving	forces	for	the	hole	 injection	process	 into	the	valence	band	of	NiO	and	

the	 regeneration	 reaction	 of	 the	 reduced	 dye	 by	 the	 redox	 mediator	 in	 the	 electrolyte	 were	

calculated	 (Table	 1).	 Unsurprisingly,	 they	 support	 that	 these	 two	 reactions	 are	 both	

thermodynamically	very	favorable	and	therefore	can	occur	spontaneously.	

	

Photophysical	study	

The	excited-state	dynamics	of	DPP,	DPP-NDI	and	DPP	crosslinked	with	NDI	on	NiO	were	investigated	

from	 the	 femtosecond	 to	 the	 microsecond	 timescales	 using	 electronic	 transient	 absorption	 (TA)	

spectroscopy	to	determine	the	charge-transfer	processes	taking	place	upon	excitation	of	the	DPP	dye	

at	532	nm.34,	38,	39		
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Figure	3.	Evolution-associated	difference	absorption	spectra	(EADS)	obtained	upon	global	analysis	of	

the	transient	absorption	data	measured	after	532	nm	excitation	of	DPP	on	NiO	assuming	a	series	of	

successive	exponential	steps	(A→...→D→)	

	

As	discussed	previously,30	the	excited-state	dynamic	of	DPP,	grafted	NiO	with	or	without	crosslinking	

with	 CA	 are	 essentially	 the	 same.	 Figure	 3	 shows	 the	 evolution-associated	 difference	 absorption	

spectra	(EADS)40,	 41	obtained	from	a	global	analysis	of	the	TA	data	measured	with	DPP	on	NiO	after	

532	nm	excitation	assuming	a	series	of	successive	exponential	steps	with	 increasing	time	constants	

(see	Figure	S1	for	the	data).	Directly	after	excitation	of	DPP,	the	TA	spectra	show	positive	absorption	

bands	 of	 the	 singlet	 excited	 state	 of	 the	 DPP	 sub-unit,	 DPP*(S1),	 at	 730	 and	 390	 nm	 as	well	 as	 a	

negative	band	between	430	and	620	nm	that	is	due	to	both	the	ground-state	bleach	around	500	nm	

and	the	stimulated	emission	at	longer	wavelengths.	The	latter	decays	in	a	few	picoseconds,	whereas	

the	730	nm	band	evolves	into	a	band	centered	around	660	nm	that	can	be	attributed	to	the	radical	

anion	of	DPP	generated	upon	hole	 injection	 into	NiO.42	This	band	losses	about	half	of	 its	maximum	

intensity	 with	 a	 60	 ps	 time	 constant	 and	 then	 decays	 on	 a	 2-3	 ns	 timescale.	 An	 average	 charge	

injection	time	constant	of	about	2-3	ps	can	be	estimated	from	the	decay	of	the	DPP	excited	state.		
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Figure	4.	Evolution-associated	difference	absorption	spectra	(EADS)	obtained	upon	global	analysis	of	

the	transient	absorption	data	measured	after	532	nm	excitation	of	A)	DPP-NDI	and	B)	DPP	

crosslinked	with	NDI	on	NiO,	assuming	a	series	of	successive	exponential	steps	(A→...→G→).	Inset:	

zoom-in	of	EADS	D-G.	The	values	in	parentheses	are	the	decay	times	of	the	corresponding	EADS.	

	

Figure	 4A	 shows	 the	 EADS	 obtained	 from	 a	 global	 analysis	 of	 the	 TA	 data	 measured	 on	 the	

femtosecond	to	microsecond	timescales	with	DPP-NDI	grafted	on	NiO	after	532	nm	excitations	(see	

Figure	S2-3	for	the	data).	The	early	spectra	are	essentially	the	same	as	those	measured	at	short	time	

delays	with	DPP	 (Figure	 3)	 and	 can,	 thus,	 be	 assigned	 to	 the	DPP	 subunit	 locally	 excited	 in	 the	 S1	

state,	DPP*(S1).	These	features	decay	on	multiple	timescales	ranging	from	less	than	1	ps	to	a	few	ps	

(EADS	A-C).	In	parallel,	distinct	maxima	appear	around	700	and	600	nm.	They	can	be	attributed	to	the	

radical	 anion	 of	 the	 DPP	 and	NDI	 subunits,	 respectively	 in	 agreement	with	 previous	works.34,	 42,	 43	

Additionally,	the	positive	band,	initially	at	400	nm,	shifts	to	shorter	wavelength	and	a	dip	around	380	

nm,	 that	 can	 be	 assigned	 to	 the	 bleach	 of	 the	 NDI	 subunit,	 becomes	 visible.	 The	 overlap	 of	 this	

positive	 feature	with	 bleaches	 around	 380	nm	and	 a	 below	370	nm	makes	 the	 assignment	 of	 this	

band	difficult.	From	the	time	dependence	of	its	relative	intensity,	it	probably	contains	contributions	

from	both	DPP·¯	and	NDI·¯	after	the	decay	of	DPP*(S1).34		The	attribution	of	the	700	nm	band	in	EADS	

C	to	DPP·¯	is	supported	by	the	absence	of	stimulated	emission	and	the	relatively	strong	DPP	bleach	

that	 hides	 the	 480	 nm	 band	 of	 NDI·¯.	 By	 going	 from	 EADS	 C	 to	 D,	 the	 decrease	 of	 DPP·¯	 band	 is	

accompanied	 by	 the	 decay	 of	 the	 DPP	 bleach	 and	 the	 appearance	 of	 NDI·¯	 band	 at	 480	 nm.		

Therefore,	hole	 injection	 from	DPP*(S1)	 to	NiO	 takes	place	during	 the	A→C	 (0.55	ps,	4.3	ps)	 steps,	

whereas	 the	 C→D	 (44	 ps)	 step	mostly	 reflects	 the	 shift	 of	 the	 electron	 from	 the	 DPP	 to	 the	 NDI	

subunit.	Due	to	the	inhomogeneity	of	the	dynamics,	this	shift	is	also	visible	in	the	B→C	(4.3	ps)	step	

as	the	rise	of	the	600	nm	band	of	NDI·¯	as	well	as	in	the	slower	D→E	(5.2	ns)	step.	After	about	10	ns,	
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the	overall	shape	of	the	TA	spectrum	remains	mostly	constant	and	is	dominated	by	the	NDI·¯	bands.	

Their	decay	can	be	reproduced	using	the	sum	of	three	exponential	functions	with	130	ns,	18	𝜇s and 

~1 ms time constants, giving an average decay time of about 550 𝜇s. 	

As	 illustrated	 by	 the	 EADS	 depicted	 in	 Figure	 4B	 (see	 Figure	 S4-5	 for	 the	 data),	 the	 TA	 spectra	

measured	with	DPP	crosslinked	with	NDI	on	NiO	exhibit	similar	features	than	those	measured	with	

the	DPP-NDI	 dyad	 (Figure	 4A).	 From	 the	 global	 analysis,	 it	 appears	 that	 hole	 injection	 occurs	 on	

similar	timescale	(A→C	steps	with	0.9	and	5.9	ps	time	constants)	than	with	the	dyad.	The	presence	of	

DPP·¯	 in	EADS	C	and	D	 is	more	visible	than	for	 the	dyad.	This	can	be	explained	by	a	slightly	slower	

electron	shift	to	the	NDI	in	the	crosslinked	system	(59	ps	vs	44	ps),	allowing	for	a	larger	accumulation	

of	the	DPP·¯	population.	This	longer	lifetime	of	DPP·¯	is	visible	as	a	slower	rise	of	the	NDI·¯	absorption	

band	at	480	nm	(Figure	5).	

	

Figure	5.	Time	profiles	of	the	transient	absorption	at	480	nm,	the	maximum	of	NDI·¯	absorption	band,	

after	excitation	of	DPP-NDI	and	DPP	crosslinked	with	NDI	on	NiO.	

	

After	about	10	ns,	the	TA	spectra	show	only	features	due	to	NDI·¯.	The	decay	of	the	main	NDI·¯	band	

at	480	nm	can	be	reproduced	with	 the	sum	of	 two	exponential	 functions	with	13	and	330	𝜇s	 time	

constant,	 corresponding	 to	 an	 average	 decay	 time	 of	 170	 𝜇s.	 This	 points	 to	 a	 somewhat	 faster	

recombination	dynamics	 than	 for	 the	dyad	 (Figure	5).	 This	 can	be	explained	most	 reasonably	 by	 a	

shorter	mean	distance	between	the	NDI	and	the	NiO	surface	when	the	latter	is	linked	on	the	DPP	via	

click	chemistry.	Figure	6	summarizes	the	main	results	of	this	photophysical	study.	
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Figure	6.	Graphical	summary	of	the	main	rate	constants	of	the	charge	transfer	processes	occurring	

upon	photoexcitation	of	the	DPP	dye	in	the	two	systems.	

	

	

Photovoltaic	properties	

Solar	cells	were	fabricated	on	nanocrystalline	film	of	NiO	with	DPP	without	and	after	introduction	of	

NDI	by	click	chemistry	and	the	characteristics	of	the	p-DSSCs	were	compared	to	those	of	the	DPP-NDI	

and	 DPP	 cross-linked	 with	 the	 passive	 tetraalkyne	 (cross-linking	 agent	 :	 CA	 Chart).	 The	 tris(4,4’-

diterbutyl-2,2’-bipyridine)	 cobalt	 complex	 was	 used	 as	 redox	 mediator	 (Figure	 S6),	 because	 this	

specific	redox	couple	demands	a	long-lived	charge-separated	state,	enabling	thus	to	indirectly	probe	

the	enhancement	of	the	charge-separated	state	 lifetime	with	NDI.	32,	 44	31	The	metrics	from	at	 least	

three	independent	solar	cells,	such	as	short	circuit	current	density	(Jsc),	open	circuit	voltage	(Voc),	fill	

factor	 (ff)	 and	 power	 conversion	 efficiency	 (PCE)	 are	 gathered	 in	 Table	 2.	 Typical	 current/voltage	

curves	are	shown	in	Figure	S7.	
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Table	2.	Metrics	of	the	solar	cells	recorded	under	calibrated	AM1.5	(100	mW/cm2)	sunlight	simulator.	

	

JSC	

(mA/cm2)	

VOC	

(mV)	

FF	

(%)	

PCE	

(%)	

DPP	 0.88±0.08	 133±6	 25±2	 0.023±0.004	

DPP	crosslinked	

with	CA	
0.87±0.1	 200±5	 28±1	 0.048±0.008	

DPP	crosslinked	

with	NDI	
1.40±0.07	 254±8	 32±1	 0.10±0.008	

DPP-NDI	 1.94±0.05	 340±8	 31±0.7	 0.205±0.003	

	

The	 comparison	 of	 the	 characteristics	 of	 the	 solar	 cells	 sensitized	with	 the	DPP	without	 and	 after	

cross-linked	with	the	passive	tetraalkyne	CA	shows	that	the	Jsc	was	not	modified,	but	the	Voc	was	

significantly	increased.	This	is	certainly	due	to	the	physical	barrier	brought	by	the	crosslinking	agent,	

which	bridges	 the	DPP	and	most	certainly	 restricts	 the	approach	of	 the	 redox	mediator	 to	 the	NiO	

surface.30	As	a	result,	the	interfacial	charge	recombinations	are	reduced	and	the	hole	concentration	

in	 the	NiO	valence	band	 is	higher,	 explaining	 thus	 the	 larger	Voc.	 Interfacial	 charge	 recombination	

reaction	is	 important	in	p-DSSC	and	particularly	with	the	one	electron	outer-sphere	redox	mediator	

such	as	cobalt	complexes.32,	44	The	introduction	of	NDI	electron	acceptor	by	click	reaction	in	the	film	

has	a	real	beneficial	impact	over	the	passive	CA	since	both	Jsc	and	Voc	are	raised.	These	changes	are	

the	direct	consequence	of	the	longer-lived	charge-separated	state	(hole	in	NiO	and	electron	on	NDI)	

formed	upon	electron	shift	from	the	reduced	DPP	to	the	clicked	NDI	as	demonstrated	above	by	the	

transient	 absorption.	 The	 comparison	 of	 the	 performances	 of	 the	 solar	 cells	 made	 with	 the	 dyad	

DPP-NDI	 and	 the	 system	 in	which	NDI	was	 clicked	on	DPP	 shows	 that	 the	 Jsc	 and	Voc	are	 slightly	

higher	with	 the	 dyad.	 However,	 the	 superiority	 of	 the	 dyad	 is	 not	 huge	 (30%).	 This	 result	 can	 be	

explained	by	 the	 longer-lived	 charge-separated	 state	 achieved	with	 the	dyad,	 probably	 due	 to	 the	

longer	average	distance	between	the	NDI	and	the	NiO	surface.		
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Conclusion	

The	present	work	provides	a	successful	 illustration	of	 the	post-functionalization	of	a	dye-sensitized	

photocathode	via	a	copper-free	click	chemistry	by	a	NDI	electron	acceptor.	The	NDI	component	can	

be	grafted	on	the	DPP	dye	according	to	a	simple	procedure	and	the	electron	shift	reaction	from	the	

reduced	DPP	and	NDI	occurs	with	a	good	efficiency	as	confirmed	by	the	photophysical	study	and	the	

photovoltaic	measurements	on	p-DSSCs.	This	click	reaction	is	probably	compatible	with	a	wide	range	

of	 molecular	 components	 such	 as	 catalysts	 and	 other	 dyes	 to	 enhance	 light	 capture	 by	 antenna	

effect.45	This	work	shows	that	the	chemistry	on	the	electrode	via	this	simple	click	chemistry	strategy	

has	great	potential	for	the	straightforward	modification	of	mesoporous	metal	oxide	electrodes,	and	

can	 represent	 a	 significant	 leap	 forward	 in	 the	 development	 of	 dye-sensitized	 electrochemical	

systems.	
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