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Abstract

Different types of fluorescent carbon nanopartictéten called carbon dots (CDs), are
synthesized by polycondensation and deposited @n flims to be probed as electron
transport layers in organic perovskite photovofai@and the anode for
photoelectrochemical water splitting. Nitrogen Ciajch do not contain oxygen, lead
to an increase of around 50 mV in the open cincoiitage of the perovskite cell. All the
CD types produce an improved photocurrent in wspditting, particularly CDs that are
functionalized with thiol groups and butyl chairisis demonstrated that the modified
electrode is stable under continuous operatiorséveral hours. Other electrochemical
characteristics of the electrode, such as the moltagram shape, onset potentials and
open circuit potentials, remain nearly unchangeohupe deposition of CDs. Only the
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incident photon to current conversion efficiencypmwves clearly, extending the
absorption range by around 20 nm towards longereleagths. This study provides
new data about mechanisms and electrode arrangefoemtnproving the performance
of n-type semiconductors in photovoltaic cells gritbtoelectrochemical hydrogen

production.
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sustainability

1. Introduction

Titanium dioxide has been widely studied in advancexidation processes,
photovoltaics and electrochemical water splittidg/]. In particular, TiQ films have
been utilized as electron transport layers in dyesgized and perovskite solar cells [2,
4, 5]. Similar layered configurations, in which Ti®ehaves as the active phase, are
typical in photoelectrochemical (PEC) water oxidati Intense research efforts are
being devoted to improve the performance of thgsteems [5-7].

The efficiency of TiQ photoanodes in electrochemical water splitting haen
increased by many strategies, including metal narmbe deposition, cationic and
anionic doping, and sensitization [1, 8]. In admhti mixtures with carbon materials
such as carbon nanotubes [9-12] and graphene [[LBal/& been tried. More recently, it
has been observed that carbon dots (CDs) ornp Ted lead to positive effects in
reactions of photoassisted hydrogen generationte@ily, the family of CDs includes
many types of fluorescent nanoparticles that aneth®gized either by top-down
methods, typically from graphite, or bottom-up m@sges from simple organics such as

short chain acids and amines. Many of the CD fonange graphene structures in their



cores, and are usually called graphene quantum @&auaisie others do not present
conjugated carbon chains, and are sometimes cafpetymer dots. The
photoluminescence properties of CDs are determiryetthe synthesis method and can
be tuned by functionalization with chemical grodpat induce charge transfer effects
[17].

In the literature, CDs for PEC water splitting habeen mostly prepared by
electrochemical etching of graphite [18-22] or hgltothermal synthesis from organic
compounds such as ascorbic acid [23], trinitropgrg@4], citric acid [25-27],
ethylenediamine [28] and glucose/dicyandiamine .[29)pically, the CD/TiQ
composite is treated under hydrothermal condittonsnprove the interaction between
CDs and nanostructured TiQAlternatively, the CD/TiQ photoanode can be prepared
by immersion or electrochemical impregnation of Ti®, layer in the CD solution [20-
22, 26, 27, 30]. The PEC hydrogen generation witl T8O, photocatalysts has been
performed in neutral (e.g. 0.5M p&0,) or alkaline (1M KOH) electrolytes. Therefore,
previous works indicate that CDs improve the Ji&tivity on PEC water splitting.
However, the great number of CD structures and iples®lectrode configurations
suggest that other suitable combinations aretstble found.

It is apparent that both charge transport in thengmsite solid phase and reactions
taking place in the solid-electrolyte interphase eomplex and difficult to elucidate.
Typically, the proposed mechanisms for the improsemof photocatalytic water
splitting on CD/TiQ electrodes include sensitization, a fast electransfer, effects of
CD fluorescence and others. Several works haveeeeel sensitization from CDs to
TiO2 under visible light, with fast transfer of exciteléctrons from the HUMO level of
the CD to the conduction band of Ti{18, 19, 21, 23, 26-28, 30]. This mechanism for

water splitting operates in other CD/semiconduetectrodes such as CD& [31],



CD/ZnO [32] and CD/W@Q[33]. However, electron transfer from Ti@ the CD seems
to be also possible, particularly under UV irradiat[19, 23]. Other research works
more specifically remark the CD effect of improviolgarge separation efficiency and
decreasing the electron transport resistance R1B4.

Even though CDs can be prepared by a number ofigpads and protocols, all of them
have a greatly rich surface chemistry with a variet functional groups containing
oxygen, nitrogen and sulfur. Similarly to other lmam materials, nitrogen and sulfur
doping in CDs has been related to the activity ascatalyst in the cathode for
electrochemical hydrogen evolution [35]. In additiat has been reported that amino
groups can active mechanisms of electron transfeC@s during the photocatalytic
hydrogen evolution [36]. In Ti@photoanodes, the role of the nitrogen doping lavel
hydrothermally synthesized CDs has been evidenaedbath the photocatalytic
hydrogen evolution and PEC water splitting [37]p@sitive effect may also result from
the co-sensitization of T with CDs and Eosin Y dye [38]. However, the
functionalization of CDs with specific chemical gps has been seldom explored for
photocatalytic and PEC applications, in particdtar hydrogen generation and water
splitting. In addition, problems with the long testability of CDs have been detected
by several authors [28], which need to be consdlérepractical application.

In the present work, CDs were prepared by eith@roniave-assisted or hydrothermal
methods, resulting in various structures and coitipas. Furthermore, CDs were
functionalized with different chemical groups orithsurface. The CDs were deposited
on TiO, electrodes, which were used both in perovskitarsotlls and as photoanodes
for PEC water splitting. A substantial increaseti® photocurrent of PEC water
splitting was measured on the photoanode that waslified with chemically

functionalized CDs. It was confirmed that the systis stable for several hours of



continuous PEC operation. Finally, novel conclusiam the mechanism of the PEC

water splitting were drawn by comparison with réstrlom photovoltaic cells.

2. Experimental

2.1. Synthesis of CDs

Three types of carbon nanoparticles, here labelteMW-CDs, HS-CDs and But-CDs,
are formed by polycondensation between citric acid ethylenediamine and thus have
a common basic polymeric structural unit (Figurg Tde MW-CDs is synthetized in a
microwave system (CEM Discover SP reactor workimghie open-batch modality) at
high temperatures, while HS-CDs and But-CDs ardahgfized in solution at room
temperature, employing a coupling agent. Anothepartant difference concerns the
functionalization type: MW-CDs are synthesized onlyith citric acid and
ethylenediamine and the resulting polymer structesembles the one in Figure 1b,
where the functional groups are carboxylic acidajnas and alcohols [39]. In the
synthesis of HS-CDs and But-CDs, one more stepgclwis a final addition of a
nucleophilic amine, produces an additional funai@ation. In this step the carboxylic
acids (which are activated towards amines by thglaog agent) react with the added
amine (cysteamine for HS-CDs and butyl amine fot-8Ds). Therefore carboxylic
acids are partially consumed and a new functiomalg is attached on the polymer
structure, i.e. butyl- in But-CDs and thiol in H®€ [40]. In addition, primary amines
from ethylenediamine and alcohols are still presé@he structure of 0-PDA-CDs is
completely different: the only reagentagphenylenediamine, which reacts with itself.
Most probably the amine reacts with the aromatng,riresulting in a completely

conjugated polyaromatic structure (in contrast,dtieer CDs are non-conjugated).



For MW-CDs, citric acid monohydrate (2.0 g, 9.5 nimeas dissolved in ultrapure
water (16 mL). Upon addition of ethylenediamine6@mL, 9.5 mmol), the solution
was heated through microwave irradiation. The m&twas irradiated to keep the
temperature at 140°C for 6 min and then irradiati@as stopped. This yielded a yellow,
transparent, solid product that was highly solublerater. The product was dissolved in
ultrapure water and dialyzed against ultrapure w@t®NVCO=0.5-1.0 KDa, 3 days,
twice a day). Dry MW-CDs were obtained by freezghuy (yield in mass of 22 wt%).
For But-CDs, 300 mg of anhydrous citric acid (1.éah, 1 eq.) was dissolved in 4.0 mi
of DMF. The solution was cooled in an ice bath amd3 ml of diisopropyl
carbodiimide (DIC, 3 eq.) were added. Subsequeh@gul of ethylenediamine (1 eq.)
in 4 ml of water were added and the reaction wasedtfor 10 minutes at room
temperature, during which the mixture turns itsocdrom slightly yellow to orange.
Afterwards 0.62 ml of n-butylamine (4 eq.) dissalva 4 ml of water were poured into
the reaction. The reaction was stirred for 1 hdure crude was diluted in ultrapure
water, filtrated on paper filter and washed withhygt acetate 2 times and
dichloromethane 2 times. Finally the water phase adjusted to pH=7 with a diluited
HCI solution and dialyzed against ultrapure watdi(CO = 0.5-1.0 KDa, 4 days,
twice a day). After filtration on a 0.22m pore-size filter, the water was removed by
freeze-drying, obtaining 250 mg of product.

For HS-CDs, 300 mg of anhydrous citric acid (1.5ahrh eq.) was dissolved in 4.0 ml
of DMF. The solution was cooled in an ice bath amd3 ml of diisopropyl
carbodiimide (DIC, 3 eq.) were added. Subsequeh@$,ul of ethylenediamine (1 eq.)
in 4 ml of water were added and the reaction wasedtfor 10 minutes at room
temperature, during which the mixture turns itsocdrom slightly yellow to orange.

Afterwards 480 mg of cysteamine (4 eq.) dissolved iml of water were poured into



the reaction. The reaction was stirred for 1 hdure crude was diluted in ultrapure
water, filtrated on paper filter and washed withygtacetate 3 times. Finally the water
phase was adjusted to pH=7 with a diluited HCI sotuand dialyzed against ultrapure
water (MWCO = 0.5-1.0 KDa, 4 days, twice a day)tehfiltration on a 0.22um pore-
size filter, the water was removed by freeze-dryoigaining 160 mg of product.

For o-PDA-CDsp-phenylenediamine (0.8 g) was dissolved in watanl§ and treated
in an autoclave at 200°C for 4 h. Purification wasformed by filtration through 3 pm
and 0.22 um filters. The remaining water was rerdolbg vacuum. The solid was

redispersed in THF and dried again.

2.2. Electrode preparation

Fluorinated tin oxide (FTO) substrates (Nippon $i&ass. 1d2/sq) were etched with
Zn powder and 4M HCI, next cleaned with Hellmanex&zetone and ethanol,
respectively for 15 min, inside an ultrasonic bathgd immediately blown with dry air.
The compact TiQ (c-TiO,) solution was prepared with titanium diisopropaxid
bis(acetylacetonate): acetylacetone: ethanol atdd)46 9 volume ratio and sprayed onto
FTO substrates at 450°C. The mesoporous [MBTIO,) paste was prepared mixing a
commercial titanium paste (Dyesol, now Greatceithvethanol at 1:6 weight ratio; it
was spin-coated onto the c-Titdyer at 5000 rpm for 20 s and then dried at §0YG
min. The CD suspension (500 pL) was spin-coated BiO/c-TiQ/m-TiO, substrates

at 3000 rpm for 30 s, and then annealed at 45(°€ oot plate in air for 30 min.

2.3. Characterization techniques
Elemental analysis (O, C, H, N, S) was performea ihhermo Flash 1112 analyzer.

Fourier-transform infrared (IR) spectroscopy wasfqgrened in a Bruker Vertex 70



spectrometer, on powder samples pressed with Ki&r pellets.UV/Vis absorption
spectra were recorded in a Shimadzu UV-2401 PC tgpéotometer.
Photoluminescence excitation and emission specén@ wecorded in a Horiba Jobin
Yvon Fluoromax-P. All the spectra were recordedoaim temperature using a 10 mm
path-length quartz cuvette.

Scanning electron microscopy (SEM) was performed 8EM-EDX Hitachi S-3400 N
provided with a Si EDX analyser Rontec XFlash. Mi&aman spectra were obtained
by means of a HORIBA Jobin Yvon Raman spectromdfRiB00UV. The spectra were
acquired with a green laser at 532 nm under the dfj&ctive. X-ray photoelectron
spectroscopy (XPS) measurements were taken witAS{DAPIus spectrometer using
the Al anode. Contact angle measurements wereedaotit by the sessile drop method

in an Attension Optical Tensiometer by Biolin Scika

2.3. Perovskite cell fabrication and assessment

The quadruple cation halide perovskiteoR%.09MA 0.15FA0.75Pb1 0(l0.8Bro.11)3 was
prepared by mixing Ppi(1.5 M), PbBs (1.5 M), Csl (1.5 M), Rbl (1.5 M), MAI and
MABr in DMF:DMSO mixed solvent (4:1). The perovskispin coating process was
carried out at 2000 rpm for 10 s, and then 6000 fpm30s in a dry air glove box.
During the second step of spin coating, 1@0of chlorobenzene was injected at 15s
before ending. Samples were annealed at 100 °Clfdr on a hot plate for
crystallization. The hole transporting layer waspgared by dissolving 0.12 g of spiro-
OMeTAD in 1130uL of chlorobenzene and then doping with 4iL3of TBP and 23.5
uL of TFSI (1.8 M in acetonitrile). The spin coatimgs conducted at 4000 rpm for 20

s. The finished devices were placed inside a drp@t for 12 hours to fully oxidize the



spiro-OMeTAD. Finally, 80 nm of Au was depositedths front electrode by thermal
evaporation.

The solar cells were measured using a 450 W Xeigbh dource (Oriel) equipped with
an arc lamp housing (Newport, Model 66902, 50-50D Whe light intensity was
calibrated with a Si photodiode equipped with amamed cutoff filter (KG3, Schott),
and was recorded during each measurement. The Uurves were measured with a
digital source meter (Keithley 2400). The voltagarsrate was 10 mV/s. The cells were
masked to get 0.16 cmactive area. All the measurements were conduatedt iat room

temperature.

2.4. PEC water splitting

The PEC measurements were performed in a thregageacell provided with a quartz
window, using an AUTOLAB PGSTAT302N. A graphite rpdrchased from CYMIT
Quimica was used as the counter electrode. lllunoinavas carried out using a 150 W
Xe arc lamp by LOT-Oriel GmbH, which simulates #war spectrum in the ultraviolet
and visible regions.

A reference electrode of Hg/HgO, 0.1M KOH (E° =@h1V vs. SHE) was utilized for
the experiments. A nitrogen purge was utilized voic interferences of the oxygen
reduction reaction. Experiments were performed.iMONaOH. Three electrochemical
tests were performed: cyclic voltammetry, potentits photocurrent and open circuit
potential measurements.

For cyclic voltammetry, the scan rate was of 20 g1VSeveral cycles were performed
to detect the possible presence of irreversiblexpimena. As a general observation, the
fourth cycle was totally reproducible and thus Is tone presented here. For

voltammetry under irradiation, light was appliechttouously during the whole cycle.



For photocurrent measurements under potentiostainditions, a bias potential of
0.037 V (vs. Hg/HgO, 0.1M KOH) at pH 13 was applieghich respectively
corresponds to the maximum voltage values in tleiccyoltammogram. Intermittent
irradiation and dark periods of 15 s were appliedird) 5 min. For the open circuit
potential measurements at zero current, the cedl allowed to stabilize under dark
conditions, and then the electrode was illumindtedl min. The photopotential ()
was calculated as the difference between illumomaéind dark voltages.

Incident photon to current efficiency (IPCE) wasasigred under identical conditions to

potentiostatic photocurrent experiments using a I@IEl monochromator.

3. Results and discussion

3.1. Characterization of CDs

The elemental analysis of the CDs is presentedguar€ 2a. The MW-CD nanopatrticles
contain approximately 45 wt.% of carbon, as well @s/gen and nitrogen as
heteroatoms. The HS-CDs show a certain quantitgutiiur, corresponding to thiol

groups, together with a decrease in the oxygen regpect to MW-CDs. The But-CDs
show an increase in the carbon ratio and a deciaa$d® oxygen, which support the
success of the preparation by functionalizatioMd¥-CDs with butyl chains. The o-

PDA-CDs are mostly composed by carbon, nitrogenmgmaiogen, but does not contain
oxygen.

The IR spectra are presented in Figure 2b. TheaEgionfirm the expected functional
groups for the different CD types [41]. The MW-CDB$how clear features of

alcohol/phenol at around 3400, 3260 and 1440-1398 carboxylic acids at 1560 ¢m

! and other oxygen and nitrogen groups in the rarigel90-1000 cil. The HS-CDs
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show features similar to the MW-CDs, while typigallhe thiol group is hardly
detectable by IR spectroscopy. The But-CDs preseat features of oxygen and
nitrogen groups too; however, methylene bands @& rtinge of 2970-2870 ¢hare
particularly relevant, and signals at 1200-1000'@re weak, which is consistent with
the presence of butyl chains instead of certairgerygroups.

Optical properties of CDs are presented in Figue (Absorbance) and 2d
(fluorescence). Spectra of MW-, HS- and But-CDsvsltitense light absorption in the
UV region (. < 300 nm) and an additional maximum at aroundr@80In o-PDA-CDs,
the intense continuous absorption extends to 350wimie the additional maximum
shifts to around 420 nm. Emission spectra of MWS- ldnd But-CDs show maxima at
446, 434 and 446 nm respectively. The emission lednotPDA-CDs has two clear

contributions with maxima at 499 and around 560 nm.

3.2. Electrode characterization

The characterization of c-Tgd m-TiO, + CD electrodes was performed by SEM-EDX
(Figure 3), Raman spectroscopy, XPS and contade angasurements (Figure 4). The
EDX analysis covers an electrode area in the rasfga mnf, thus being well
representative of the electrode composition. Trayars depth reaches the Sn from the
FTO substrate. The reference c-7iOm-TiO, electrode contains adventitious carbon,
while all the electrodes with CDs present increasgmntities of carbon in its
composition. Raman spectra indicate that,100 the electrodes is mostly in the anatase
phase, while it might contain only very small quties of rutile. The phase composition
of TiO, does not suffer changes upon the addition of (Adwilarly, the XPS analysis
does not detect substantial changes in the chemicatonment of titanium with the

deposition of CDs. Contact angle measurements mitle water reveal an increase in
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the hydrophobic character of the TiGurface after the deposition of 0-PDA-CDs; the
other functionalized CDs do not induce changes watspect to the reference LiO

electrode.

3.3. Perovskite cells

Figure 5 presents a configuration schematic andrékalts in perovskite cells. The
perovskite active material was infiltrated on thdi®, / m-TiO, + CD region,
according to the schematic in Figure 5. Typicalj V plots were obtained and the
characteristic cell parameters were calculated. résalts are in good agreement with
previous works under similar cell configurations2][443]. Statistically, the
photoconversion efficiency (PCE) is kept with thepdsition of CDs on the TiO
electrode, and remains around 17% (Figure 5c). |&ilpni other characteristic
parameters §, FF) remain nearly unchanged. Interestingly, tpenocircuit voltage
(Voc) experiences a substantial increase with the deposof o-PDA-CDs. This
change in ¢ has to be associated to differential charactesisif o-PDA-CDs. First of
all, their composition and structure are differ&im the other CDs, in particular the
high nitrogen ratio and the absence of oxygen. Asresequence, the contact angle of
the c-TiIiQ / m-TiO, + But-CD surface increases, indicating an increasehe
hydrophobic character. Since the perovskite idtiafed as an organic solution in the
cell, the hydrophobic character might improve theeuctural characteristics of
perovskite crystals. Secondly, the optical absarbaand photoluminescence properties
of the 0-PDA-CDs are also substantially differesiiggesting particular optical and
electronic responses. Recent works on perovskils bave underlined the positive
effect of N-doping in graphene quantum dots to mwpr their properties against

humidity, temperature stress and UV irradiationwa#l as a hole transport material [44,
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45]. In the present work, it is further observedtt&@Ds containing only nitrogen as a

heteroatom, but not oxygen, might be superiortyy@tal N-doped quantum dots.

3.4. PEC water splitting

The results of PEC water oxidation are presentedFigures 6-9. The cyclic
voltammetry experiment (Figure 6) on the refereaddO, / m-TiO, electrode shows
an anodic photocurrent at E > -1 V (vs. Hg/HgO)isTphotocurrent has to be strictly
related to water oxidation with evolution o @ the working electrode, and thus te H
evolution in the counter electrode. The depositb&€Ds on the reference c-Ti@ m-
TiO; electrode provides an increase in the photocyrgamticularly in the case of But-
CDs. However, other voltammetry characteristicsehsas the onset potentials at around
-1V (vs. Hg/HgO) and the presence of Wilson statéke cathodic scan at around -1.1
V (vs. Hg/HgO) [10] are not modified by the CDs,dicating that the general
mechanism of the reaction is unchanged.

Amperometric experiments at E > -1 V were conduc¢tedvaluate the kinetics of the
system response and the long term stability (Fighiyelt is confirmed that the
deposition of But-CDs substantially improves theotolcurrent without altering the
speed in the response. In addition, the c,Ti@-TiO, + But-CD system is stable for
more than 4 h under continuous operation in PE@msilitting. All the CD-modified
electrodes, at equivalent working potentials of EL3 (vs. Hg/HgO), produce higher
photocurrents than the reference 7Fi@lectrode. However, the photopotential,
calculated from open circuit voltages (j = 0), doe$ show substantial changes (Figure
8). This fact, in agreement with observations oalicywoltammograms, indicates that

no substantial changes are introduced by CDs irrdhetion mechanism on the LiO
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electrode. In addition, this agrees with the resutperovskite cells, which indicate few
changes in the electron transport properties.

Figure 9 shows the conversion efficiency as a foncof the incident irradiation
wavelength. The outcomes prove that the CD-mod#iedtrode has a higher efficiency
than the reference Tielectrode at larger irradiation wavelengths. Tigbtlabsorption
range is extended by approximately 20 nm. Theretbie increase in the photocurrent
can be associated with a contribution of a lightvesting path through the CD (Figure
10). Both the TiQ and CDs are simultaneously working as semicondsicedsorbing
photons and pumping excited photoelectrons, whike photoholes react oxidizing
water. The CDs provide an equivalent bandgap somewlarrower than Ti®
However, all the photoelectron paths seem to beifig through TiQ, since onset
potentials and photopotentials for the processateanodified. As a consequence, it is
deduced that the LUMO level of the CD is locatedh dtigher energy than the lowest
active level of the Ti@conduction band. Functional groups on the CD migbtiulate

the energy levels to achieve the most suitableant®n with TiQ.

Conclusions

Various types of fluorescent CDs with different ¢tional groups were synthesized and
deposited on thin film c-Ti®/ m-TiO, electrodes. A comparison was performed using
analogous electrodes as anode components in pé@spsitovoltaic cells and as active
photoanodes in PEC water splitting. In perovskéksc an increase in3& occurs upon
deposition of 0-PDA-CDs, which has to be associatetheir particular properties: a
high nitrogen ratio, absence of oxygen, increasgttdphobic character and different
optical behavior. The PEC water oxidation, in teohphotocurrent, improves upon CD

deposition, and the increment depends on funciatadn. The highest photocurrents
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were measured on c-T3@ m-TiO, + But-CD electrodes, which are proved to be stable
under continuous operation for several hours. Al PEC experiments, and particularly
the IPCE, demonstrate that CDs work as sensitaef#0,. The CDs act themselves as
semiconductors that increase the optical absorpéinge by approximately 20 nm, thus

increasing the current flow through O
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Figure 1. Top) chemical structure of a linear padymthat results from the
polycondensation between citric acid and ethylearadie; bottom) model secondary

structure of the polymer MW-CDs.
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spectra, ¢) UV-Vis absorbance spectra, and d) Fkstom spectra.
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Figure 7. Photocurrent measurements under potéaimsconditions: a) On/off

irradiation at -0.037 V vs. Hg/HgO; b) continuolismination at -0.280 V vs. Hg/HgO.
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