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11 Abstract

12 The purpose of this research paper is to highlight mechanistic similarities between water photo-
13 oxidation into molecular oxygen and water photo-reduction into molecular hydrogen, using
14  photoelectrodes surface modified by deposition of co-catalysts. Photo-anodes made, of TiO
15  nanorods surface-covered by crystals of cobalt Zeolitic Imidazolate Framework (ZIF-67), and photo-
16  cathodes made of Rh:SrTj@articles surface-modified by adsorption of molecules of trisdioximate

17 hexa-chlorine cobalt(ll) clathrochelate (CofGi)(BCHs).), have been prepared and used for

18 water photo-oxidation and photo-reduction experiments, respectively. Both photoelectrodes have
19 been characterized by SEM and cyclic voltammetry under illumination conditions. Charge transfer
20 mechanisms have been investigated by photo-electrochemical impedance spectroscopy (PEIS). It is
21 shown that for both systems, the presence of a co-catalyst increases the charge transfer kinetics, anc
22 that the trapping resistance is larger than the charge transfer resistance, at any operating potential.
23

24 Keywords. water photo-oxidation; water photo-reduction; titanium dioxide nanorods; strontium

25 titanate; ZIF-67 MOF.
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1. Introduction

The dissociation of water molecules into molechlairogen and oxygen is an endergonic chemical
reaction of great practical interest for the prddwc or carbon-free energy carriers such as
hydrogen [1]. Despite the maturity and efficiencly modern water electrolysers [2] and the
possibility to use photovoltaic panels as powers®dior green hydrogen production [3], the direct
photo-dissociation of water into molecular hydrogen oxygen remains a topic of great practical
interest [4-6]. Hydrogen obtained from water ints@acway is a solar fuel. It can be produced using
either a photochemical reactor (a powder of phdteacnaterial is dispersed in water in a chemical
reactor and then illuminated [7]) or a photo-electremical reactor (the photoactive powdered
material is confined at the surface of a photoebelet and mounted in a galvanic chain, offering the
possibility to apply an external supporting electrsias [8]). In conventional photo-electrochemical
cells, the light absorbing semiconducting matenieed to design efficient photo-electrodes play a
central role. Various strategies such as bulk dppinsurface sensitization [9.¢.by adsorption of
organic dyes or other species) have been develtpeédcrease the absorption range of earth-
incident sunlight radiations by large band gap miate (.g.titanium dioxide or strontium titanate)
for the endergonic water photo-dissociation reacki®,11]. In the quest for more efficient photon-
to-chemical-bonds reaction sequences, charge éramsfhancement via surface co-catalysis is
another topic of growing interest. Whereas metalbhoo-particles are most commonly used, other
materials such as crystals of Metal-Organic Franmksv@MOFs) with tuned redox properties can
also be used for that purpose [12]. Ultimately, timplementation of monolayers of
electrochemically active molecular complexes ddpdsiat the surface of appropriate
semiconducting materials, also offers some interg@gierspectives. However, there is a need to go
beyond mostly empirical approaches reported scafa to gain knowledge on the interactions

between semiconducting substrates and surfacetatysta in order to improve the charge transfer
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kinetics and efficiency. In particular, the role sdirface trapping sites [13,14] on the kinetics
requires further investigations.

From an experimental viewpoint, photo-electrocheingells are galvanic chains that are
equipped with at least one (sometimes two) photteldes ie. semiconductor|electrolyte
interfaces). From both microscopic and mechaniggwpoints, the reaction sequences involved in
either water photo-oxidation or water photo-reduttare multi-step processes involving the series
connection of several microscopic and elementagnpmena such as: light absorption, charge
(electron-hole) carriers formation, charge sepamatind transport to the interfaces, and charge
transfer to induce redox transformations. Compdmedonventional electrochemical interfaces,
kinetics limitations are found within the solid p@ea (photo-electrode). System improvement
requires the detailed analysis of the reaction eeges and the determination of the rate
determining step (rds). This can be done for examipy measuring photo-electrochemical
impedance diagrams on photoelectrodes under illatioin, and by modelling experimental data to
determine the rate parameter associated to egehTdte parasite recombination of charge carriers
produced by light absorption at various sites dysorface migration should be minimized, while
carrier transfer across the interface to the edgder should be maximized. In principle, the valydi
of putative reaction sequences can be tested Ioyg usicroscopic models. Electrical analogies are
very popular for that purpose. Assuming that thetpélectrode/electrolyte interfaces satisfy the
necessary conditions of linearity and time invaz@nthe flux-force relationships are usually
described by using electrical resistances andsidfuimpedance, and charge accumulation regions
are usually described by using electrical capac#anMicroscopic rate parameters can be obtained
by fitting experimental impedance data with modglaions.

In this context, the purpose of the work reportecehwas to investigate the role of surface
co-catalysis on the kinetics of water photo-oxioiatand photo-reduction, to compare the reaction

sequences and to discuss the reasons of theiridgnkmitations in view of future device
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developments. Water photo-oxidation was investgjatsing titanium dioxide nanorods, surface
modified by deposition of a coating of cobalt Z&olimidazole Framework (ZIF) crystals. Water
photo-reduction was investigated using rhodium-dop#rontium titanate, surface coated by
adsorption of cobalt clathrochelate [15]. The bébrawf the two systems has been analyzed using
the same electrical analogy, an equivalent cirttait may be applied to any type of semiconducting
photoelectrode. The role of trapping sites has lméninto evidence and analyzed. Despite the
obvious differences between these two light-driveater splitting systems (material, type of co-
catalyst, bias polarity, light input, half-cell gloeinduced reaction), the analysis of the dynaroics
charge transfer across these interfaces can thusyftematized in order to gain a coherent
perspective of the processes occurring at the semictor/electrolyte interface and to facilitate

comparisons.

2. Experimental section and mode description

2.1. Photoanode: titanium dioxide nanorods modibgdleposition of ZIF-67

The water photoanode was prepared as follows., Ritahium dioxide nanorods (TDNRs) were
grown on a glass substrate covered by a thin FTy@rlausing a well-known and simple
hydrothermal method [16] with was slightly modifiégriefly, the FTO-glass substrate was cleaned
for approximately 30 mins by ultra-sonication inmaxture of isopropanol, acetone and water
(volume ratio 1:1:1), then dried in air and placedhe 50 mL Teflon tubing of a stainless-steel
autoclave. Besides this, 15 mL of HCI (37%) wemwy added to 15 mL of milli-& grade water

in a glassware under continuous stirring, follovegddropwise addition of 0.5 mL of Titanium (IV)
butoxide under vigorous stirring. The solution thostained was then stirred for 10 mins and
poured into the Teflon vessel containing the cldaR€0-glass substrate. Finally, the hydrothermal
growth process itself was performed at 150 °C for After cooling, the FTO-glass substrate

covered by a homogeneous layer of TDNRs was wabki@achmersion in distilled water 3 times
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and then dried in air at room temperature. Thexgating of ZIF-67 was deposited atop the TDNRs
mat using a two-step process: first cobalt elemdhiction and second chemical cobalt
transformation into ZIF-67 [17]. Cobalt electrodsjiion was performed in a conventional three-
electrode cell, using the TDNRs-FTO-glass substesteworking electrode, Saturated Calomel
Electrode (SCE) and glassy carbon plate (instegaatihum to avoid contamination) as reference
and counter electrodes respectively, and using Roh0.15 M CoC}-6H0 in distilled water as
electrolyte. Cobalt electro-deposition was perfairbg chrono-coulometry at the constant potential
of —1.0 V vs SCE for 80 s. The Co- TDNRs array tbbtained was rinsed three times with distilled
water. Finally, the cobalt deposit was convertetwZIF-67 by immersing the Co-TDNRs array
for 4 h in 30 mL of a 1M 2-Methylimidazole solutiemder continuous stirring. Then, the obtained
Co-ZIF-67/TDNRs/FTO-glass photoelectrode was rerdofrem the solution and immersed in
distilled water to remove the excess of 2-Methytiazole and stored in distilled water before

utilization.

2.2. Photocathode: rhodium-doped strontium titanateodified by adsorption of cobalt
clathrochelate

The technique used for the preparation of Rh:SyTikbtoelectrodes has been described elsewhere
[15]. Briefly, Rh:SrTiQ photoelectrodes were prepared by drop-castinglll@f an isopropanol
suspension containing Rh:Srg0 mg in 0.5 mL), on top of a glass substrateeced by a thin
FTO layer. 0.5 mL of a I®8M mother solution of Co(@Gm)(B-CHs), (M = 575.81 g/mol) was
prepared in DMF. 10uL of this solution was then drop-casted onto theSRRO;-covered
photoelectrode, corresponding to?1@mol (5.8 pg) of cobalt clathrochelate. DMF was then
evaporated under a vacuum for two hours, usingnaapy pump. Next, 1QL of a Nafiorf solution
(obtained by diluting 5@L of the commercial solution in 1 mL of isopropanekre dropped over the

surface using the same methodology, and let drprierhour. In all cases, the alcoholic solvent was
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slowly evaporated at room temperature. Before istarphoto-electrochemical measurements,

photoelectrodes were put into the electrolyte smhuind allowed to wet and equilibrate overnight.

2.3. Photo-electrochemical measurements

All  photo-electrochemical measurements have beendeman a three-electrode photo-
electrochemical cell (Pine Research Instrument GompUSA) equipped with a quartz window, a
platinum counter electrode, an SCE, and the workihgtoelectrodes. A 0.1 M NaO, (pH~7)
solution was used as liquid electrolyte. Before soe@aments, the solutions were pupiled by Argon
gas for about 30 mins. The light source used wsslar simulator (MAX-303, Asahi Spectra Co.)
equipped with a 300 W Xenon lamp for photoanodacpsses, and a LED driver (cold white; item
MCWHLD5) for photocathodic reactions. A Solartron dih.ab XM (USA) potentiostat was used to
investigate the photo-electrochemical propertiethefphotoelectrodes. The photocurrent-potential
curves have been measured by varying applied paktéam the open circuit potential down/up to
-1.3/+1.2 V vs. SCE electrode under dark and illumination condgioPhoto-electrochemical
impedance spectroscopy (PEIS) spectra were recardddr potentiostatic control and constant
illumination. The amplitude of the sinusoidal pdighperturbation was set to 10 mV in all cases.

Measurements have been made at different potertiaBCE.

2.4. Electrical analogy

PEIS data measured on the two systems has begrzemalith the support of the electrical
analogy of Figure 1-c. This model has a generalningaand may be applied to any type of
semiconducting photoelectrode, either photo-cathqéfégure 1-a) or photo-anodes (Figure 1-b).
This model considers that charge transfer to thetsdlyte occurs from surfaces states (also called
traps) only [18-28]. The direct charge transfemfréhe conduction or valence bands does not

significantly contribute to the current: this istradways the case experimentally but far for being
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unusual in such systems. In this model, the chaegesfer kinetics is controlled by two resistances.
The first resistance (R, has two different meanings in the literature:sthig the resistance
associated to non-Faradaic trapping/detrappinghafge carriers at surface sites [23], but this is
sometimes viewed as a resistance related to thasiparelectron-hole recombination process
promoted by surface states, especially when dolkeatge transfer from the conduction or valence
bands is the main process [22]. Figure 1-c shoashbth resistances must be minimized in order
to minimize the impedance of the photoelectrodeer&fore R4, has been considered as a trapping
resistance of minority carriers in the discussigttisn and not as a resistance related to
recombination. The second resistancé?TﬁE{)), is the charge transfer resistance between surfac
states and the electrolyte. As shown in Figure the,charge transfer kinetics is proportional ® th
concentration of charge carriers on surface stateaddition to that, two capacitances are used to
account for carrier storage, either in bulk regi@@s.) or on trapping sites (). Therefore, the
model assumes the existence of two different tiorestants and it will be shown that this is what is
observed experimentally. Best PEIS fits have beétaimed using a complex least-square
adjustment procedure and corresponding microscaiE parameters have been deduced from

these best fits.

3. Resultsand discussion

3.1. Water photo-oxidation

Water photo-oxidation experiments were performadgithe TDNRs/Co-ZIF-67 photoelectrodes.
In this system, conduction band electrons are ntgjcarriers and valence band holes are the
minority carriers involved in redox processes & ifiterface. Figure 2-a shows Scanning Electron
Microscopy micrographs of the system. The FTO saria homogeneously covered with micrometer
long TiO, nanorods of homogeneous size (inset of Figure Eiglre 2-a also shows the situation

after electro-deposition of ZIF-67 MOF atop the TRdNlayer: ZIF-67 crystals are found to be
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covering the entire TDNRs mat. A photoelectrodéhsagthe one shown on Figure 2-a, prepared with
a 80 s long electro-deposition of cobalt, has hessd to photo-oxidize water in a pH-neutral 0.1M
NaSQ, solution, as a function of the applied potenfrResults obtained under simulated solar light
source are shown in Figure 2-b. The experiment$onmeed under visible light illumination, clearly
show the photo-activity of the material and theitpgs impact that the ZIF-67 deposit has on the
overall performances.

Insights into the water photo-oxidation mechanisnm ¢his system were gained by
photoelectrochemical impedance spectroscopy (PBEI&)ysis, performed under constant light
irradiation. Experimental PEIS diagrams measuredagious electrode potentials are plotted in
Nyquist and Bode (imaginary part only) coordinatedrigure 3-a and 3-b respectively. Impedances
reported for TDNRs-ZIF-67 have been measured atdopotentials (400 mV less) than those
measured on bare TDNRs, in order to highlight thie of both operating bias and surface co-
catalysis. Nyquist plots show somewhat flattenedicecles, indicating that each semicircle has two
time constants of close valuéperimental PEIS diagrams were therefore fittadguthe electrical
analogy of Figure 1-c. The values of the kineticap@eters deduced from the best fits are plotted in
Figure 3-c and 3-d, as a function of the applietempizal bias. Data show that & is larger than
RCTtrap for any of the potentials of investigation, widmd without ZIF-67 (Figure 3-c). Both
resistances tend to decrease logarithmically wherpobtential bias is increased, indicating an dvera
hole-to-electrolyte transfer kinetics of increasiraje. Data also show that both resistances (hole
trapping and hole transfer) are affected by thegee of the MOF at the interface. The presence of
ZIF-67 has a positive effect because the kinetidsote transfer is increased (reduction é:thBp).

The trapping resistanceg follows a similar trend, suggesting that charg@ping at the interface
was favored too. The trapping capacitangg @ the presence of ZIF-67 was found to increaséewh
increasing the band bending (Figure 3-d), as okseon other photocatalytic systems [29]. Such

behavior, which is predicted by existing models][22 attributed to the accumulation of holes & th
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interface. A shift in peak frequency towards higfreguencies is observed on the Bode plots when
the anodic overvoltage is increased. Such treméléded to the potential dependence of the two
resistance-capacitance pairs of each time constamt, in particular to the marked potential

dependence of the two resistances

3.2. Water photo-reduction

Water photo-reduction was performed using the RRWCB/Co-clathrochelate (Co-Clt for short)
photoelectrode. PEIS data reported in this sedtiave been analyzed using the same electrical
analogy of Figure 1-c. In this system, valence bhokks are majority carriers and photoexcited
conduction band electrons are the minority carriev®lved in redox processes at the interface.
Figure 4-a shows a SEM image of the Rh:SgTifDaterial, covered by a thin film of
perfluorosulfonic acid polymer (Nafi6), and containing the cobalt clathrochelate. Théidi&

film cannot be seen on the SEM Figure, becauserihg a very thin layer on top of powder
particles. Its presence however was confirmed b$ ¥Ralysis, during which the cobalt, nitrogen
and fluorine contents were clearly put into eviderioot shown here). SEM images taken after
photo-electrochemical testing were very similarthmse taken before, indicating that photo-
electrochemical experiments and potential scansidiiccause significant morphological alterations
of the photoelectrode surface, at least over tmédd duration of the tests. Figure 4-b shows the
cyclic voltammograms (CVs) measured under contisymiential cycling at the scan rate of 1 mV.s
(the standard potential of the HER at this pH ®has a vertical dotted line). The increasingenirr
measured upon voltage cycling during the first scggest either the restructuration of the interfa
or the possible chemical modification and alteratid the Co-clathrochelate complex at the surface,
as reported before for other clathrochelates [30&fter approximately a hundred cycles, the CVs
become reproducible and stable. Then, the chamagesfar process was investigated by photo-

electrochemical impedance spectroscopy. The maiargrental difference between the two systems
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is that the bias is here of opposite sign. ExpantalePEIS diagrams measured at various electrode
potentials are plotted in Nyquist and Bode (imagin@art only) coordinates in Figure 5-a and 5-b
respectively. Nyquist plots (Figure 5-a) again slilattened semicircles and two relaxation constants
This time, the two time constants have differeniues because two semicircles are sometimes
observed. Experimental PEIS diagrams were alsedfitising the electrical analogy of Figure 1.
Again, microscopic rate parameters were determireed the best fits. As for water photo-oxidation
with TiO,-ZIF-67, the two resistances show a logarithmicatemn with applied bias (Figure 5-c) and
the charge transfer resistance decreases whileasiog the applied potential, indicating an
acceleration of the charge transfer process teelbetrolyte. The beneficial catalytic effect of the
cobalt clathrochelate adsorbed at the surface oBmRIO; is not very large but is clearly put into
evidence by these data. Whilg,Ris slightly affected by the presence of this stefao-catalyst, the
charge transfer resistance decreases, indicatatgetbctron transfer to evolve; lik actually being
accelerated by the presence of the complex atntieeface. The trapping capacitance was found to
increase with increasing bias, until a plateauerabas obtained (Figure 5-d). As discussed for water
photo-oxidation with TDNRs/ZIF-67, this is a usihavior [22] attributed to the accumulation of
electrons at the interface. On the Bode plots,ethgralmost no frequency shift of the two time
constants when the cathodic overvoltage is incoka$kis is attributed to the counter potential

dependence of resistances and capacitances.

3.3. Comparison of both systems

Despite the fact that the two photoelectrodes dansd here were significantly different and used fo
two different photo-electrochemical reactions (wapdoto-oxidation and water photo-reduction
respectively), they both showed similarities inntsrof mechanism and kinetic behavior. Both
systems can be modeled using the same electrialggnof Figure 1 which takes into account the

existence of surface sites. This is not a newldattesults show that charge trapping sites argepte

10
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and disturb charge transfer processes. In botls ¢heeresistances associated to charge trapping and
charge transfer exhibited a logarithmic dependemteapplied bias. Such relationship is often
encountered experimentally and the ratio of the fiegistances can be related to the energy depth of
the traps [32]. In both systems, the resistancecaded to charge trapping was found to be lafugn t

the resistance associated to charge transfer teltiotrolyte, indicating that charge trapping is th
slowest step in both cases, as explicitly repoeadier for another system [33]. In the case of the
TDNRSs/ZIF-67 system, the surface co-catalyst (Zy-Bad a significant and positive impact on
RCTtrap, but a less pronounced impact o RIn the case of the Rh:SrTi@o-Clt system, a different
trend was observed: the adsorption of the cobalhichelate at the interface essentially decreased
R%yap but left Ry, almost unaffected. The analysis of such effects the role that surface co-
catalysts can play on the trapping resistancepi®mising research topic. Further progress wititfir
require the identification of such sites and tha&wation in the surface and sub-surface regions Th
will also require specific approaches (for examgpectroscopic ones) to quantify trapping energy
and investigate the role that surface co-catalgars play to modulate the value of such energy
levels. Regarding the trapping capacitance, resditained for both systems are similar to those
usually encountered experimentally: the increasseudiice states capacitances is likely to be klate
to the surface accumulation of charge carriers.[2ZBf increasing trapping capacitance is also
correlated to the decreasing 'R, and R This is attributed to the fact that charge acdatian
increases the rate of both charge transfer anameication.

Finally, it should be noted that depending on ypetof co-catalyst used in the experiments, the
values of both Ry and F?Ttrap (and hence the impact on the reaction kineticH)bei different [34].

Our objective here was to compare mechanistic éspdcthe OER and HER half cell reactions
under illumination, to highlight similarities beter both processes and to unveil some features on
the dynamics of charge transfer versus trappinguantitative comparison of our results with best

performing co-catalysts is beyond the scope of plaiger but the interested reader can look at the

11
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related literature to see what are the main diffees in terms of kinetics. An efficient OER co-
catalyst reported in the literature is the Ni-Feér@d Double Hydroxide (LDH) operating in mild
or strongly alkaline media [9,35]. The ZIF-67 MOBed here exhibits a lower activity but its
impact on the two time constants of the systemchiarly shown. Regarding the HER, Pt is the
most efficient co-catalyst but its activity is sublat the dark current tends to mask the photaggtiv
of the semi-conducting substrate and make the eh&mansfer versus trapping analysis more
difficult [36]. The Co-clathrochelate used here sloet significantly increase the rate and efficienc
of the HER on Rh:SrTiO3 but interactions with traqgpsites have been evidenced. The activity
reported here for this specific system falls witlitre range of normal photoelectrocatalytic

activities, and is even better than some otheegys{37].

4. Conclusions
Main conclusions of this work are:

* Photo-anodes made of Tihanorods surface-covered by crystals of a cobalblitic
Imidazolate Framework (ZIF-67) and photo-cathodeslenof Rh:SrTi@ particles surface-
modified by adsorption of trisdioximate hexa-chhari cobalt clathrochelate
(Co(ChGm)(BCHg),) have been prepared and used for water phototoxidand photo-
reduction experiments, respectively.

» For both systems, the surface deposition of cdysttawas found to increase the kinetics of
the respective reaction under consideration.

* In both systems, the trapping resistance was fdonde larger than the charge transfer
resistance at any operating potential: this isnarcation that the flow of minority carriers to
the trapping sites is small and that the main kinlghitation comes from surface trapping

in both cases.

12
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* While the presence of ZIF-67 was found to redueetthpping resistance, that resistance
was found to be almost unaffected by the adsorpiforobalt clathrochelate at the surface
of strontium titanate. These findings indicate thatface co-catalysts can play a different
role in charge transfer kinetics.

* A better characterization of surface trapping sitesl a better understanding of the
interactions between surface co-catalysts and suctace states will be required in the
future, in order to increase the charge transieetics on these systems and to improve their

water splitting efficiency.
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Figure captions

Figure 1. (a) simplified band diagram for a p-type semicatduelectrolyte interface; (b) likewise
for a n-type semiconductor; (c) equivalent circoibdel used to simulate experimental PEIS
spectra.

Figure 2. (a) SEM micrographs of TDNRs (inset) with ZIF-6ystals atop; (b) I-V curves
measured using TDNRs with (red) and without (bla€lE-67 crystals, in 0.1 M N&O, (10 mV/s),

light power 100 mW/crh
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Figure 3. TDNRs and TDNRSs/ZIF-67 photoelectrode: (a) PEI®cs@ in Nyquist coordinates
measured at different working potentials; (b) plofs-Z” of the PEIS spectras. frequency at
different working potentials; (c) Plots off and F?Ttrap vs.working potential; (d) Plot of £ vs.
working potential. Light intensity = 101 mW/ém

Figure 4. (a) SEM micrographs of Rh:SrTi(particles surface-covered with Co-Clt trapped in a
thin Nafion film; (b) I-V curves at 1 mVson Rh:SrTiQ/Co-Clt in 0.1 M NaSQ, under
illumination at529.03 mW/crh

Figure 5. (a) PEIS spectra of the Rh:SrEi®@ Clt system in Nyquist coordinates at different
potentials; (b) plot of -Z” (PEIS spectra) vs. fueqcy for the Rh:SrTi©- Clt system at different
potentials; (c) Plots of &, and F?Ttrap vs. working potential measured on Rh:SrFiClt; (d) Plot of

Cirap VS. Working potential measured on Rh:Sr3FCIt.
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