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Abstract: Two novel donorm-acceptor (Dr-A) semiconductor organic dyes have been
synthesized for the photochemical hydrogen evatuteaction (HER) to sensitize TiGor

the first time. The molecular structures ofzBA semiconductor organic dyes, which are
entitled as MK-3 and MK-4, have been charactertzg®lMR spectroscopy method; and also

electrochemical and optical properties have beeesiiigated by cyclic voltammetry and UV-



Vis absorption techniques, respectively. Amountdgé loading on TiQ surface has been
investigated by EDX method. The HER activities hdeen explored in the presence of
triethanolamine (TEOA) as a electron donor reagentler sunlight (solar simulator
illumination limited by cut-off filterA > 420 nm) in the absence and presence of co-catalyst
(Pt and CpWS,). Transient photocurrent densities of MK-3/%iénd MK-4/TiG, electrodes
have been reached to 110 pAtmand 275 pA cil, respectively. The photocatalytic HER
activities have been relatively enhanced in thesgmee of the Pt or GWS, co-catalysts
(dye/TIG/CwLWS, or dye/TiQ/Pt) when compared to only dye/TiOThe HER rates have
been found as 427, 1277, 675, 682, 1027 and #86lg*h™ for the MK-3/TiQ,, MK-
3/TiO/Pt, MK-3/TIG/CLWS,, MK-4/TiO,;, MK-4/TiO,/Pt and MK-4/TiQ/CuLWS,,
respectively. The differences of photochemicahatotis of MK-3/TiO, and MK-4/TiQ, have
been stated taking into account dye molecule strest Moreover, the HER mechanism have
been described by using electrochemical band erlekgys of dyes, Ti@and CuWS, co-

catalyst.

Keywords. photocatalysis, solar energy conversion, hydrogetuéon, Dst-A organic dyes

1. INTRODUCTION

The production of cheap, renewable and environnigritgendly fuel hydrogen by
using solar energy has attracted much attentionaltiee increasing energy crisis. The sun’s
energy converts to hydrogen via photoelectrochdn@nd photocatalytic reaction systems
from water in the presence of semiconductor photdgsts. Until now, large-scale
photocatalytic HER systems have been thoroughlynex@d by using a myriad of catalysts
including metal oxides, chalcogenides, oxynitridegtal free catalysts, sulfides, phosphides,

borides, carbides [1]. The most commonly used,Tp@otocatalyst possess huge potential



hydrogen-generating capabilities from water spigti Beside this advantage, hydrogen
production efficiency of a bare Titill remains limited owing to the wide band galpe
high recombination of electron-hole pairs and tlast-backward reaction [2-4]. These
obstacles can be decreased by dye sensitizationugind co-catalyst for the absorption
visible light and the minimization of recombinatiaiates, respectively [4]. Currently,
semiconductor donat-acceptor (Dr-A) structured semiconductor organic dyes have been
aroused interest in photovoltaic and photocatalgiimversion applications due to the
properties of configurable electrochemical bancelevabsorption and high intermolecular
charge transfer (ICT) performance [5-8]. Thes&-B-structures have been composedrof
electron-poor (electropositive) acceptor (A) growgpsl n-electron-rich donor (D) groups
linked by ar bridge, which make possible the separation oftedlas and holes teeduce the
recombination events [9-13]. Photocatalytic HER Dy-A dye, which are consisted of
triphenylamine based donor group, sensitized ;Ti@ave been investigated by changing
hydrophilic and steric effect, the amount of loafithye, spacer length and the amount of
anchoring groups of dyes [14-19].7DA structured semiconductor organic dyes have also
been employed in the covalently functionalized petyphotocathodes and the modification of
graphene/Pt electrodes [20-24]. Koniecehal. have been explored that ionic structures of
semiconductor De-A sensitizers displayed higher photochemical HERvay than that of
the neutral Dr-A sensitizers [25]. We have shown that the phdedgic HER activity by
different Dst-A dye (changing electron donating groups) sereitiziO, is decreased by the
addition of donor groups because of the stericcefbé dyes on TiQ[26]. In addition, effect

of additionalnt group has been reported by our group and foundéder-A structure is
efficient than D-A structure [27]. DrJA conjugated polymeric photocatalyst have also been
used on photocatalytic HER under UV-Vis light inettbn (. > 300 nm) [28]. The HER

activities of phenothiazine based D-A type orgas@miconductor dyes sensitized FiO



photocatalyst have been also investigated by Tiwa@l. under solar irradiation [29, 30].
Besides, both the photocatalytic HER and the pladtaic application of two DAzl 1A
structured semiconductor organic dyes have beessiigated under limited light (420
nM<A<780 nm) illumination. It has been shown that bbifjh photocatalytic HER activity
and photoelectric conversion efficiency have beleseoved due to the absorption properties
of the dyes with high molar extinction coefficigf3tl]. Dye sensitized photocatalytic HER
studies are generally performed by using co-cataiys order to decrease charge
recombination rates and photocorrosion, and to eas® stability of reactions and
photogenerated charge transport efficiency, andhdst active sites. Co-catalysts for the
photocatalytic HER are usually consisted of platingroup noble metals (PGMs) such as Pt,
Pd, Ru or Ir [7]. Metal sulfide based catalysteIM/S and Mo$ have been attracted great
attentions as an alternative to PGMs. Transitiotahsboping or alloyed structures are given

rise to enhance the photocatalytic activities of, ;M@ = Mo and W) [26, 32, 33].

In this study, we have reported first time in titerature the synthesis of two DA

type semiconductor organic dyes, which are entitld¢-3 ((2E) -3- [5 - {6- [5- (4- {bis [4-
(hexyloxy) phenyl] amino} phenyl) -4- (2-ethylhexgthienyl] -1,2 , 4,5-tetrazin-3-yl} -2,2'-
bithien-5yl] -2-cyanoacrylic acid and MK-4 ((2E)-3-{5-[5-{6-[5-(4-{bis[4-
(hekzilloks)phenyllamino}phenyl)-4-(2-ethylhexy)pzenyl]-1, 2,4,5-tetrazin-3-yl  -3-(2-
ethylhexyl)-2-thienyl]-2-furyl}-2-cyanoacrylic agidfor the visible light sensitization of T{O
The molecular structures of MK-3 and MK-4 have bekified by NMR spectroscopy and
elemental analysis methods. The electrochemicalogmidal properties of these dyes have
been clarified by the cyclic voltammetry and UV-Vabsorption spectroscopy methods,
respectively. Dye loading rates on Ti€urface has been also calculated by EDX methoe. Th
photoelectrochemical and the photocatalytic adtisitof MK-3/MK-4 sensitized Ti@

photocatalysts on the HER have been investigatdoe Pphotoelectrochemical HER



performance of dye sensitized electrodes has heersyed by chronoamperometry and linear
sweep voltammetry (LSV) methods in the aqueous THEBASO, solution. The
photocatalytic HER activities have been examinedhi& agueous TEOA solution as the
sacrificial electron donor medium. §MS, has also used as the co-catalyst and its catalytic
activity has compared tm situ photodeposited Pt. MK-3/Ti) MK-3/TiO,/CwWS,, MK-
3/TiO./Pt, MK-4/TiO,, MK-4/TiO/CwWS, and MK-4/TiG/Pt have produced 427, 675,
1277, 682, 795 and 101ﬁ‘nolg'1h'1, respectively. The differences of HER rates amthreg
dye sensitized Ti@photocatalysts explicated by structural differenoéD+-A organic dye.
Moreover, the HER mechanism has been clarifiedhleyeinergy band levels of the ANS,

co-catalyst, TiQ, and each photosensitizeriDA dyes.

2. EXPERIMENTAL SECTION
2.1. Optical and electrochemical experiments
Optical measurements were performed by using a WB/-\absorption
spectrophotometer (Shimadzu UV-1800) and Perkin €ElInLS-50B luminescence
spectrometer. Molar absorption coefficients werewated according to literature [34]. The
electrochemical characterizations were performedelegtrochemical working station (CH
Instruments 760D) in three-electrode cell in acitibe solution. Glassy carbon, platinum
wire and Ag/AgCl electrodes were used as workimgtebde, counter electrode and reference
electrode, respectively. Tetrabutylammonium hexafiphosphate (0.1 M) was used as
supporting electrolyte.
2.2. Dye sensitization process
TiO, has been calcined to detract adsorbed and wagmmnior pollutants from the
surface for 45 minutes at 450 °C. This step is imgod to generation of binding region
between the surface of dye molecules and:Ti@en the prepared T@&nd donore-acceptor

dye solutions (18 mM) have been mixed and stirred for a while urtter darkness (half a



day to overnight). After the binding process, tlmdugson was filtered and precipitate was
rinsed extensively with tetrahydrofuran (THF) arnlda@ol, respectively. In a similar method,
for the photoelectrochemical reaction, JiGoated FTO electrodes (Dyesol MS001630-1)
have been immersed into the MK-3 or MK-4 solutigh§°> M) in THF and washed with
ethanol to remove unbinding molecules of dye. Bnahe prepared photocatalyst and
TiOJ/electrodes were dried at room temperature andyréaduse in the photocatalytic and
photoelectrochemical hydrogen production reaction.
2.3. Photoelectrochemical and photocatalytic hydrogen evolution measur ements
Photoelectrochemical treatment was carried out ihrae-electrode cell for linear
sweep voltammetry and chronoamperometry, whichutes dye-coated FTO (Dyesol MS
001630, 0.4 cm x 0.7 cm, ca. 1dn in thickness) as a working electrode, Ag/AgCl and
platinum served as the reference and counter etigr respectively, in combination with
redox electrolyte solution of TEOA/MN&O.. Photocatalytic hydrogen evolution was
performed in a single compartment Pyrex glass i@ackll under visible light irradiation.(
> 420 nm, Solar Light XPS-300™). MK-3/TOor MK-4/TiO, hybrid photocatalysts,
CwWS, or Pt co-catalysts were dispersed in solutiongaioimg TEOA (0.33M) electron
donor into the reaction-cell in the nitrogen galéedi glovebox. Then reaction-cell was
plugged up with septa and ultrasonic treatment agdied for homogeneous distribution.
Subsequently, photocatalytic HER test was initiaitedhe visible light and the evolved
hydrogen gas was analysed by gas chromatograpl &imadzu GC-2010 Plus, thermal
conductivity detector (TCD) and argon as the cagas.

3. RESULTSAND DISCUSSION
3.1. Synthesisroute, optical and electrochemical properties of organic dyes

The synthetic routes of MK-3 and MK-4 dyes are di&gal in Scheme 1. 3,6-bis [4-

methylthien-2-yl]-stetrazine (1) was synthesizedulsing previous literature [35, 36]. 5 "-{6-



[5-(4-{bis[4-(hexyloxy)phenyllamino}phenyl)-4-(2-Bylhexyl)-2-thienyl] 1,2,4,5-tetrazin- 3-
yl} -3'- (2-ethylhexyl) 2,2'-bithiophene-5-carbaldgle (4) and 5-[5-{6-[5-(4-{bis[4-
(hexyloxy)phenyllamino}phenyl)-4-(2-ethylhexyl)-Bienyl]-1,2,4,5-tetrazin-3-yl}-3-(2-
ethylhexyl)-2-thienyl]-2-furaldehydéb) were synthesizely Suzuki reaction between the 4-
[5-{6-[5-Bromo-4-(2-ethylhexyll)-2-thienyl]-1,2,4 Fetrazin-3-yl}-3-(2-ethylhexyl)-2-thienyl
-N,N-bis[4-(hexyloxy)phenyl]aniling3) andthe boronic acids (5-formyl-2-furanboronic acid
5-formyl-2-thienylboronic acid). Molecule§4) and (5) were converted by Knoevenagel
condensation reaction to MK-3 and MK-4 dyes. Theatlsgtic process, structural and

elemental characterization of MK-3 and MK-4 areegivn the Sl in detail (Figure S1-10).
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Scheme 1. Synthetic pathway of the MK-3 and MK-4 dyes.

Binding ratios between TiDand MK-3/MK-4 dyes have been found out from the
energy dispersive X-ray spectroscopy (EDX) datBBX spectra and of dye sensitized TiO
have been displayed in the figure S11 (see Sljné&tegal analysis obtained from EDX spectra
of dye sensitized TiPhave been given in the Table 1. The binding regtween TiQ and
dye has been calculated from N/Ti ratio becausd@tommon elements in the each sample.
N/Ti ratios have been turned out to be 3.25%a0d 3.16x10 for the MK-3/TiQ; and MK-
4/TiO,, respectively. It is obvious that the dye contemesquite similar in both photocatalyst.

The corresponding SEM images of MK-3/MK-4 sensdiZ@O, have also been given in the

supporting information as the figure S12.

Table 1. EDX spectra data’s of dye sensitized TiO

Element | Normal | Normal | Atom Error
(owt) | (%owt) | (Yoatom) | (%)
Titanium | 49.06 56.34 | 30.73 14
Oxygen | 32.62 37.46 61.16 37.2
o | Carbon | 1.92 2.21 4.80 0.4
< [Nitrogen| 0.05 | 005 |010 |01
Sulfur 3.43 3.94 3.21 0.2
Total 87.08 100 100
Titanium | 49.46 53.94 | 28.45 14
Oxygen | 38.02 | 4154 | 6557 24.5
< | Carbon | 1.64 1.78 3.75 0.3
< |Nitrogen| 0.04 | 004 |009 |02
Sulfur 2.48 2.70 2.13 0.1
Total 91.63 100 100

When the optical properties of dyes are examinkedrpsabsorption peaks at 426 nm

and 286 nm for MK-3, and a weak peak at 362 nmeavaisharp peak at 282 nm for MK-4



was observed as shown in Figure 1a-b. The firskpaa286 and 282 nm for the MK-3 and
MK-4, respectively, are originated from localizedt* transitions. The second peaks at 426
and 362 nm for the MK-3 and MK-4, respectively, arse from delocalized-n* transitions
thanks to intermolecular charge transfer (ICT) prtips between the donor and acceptor
groups [37]. Using the UV-Vis absorption spectitae molar absorption coefficients were
calculated for MK-3 and MK-4 dyes as 2142'Mm™* (426 nm) and 2570 Mcmi* (365 nm)
[34]. The photoluminescence emission spectra of 3/&Rd MK-4 have been given in the
supporting information as the figure S13. Maximumission peaks of MK-3 and MK-4 have
been 575 nm and 538 nm, respectively. The eleatractal behaviour of dyes was
investigated by the cyclic voltammetry. In cyclioltlammograms as shown in Figure 1c-d,
the oxidation potentials which originated from krgmylamine groups (donor moieties) were
found to be 0.86 V and 0.83 V for MK-3 and MK-4spectively. The reduction peaks, which
are thought to belong to groups in the molecules, are found to be -0.7NY #®.83 V for
MK-3 and MK-4, respectively. Finally, the peaks ebh&d in -1.54 V and -1.25 V are pointed
out the acceptor group (the cyanocarboxylic acidM&-3 and MK-4 dyes, respectively

(Table 2).
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Figure 1. Absorption spectrum&:-b) and cyclic voltammogram&-d) of MK-3 (red
line) and MK-4 (blue line)

Table 2. Optical and electrochemical parameters of MK-3 sikd4 dyes

_ Oxidation _
Wavelength Molar Absor ption _ Reduction
Dyes . 1 , | Potentials _
*) / nm Coefficients(g) / M~ cm’ v Potentials/ V
MK-3 426 2142 0.86 -0.79/-1.54
MK-4 362 2570 0.83 -0.83/-1.2%

3.2. Photochemical Hydrogen Evolution Reactions

Photoelectrochemical (PEC) hydrogen evolution attarsstics of MK-3/MK-4
sensitized TiO2 electrodes have been carried outhan aqueous electrolyte solution
(N&xSOJ/TEOA) containing of a three-electrode setup withcBunter electrode, Ag/AgCl

reference electrode and dye sensitized, WOrking electrodes under solar simulator (Solar



Light XPS-306") illumination limited by cut-off filter { > 420 nm). PEC experiments,
which are consisted of chronoamperometry and lisearep voltammetry (LSV) techniques,
have been performed by open/close of irradiatid®V Istudies have been recorded from 0.5
V to -0.5 V, under light/dark cycles. The dye sémsed electrodes display very stable
behavior in this potential frame (Figure 2a). ThREC experiments have been studied by the
chronoamperometric method during 350 second witkegdnd light off and 50 second light
on at the 0 V potential as shown in figure 2b. MKAB-4 sensitized TiQ@ electrodes display
enhancing transient photocurrent density when coetp® non-sensitized Tilectrode due
to the photogenerated electron-hole separatiortiefity of Da-A organic dyes [38].
Transient photocurrent densities for MK-3/%i@d MK-4/TiQ, photoelectrodes have been
attained to 110 and 275 pA Snrespectively, while non-sensitized Fi€lectrode reached to
1 pA cm? [39]. These comparable photocurrent values of MKi@, and MK-4/TiQ, could

be cleared up by differences of intermolecular gadransfer properties [5].
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chronoamperometry techniques in the TEOA (5%) aatEly, (0.1 M) solution at pH 9.



In addition, photoactivities of MK-3 and MK-4 dydsave been investigated by
photocatalytic HER using dye/T$0(10 mg) and aqueous TEOA (5%) solution as a
photocatalyst and sacrificial electron donor, retigely, under solar simulator illumination
(light limited by cut-off filterA > 420 nm). First of all, optimal pH studies have rbearried
out under changing pH from 7 to 10. Among thesevpldes, the best HER activity has been
shown at pH 9 according to the hourly evolved hgdro amount (Figure S14 in Sl). HER
rates have been decreasing remarkably at morecaoidibasic conditions. TEOA is
protonated under pH values of 7, which leads tokeead giving electron of TEOA as a
sacrificial electron donor agent. Hydrogen generatrates thermodynamically become
unfavorable at strong alkaline media. These reddige been also in accordance with the
previous published papers using TEOA sacrificigicgbn donor [17, 26, 27, 40-43]. HER
rates at the pH 9 have been found 4&¥lg*h™* and 682umolg*h™® for the MK-3/TiQ, and
MK-4/TiO,, respectively. The differences of HER rates adogrdo pH can be explained by
electron donor roles of TEOA. The acidic pH of sl is inhibited the ability of electron
donation due to the protonation of TEOA. The insneg pH of alkaline TEOA solution is
lead to decrease in the HER rates because thengldoice of HER from water (iH,) is
become more negative at high pH [44-46]. The HE®idies of dye sensitized TiOhave
been also explored in the absence and presence-cdtalysts (Pt and GWS,). Pt co-
catalyst has been obtained by the reduction ##t€Ek. The other co-catalyst ternary metal
sulfide CyW$S, as an alternative to Pt has been supplied fronpoevious published papers
[26, 47] and used as the PGM-free co-catalyst. HER rates have been found as 427, 675,
1277, 682, 795 and 102imolg*h™ for the MK-3/TiQ,, MK-3/TiO2/Cu,WS,, MK-3/TiOJ/Pt,
MK-4/TiO,, MK-4/TiO,/Cuu,WS, and MK-4/TiG/Pt, respectively. The evolved amounts of
H, have been figured out after 8 hour of photocamlyER for MK-3/Ti0O,, MK-

3/TIO/ICWLWS,, MK-3/TiO2/Pt, MK-4/TiO,, MK-4/TiO,/ClLWS, and MK-4/TiG/Pt as the



2071, 3170, 15780, 3748200 and 4972Lmolg'l, respectively (Figure 3a-b). When using
only TiO,, CwWS, or TiO/CwWS,, there is no Hevolved in the same conditions. This
results shows that light is absorbed by only dyelemdes. Photoelectrochemical and
photocatalytic HER results in accordance with eattier. The differences of HER rates using
D-n-A organic dye sensitized Tighave been related to structural variation of MEAgl MK-

4 dyes. The strong acceptor groups of the MK-3 [dikd4 are displayed similar properties
for cyanocarboxylic acid that attached on the ;T$0rface. On the other hand, the thiophene
(MK-3) and furan (MK-4) spacers linked to this stgoacceptor can be distinguished from
their different electronegativity effect. Here, thkectronegativity of the oxygen in the furan
group is higher value than the sulphur in the thepe group, so that intramolecular electron

transfer activity and the photoactivity are morieetive.
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Figure 3. Photocatalytic hydrogen evolution activities (@) TiO, / MK-3, TiO; /
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3.3. The mechanism of Hydrogen Evolution Reaction

The mechanism of HER has been proceeded by elettamsfer mechanism as
displayed in the figure 4. This mechanism is takdsce in three step: (i) Photons are
absorbed by dyes and electrons excited from HOMlleo LUMO. (ii) Then, the
photogenerated electrons are injected to condudtaod (CB) energy level of TEOThese
photogenerated electrons can be transfused to GB-oatalyst in the presence of ANS,,
which is thermodynamically favorable since the CBCa,WS, is located between CB of
TiO, and redox level of bO/H, [26]. (iii)) Finally, photogenerated electrons dretCB are
reduced the water to produce ¢s, and holes on the oxidative state of the dylecules are
refilled with electrons by sacrificial electron doriTEOA to regenerate photocatalytic HER at
the same time. Herewith, HER reaction is readilgley according to electrochemical band

levels of each component.
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Figure 4. The proposed mechanism of HER by using dye seaditiliQ as the

photocatalyst in the presence of,@i5, as the co-catalyst.



4. CONCLUSIONS

In conclusion, the photochemical HER has been iigeged by using tetrazine based
novel Ds-A type MK-3 and MK-4 dyes for the sensitization BifO, photocatalyst in the
absence and presence of co-catalysts (Pt gWW&). The photochemical HER differences
can be attributed to the structural variation of fdkand MK-4 dyes. The thiophene (MK-3)
and furan (MK-4) spacers linked to cyanocarboxa@d acceptor give rise to the different
electronegativity effect. MK-4 dye causes the npahetoactivity for the HER due to the high
electronegativity of the furan spacer group. Ini@old, photocatalytic activities of dye
sensitized TiQ have been increased by addition of V&, or Pt co-catalysts. The
photoactivities shows that theserbA dyes (MK-3 and MK-4) may be used different solar

energy conversion applications such as dye seedisalar cells.
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Figure and Scheme Captions

Figure 1. Absorption spectrum&-b) and cyclic voltammogram&-d) of MK-3 (red
line) and MK-4 (blue line)

Figure 2. Photoelectrochemical response of Ti®lack line), TiO, / MK-3 (red line)
and TiQ / MK-4 (blue line) by (@) LSV (at a scan rate of 100 mVYsand (b)

chronoamperometry techniques in the TEOA (5%) aat®, (0.1 M) solution at pH 9.

Figure 3. Photocatalytic hydrogen evolution activities (@) TiO, / MK-3, TiO; /
MK-3 / ClWS,, TiO, / MK-3 / Pt andc) TiO, / MK-4, TiO, / MK-4 /| CwbWS,, TiO, / MK-4

/ Pt (10 mg TiQ/ dye; 20 ml TEOA (5%), pH=9).

Figure 4. The proposed mechanism of HER by using dye seaditiliQ as the

photocatalyst in the presence of @5, as the co-catalyst.

Scheme 1. Synthetic pathway of the MK-3 and MK-4 dyes.
Table 1. EDX spectra data’s of dye sensitized TiO

Table 2. Optical and electrochemical parameters of MK-3 sikd4 dyes



Tetrazine based two novel D-1t-A organic dyes are synthesized for the first time

First time MK-3 and MK-4 D-nt-A dyes are used on photochemical hydrogen evolution
Photoactivity differences are explained by changing spacer group

HER rates are clarified by structural and optical properties of dyes



