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Introduction

Enhancing the stability of photocatalytic systems
for hydrogen evolution in water by using a tris-
phenyl-phenanthroline sulfonate ruthenium
photosensitizert

Fakourou Camara,® Juan S. Aguirre-Araque,? Jéréme Fortage & *2
and Marie-Noélle Collomb & *@

The family of ruthenium tris-bipyridine complexes remains among the most widely used molecular
photosensitizers (PSs) to drive catalytic reactions using the energy of light. However, the main drawback
of such PSs is the poor stability of their oxidized and reduced forms subject to ligand dissociation,
especially in water that causes relatively fast deactivation of the photocatalytic systems. We were able to
improve the stability and efficiency of a Ru based photocatalytic system for hydrogen production in
water by using the water-soluble Nay[Ru((SOzPh),phen)s] derivative (RuSPhphen, (SOszPh),phen =
disodium (1,10-phenanthroline-4,7-diyl)bis(benzenesulfonate)) in place of regular [Ru"(bpy)lsCl, (Rubpy,
bpy = 2,2'-bipyridine) PS. RuSPhphen was tested with the [Co"(CR14)CLICl (Co) catalyst and ascorbate
(HA™) as a sacrificial electron donor under visible-light irradiation. The RuSPhphen absorption coefficient
being twice as high compared to Rubpy and the excited-state lifetime being much longer, while keeping
almost similar potentials, more efficient intermolecular electron transfers have been observed allowing
the concentration of Ru PSs to decrease by 5-fold, i.e. to 100 uM, compared to previous studies with the
Rubpy/Co/HA™/H,A photocatalytic system. A substantially enhanced H,-evolving photocatalytic activity
was obtained with RuSPhphen directly correlated to its better stability over Rubpy. With 1.1 M H,A/HA™,
at catalyst concentrations of 10 an 5 puM, the H, production is two times higher compared to that
obtained with Rubpy. When the H,A/HA™ concentration is decreased to 0.1 M, the stability of both Ru
PSs is further improved although RuSPhphen still systematically outperforms Rubpy whatever the
catalyst concentration, with TONs reaching up to 4770 at 5 uM catalyst. A faster electron transfer of the
RuSPhphen excited state to HA™ has been observed by time-resolved luminescence compared to that of
Rubpy, that could be ascribed to its much longer lifetime. In addition, a much higher rate constant for
back electron transfer from the RuSPhphen™ reduced state to HA" was determined by nanosecond
transient absorption spectroscopy that could contribute to the higher stability of RuSPhphen during
photocatalysis. The greater stability of RuSPhphen over Rubpy could also be correlated to the geometry
of the SPhphen ligand that makes it less prone to dissociation in water in its reduced state.

derivatives have made them extensively used for decades as
molecular photosensitizers (PSs) for the activation of catalytic

The unique spectroscopic, photophysical and electrochemical
properties of ruthenium(m) complexes of the type [Ru"(L)];*"
with 2,2/-bipyridyl and 1,10-phenanthroline ligands and their
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reactions using visible light energy."” Indeed, their long life-
time in their triplet excited state, their intense absorption in the
visible range, and their strong reducing and oxidizing power
both in the excited and ground states as well as their solubility
in water and organic solvents, make them very interesting PSs
able to activate a wide range of catalysts for both oxidation and
reduction reactions. Various reactions have been successfully
carried out with such Ru derivatives, both in homogeneous
solution and on surfaces (photoelectrodes), including the acti-
vation of organic substrates,'®** the oxidation of water to O,
(oxygen-evolution-reaction (OER)),***® the reduction of water
(protons) to H, (hydrogen-evolution-reaction (HER))**** and the
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reduction of CO,.***° However, besides the fact that they are
based on rare and expensive metals, the main drawback of Ru
derivatives is the instability of their reduced [Ru"(L),(L"7)]" and
oxidized [Ru™(L);]** forms, that easily undergo a bidentate
ligand substitution by solvent molecules or anions present in
the medium, especially in aqueous solvent.”*~*® Molecular PSs
based on Ir, Re and Pt noble metals have demonstrated good
performances in photocatalysis for H, production or CO,
reduction. However, Ir and Re PSs are generally limited by their
poor absorption in the visible region, while Pt PSs commonly
photobleach under prolonged irradiation.’” Regarding organic
dyes,**?® they are generally restrained by very short singlet
excited state lifetimes and less negative reduction potentials
than noble-metal based PSs, together with their fast
photobleaching.*

In this context, given the quite unique properties of Ru
complexes as PSs, progress should be made to increase their
stability. Among the existing Ru derivatives, the tris-diphenyl-
phenanthroline complex, [Ru(Ph,phen);]** (Phy,phen = 4,7-
diphenyl-1,10-phenanthroline or bathophenanthroline) (deno-
ted as RuPhphen),> and the water-soluble sulfonate analog
Nay[Ru((SO3Ph),phen);] ((SOsPh),phen = disodium (1,10-
phenanthroline-4,7-diyl)bis(benzenesulfonate)) (denoted as
RuSPhphen)" (Scheme 1) have particularly retained our atten-
tion. In fact, such PSs exhibit absorption coefficients twice as
high compared to regular [Ru(bpy);]*" (bpy = 2,2-bipyridine)
(denoted as Rubpy) and much longer lifetime of their excited-
state, while keeping almost similar potentials. In addition, the
group of Castellano** has shown that RuPhphen is more stable
than Rubpy allowing enhanced H, production when used in
a homogeneous photocatalytic system with a cobalt glyoxime
catalyst (Cat), [Co(dmgH),pyCl] (dmgH = dimethylglyoxime, py
= pyridine) and N,N'-dimethyl-p-toluidine (DMT) as a sacrificial
electron donor (SD) in a CH;CN/H,O mixture (1:1). It has been
proposed that the better stability of the photocatalytic system
with RuPhphen over Rubpy may result from the higher rigidity
of the RuPhphen complex induced by the large diphenyl-
phenanthroline ligand, which makes it less prone to ligand
loss/substitution. In addition, a high rate constant for reductive
quenching between the excited state of RuPhphen and DMT was
reported which was attributed to the long lifetime of the PS's
excited state (5.86 us) that facilitates bimolecular electron-
transfer reactions.*” The group of Brewer also reported
substantially enhanced H,-evolving photocatalytic activity with
supramolecular RuRh photocatalysts of the triad and diad type
through the use of diphenyl-phenanthroline terminal ligands
on the Ru moieties in place of regular phen or bpy ligands
(Scheme 1).#*** Since the observed excited state rate constants
do not vary greatly, the steric protection of the Rh catalyst by the
bulkier terminal ligand was suggested as a possible factor in the
enhanced catalytic performances, decreasing unfavorable side
reactions such as dimerization of the Rh catalytic site in the
case of the RuRh diad. In addition, it has been proposed that
the larger size of the diphenyl-phenanthroline ligand may
provide for a lower rate of back electron transfer to the photo-
oxidized N,N-dimethylaniline (DMA) donor. Finally, the same
group found that insertion of a hydrophilic sulfonate
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Scheme 1 Ruthenium photosensitizers and cobalt catalysts studied in
this work and ruthenium—-rhodium photocatalysts of the triad and diad
type developed by the group of Brewer.4*-4°

substituent on the phenyl units*’ increase the quantum yield of
emission and the lifetime of the *MLCT excited state*® and led
to a water soluble H,-evolution photocatalyst (Scheme 1). These
interesting results prompt us to investigate the water-soluble
RuSPhphen in a three-component photocatalytic system for
H, production in fully aqueous solution.

In this contribution, we have tested the performance as a PS
of the water-soluble RuSPhphen PS in association with one of
the most efficient H,-evolving catalysts in acidic water,*>**"* the
cobalt tetraazamacrocyclic complex, [Co™(CR14)Cl,]" (denoted,
Co) (CR14 = 2,12-dimethyl-3,7,11,17-tetraazabicyclo[11.3.1]
heptadeca-1(17),2,11,13,15-pentaene) and ascorbate (HA™) as

This journal is © The Royal Society of Chemistry 2024
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a SD (Scheme 1) under visible-light irradiation. We also per-
formed comparative studies under similar conditions to the
regular Rubpy PS. Various PSs and catalyst concentrations were
investigated in two different aqueous media: 1.1 M HA,/HA™ at
PH 4.0 and 0.1 M HA,/HA™ at pH 4.5 with 1 M acetate buffer. A
substantially enhanced H,-evolving photocatalytic activity was
observed in both media with RuSPhphen compared to bench-
mark Rubpy, especially for lower catalyst concentrations,
directly correlated to the better stability of RuSPhphen over
Rubpy.

We have also investigated the redox properties of RuSPh-
phen in DMF to determine the stability of the reduced states of
RuSPhphen and their UV-visible absorption signature. Finally,
time-resolved luminescence and nanosecond transient absorp-
tion spectroscopy were employed to investigate the photo-
catalytic mechanism owing to the detection of key
intermediates such as the excited and reduced states of the Ru
PS as well as the reduced state of the catalyst (Co"). The extracted
kinetics parameters of the two PSs were compared in an effort to
rationalize the greater stability of RuSPhphen.

Results and discussion

Electrochemical properties of RuSPhphen: generation and
UV-visible characterization of the reduced states

The redox properties of RuSPhphen have been investigated in
a degassed solution of DMF, 0.1 M [Bu,N](ClO,) and compared
to those of Rubpy under the same conditions. The cyclic vol-
tammograms are characteristic of such derivatives>** with
a one-electron reversible metal-centered oxidation process
(Ru"/Ru™) and three reversible ligand-centered reduction
processes (eqn (1) for L = bpy and eqn (2) for L = (SO;Ph),phen)
(Fig. 1(A)). Potentials are quite similar for both complexes
(Table S1t). For RuSPhphen, the reversible Ru™/Ru" oxidation
system is located at +0.80 V vs. Ag/AgNO; (with this reference,
the reversible ferrocene/ferrocenium redox couple was
measured at E;, = 60 mV) and the three reversible ligand-
centered reduction processes at E;, = —1.61, —1.78 and
—2.00 V (Fig. 1). For Rubpy, the corresponding systems are
observed at +0.88, —1.65, —1.82 and —2.09 V. The reducing
power of RuSPhphen is thus nearly similar to that of Rubpy in
organic solvent, with the first reduction process of RuSPhphen
(L/L"7) being less negative than that of Rubpy by 40 mV.

[Ru(L);]** = [Ru" (L)L )" =
[Ru" (L)L)’ = [Ru"(L )" (1)

[Ru'(L);]*” = [Ru(L)(L )P =
[Ru"(L)(L")* = [Ru"(L )] (2)

To evaluate the stability in DMF of the RuSPhphen reduced
species with the respective charges 5, 6~ and 7~ (eqn (2)) and
assess their UV-vis signature, three successive electrolyses at
—1.72, —1.90 and —2.20 V have been performed. The knowledge
of the spectroscopic signature of the one electron reduced
species of RuSPhphen (denoted as RuSPhphen’ ) will allow this

This journal is © The Royal Society of Chemistry 2024
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Fig.1 (A) Cyclic voltammograms in DMF, 0.1 M [Bu4N]ClOy, at a glassy
carbon electrode (@ = 3 mm, v = 100 mV s of solutions of
RuSPhphen (0.44 mM, blue line) and Rubpy (0.3 mM, red line). (B) UV-
visible absorption spectral changes of the solution of RuSPhphen (0.44
mM) in DMF, 0.1 M [BusNICIO,, after three successive exhaustive
reductions at (a) E = —1.72 V (formation of RuSPhphen®~ also denoted
as RuSPhphen ), (b) —1.90 V (formation of RuSPhphen®7), and (c)
—2.20 V (formation of RuSPhphen’") and (d) after a reoxidation at
0.0 V (reformation of RuSPhphen). The optical path is 1 mm.

species to be easily identified by transient absorption spec-
troscopy and thus to ascertain the reductive quenching mech-
anism (see below).

Fig. 1(B) displays the UV-visible spectra of the initial solution
and of the stepwise reduction species. As for Rubpy,* the
spectra show the progressive decrease in intensity of the initial
MLCT bands at 445 and 466 nm upon reduction, along with the
corresponding increase of new bands progressively shifted at
lower energy. An isobestic point is also observed at 485 nm. The
maxima of these bands after the third reduction corresponding
to the fully reduced species [Ru™(L"");]”~ are located at 355 (sh),
553, 773 (sh) and 870 nm. The reduced solutions are perfectly
stable showing the excellent stability of the three reduced states
of the complex in organic solvent. A similar stability for the
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three reduced states of Rubpy is obtained in DMF, with the
resulting spectra being similar to those previously obtained in
CH;CN (Fig. S371).** So, from this experiment in organic solvent,
it is not possible to conclude the better stability of the one-
electron reduced state of RuSPhphen to explain the higher
stability of the photocatalytic system with this PS (see below). All
reduction steps were found to be reversible as further reox-
idation of the solution at a potential of 0 V fully restores the
initial solution for both RuSPhphen and Rubpy (Fig. 1(B) and
S31).

Photocatalytic activities for hydrogen production with the
RuSPhphen and Rubpy/Co/HA /H,A systems

Our previous studies with the Rubpy/[Co™(CR14)Cl,]" (Co)/
HA /H,A system for photo-induced H, production were con-
ducted in deaerated aqueous media under visible light irradi-
ation (400-700 nm) with Rubpy at a concentration of 500 M
and various concentrations of Co catalyst, between 100 and 1
uM in the 1.1 M HA™/H,A buffer*>*"** and between 50 and 5 uM
in 1 M acetate buffer with 0.1 M of HA™/H,A.*° The best activities
for H, production in these media were obtained at pH 4.0 and
4.5, respectively. The visible absorption (29 300 M~ ' cm ™" at 462
nm) of RuSPhphen in water*' is twice as high as that of the
reference PS Rubpy (14600 M~ cm™" at 452 nm) and the
excited state lifetime of RuSPhphen (3.8 pis) is much longer than
that of Rubpy (0.61 ps) in water (Table S27}). Electron transfers
between the PS excited state and the SD and Cat should thus be
favored and the photo-induced H, production is more efficient
even at lower PS concentrations. We therefore decrease the
concentration of RuSPhphen by 5-fold compared to previous
studies, ie. to 100 pM. Comparative experiments with the
Rubpy/Co/HA ™ /H,A system at a Rubpy concentration of 100 uM
were also performed under the same experimental conditions
for a more reliable comparison of the performance of the two
PSs. Table S31 summarizes the photocatalytic activities of all
studied systems.

The photocatalytic performances were first investigated in
1.1 M H,A/HA™ at pH 4.0 with 100, 50, 10 and 5 pM of Co
catalyst. Fig. 2 displays the comparison of both PSs activities as
a function of time in terms of turnover number vs. catalyst
(TONca). The corresponding activities in terms of the number
of moles and volume of H, produced (ny, vy,) are shown in
Fig. S4.7 For both PSs, H, production is effective and increasing
the ratio PS/Cat notably increases the activity of the catalyst, as
indicated by steadily higher TON¢,, and TOFc, values. Such
behavior has been previously observed with the Rubpy (500
uM)/Co/H,A/HA™ systems®***** and in many other H,-evolving
photocatalytic systems using Co?®*3545>55-61 and Rh>****> based-
molecular catalysts. Increasing the PS/Cat ratio indeed
promotes the reduction of the catalyst. The increase in catalytic
activity (in terms of TONc,, and TOF¢,) induced by an increase
in the PS/Cat ratio was well rationalized by a kinetic model
recently reported by our group with the Rubpy/Co/HA /H,A
photocatalytic system.®® We showed that, in the case where PS
degradation occurs, the limited TONg, and TOF,,. values are
directly proportional to the PS/Cat ratio, even if other factors

1460 | Sustainable Energy Fuels, 2024, 8, 1457-1472

View Article Online

Paper

pH4.0 1.1 MHATH,A
T T T T T T

T

T T T T T T T
[Co]=5uM

3300 [PS] = 100 uM 3173 TONg, ]

Co] =10 uM
[Col p2607

—— RuSPhphen

T T T T T T T T T T
6 8 10 12 14 16 18 20 22 24 26 28 30
Time /h

LI
0 2 4

(B) pH4.0 1.1 MHATHA
2800— T T T T T T T T T [ 140
2600 [C01= 10 1M S
2400 [RuSPhphen] =100 uM [ 120
2200 4 110
+ 2000 L 100
21800 1 L90 5
%1600 144 80 £
¢ 1400 4 P L s F70 3
z1200 /¥ [Rubpy] = 100 uM L6 £
O 10004 | 708 50
8004 / N [RuSPhphe:] =25uM [ 40
600 / [ 30
4004 FRM A ., 20
200 /§/ [Rubpy] =25uM 310 [10
0 - T T T T T T T T T T T T T 0
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Time /h
(C) pH4.5 0.1 MHA/H,A + 1 M acetate
T T T T T T T T T T T T T T
48004 [PS] = 100 M ]
4400 [Col=5 pM4772 TONG,]
4000 - eV 43897 7
3600 ]
= Co] =10 uM
23200 s’ (Col= 1014 ]
o] . A
g2s00| [ e 3009
£24009 /4% — RuSPhphen ]
§ 2000 [ A """ Rubpy ]
F 16001 A ]
12004 4 ]
8004/ ]
400 7 [Col=100 uM__ 373, ]
0 "T*T‘ T - T T T T -I_---I-.-I-.. I.--I.--.I T
0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30

Time / h

Fig. 2 Photocatalytic hydrogen production as a function of time in
TONCc4: under visible light irradiation (400-700 nm) from deaerated
aqueous solutions (5 mL) of (A and B) NaHA (0.55 M) and H,A (0.55 M)
at pH 4.0 and (C) of NaHA (0.0714 M), H,A (0.0286 M) and 1 M acetate
buffer at pH 4.5, in the presence of a PS, RuSPhphen or Rubpy and the
Co catalyst at various concentrations.

This journal is © The Royal Society of Chemistry 2024
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can also strongly impact the catalytic activity such as the
kinetics of the PS degradation and all kinetics of electron
transfer between SD, PS and Cat. In any case, lowering the
catalyst concentration often has a deleterious impact on the
stability of the photocatalytic system, as it also accelerates Ru PS
decomposition (see below). At higher catalyst concentrations of
100 and 50 uM, thus a PS/Cat ratio of 1/1 and 2/1, the amount of
H, produced is quite similar for both PSs after 28 h of irradia-
tion with TONc,, values of about 410 and 870, although the
initial rate of H, production is higher for Rubpy (see TOFg,,
values in Table S31). By contrast, a significant difference
between the two PSs appears at lower catalyst concentrations of
10 and 5 pM, with the catalytic activity of RuSPhphen being
much more effective with a production of H, multiplied by two
(TONy of about 2600 and 3170 for RuSPhphen at 10 and 5 uM,
respectively versus 1380 and 1630 for Rubpy). However, the
initial TOF ¢, values remain lower for RuSPhphen compared to
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Rubpy. The higher H, production obtained with RuSPhphen
can be directly correlated to the higher stability of the photo-
catalytic system under prolonged irradiation. Indeed, at catalyst
concentrations of 10 and 5 pM, H, is produced for more than
10 h with RuSPhphen while H, evolution is fully stopped after
only 3-4 h for Rubpy.

By monitoring the evolution of UV-vis absorption spectra
under prolonged irradiation of solutions of Rubpy and RuSPh-
phen (100 pM), in the absence and in the presence of Co catalyst
at 10 uM, it appears that RuSPhphen is more stable than Rubpy.
Indeed, in the absence of catalyst, Rubpy is almost fully trans-
formed after only 1 h (Fig. 3(A)). At this stage, the intensity of the
initial visible band at 452 nm has decreased by more than 70%
and is shifted to slightly higher wavelength, with the appear-
ance of a new band at 462 nm associated with another one at
about 350 nm (shoulder). These changes are characteristic of
the formation of Ru-bis-bipyridine species by substitution of

c ]
(C) 4p_PH4.0 1.1 MHATH,A
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' —— Oh without HAH,A
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Fig. 3 Evolution of the UV/vis absorption spectra under continuous visible light irradiation (A = 400-700 nm) of a deaerated 1.1 M HA"/H,A
aqueous solution at pH 4.0 containing Rubpy (100 uM) in the absence (A) or in the presence of the Co catalyst (10 uM) (B) and RuSPhphen (100
uM) in the absence (C) and in the presence of the Co catalyst (10 pM) (D). UV/vis absorption spectra of initial solutions before irradiation con-
taining a mixture of Ru PS/Co or Ru PS alone without HA™/HA are shown in black lines and for (A) after 1 h, 2 h, 4 h 30 min, 6 hand 22 h 30 min of
irradiation, for (B) 1 h,2h 10,4 h, 6 hand 21 h 30 min, for (C) 1 h, 2 h, 4 h 30, 6 hand 23 h, and for (D) 1 h, 2 h, 4 h, 6 h and 22 h 10 min. Cell path

length: [ =1 mm.
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a bipyridine ligand by solvent molecules or anions, owing to the
well-known poor stability of Rubpy'™ in acidic water.?*3%%¢
Early work by Sutin et al. showed that Rubpy’ ™, generated by
photolysis of an acidic aqueous solution of Rubpy and HA™,
undergoes a ligand substitution leading to the formation of
[Ru(bpy),(H,0),]" and the release of the protonated bipyridine
ligand in solution.*® Castellano et al. also demonstrated that an
aqueous mixture of Rubpy and HA™ at pH 4, under an irradia-
tion at 452 nm, mainly results in the formation of [Ru(bpy).(-
HA)]" along with side-products as [Ru(bpy),(H,0),]>*.*

This degradation can only be partially limited in the pres-
ence of 10 uM of catalyst, with the catalyst acting as a quencher
of Rubpy’ ™. Indeed, Rubpy is still present at about 50% of its
initial amount after 1 h of irradiation but fully transformed after
4 h (Fig. 3(B)). This is consistent with the fact that the H,
production has fully stopped after 3-4 h for 10 pM of catalyst
(Fig. 2(A)).

Under similar conditions, RuSPhphen is much more stable
in water in the presence of the catalyst (Fig. 3(D)). At least 75%
of the initial PS is still present after 2 h of irradiation, and about
50-60% after 4-6 h (Fig. 3(D)) in agreement with H, production
maintained with the same efficiency for at least 6 h (Fig. 2(A)).
However, RuSPhphen doesn't seem much more stable than
Rubpy in the absence of the catalyst, with degradation appear-
ing almost complete after just 1 hour, since at this stage, the
intensity of the band has decreased by half and the two maxima
have shifted to the longer wavelengths (Fig. 3(C)).

We also performed control experiments. In the absence of
the Ru PS or HA"/H,A, no H, is produced while the production
of a small quantity of H, was detected for solutions containing
only the Ru PS and HA /H,A (Table S31). The amount of H,
produced, resulting from the direct reduction of protons by the
reduced state of the Ru PS, is much lower than that in our
previous experiments with a PS concentration of 500 pM,*%3%5%53
It can be considered negligible at all catalyst concentrations as
it represents a maximum of approximately 1% of the H,
produced at a lower catalyst concentration of 5 uM (Table S37).
Also, addition of Hg in an experiment carried out with 100 pM
RuSPhphen and 10 uM Co does not significantly change the
photocatalytic activity (Fig. S5 and ESIf) ruling out the
involvement of cobalt metallic colloids in H, production that
would result from the decomposition of the cobalt complex.®*%¢

The good efficiency of the different systems at 100 pM
prompts us to further decrease the concentration of PS to 50
and 25 pM. The concentration of the Co catalyst was fixed at 10
uM (Fig. 2(B)). Overall, decreasing the concentration of the PS,
i.e. the PS/Cat ratio, notably decreases the activity of the catalyst
and thus the H, production. Anyway, at this catalyst concen-
tration, the H, production is always two times higher with
RuSPhphen compared to Rubpy (TON, of 2600, 1480 and 708
for RuSPhphen at 100, 50 and 25 uM, respectively versus 1380,
700 and 310 for Rubpy), confirming once again the higher
stability of photocatalytic systems with RuSPhphen. Indeed, it is
interesting to see that even with these low concentrations of Ru,
the production of H, is still effective after 6-12 h for RuSPhphen
while that with Rubpy is stopped after 3-4 h.
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Another set of experiments was performed with a concen-
tration of sacrificial electron donor of 0.1 M of H,A/HA™
instead of 1.1 M. Under such conditions, the aqueous solution
was buffered with 1 M acetate at pH 4.5 in order to keep the pH
constant during the photocatalytic experiment. With
a concentration of sacrificial electron donor divided by ten,
a better stability of both Ru PSs is expected as the rate of
formation of the reduced state, Ru’~, subject to degradation by
bidentate ligand dissociation, will be slower (see above). The
photocatalytic performances of both Ru PSs at 100 uM in 1 M
acetate buffer and 0.1 M HA /H,A at pH 4.5 with 100, 50, 10
and 5 uM of Co catalyst are displayed in Fig. 2(C) and S4(B).t As
anticipated, under such conditions, the photocatalytic systems
are more stable, whatever the PS, with significantly higher
TONC, obtained at low Co concentrations compared to those
obtained in 1.1 M HA"/H,A at pH 4.0. This is even more visible
for Rubpy at low Co concentrations of 10 and 5 pM, with
TONSc, reaching up to 3010 and 3900, respectively after 22 h of
irradiation versus 1380 and 1630 in 1.1 M H,A/HA™ (Fig. 2(A
and C)). The stability of the photocatalytic system with Rubpy
in 0.1 M H,A/HA™, 1 M acetate buffer is now approaching that
of RuSPhphen with H, production still effective after 12 h
leading to a less important difference in terms of TONgy,
between the two PSs. Nevertheless, higher TONc,, values are
obtained for RuSPhphen (4770, 3210, 1310, and 370 at 5, 10, 50,
and 100 pM, respectively, versus 3900, 3010, 950, and 150 for
Rubpy) with initial TOFs still higher for Rubpy. As observed in
1.1 M HA /H,A at pH 4.0 (see above), the higher H, production
in the case of RuSPhphen comes from the better stability of
this PS versus Rubpy. From UV-visible absorption spectroscopy
it is clear that the degradation of both PSs is slowed down
either in the absence or in the presence of catalyst (10 uM) in
1 M acetate buffer with 0.1 M HA /H,A (Fig. 4) compared to
experiments performed in 1.1 M HA /H,A (Fig. 3). Indeed, in
the presence of catalyst, still about 50% of Rubpy and 75% of
RuSPhphen are saved after about 6-8 h (Fig. 4(B and D)). The
degradation of the PS is most probably the main limiting factor
for H, production after long term irradiation. However, the
accumulation of dehydroascorbic acid (DHA) in the course of
the photocatalysis formed by the oxidation reaction of ascor-
bate is also known to progressively short-circuit the catal-
ysis 2313357586768 Dehydroascorbic acid is well-known to be
a good electron acceptor able to prevent any electron transfer to
the catalyst by trapping the electron from the reduced PS (see
below).?"*75%67:68 Finally, it should be noticed that, in compar-
ison with our previous photocatalytic systems using the Co
catalyst, the TONg, values measured here are very high,
especially with the RuSPhphen (TONc,, of 3200 and 4770 at 10
and 5 uM of Co catalyst), and almost reach those obtained with
the organic dye TATA" (TON¢, of 4080 and 5910 at 10 and 5 uM
of Co catalyst), although the TATA" concentration was 500
uM.* It should also be noted that the TON,; values obtained
previously with the Rubpy/Co/HA ™ /H,A system (1.1 M or 0.1 M)
for a Rubpy concentration of 500 uM never exceed 2000.*>>%>>3
These results show that, in acetate buffer with 0.1 M HA™ /H,A,
it is possible to divide by five the quantity of the Ru PS, while

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Evolution of the UV/vis absorption spectra under continuous visible light irradiation (A = 400—-700 nm) of a deaerated 1 M acetate buffer
containing 0.1 M HA™/H,A at pH 4.5 containing Rubpy (100 pM) in the absence (A) or in the presence of Co catalyst (10 pM) (B) and RuSPhphen
(100 pM) in the absence (C) and in the presence of Co catalyst (10 pM) (D). UV/vis absorption spectra of initial solutions containing a mixture of Ru
PS/Co or Ru PS alone without HA™/H,A are shown in black lines and for (A) after 1 h, 2 h, 4 h 30, 6 h and 23 h of irradiation, for (B) 1 h 10,2 h 10,4 h
20,6 h,8hand 22 h, for (C) 1 h 10, 2 h, 4 h 30 and 24 h, and for (D) 1 h, 4 h 10, 6 h, 8 h and 23 h. Cell path length: { = 1 mm.

significantly improving the activity and thus saving precious
metals.

Mechanistic insight for the RuSPhphen/Co/HA /H,A system
from photophysical measurements

The possible steps for the three-component photocatalytic
system Ru/Co/HA™ /H,A are depicted in Scheme 2(A). It should
be mentioned that the Co catalyst, initially in the +III oxidation
state is immediately reduced by ascorbate into its +II state
(denoted Co™), as previously shown.* Thus, the cobalt species
that enters the photocatalytic cycle is Co™. The photocatalytic
cycle is initiated by the absorption of one photon by the Ru PS
under visible light irradiation generating the excited state of
the PS, denoted as *Ru"’. Due to the large excess of HA™ versus
the catalyst, *Ru™ is generally quenched by an electron transfer
from HA™ (reductive quenching), generating Ru’~ and the
oxidized form of ascorbate, HA". Ru"~ is a good reductant
(Table S1t) that can in turn reduce the Co" catalyst into Co',

This journal is © The Royal Society of Chemistry 2024

reforming the initial state of the PS, Ru"". HA" can easily release
a proton to form A", an unstable species which easily
disproportionates to generate DHA (Scheme 2(C)). DHA is
a very good electron acceptor able to withdraw electrons from
Ru"~ and/or the reduced catalyst Co' (Scheme 2(A)). Therefore,
when DHA accumulates in solution in the course of the catal-
ysis, the latter is short-circuited by back electron transfers that
occur from Ru’~ to HA' or DHA (BET process), restoring Ru"
and HA™, and from Co' to HA' or DHA (BETC process),
reforming Co™. In other words, if the BET and BETC processes
dominate over the catalytic process due to the accumulation of
DHA, H, generation is stopped. The other possibility is the
quenching of *Ru" by an electron transfer to the Co™ catalyst
(oxidative quenching), generating Ru'" and the one-electron
reduced catalyst, Co', but this process is usually less favour-
able (see below). Then the Co' species can react with protons to
form the elusive Co'™ hydride species (denoted as Co™-H) from
which H, can be released following different mechanisms that

Sustainable Energy Fuels, 2024, 8,1457-1472 | 1463
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Scheme 2 (A) Possible mechanisms for the light-driven H, production with the system Ru/Co/HA™/H,A (Ru = Rubpy or RuSPhphen). (B)
Diagrams of potentials referred versus SCE for the redox couples of RuSPhphen and Rubpy PSs at the ground and excited states, the
[Co(CR14)Cl,]" (Co) catalyst, and HA™. (C) Oxidation processes of ascorbate salt (HA™) to dehydroascorbic acid (DHA) and back reduction of
DHA to HA™.
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could proceed in parallel and that are difficult to demonstrate
experimentally.™® Reduction of Co™-H into Co™-H by another
Co' or by Ru'~ is the most probable mechanism.* Co"-H can
then produce H, by reacting with a proton or another Co"-H
present in solution.®

Experimentally, we observed that, whatever the concentra-
tion of HA"/H,A, the systems with RuSPhphen are significantly
more efficient than the corresponding systems with Rubpy. The
enhanced activity can be attributed to the higher stability of
RuSphen in acidic water compared to the regular Rubpy that
could be the result of several parameters:

(i) a higher intrinsic stability of the reduced state, RuSPh-
phen’, in acidic water, compared to Rubpy'~, due to the steric
hindrance of the SPhphen ligand,” and/or a greater delocal-
ization of the radical anion over the reduced SPhphen ligand
making it less prone to decoordination,
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(ii) a faster electron transfer from RuSPhphen'~ to the
catalyst (ET process), and/or

(iii) a faster back electron transfer from RuSPhphen’~ to HA
or DHA (BET process).

UV-visible absorption spectra recorded in the course of the
photocatalysis (Fig. 3 and 4) do not give any information at this
stage because only the ground state of the PSs is observed. The
two last possibilities (ii) and (iii) do not necessarily require
a better intrinsic stability of RuSPhphen’~ compared to that of
Rubpy’ . Further information can be obtained by the determi-
nation of the rate constants of the intermolecular electron
transfers by time-resolved luminescence and nanosecond
transient absorption spectroscopy thanks to the detection of the
key intermediates *RuSPhphen and RuSPhphen’~ and the
reduced form of the catalyst, Co".
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Fig. 5 Stern—Volmer plot obtained by stationary (/p//, red trace) and time-resolved (zo/7, blue trace) luminescence spectroscopies in deaerated
aqueous solution at pH 4.0 (A and B) and 4.5 (C and D) (0.1 M acetate buffer) for the reductive quenching of RuSPhphen (3.4 uM) at the excited
state by the NaHA/H,A couple by varying their total concentration (0, 3.3, 7.7, 15.4 and 19.8 mM) (A and C) and for the oxidative quenching of
RuSPhphen (3.4 M) at the excited state by Co" (i.e. [Co"(CR14)(H,0),]12*) by varying its concentration (0, 0.06, 0.08, 0.1 and 0.15 mM) (B and D). /
and /g are respectively the emission intensities of *RuSPhphen registered at 614 nm with an excitation at 462 nm, with or without NaHA/H,A or
Co". 7 and 14 are respectively the lifetimes of *RuSPhphen registered at 614 nm with an excitation at 409 nm, with or without NaHA/H,A or Co"".
The lifetime of *RuSPhphen without NaHA/H,A or Co" (z5) was determined to be 3.79 ps (A), 3.76 ps (B), 3.82 ps (C) and 3.79 ps (D).
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We can first estimate the driving force for the oxidative and
reductive quenching processes of *Ru from the standard
potentials at the ground and excited states of HA™, Rubpy,
RuSPhphen and Co (Table S1,T and Scheme 2(B)). The standard
potentials of RuSPhphen at the ground and excited states have
only been obtained in DMF. We hypothesized that these values
are close to those in water and used these values to calculate the
driving force in water converted versus the SCE reference elec-
trode by adding 298 mV (Table S1t). The reduction of the Co"
catalyst by RuSPhphen'~ (reductive quenching mechanism)
and by *RuSPhphen (oxidative quenching mechanism) are both
thermodynamically favorable reactions (Scheme 2(B)). Indeed,
considering the reduction potential of Co (E;, (Co"/Co") =
—0.85 Vvs. SCE) in water and the redox potential of RuSPhphen
at reduced and excited states (E;, (Ru"/Ru' ") = —1.31Vand E,,
(Ru™/*Ru) = —0.92 V vs. SCE, Scheme 2), the driving force (AG,)
is exergonic with values of —0.46 and —0.07 eV, respectively for
the Co™ reduction by Ru’~ and *Ru. The activation of the Co H,-
evolving catalyst by RuSPhphen is thus thermodynamically
possible.

In order to identify the most favourable first step of the
photocatalytic mechanism (reductive vs. oxidative quenching of
*RuSPhphen), Stern-Volmer plots were plotted between
RuSPhphen and HA /H,A (Fig. 5(A and C)) and between
RuSPhphen and Co (Fig. 5(B and D)), in aqueous solution at pH
4.0 (Fig. 5(A and B)) and 4.5 (Fig. 5(C and D)), respectively.
Stern-Volmer plots were obtained via stationary (I,/I) and time-
resolved (7o/t) luminescence spectroscopies in order to survey
the dynamic quenching of *Ru by HA™ and Co and also to
characterize a possible static quenching that could occur
between *Ru, HA™ and Co, during photocatalysis.”* The rate
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constants for the reductive quenching (k.q) of *RuSPhphen by
HA™ were determined from 7o/t values to be 5.04 x 10” at pH 4.0
and 9.41 x 107 at pH 4.5. These rate constants are higher than
those reported with the reference PS Rubpy under similar
conditions (Table 1; 2 x 10" M~ s™" at pH 4.0 (ref. 72 and 73)
and 1 x 10’ M~ ' s™" at pH 4.5 (ref. 72)). Of note, k;.q constants
between *Ru and HA~ determined from I,/I values (4.86 x 107
at pH 4.0 and 9.64 x 107 at pH 4.5) are very close to those
estimated from 7o/t values (Fig. 5(A and C)), which indicates
that only dynamic quenching occurs between these two species,
thus ruling out a static quenching and an interaction even
weaker between *RuSPhphen and HA™. It is interesting to note
that a higher rate constant was observed by the Brewer's group
for reductive quenching (2.9 x 10° M~" s™' by HA™ in water) of
a Ru PS within the triad [{(SOsPh),phenRu(dpp)}RhX,]*", having
two 4,7-diphenyl-1,10-phenanthroline 4’,4”-disulfonate ligands
on the Ru units (Scheme 1).* Castellano's group also reported
a high rate constant (4.9 x 10° M~ ' s™") for reductive quenching
between RuPhphen and DMT as a SD (see above), which was
attributed to the long lifetime of the PS's excited state (5.86 ps)
that facilitates bimolecular electron-transfer reactions.*

For the oxidative quenching of *RuSPhphen by Co™ (Table 1),
rate constants (ko) of 7.51 x 10° M~ ' s~ ' at pH 4.0 and 8.69 x
10° M~ ' s at pH 4.5 were estimated from 7/t values, the latter
being higher than those reported by our group with Rubpy at pH
4.0 (5.1 x 10° M~' s7') and measured herein at pH 4.5 (1.27 x
10° M~' s, Fig. S71). In addition, upward-curving Stern-
Volmer plots were obtained from I,/ values for the oxidative
quenching of *RuSPhphen by Co™ at pHs 4.0 and 4.5 (Fig. 5(B
and D)), which deviates from the linear plots obtained from 74/t
values. This behaviour clearly indicates that both static and

Table1 Time and rate constants measured by time-resolved emission and transient absorption spectroscopies in deaerated aqueous solutions
containing RuSPhphen or Rubpy in the presence of the NaHA/H,A couple and/or the Co catalyst under the experimental conditions described

below; optical path =1 cm

RuSPhphen (3.4 pM) Rubpy (10 pM)

RuSPhphen (3.4 pM) Rubpy (83 or 10 puM)

PS 0.1 M acetate buffer at pH 4.0

0.1 M acetate buffer at pH 4.5

7(*Ru) without HA™/Co"™
Kreq With HA™
kox with Co™

4 ps
5.04 x 10’ M~ ' st
9.22 x 10°* M 57!

0.6 us

2 x 10" M~ " 57" (ref. 72 and 73)
5.1 x 10° M ™" s (ref. 50)

3.8 us
9.41 x 10’ M ' 57!
1.34 x 1019 Mt g7?

0.6 us
1x107“M " s (ref. 72)
7.07 x 10T Mt 57!

RuSPhphen (50 M)

Rubpy (130 pM)

RuSPhphen (50 pM) Rubpy (100 uM)

PS 1.1 M HA /H,A pH 4.0

0.1 M HA /H,A, 1 M acetate pH 4.5

kppr with HA™ 210 x 101°°M ' s7?!
(ref. 51)
2x10°M st
[Co] = 200 uM
4.68 x 10° s+
[Co] = 200 uM

kgt with HA™/Co

kaisd with HA™/Co

35 x10°M st

1.4 x10°M st

(ref. 51) [Co] = 240 uM
2.6 x 10° s+

(ref. 51) [Co] = 240 pM

1.47 x 10°M ' s7* 7.4 x10°M ' st

(ref. 77)
33x10°M st n.d.
[Co] = 200 uM
7.11 x 103 st n.d.

[Co] = 200 uM

 Measured with [Rubpy] = 83 uM. ? Measured with [Rubpy] = 10 uM. ¢ The Co" species (i.e. [Co"(CR14)(H,0),]**) used for the Stern-Volmer plot
was obtained by exhaustive electrolysis at —0.20 V vs. Ag/AgCl of an aqueous solution (0.1 M NaClO,, pH 4.5) of 0.5 mM [Co"™(CR14)CL,]". ¢ Global
rate constant of oxidative quenching (kx) as the sum of static and dynamic quenching (ks + kp). ¢ kox Was only estimated by the authors from 7,/7, i.e.
from the rate constant of dynamic quenching (kp).” ksss is the kinetic constant related to the disappearance of Co' in solution and can be expressed

as &q[H'] + kpeto[HA']. n.d.: not determined.
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dynamic quenching are involved in the disappearance of
*RuSPhphen.””*7¢ The static quenching can be ascribed to
a potential coulombic interaction between the negatively
charged *RuSPhphen (beared on the sulfonate groups) and the
positively charged Co™ catalyst that favors the formation of an
ion pair and then significantly increases the kinetics of electron
transfer from *RuSPhphen to Co". Classically, the upward
curvature of the Stern-Volmer plot (i.e. I,/I = f(to[Q]), where [Q]
is the quencher concentration) is fitted with a polynomial
function of the second order, from which the static and
dynamic quenching rate constants (ks and kp) are extracted by
solving a quadratic equation (see Fig. 5 and the section devoted
to the Stern-Volmer plot in the ESI).”* So, from the polynomial
fitting, ks and kp values for the oxidative quenching of
*RuSPhphen by Co" were determined to be respectively 0.61 x
10° and 8.61 x 10° M~ ' s~ " at pH 4.0, and respectively 0.34 x
10° and 1.28 x 10" M~ ' s™' at pH 4.5. If we consider that the
global rate constant of the oxidative quenching (k,,) is the sum
of kg and kp, the k,, values are estimated to be 9.22 x 10° M !
s ' at pH 4.0 and 1.32 x 10" M~ s " at pH 4.5 (Table 1). The
small contribution of static quenching (ks) at both pHs (6.6% at
PH 4.0 and 2.6% at pH 4.5) to the global rate constant ko
suggests that the phenomenon of ion pairing between
*RuSPhphen and Co" is weak. Importantly, a deviation is also
observed from the linear Stern-Volmer plot obtained between
*Rubpy and Co™ at pH 4.5, also suggesting a mixture of static
and dynamic quenching, even if the global rate constant (k. =
7.07 x 10° M~ ' s7') remains lower than those between
*RuSPhphen and Co" (Fig. S71).

Considering the concentrations of Co catalyst (5-100 pM)
and HA /H,A (0.1 and 1.1 M) used during photocatalysis and
the second order rate constants estimated above from 7,/z, the
reductive quenching of *RuSPhphen dominates over the
oxidative one at both pHs with respective pseudo-first order rate
constants of 5.54 x 10”7 s~ vs. 4.6-92.2 x 10* s~ " at pH 4.0, and
of 9.47 x 10° s™" vs. 6.7-134 x 10" s~ at pH 4.5. Regarding our
study, the difference in the kinetic constants observed between
the two PSs cannot be explained by the driving forces of the two
quenching processes (Scheme 2(B)). Indeed, the driving force
AGP° for the oxidative quenching is lower for RuSPhphen (—0.07
eV) compared to Rubpy (—0.22 eV), while the driving force for
the reductive quenching for both PSs is of the same order of
magnitude (—0.60 eV for RuSPhphen and —0.49 eV for Rubpy).
Thus, the higher rate constants of both reductive and oxidative
quenching processes for *RuSPhphen could then be ascribed to
its much longer lifetime (3.8 ps) compared to that of *Rubpy
(0.6 ps) (Table S2t),°* promoting bimolecular electron transfer
both with HA™ and Co".

The photocatalytic mechanism of the system RuSPhphen/
Co/HA /H,A was further investigated via transient absorption
spectroscopy. In the absence of the Co catalyst, the transient
absorption spectra of aqueous solutions of RuSPhphen (50 M)
and HA"/H,A (1.1 M for pH 4.0 and 0.1 M for pH 4.5), after
a flash excitation at 462 nm, exhibit the characteristic absorp-
tion band of RuSPhphen'~ at 510-520 nm (MLCT transition)
and ca. 350 nm (m—7t* transition) (Fig. 6). An additional tran-
sition related to RuSPhphen’~ is observed at ca. 700 nm which

This journal is © The Royal Society of Chemistry 2024
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could be ascribed to a d-d transition. This transition at 700 nm
is also observed in the absorption spectrum of RuSPhphen’™
generated by an exhaustive reduction in DMF (Fig. 1(B)).

The generation of RuSPhphen'~ through a photo-induced
electron transfer from HA™ to *RuSPhphen is complete within
0.4 ps following the laser excitation (Fig. 6). The decay of
RuSPhphen’~, monitored via the transient trace at 510 nm
(Fig. S81), can be fitted with a second-order kinetic law (eqn (3))
and its concentration tends to zero after almost 300 us. A
second-order kinetics can be employed to analyse the RuSPh-
phen’ decay since the latter stems from the back-electron
transfer between RuSPhphen’~ and one of the oxidized forms
of ascorbate (i.e. HA' or DHA), and the concentrations of
RuSPhphen'~ and HA" (or DHA) are assumed to be equal:

1 1

m = m + kBETZ (3)
where kgt is the bimolecular rate constant of the back-electron
transfer. The concentration [Ru’~] could be converted to the
variation of absorption at 510 nm in the transient absorption

spectra via the Beer-Lambert law, giving the new eqn (4):
= ALAO kot (4)
where A4, is the maximum of RuSPhphen'~ absorption at
510 nm after the laser excitation. The observable constant kg,
which is equal to kggr/Ae, was determined as the slope of the
linear function 1/AA plotted as a function of time to 1.15 x 10°
s~ with 0.1 M HA /H,A (pH 4.5) and 1.6 x 10° s™' with 1.1 M
HA™/H,A (pH 4.0) (Fig. S8(A and C)t). Similar or close values of
kobs have been calculated by monitoring the absorption changes
at 700 nm (Fig. S8(B and D)}). Assuming a Ae value of 1.28 x
10*M ™' em ™" at 510 nm for the RuSPhphen’~ species,”® the kgt
constant is estimated to be 1.47 x 10" M ' s~ with 0.1 M HA ™/
H,A and 2.1 x 10° M ' s ! with 1.1 M HA /H,A. Such rate
constants are very high and close to the diffusion limit in
solution. These values are higher than those measured between
Rubpy ™ and HA" under similar experimental conditions (7.4 x
10° M ! s7! with 0.1 M HA /H,A”” and 3.5 x 10° M ' s~ with
1.1 M HA /H,A; Table 1). Given the instability of the reduced
state Ru’~ in water, this faster back electron transfer, regener-
ating the initial RuSPhphen, could explain the greater stability
of this PS compared to Rubpy during photocatalysis. Of note,
a high value of kger (7.7 x 10° M™' s7') between RuPhphen'~
and DMT"" has also been observed by Castellano et al., indi-
cating that this family of Ru PS with bathophenanthroline

ligands is subject to fast bimolecular electron transfers.**

In the presence of a catalyst, the transient absorption spectra
of the aqueous solutions containing RuSPhphen (50 uM), Co
(200 uM) and HA" /H,A (1.1 M for pH 4.0 and 0.1 M for pH 4.5)
also present the characteristic signature of RuSPhphen’ ™ at 350,
510 and 700 nm (Fig. 7), confirming a reductive quenching of
*RuSPhphen by HA™. As observed above with the simple
mixture of RuSPhphen and HA /H,A, the growth of the
RuSPhphen’~ absorption bands at 510 nm in the presence of
Cat and SD still occurs within the first 0.4 us after the laser flash.
The decay of RuSPhphen’™ in the presence of Co and HA™,
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Fig. 6 Transient absorption spectra after laser excitation (A = 462 nm) of (A and B) a deaerated aqueous solution of 1 M acetate buffer and NaHA/
H>A (0.1 M) at pH 4.5 containing RuSPhphen (50 uM) within the time ranges 0.4-63.4 us (A) and 63.4-315 us (B), and (C and D) a deaerated
aqueous solution at pH 4.0 containing NaHA/HA (1.1 M) and RuSPhphen (50 pM) within the time ranges 0.4-60.2 us (C) and 63.4-307.2 us (D);

optical pathlength =1 cm.

observed in the transient absorption spectra (Fig. 7) and the
transient absorption trace at 510 nm (Fig. S9(A and B)Y), is
complete after ca. 8 ps, which is much faster than that observed
without catalyst (after ca. 300 ps, Fig. 6 and S8t). Considering
that the decay of RuSPhphen'~ is mainly due to an electron
transfer towards the Co catalyst present in large excess in
solution (200 uM), the latter can be fitted with a pseudo first
order kinetic law following eqn (5):

In[Ru""] = In[R" " Jp — kopst

(5)

Considering the Beer-Lambert law, the RuSPhphen'™
concentration (i.e. [Ru'"]) could be converted to the variation of

1468 | Sustainable Energy Fuels, 2024, 8, 1457-1472

absorption at 510 nm in the transient absorption spectra
following eqn (6):

InAA =InAAy — kopst (6)
where the observable rate constant k.ps is equal to kgp X [Co];
ker being the rate constant of electron transfer from RuSPh-
phen’~ to Co" and [Co] being the concentration of the cobalt
catalyst (200 uM), considered as a constant due to its large
excess compared to Ru’~ generated during photocatalysis. kops
can thus be determined as the slope of the linear function
In(AA) plotted as a function of time. Values of 6.6 x 10° s~ with
0.1 M HA /H,A (pH 4.5) and 4.04 x 10° s~ ' with 1.1 M HA"/H,A
(pH 4.0) have been then determined (Fig. S9(A and B)f).
Considering a Co concentration of 200 uM, the rate constant kgr

This journal is © The Royal Society of Chemistry 2024
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Fig.7 Transient absorption spectra after laser excitation (A = 462 nm) of (A and B) a deaerated aqueous solution of 1 M acetate buffer and NaHA/
H>A (0.1 M) at pH 4.5 containing RuSPhphen (50 uM) and Co (200 puM) within the time ranges 0.4-5.4 us (A) and 5.4-108.8 us (B) and (C and D)
a deaerated 1.1 M NaHA/H,A aqueous solution at pH 4.0 containing RuSPhphen (50 uM) and Co (200 pM) within the time ranges 0.4-43.4 pus (C)

and 43.4-109.4 us (D); optical pathlength =1 cm.

is estimated to be 3.3 x 10° M~ " s~ " with 0.1 M HA /H,A at pH
4.5and 2.0 x 10° M~ ' s~ with 1.1 M HA /H,A at pH 4.0 (Table
1). Both rate constants are quite high, attesting to a fast electron
transfer from RuSPhphen'~ to the cobalt catalyst. Electron
transfer kinetics with a similar order of magnitude have been
reported by Castellano's group from RuPhphen’™ to the cobal-
t(m) glyoxime catalyst (2.4 x 10° M~" s~ ")*? and by other groups
from Rubpy’ ™ to cobalt catalysts with various polypyridine
ligands (1.4-5.7 x 10° M™~' s 1).38%9727 Begides, a slightly
lower kg constant of 1.4 x 10° M~ ' s~ " has been previously
reported by our group with the photocatalytic system Rubpy/Co/
HA™/H,A (1.1 M) at pH 4.0,** which suggests that the reducing
powers of RuSPhphen and Rubpy at the reduced state are close
in aqueous solution. So, the greater stability of the photo-
catalytic system using RuSPhphen cannot be explained by
a faster electron transfer from Ru’~ to Co" compared to Rubpy.
These close kgp values between the reduced states of PSs,
RuSPhphen’~ and Rubpy ~, and Co"™ also confirm that only
a weak interaction via ion pairing is present between these

This journal is © The Royal Society of Chemistry 2024

species, even with RuSPhphen which exhibits six negatively
charged sulfonate groups (see the above discussion on oxidative
quenching).

In parallel with the disappearance of RuSPhphen’ ™ observed
at 510 and 700 nm in the transient absorption spectra, the
appearance of Co', which is the result of an electron transfer
from RuSPhphen’~ to Co", is observed through the growth of
two bands at about 430 and 460 nm and a large band at above
550 nm along with a maximum at 700 nm (Fig. 7). The same
spectroscopic signature for the reduced form of the catalyst,
Co', was previously observed by transient absorption spectros-
copy in the presence of the organic dye TATA" and 0.1 M HA™/
H,A at pH 4.5.* The formation and the disappearance of the Co"
species can be observed by monitoring the transient trace at
700 nm, but the changes in this band are quite complex
(Fig. S10(A and D)¥). First, a very fast decrease is observed at
700 nm with time constants of 89.9 ns with 0.1 M HA /H,A and
14.1 ns with 1.1 M HA"/H,A (Fig. S10(B and E),T respectively),
the latter being mainly ascribed to the disappearance of Ru"~

Sustainable Energy Fuels, 2024, 8, 1457-1472 | 1469
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which exhibits an absorption band at this wavelength.
Following this fast decay, new growth of the band at 700 nm
occurs within a time scale of 20 us (Fig. S10(A and D)), along
with a change of the shape of the absorption band between 550
and 725 nm observed in the transient absorption spectra
(Fig. 7(A and C)). This band growth is related to the formation of
Co". Then, this band at 700 nm undergoes a decrease due to an
oxidative protonation of Co' generating the Co™-H hydride
species, the key intermediate for H, evolution (Scheme 2(A)).

This decay at 700 nm, 20 ps after the flash excitation, can be
analysed via a pseudo-first order kinetic law (eqn (6)), since the
concentration of the proton source (i.e. 0.55 > [H,A] > 0.03 M) is
in large excess compared to that of the Co' species. The k,, rate
constant for the formation of the Co™-H hydride species can be
determined as the slope of the linear function In(AA) plotted as
a function of time (vide supra), which gives values of 7.11 x 10°
s~ with 0.1 M HA /H,A (pH 4.5) and 4.68 x 10> s ' with 1.1 M
HA™/H,A (pH 4.0) (Fig. S10(C and F)t). As expected, these rate
constants for the generation of Co™-H from the Co catalyst are
consistent with those previously reported by our group of 7.1 x
10* s~! with TATA" and 0.1 M HA"/H,A (pH 4.5)* and of 2.6 x
10% s~! with Rubpy and 1.1 M HA /H,A (pH 4.0).%* Castellano's
group has also reported a similar kinetic value of 16 x 10° s~*
for the oxidative protonation of a polypyridine cobalt(i) catalyst,
to form a Co™-H hydride species, in the presence of Rubpy and
0.3 M HA /H,A (pH 4.0).%

Conclusion

In view of increasing the stability of the ruthenium tris-
bipyridine photosensitizer (Rubpy) which is the main limita-
tion of such molecular PSs, the water soluble Na,[Ru((SOsPh),-
phen);] analogue (RuSPhphen) was employed. This derivative
was tested in combination with the cobalt tetraazamacrocyclic
complex [Co™(CR14)Cl,]" (Co), one of the most efficient H,-
evolving catalysts in acidic water, and ascorbate (HA™) as a SD,
under visible-light irradiation. Comparative studies under
similar experimental conditions with the PS reference Rubpy
were also performed. Regardless of the medium, 1.1 M of HA™/
H,A at pH 4.0 or 0.1 M HA /H,A at pH 4.5 with 1 M acetate
buffer, higher photocatalytic performances for H, production
were obtained with RuSPhphen. In 1.1 M HA"/H,A at pH 4.0, the
production of H, with RuSPhphen is twice at the lower catalyst
concentrations of 10 and 5 uM with TON,, values of up to 2600
and 3170 for RuSPhphen, respectively versus 1380 and 1630 for
Rubpy. The H, production is always two times higher with
RuSPhphen when the PS concentration further decreases to 50
and 25 pM for a catalyst concentration of 10 uM. The higher H,
production obtained with RuSPhphen can be directly correlated
to the higher stability of the photocatalytic system under pro-
longed irradiation since at catalyst concentrations of 10 and 5
uM, H, is produced for more than 10 h with RuSPhphen, while
the H, production is fully stopped after only 3-4 h for Rubpy. By
monitoring the evolution of UV-vis absorption spectra of both
PSs during photocatalysis, it was evidenced that RuSPhphen is
more stable as a PS than Rubpy, although the initial rate of H,
production is higher for Rubpy. The stability of both Ru PSs is
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further improved when the concentration of the sacrificial elec-
tron donor is decreased to 0.1 M. Under such conditions,
RuSPhphen still systematically outperforms Rubpy whatever the
catalyst concentration, with TONs reaching up to 4770 at 5 uM in
the catalyst. This study shows that it is possible to divide by five
the quantity of ruthenium PS, while maintaining a high effi-
ciency for H, production.

Time-resolved luminescence and nanosecond transient
absorption spectroscopy were also employed to study the
quenching kinetics of the Ru PS excited state, as well as the
associated photocatalytic mechanism, through the detection of
key intermediates such as the excited and reduced states of the
PSs as well as the reduced form of the catalyst. This photo-
physical study clearly showed that the first step of the photo-
catalytic cycle is the reductive quenching of *Ru by HA™,
generating the reduced state Ru’, and that this reductive
quenching is faster (kq between 5 and 9 x 10" M~ ' s7 ) for
RuSPhphen than for Rubpy (between 1 and 2 x 10" M~' s ).
The RuSPhphen’ ™~ species is thus generated very rapidly during
photocatalysis, but transient absorption spectroscopy experi-
ments also show that this species disappears very rapidly in the
absence of the catalyst (kgpr between 1.5 and 2.1 x 10" M™*
s~ '), through a back-electron transfer between RuSPhphen’~
and the oxidized state of the DS, i.e. HA" or DHA. This rapid
charge recombination could contribute to the higher stability of
RuSPhphen during photocatalysis, compared to Rubpy, that
exhibits a much slower back electron transfer (between 3.5 and
7.4 x 10° M~' s™). Transient absorption spectroscopy also
shows that the reduction of the Co™ catalyst to Co' is just as fast
and thermodynamically favorable by RuSPhphen'™ (kgr
between 2.0 and 3.3 x 10° M~ " 5" and AG®° of —0.46 eV) as by
Rubpy’ ™ (kgr of 1.4 x 10° M~ s7' and AG® of —0.65 eV). This
tends to show that the RuSPhphen PS, in addition to a greater
stability, presents a similar reducing power to Rubpy, which
should allow it to photo-trigger the activation of a wide panel of
molecular catalysts for the reduction of protons to H, and also
for the reduction of CO,. Finally, the steric hindrance and
rigidity of the SPhphen ligand and the possible delocalization of
the radical anion on the conjugated and extended ligand in the
reduced state RuSPhphen’~, which would then be less prone to
losing a ligand in an acidic aqueous medium, could also
contribute to the greater stability of RuSPhphen over Rubpy.
DFT calculations are underway to evaluate the delocalization of
the radical ion on the bpy and SPhphen bidentate ligands in
view of rationalizing the difference in stability observed for the
two PSs.
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