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Abstract. 

The production of hydrogen by efficient, low-cost and integrated photo-electrochemical water 

splitting processes represents an important target for the ecological transition. This challenge 

can be addressed thanks to bioinspired chemistry and artificial photosynthesis approaches, 

through designing dye-sensitized photocathodes for hydrogen production incorporating 

bioinspired first row transition metal-based catalysts. The present work describes the 

preparation and photoelectrochemical characterization of a NiO photocathode sensitized with a 

phosphonate-derivatized ruthenium tris-diimine photosensitizer covalently linked to a cobalt 

diimine dioxime hydrogen-evolving catalyst. Under simulated AM 1.5G irradiation, hydrogen 

is produced with photocurrent densities reaching 84 ± 7 A.cm-2, which is among the highest 

values reported so far for dye-sensitized photocathodes with surface-immobilized catalysts. 

Thanks to the unique combination of advanced spectroscopy and surface characterization 

techniques, the fast desorption of the dyad from the NiO electrode and the low yield of electron 

transfer to the catalyst resulting in the Co demetallation from the diimine dioxime framework 

were identified as the main barriers limiting the performances and the stability of the system. 

This work therefore paves the way for a more rational design of molecular photocathodes for 

solar fuel production and represents a further step towards the development of sustainable 

processes for the production of hydrogen from solar and water. 

 

Introduction. 

Production of hydrogen (H2) through sunlight-driven water splitting is one relevant strategy to 

meet the challenges of a carbon-neutral economy. Among the various technological approaches 

proposed to date, water splitting photoelectrochemical cells are appealing as integrated, low-

cost and scalable devices.1-3 Dye-sensitized photoelectrochemical cells (DS-PECs) can more 

specifically elaborate on the well-established dye-sensitized solar cell (DSSC) technology to 
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build active photoelectrodes via the immobilization of molecular components, i.e. light-

harvesting units and catalysts, at the surface of transparent conducting oxide films.4-7 In 

addition, they benefit from the recent achievements in the field of bioinspired catalysis for 

energy-relevant applications to integrate appropriate first raw transition metal-based catalysts 

for hydrogen production.8-10 Proof of concept for this approach was recently provided with the 

first DS-PECs based on such bioinspired catalysts and built in a tandem configuration 

reproducing the Z scheme of Photosynthesis.11-13  

Various electrode architectures have been successfully described to assemble molecular H2-

evolving catalysts (cobalt, nickel or iron complexes, typically) with light-harvesting units 

(organic dyes, porphyrin or ruthenium tris-diimine complexes) at the surface of a suitable 

mesoporous semi-conducting oxide film.14-16 They typically rely on the anchoring of 

supramolecular or covalent dye-catalyst assemblies,17-22 the co-immobilisation of both 

components,11-13, 23-27 or alternatively, a layer-by-layer assembly strategy.28-32 In addition to this 

structural diversity, a wide range of activity conditions (nature and pH of the electrolyte, applied 

potential, light source and intensity…) were reported, preventing the establishment of clear 

structure-activity relationships although the latter would be highly beneficial to rationally 

improve the photocathode molecular design. Yet, all examples of functional H2-evolving dye-

sensitized photocathodes so far reported display overall low performances in terms of 

photocurrent densities, turnover numbers (TON) and, in some cases, faradaic efficiencies 

(F.E.). 

NiO is the main p-type semi-conductor employed in these studies and various procedures have 

been employed to prepare mesoporous nanostructured films with thicknesses varying from a 

few hundreds of nm to a few m.33 One important limitation with these NiO electrodes relates 

to the fast primary charge recombination processes, reported to occur on the picosecond 

timescale, being thus competitive with charge accumulation and catalysis.15, 25, 30, 32 These 
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investigations rely, however, on ultrafast spectroscopic measurements made on dry sensitized 

films, which questions the relevance of these kinetic data to rationalize the low 

photoelectrochemical activity. Indeed, the groups of Papanikolas and Hammarström 

independently reported bias-dependent charge recombination kinetics for Ru tris-diimine-

sensitized NiO electrodes.34-35 Applying a cathodic potential to the film was shown to fill the 

intra-bandgap states at the origin of the fast recombination processes, with a subsequent 

increase of the charge separation state lifetime from the ps to the s timescale. 

In addition to these kinetic limitations, photocurrents rapidly decrease within a few hours of 

activity, raising important questions about the stability of previously-reported molecular 

photocathodes.11-13, 17-32 Comprehensive studies providing a deep understanding of the 

deactivation pathways at work with the photocatalytic systems remain scarce, however, in the 

literature; techniques allowing to provide mass-related molecular information about the species 

present at the surface of the film, such as ToF-SIMS, have in particular not been employed in 

that context, apart in a collaborative study between the groups of M. Price and E. Gibson18 or 

by our group.23, 36 Deciphering, thanks to a combination of advanced techniques, the structural 

and electronic factors limiting the activity and affecting the stability of these photocathodes is 

thus of paramount importance to develop dye-sensitized water splitting devices able to meet 

robustness and efficiency. 

We previously reported a series of hydrogen-evolving NiO photocathodes featuring covalent 

dye – cobalt catalyst assemblies prepared by a modular click chemistry coupling strategy.19-20, 

37-38 A standardized protocol was established to assess the photoelectrochemical performances 

under identical conditions, thus allowing a rational comparison of the activity of the different 

dyads. In these studies, we exploited in particular the well-known properties of push-pull 

organic dyes to achieve a unidirectional electron transfer cascade from the electrode to the 

catalytic center; their degradation under reductive conditions was however identified as a main 
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issue for stability.38 This was further supported by transient absorption –

spectroelectrochemistry (TA-SEC) measurements recorded on the sensitized films at the 

operando potential, which allowed to detect the formation of the CoI catalytically-active species 

albeit in very low yield, thus leading to the accumulation and degradation of the reduced dye at 

the surface of the film.38 Here, we report on the synthesis and characterization of a novel dyad, 

RuP4-Co, featuring a ruthenium tris-diiimine photosensitizer substituted by four 

methylphosphonate anchoring groups,39 covalently linked to the cobalt diimine-dioxime H2-

evolving catalyst.40 Compared to the previous systems relying on the same catalyst,19-20, 22, 37-38 

significant improvements in the photocurrent density (four to six-fold increase) and F.E. (seven 

fold increase) for hydrogen production were achieved with the corresponding NiO-based RuP4-

Co-sensitized photocathode (Figure 1). Moreover, the main parameters affecting the 

performance of our system were identified thanks to a comprehensive analysis of the 

photoelectrochemical activity combined with TA-SEC measurements and quantum chemical 

simulations on one hand and in-depth post-operando characterizations based on a combination 

of XPS, UV-vis and mass spectrometry-related techniques on the other hand. 

 
Figure 1. Energy diagram and working principle of the RuP4-Co-sensitized NiO photocathode 

at pH 5.5 (arbitrary representation of the phosphonate anchoring mode onto NiO). The NiO 
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valence band edge potential was estimated from the 0.37 V vs NHE value previously reported 

at pH 7.41 

 

Results and discussion.  

Synthesis of RuP4
OEt-Co and characterization in solution. 

RuP4
OEt-Co was synthesized by a copper-catalyzed azide-alkyne cycloaddition (CuAAC) 

coupling between the alkyne-substituted dye precursor RuP4
OEt-EPIP39 and the azido-

functionalized copper diimine dioxime complex,42 followed by a transmetallation step from Cu 

to Co, according to our previously-reported procedures.19-20 Acid-base titrations revealed that 

the dye precursor and the dyad were isolated under their imidazole-protonated form (Figure 

S2). Full synthetic details and characterizations are provided in the Supporting Information. 

The electronic and redox properties of RuP4
OEt-Co were first investigated in solution and were 

compared to the ones individually determined for the two components RuP4
OEt-EPIP and 

[Co(DO)(DOH)N3pnBr2]
43 (CoN3). Its UV-vis absorption spectrum recorded in acetonitrile 

(Figure S3) is characteristic for a ruthenium tris-diimine complex, with a broad absorption band 

centered at 460 nm and attributed to the metal-to-ligand charge transfer (1MLCT) transition. 

Quantum chemical simulations on the structurally closely related RuP4
OMe-Co assign three 

1MLCT transitions to this absorption feature, i.e. into the S6, S8 and S10 state respective, with 

mixed contributions from the ruthenium to the bipyridine ligands as well as to the 

phenanthroline-based ligand (see quantum chemical simulations section below). In the UV 

region, intense ligand-centered π-π* absorption bands are observed between 270 and 350 nm, 

together with a small contribution from the cobalt center at 300 nm, by comparison with the 

spectrum recorded for CoN3. The redox properties are summarized in Table 1 and the cyclic 

voltammograms are displayed in Figure S4. On the anodic scan, RuP4
OEt-Co exhibits a 

reversible RuIII/RuII process at +0.89 V vs Fc+/0, which is not significantly affected by the 

coupling. On the cathodic scan, five reduction processes take place between −0.60 and −2.45 
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V vs Fc+/0, corresponding to the two successive reduction of the cobalt center, CoIII/CoII (Epc = 

−0.60 V vs Fc+/0) and CoII/CoI (E1/2 = −0.98 V vs Fc+/0), then the reduction of the three diimine 

ligands in the RuII coordination sphere. Overall, the electronic and redox properties of RuP4
OEt-

Co can be simply described as the superimposition of those of its individual RuP4
OEt and Co 

components, thus underlining that the dye and the catalyst moieties are electronically decoupled 

in the ground state. Similar observations were previously made for a ruthenium-copper42 and 

the push-pull organic dye-based T1-Co dyad,20 and are frequently reported in the literature for 

triazole-based assemblies.44-46 

Table 1. Redox propertiesa of Co-N3, RuP4
OEt-EPIP and RuP4

OEt-Co recorded in acetonitrile. 

 Eoxb  

RuIII/RuII 

Ered1
c 

CoIII/II 

Ered2
b 

CoII/I 

Ered3
b 

RuII/RuII-L- 
Ginj

d G1
e G2

f  

Co-N3 ― 
−0.60 

(−0.07) 

−1.01 

(−0.48) 
― ― ― ― 

RuP4
OEt-EPIP 

+0.92 

(+1.45) 
― ― 

−1.71 

(−1.18) 
−0.36 ― ― 

RuP4-Co +0.89 

(+1.42) 

−0.60 

(−0.07) 

−0.98 

(−0.45) 

−1.73 

(−1.20) 
−0.34 −1.13 −0.75 

a- In V vs Fc+/0 and in V vs NHE (value in brackets). Redox potentials converted from Fc+/0 to NHE, 

considering E°(Fc+/0) = +0.53 V vs NHE in acetonitrile.  

b- ½(Epc + Epa). 

c- Epc. 

d- In eV. Gibbs free energy for hole injection ΔGinj = e[EVB(NiO) − E(PS*/PS−)]; with EVB(NiO) = +0.46 V 

vs NHE at pH 5.520 and E(PS*/PS−) = E(PS/PS−) + E00 (see Table S1 for E00 values). 

e- In eV. Gibbs free energy for electron transfer from the reduced dye to the CoIII catalyst 

G1 = e[E(RuII/RuII-L-) − E(CoIII/CoII)]. 

f- In eV. Gibbs free energy for electron transfer from the reduced dye to the CoII catalyst 

G2 = e[E(RuII/RuII-L-) − E(CoII/CoI)]. 

Furthermore, the dye and dyad excited state dynamics were investigated by nanosecond (ns) 

time-resolved absorption and emission spectroscopies, on the as-synthesized complexes as well 

as on their neutral imidazole form (generated in-situ by the addition of one equivalent of 

triethylamine). Emission lifetimes of 170 and 160 ns were determined for RuP4
OEt-EPIP and 

RuP4
OEt-Co, respectively (Table S1, Figure S5). In addition, upon excitation at 410 nm, very 

similar transient absorption spectra were recorded for both complexes irrespective of the 

protonation state of the imidazole ring (Figures S6 & S7): a ground state bleach is observed at 

460 nm together with a broad and structureless absorption above 500 nm, assigned to the 
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absorption of the 3MLCT excited state. The latter decays concomitantly with the ground state 

recovery over a few hundreds of ns, supporting the absence of any additional process, i.e. no 

intramolecular electron transfer process from the ruthenium excited state to the CoIII center 

occurs in RuP4
OEt-Co, as previously reported for T1-Co.47 

 

NiO film sensitization and dyad loading quantification. 

Homemade F108-templated NiO films20 were soaked for 24 hours in a methanolic solution of 

the RuP4-Co dyad (or the RuP4-EPIP dye) after deprotection of the phosphonate anchoring 

groups (see SI for experimental details). The amount of dyad loaded on the film was determined 

by  UV-vis absorption spectroscopy after desorption of the freshly-sensitized NiO film in a 1 M 

phenylphosphonic acid methanolic solution,17, 48 using the molar extinction coefficient of the 

MLCT band at 460 nm (Figure S8). An average dyad loading of 5.2 ± 0.8 nmol·cm-2 was 

obtained (12 independent samples; Table S2), which is slightly lower than the ones we 

previously reported for related ruthenium tetraphosphonate dyes,36 but in agreement with the 

lower thickness of the spin-coated films employed here (700 nm to 1 m, Figure S9). The dyad 

loading was systematically quantified on one half of a freshly-sensitized NiO film, the other 

half being employed for the photoelectrochemical experiments. Hence, the amount of dyad 

grafted on the electrode was precisely known for each sample and was used to calculate the 

TONs for hydrogen production activity (see below). 

 

Photoelectrochemical performances of RuP4-Co-sensitized NiO photocathodes. 

Photoelectrochemical measurements were conducted in aqueous conditions at pH 5.5 (0.1 M 2-

(N-morpholino)ethanesulfonic acid (MES) / 0.1 M NaCl buffer),19-20 using a RuP4-Co-

sensitized NiO film as working electrode in a three-electrode setup. We previously showed that 

the activity of the cobalt diimine dioxime catalyst is optimal at mildly acidic pHs,49 and no H2 
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evolution could be detected at pH 7 for this catalyst anchored onto multiwalled carbon 

nanotubes.43 Linear sweep voltammograms recorded under dark, light and chopped light 

irradiation (filtered Xenon lamp, 400 – 800 nm, 65 mW∙ cm-2 equivalent to 1 sun) revealed the 

generation of cathodic photocurrents, steadily increasing from +0.9 V to 0 V vs RHE (Figure 

S10, Table S3). In order to correlate them to some photoelectrocatalytic hydrogen production 

activity, two hours chronoamperometric measurements (Figure S11) were performed under 

continuous light irradiation at an applied potential of +0.14 V vs RHE (−0.4 V vs Ag/AgCl); at 

the end of the experiment, the amount of hydrogen was quantified both in the headspace and in 

solution, according to our previously reported procedure.19 Under these conditions, 28 ± 2 

nmol ∙ cm-2 (5 ± 1 TON) of hydrogen were produced with 24 ± 5 % faradaic efficiency (F.E.) 

for the NiO|RuCo photocathode (Table 2).  

Table 2. Figures of merit determined from the two-hour chronoamperometric measurements 

(full set of experimental data in Table S4). 

Irradiation Photocathode 
n(H2)a 

(nmol∙ cm-2) 

Chargeb 

(mC ∙ cm-2) 

F.E.c 

(%) 
TONCo

d 

400-800 

nm 

NiO 1 ± 1 3 ± 1 5 ± 2 ― 

NiO|Ru-EPIP 4 ± 1 9 ± 1 9 ± 1 ― 

NiO|RuCo 28 ± 2 24 ± 6 24 ± 5 5 ± 1 

Simulated 

AM 1.5G 

NiO 5 ± 0 8 ± 1 13 ± 1 ― 

NiO|Ru-EPIP 10 ± 4 10 ± 4 22 ± 2 ― 

NiO|RuCo 60 ± 9 45 ± 6 26 ± 7 13 ± 2 

a- Total amount of H2 produced, quantified in solution and in the headspace (detailed values in 

Table S4), divided by the geometric surface area (measured for each single film). 

b- Charge passed during the course of the two hours chronoamperometric measurement divided 

by the geometric surface area (measured for each single film). 

c- Faradaic efficiency for hydrogen production. 

d- Turnover number (calculated with the dyad loading determined for each single film). 

Replacing the 400 nm cut-off filter by an AM 1.5G one, which better simulates solar irradiation, 

proved to be highly beneficial for the photoelectrochemical performances of RuP4-Co. A 

significant increase in the photocurrent density is observed (Figure 2, top), reaching up to 

97 A ∙ cm-2 (Table S3). This is due to a beneficial contribution from the absorption in the UV 

part of the spectrum, as previously reported for homogeneous photocatalytic hydrogen 
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production based on ruthenium trisdiimine photosensitizers.50-51 Hence, 60 ± 9 nmol ∙ cm-2 of 

hydrogen (26 ± 7 % F.E.) were produced during the course of a two hours chronoamperometric 

measurement under these optimized irradiation conditions (Figures 2 & S12), corresponding to 

13 ± 2 TONs (Table 2).  
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Figure 2. a) Linear sweep voltammogram recorded on a RuP4-Co-sensitized NiO electrode 

under chopped light irradiation (simulated AM 1.5G, IR filtered) in MES 0.1 M/NaCl 0.1M 

supporting electrolyte at pH 5.5. b) Photocurrent densities recorded during the course of a two-

hour chronoamperometric measurement under continuous light irradiation (simulated 

AM 1.5G, IR filtered) at an applied potential of + 0.14 V vs RHE. 
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Whatever the irradiation setup, control experiments using either non-sensitized NiO films or 

RuP4-EPIP-sensitized ones display significantly lower photocurrents compared to the RuP4-

Co photocathode (Figure 2, bottom and Figure S11). Moreover, in the absence of the Co catalyst 

at the surface of the film, the amount of hydrogen produced by the dye-sensitized photocathode 

is 6 to 7 times lower for similar dye loadings (Tables 2 & S4).52 These results clearly support a 

cobalt-based mechanism for the observed H2 evolving activity.  

The performances of the RuP4-Co photocathode proved to be superior to the ones we 

previously reported for the T1-Co photocathode based on an organic push-pull dye, which 

displayed a TON of less than five and a 10 % F.E. for hydrogen production, under identical 

conditions.19-20,38 To further investigate the role played by the light-harvesting unit and its 

electronic nature, UV-vis monitored photolysis experiments were performed on RuP4
OEt-Co 

and T1OtBu-Co at 4.5 x 10-5 M in a CH3CN/TEOA (90:10) solution (Figure S13).53 Upon visible 

light irradiation, the characteristic two-band spectrum of the CoI species54 builds up between 

500 and 800 nm, albeit with a final absorption 2 to 3 times higher for RuP4
OEt-Co (reached 

after 30 minutes) compared to T1OtBu-Co (reached after 60 min of irradiation). These 

observations thus suggest that the photoinduced generation of the CoI state, entry point to the 

cobalt-centered H2-evolving catalytic cycle,40 might be more efficient with RuP4
OEt-Co than 

with T1OtBu-Co. Yet, the TON achieved by the cobalt diimine dioxime catalyst under the 

photoelectrochemical conditions reported here is very low compared to the TON of 300 

previously obtained under homogeneous photocatalytic conditions,55 or the 7,000 (TON) 

achieved by the Co(DO)(DOH)pn-based electrocatalytic nanomaterial under close aqueous 

conditions.43 

TONs being affected by both the kinetic and the stability over time of the system, we re-

examined the LSV measurements in order to extract initial turnover frequency (TOF) values of 

activity. From the photocurrent densities at +0.14 V vs RHE under visible light irradiation 
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(Table 3), a TOF of 0.11 nmole- ∙ nmolRuCo
-1∙s-1 was determined for the RuP4-Co-sensitized 

film (i.e. each grafted RuP4-Co dyad efficiently relays one electron every 9 s), which is five 

times higher than for the T1-Co-sensitized film (0.02 nmole- ∙ nmolT1Co
-1∙s-1). Including UV 

irradiation provides a track for improvement, by increasing the Ru dye light absorption 

efficiency via its upper excited state levels. This results in a slightly increased TOF, reaching 

0.18 nmole- ∙ nmolRuCo
-1 ∙ s-1 (Table 3), and in turn, a more than doubled TON (TONCo: 13 vs 5, 

see Table 2) over 2 hours irradiation when simulated AM 1.5G irradiation conditions are 

employed compared to visible light irradiation. We could thus increase the initial TOF by 

varying either the nature of the light-harvesting unit or the irradiation conditions (all other 

conditions being strictly equal). This demonstrates that, at the beginning of the two-hour 

chronoamperometric measurement, the cobalt-centered catalytic activity is not the limiting 

parameter of the system. This is further supported by the TOF value of 1.3 s-1 (equal to 2.6 

nmole- ∙ nmolCo
-1 ∙ s-1) determined from the specific rate of H2 evolution previously measured 

for Co anchored onto multi-walled carbon nanotubes (MWCNT).43 

Table 3. Kinetic data at +0.14 V vs RHE from the LSV measurements (see the full set of 

experimental data in Table S3) and comparison with the activity of the previously-reported 

MWCNT-based cathode material functionalized with Co. 

Irradiation (Photo)cathode 

Photocurrent 

density 

(j A ∙ cm-2)a 

TOF (electrons) 

(nmole- ∙ nmoldyad
-1 ∙ s-1)b 

TOF (H2) 

(TON∙s-1) 

400-800 nm 
NiO|T1Coc 15c 0.02 0.01d 

NiO|RuP4-Co 58 ± 11 0.11 ± 0.03 0.055d 

Simulated 

AM 1.5G 
NiO|RuP4-Co 84 ± 7 0.18 ± 0.03 0.09d 

― MWCNT|Coe ― ― 1.3f 

a- Dark current substracted. 

b- Converted from j using TOF = j / n∙F∙, with j in A∙cm-2 (1 A = 1 Cּ∙s-1),  in mol∙cm-2, n = 1 electron 

transferred, F = 96 485 C∙mol-1. 

c- Data taken from our previous study.20 

d- Expected TOF(H2) if H2 is produced with a F.E. of 100%.  

e- Data taken from our previous study.43 

f- Obtained by dividing the specific rate of H2 evolution at ─0.6V vs RHE (6 nmolH2.s-1∙cm-2) by the 

catalyst loading (4.5 nmol∙cm-2) 
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Conclusively, these observations strongly suggest that the RuP4-Co photocathode suffers from 

i) kinetic issues, i.e. the catalytic center is not correctly supplied with electrons to achieve fast 

catalysis, ii) stability issues, which is further supported by the very fast photocurrent decrease 

observed during the course of the chronoamperometric measurements (> 90 % loss within the 

first hour of activity, Figure 2). These two points are addressed below in-depth, thanks to time-

resolved spectroscopic studies on the sensitized films supported by quantum chemical 

calculations and post-operando characterization, respectively. 

 

Investigation of the ultrafast electron transfer processes. 

The kinetics of the light-induced processes occurring at the dye-sensitized photocathode 

interface were investigated by transient absorption spectroelectrochemistry (TA-SEC). TA 

spectra were recorded in a home-built spectroelectrochemical cell (see details in SI) at different 

cathodic potentials applied to the film, in order to determine the influence of the applied 

potential on the hole injection and charge recombination dynamics. Previous studies by the 

groups of J. M. Papanikolas34 and L. Hammarström35 indeed highlighted the pronounced 

dependence of the charge-separated state lifetime on the potential applied to NiO films 

sensitized by model Ru dyes, while our own preliminary work focused on the effect of potential 

on the excited-state reactivity in organic dye-catalyst dyads.38, 47 Measurements were carried 

out in a dry acetonitrile electrolyte to get rid of any catalytic turnover in order to accumulate 

and detect the CoI species.  TA spectra were recorded at the open-circuit potential (OCP) and 

at −0.74 V vs Fc+/0, which corresponds to the operando potential in the photoelectrochemical 

activity tests (−0.4 V vs Ag/AgCl); a previous study showed that this potential is sufficient to 

generate the CoII state of the cobalt catalyst at the surface of the film.23 In addition, control 

experiments were also carried out i) at −1.15 V vs Fc+/0, where the cobalt catalyst is already in 

its CoI state and as a consequence, electron transfer is no longer thermodynamically possible, 
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and ii) on films sensitized with RuP4-EPIP instead of RuP4-Co, at all of the aforementioned 

potentials.  

 
Figure 3. TA-SEC spectra (a-c) and decay-associated spectra (d-f) obtained with a three-

component exponential fit of RuP4-Co-sensitized NiO films at early delays up to 7 ns at (a,d) 

OCP, (b,e) −0.74 V and (c,f) −1.15 V vs Fc+/0 applied potential. For clarity, the spectra were 

integrated over ±10% of the given times and smoothed by a 10-point adjacent averaging. The 

raw data without smoothing are depicted in Figure S21. The inverted absorption spectrum of 

RuP4
OEt-Co in ACN (dashed line), the TA spectrum of RuP4

OEt-Co in ACN at 2 ns time delay 

(dotted line) and the scaled differential absorption spectrum upon one-electron reduction of the 

Ru complex in RuP4
OEt-Co (dashed-dotted line) are given for comparison. 

TA spectra of NiO films sensitized with RuP4-EPIP and RuP4-Co show the same general 

features: At early times, a spectrum with ground-state bleach (GSB) at 480 nm and excited-

state absorption (ESA) around 590 nm is observed, corresponding to the MLCT state (Figure 

3, Figures S14-S17). At OCP, this spectrum decays almost completely within the time window 
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of the experiment (7 ns) except for a weak positive band centered at 520 nm. At negative applied 

potentials, however, this minor feature develops into a broad and long-lived signal (between 

540 – 480 nm), completely overwriting the GSB. The band at 540 nm is characteristic for the 

one-electron reduced Ru dye (dashed-dotted lines in Figures 3 and S18). The band at 480 nm 

is tentatively assigned to oxidized Ni centers produced by hole injection (HI),56-57 leading to the 

assignment of this spectrum to the primary charge-separated state produced by HI from the 

excited dye into the NiO film (NiO+|RuI). A tri-exponential fit of the experimental data yields 

the time constants for HI ranging from 67 ps (at OCP) to 31 ps (at −1.15 V vs Fc+/0) for RuP4-

EPIP and from 67 ps (at OCP) to 45 ps (at −1.15 V vs Fc+/0) for RuP4-Co (Table S5), i.e. 

becoming faster and more pronounced at more negative potential applied (Figure 3 d-f). In 

addition, the initial GSB signal at 480 nm becomes weaker while the initial reduced dye 

absorption signal at 540 nm is increased (Figure S19); this suggests that an additional ultrafast 

(< 2 ps) HI process occurs when a cathodic potential is applied to the film. HI is ultimately 

followed by charge recombination (CR), which is also strongly affected by the applied 

potential: at OCP, CR is characterized by a time constant of tens of picoseconds, while at 

cathodic potentials, the charge separated state lives for more than 7 ns, as previously observed 

for a ruthenium dye-sensitized NiO photocathode.34 

In parallel to HI, there is a process with a characteristic time constant of about 1 ns, i.e. 2 = 

950-1470 ps, which shows the spectral signature of a MLCT decay to the ground state 

(concerted loss of GSB and ESA). This decay reflects a direct deactivation of excited molecules, 

which do not undergo HI. This process might be associated with self-quenching of tightly 

packed dyads on the NiO surface.58 Alternatively, a combination of rate-limiting HI and rapid 

CR can account for the same spectral features. The lower amplitude and slower rate for this 

component at more negative applied potentials supports this assignment: HI is faster, decreasing 



16 

the amount of long-lived 3MLCT states, and CR is slowed down by the lower concentration of 

holes on the NiO surface. 

Most importantly, in the time window up to 7 ns, the TA spectra of RuP4-Co do not show any 

spectral indication of charge transfer to the cobalt catalyst unit. Such a charge transfer would 

be observable as an increasing absorption band between 550 and 750 nm produced by the CoI 

state (Figure S18), which is not present in the fs-TA-SEC spectra recorded for RuP4-Co at 

−0.74 V vs Fc+/0.  Since thermal electron transfer in triazole-bridged dyads has been shown to 

occur on the ns-µs time scale,59-63 especially for a related H2-evolving photocathode sensitized 

with a push-pull organic dye-cobalt catalyst covalent assembly,38 we performed TA 

experiments under identical conditions in the ns-µs time scale. The data recorded in this time 

range are spectrally identical to the last spectra recorded in the fs-TA-SEC experiment and 

decay without any spectral changes, with 15% of the initial signal still left after 45 µs (Figures 

4, S20 & S21). The decay occurs in a non-exponential fashion as typical for charge 

recombination reactions in molecularly functionalized NiO photoelectrodes.34-36, 64-65 

Quantitative kinetic analysis of the ns-TA data using a three-component exponential fit yields 

similar lifetimes at −0.74 V and at −1.15 V vs Fc+/0 (3,1 ≈ 90 ns, 3,2 ≈ 1.4 µs, 3,3 ≈ 14 µs with 

an average lifetime of ave = 4 µs for RuP4-Co at -0.74 V vs Fc+/0, Figure S20 & S21, Table S5). 

 
Figure 4. a) TA spectra of RuP4-EPIP- and RuP4-Co-sensitized NiO films at −0.74 V and 

−1.15 V vs Fc+/0 applied potential at 100 ns time delay, normalized to signal at 530 nm. b)  

Kinetic traces at 530 nm of the same data, averaged from 520 to 540 nm and normalized at 30 

ns to the signal of RuP4-Co at the respective potential. 
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Applying a cathodic potential to the film thus leads to an increase of up to 5 orders of magnitude 

of the lifetime of the charge-separated state (up to 14 s) compared to the situation without 

applied potential (OCP, a few hundreds of ps). However, in spite of this long-lived charge-

separated state, no direct evidence for electron transfer to the cobalt catalyst38 could be observed 

on the ns to s time window: indeed, within the experimental signal to noise, the expected 

spectral signature of the CoI state between 600 and 800 nm was not detected on the TA spectra 

of RuP4-Co-sensitized NiO films at −0.74 V vs Fc+/0 (Figure 4), and the decay kinetics of the 

reduced Ru moiety were not accelerated in comparison to RuP4-EPIP-sensitized films (Figure 

4). Based on the ratio of the extinction coefficients of the reduced dye and of the CoI state from 

the UV-Vis SEC experiment (Figure S18), the growth of a signal with a 9.0 mOD intensity is 

expected if CoI is formed with 100 % yield from the primary charge-separated state already 

formed at the beginning of the ns-TA-SEC experiment. Considering the experimental noise of 

0.5 mOD, the limit of detection at a signal to noise ratio of 2:1 is estimated to be 1 mOD, 

corresponding to a yield of formation of the CoI species of 12 %. The absence of any spectral 

evidence supporting the formation of CoI thus clearly indicates that the electron transfer 

efficiency from the reduced dye to the catalytic center lies below this detection limit. In 

consequence, the TOF for hydrogen production is rather low as the active CoI species is not 

formed efficiently. The light-induced processes occurring for the RuCo-sensitized film at the 

operando potential are summarized in Figure 5. 

Figure 5. Jablonski diagram summarizing the light-induced processes occurring for RuP4-Co-

sensitized NiO films at −0.74 V vs Fc+/0 (equivalent to the −0.4 V vs Ag/AgCl used in the 

photoelectrochemical experiments). Electron density is depicted in blue, while holes are 

depicted in red. Dashed arrows indicate the processes that have not been detected. 

To further investigate the photoinduced electron transfer processes at a molecular level, we 

performed a series of quantum chemical simulations at the density functional (DFT) and time-

dependent DFT level of theory for Ru-Co as well as for RuP4
OMe-Co. These simulations aim 

to elucidate the excited states populated upon photoexcitation, the subsequent reduction of the 
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excited intermediate (i.e. hole injection upon NiO immobilization of RuP4-Co) as well as the 

sequential intramolecular electron transfer steps, and, finally to the catalytic active species. 

Although, the singly reduced CoII is already obtained at the applied operando potential, the 

performed (TD)DFT simulations involve a potential light-driven CoIII/CoII reduction as well as 

the second CoII/CoI reduction – investigated in-depth by the TA-SEC experiments. 

Initially, the nature of the electronic transitions underlying the absorption spectrum of Ru-Co 

as well as of RuP4
OEt-Co was assessed using TDDFT, while the structural and electronic 

properties of RuP4
OEt-Co were obtained for the computationally less demanding RuP4

OMe-Co 

complex. Both complexes feature a broad absorption band between 500 and 400 nm, which 

stems mainly from the excitation into three 1MLCT states: Both lower energy MLCT 

transitions, predicted at roughly 460 (2.7 eV; RuP4
OEt-Co: S7 and Ru-Co: S6) and 445 nm 

(2.8 eV; RuP4
OEt-Co and Ru-Co: S9), are of mixed electronic character and feature excitations 

from the Ru atom to the bpy as well as to the phen ligand spheres. In contrast, the higher energy 

transition at ca. 435 nm (2.85 eV; RuP4
OEt-Co and Ru-Co: S10) is of pure MLCTbpy nature, for 

details see Figure 6a and Figure S22 as well as Tables S6 and S7 in the Supporting Information. 

The following computational analysis will be focused exclusively on Ru-Co. As highlighted 

above, the singly reduced Ru-Co species (i.e. CoII) is already obtained at the applied operando 

potential. However, such species may be obtained as well in a light-driven fashion, which will 

be evaluated in the following based on computational modelling. Therefore, 480-nm excitation 

into the MLCT band of the non-reduced Ru-Co – into the S6, S9 and S10 
1MLCT states – may 

lead subsequently to an ultrafast intersystem crossing and the population of various close-lying 

3MLCT states, see Figure 6a and Tables S6 and S7. Consequently, electrochemical reduction 

may yield the singly reduced doublet RuII species of Ru-Co, while the accessory charge is either 

localized on one bpy ligand or on the phen moiety, i.e., in the lowest 𝜋𝑏𝑝𝑦
∗  or 𝜋𝑝ℎ𝑒𝑛

∗  molecular 

orbital, respectively. Energetically, bpy-based reduction, as illustrated by the spin densities of 
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D0 (bpy reduction) in Figure 6c, is slightly more favourable with respect to the reduction of the 

phen moiety (see spin density of D1). However, thermally induced distortions, i.e., elongation 

of the Co-Br bond lengths, may stabilized the initially unfavourable Co-centered reduction (D4 

in Figure 6c, CoII) leading to the semi-charged catalytic center. DFT predicts a driving force 

(ΔE) of -0.51 eV for this intramolecular electron transfer, while an activation energy (EA) of 

approximately 0.37 eV was predicted along a linear-interpolated internal coordinate connecting 

the equilibrium geometries of the phen-based and the Co-based reductions using pysisyphus,66 

an efficient external optimizer written in Python – that is also aware of excited states. In line 

with previous computational studies, in which dissociation of the halide ligands becomes 

favourable upon reduction,67-68 we observe a considerable elongation of the Co-Br bonds from 

2.418 and 2.421 Å (phen-based reduction state) to 2.539 and 2.572 Å (Co-based reduction state; 

Table S8). Therefore, three different CoII structures were used in the quantum chemical 

simulations related to the photoinduced electron transfer leading eventually to the catalytically 

active CoI species: a first one with two Br- ligands, the CoII-based catalyst structure proposed 

by Artero and co-workers,67 with the two Br- ligands being dissociated and one ACN (solvent) 

molecule coordinated and the CoII structure with two ACN coordinated ligands as calculated 

by Hammes-Shiffer and coworkers.68 In the following, only the computational results obtained 

for the CoII structure with two ACN molecules (Ru-Co(ACN)2) are described; results obtained 

for the CoII structure with one solvent molecule (Ru-Co(ACN)) as well as for the catalyst with 

two bromide ligands (Ru-Co) are discussed in the supporting information. Excitation of this 

singly reduced 2[Ru-Co(ACN)2], as shown in Figure 6d, yields very similar mixed 2MLCTbpy 

and 2MLCTphen transitions (see D21, D41 and D45 in Figure 6d as well as D36 and D38 in 

Tables S6 and S7) in the visible region, which was to be expected as the initial electronic 

configuration of the RuII photosensitizer is recovered. However, a partial contribution of the 

bridging ligand is predicted by TDDFT, see D21 and D45 in Figure 6d. In case of the doubly 
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reduced photocatalyst, 1[Ru-Co(ACN)2], exclusively singlet species were considered as the 

fully charged CoI formally features a low-spin d8 configuration. Figure 6f illustrates the 

intramolecular electron transfer pathways and the accessory charge localization, i.e. with the 

second reduction centered on one bpy ligand (S2), on the phen-moiety (S3) and on the Co 

catalyst (S0) – the fully charged and catalytic active CoI species. Analogous as for the first 

electron transfer (Figure 6c), bpy and phen-based reductions are isoenergetic, while a 

pronounced mixing of bpy and phen contributions hampered the identified and optimized of 

charge-separated CoII species, see SI for details. However, the second reduction (CoII/CoI) 

proceeds with a thermodynamical unfavorable driving force of approximately +0.36 eV, thus 

hampering the formation of the catalytic active CoI species. However, population of the CoI 

redox state leads in consequence to the dissociation of one ACN ligand (Table S8; 

d(CoACN1) = 3.821 Å) leading to Ru-Co(ACN) and, thus substantially stabilizing the catalytic 

active species (Figure S23i).67 Noteworthy, the driving force for the CoII/I reduction was found 

to be highly sensitive to the CoII’s coordination sphere. An increased electron density at the CoII 

site, as given by two coordinated bromide ligands, yields an even more unfavorable driving 

force of +0.39 eV, while a decreased electron density, as given by the pentacoordinates CoII 

species (one ACN), yields a strong driving force of -1.15 eV for the CoI formation. 

Experimentally, a driving force of -0.75 eV was determined for the CoII/CoI reduction, recall 

Table 1. Presumably, this discrepancy reflects a coordination environment at the cobalt center 

with one coordinated and one loosely bound solvent molecule which cannot be fully described 

based on the present computational approach. Metadynamic simulations are the method of 

choice to describe such scenario, unfortunately the computational demand prevents an 

application in the present case. Further details with respect to computational results and the 

impact of the cobalt coordination sphere on its redox properties are collected in the Supporting 

Information. 
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Figure 6. a) Singlet UV-vis absorption spectrum of Ru-Co (experimental data: dashed line, 

simulated data: solid line) and, b), energy levels of prominent singlet and triplet excitations in 

the Franck-Condon geometry (FC, singlet ground state equilibrium). c) Singly reduced states 

with excess charge localized on one bpy ligand (bpy•-), on the phen ligand (phen•-) and at the 

catalytic center – leading to the partially charged CoII species with semi-occupied dz²(Co) 

orbital. All states are shown in their respective equilibrium structures. d) Spin-allowed doublet 

excitations contributing to the UV-vis absorption spectrum of Ru-Co(ACN)2 (both Br- 

dissociated and two ACN coordinated; simulated data: solid line). e) Energy levels of prominent 

doublet excitations in the Franck-Condon geometry (doublet ground state equilibrium of CoII 

species shown in c)). f) Doubly reduced states with one excess charge localized at the Co, i.e. 

CoII species, and the other excess charge on one bpy ligand (bpy•-), on the phen ligand (phen•-) 

and at the catalytic center – leading to the fully charged CoI species with doubly occupied 

dz²(Co) orbital. All states are shown in their respective equilibrium structures. Quantum 

chemical results were obtained at the (time-dependent) density functional level of theory 

(B3LYP/def2-svp) including D3BJ dispersion correction and solvent effects (ACN) by a 

polarizable continuum model. Electronic nature of prominent transitions is shown by charge 

density differences, charge localization in the respective electronic ground state of opened-shell 

species is illustrated by the spin density. The highest-occupied molecular orbital of the CoI is 

shown in f). Singlet, doublet, and triplet states are shown in black, blue, and red, respectively. 
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The reasons why the formation of the catalytically competent CoI state isn’t experimentally 

observed whereas electron transfer from the reduced dye is predicted to occur with a high 

driving force are still unclear at that stage. A possible explanation might involve a small 

electronic coupling between the redox states involved in the formation of the CoI species, e.g. 

as shown previously for triazole-based linkers.69 We recently made a similar observation for a 

related dyad based on a cobalt tetraazamacrocyclic catalyst covalently linked to a push-pull 

organic dye: the formation of the CoI state of the catalyst could be detected within 20 ns after 

laser pulse excitation but with a yield far from unity, a lot of reduced dye remaining present at 

the surface of the film on the s time window.38 This therefore raises questions regarding i) the 

choice of a covalent dye-catalyst assembly based on a CuAAC coupling, the role played by the 

triazole unit in the photoinduced electron transfer processes presenting some controversy in the 

literature;70 ii) the influence of the dyad anchoring within the pores of the NiO film, which 

might strongly affect the parameters controlling the thermal electron process to the catalytic 

center due to some conformational or topological constraints, thus leaving only a small fraction 

of dyads active for hydrogen production. Future joint synthetic-spectroscopic-theoretical 

studies of the consortium will focus on the impact of the electronic coupling on the electron 

transfer kinetics in detail as shown recently by semi-classical Marcus theory and quantum 

dynamics for a ruthenium-cobalt photocatalyst model.71 

 

Post-operando characterization. 

X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry 

(ToF-SIMS) were first employed to characterize the structural modifications undergone by the 

photocathode during the course of the two hours chronoamperometric experiment. The survey 

XPS spectrum of a post-operando RuP4-Co-sensitized NiO film is shown in Figure 7a, together 

with the ones recorded on the same freshly-sensitized film and on a bare NiO film, for 



23 

comparison purposes. Surface modification by RuP4-Co is confirmed by the appearance of new 

peaks at 132.4, 280.6, and 400.1 eV, characteristic for the P 2p, Ru 3d and N 1s core levels, 

respectively (Figures 7 & S24). The chemical state of Ni is not modified upon sensitization, 

nor post-operando (Figure S25); in particular, the formation of Ni0 (typically observed at 

852.6 eV) is not detected here. The relative concentration of these elements is decreased post-

operando (Table S9), indicating that 30 to 50 % of the dyad is released in solution during the 

course of the photoelectrochemical activity measurement. The CoIII catalyst is detected at 

780.4 eV (Co 2p3/2 core level) for the freshly-sensitized film (Figure 7b): even though this 

signal is masked by the overlapping Ni Auger background complicating its quantification, upon 

the deconvolution it is possible to observe the Co signal (see inset in Figure 7b). The latter is in 

perfect agreement with the XPS analyses previously reported for the same catalyst co-

immobilised onto NiO with a push-pull organic dye23 or anchored onto MWCNTs.43 

Furthermore, this signal is absent (or lies below the detection limit) in the spectrum recorded 

post-operando, suggesting that the loss of Co is more important compared to Ru. Desorption of 

the dyad from the surface of the NiO film is also evidenced by ToF-SIMS analysis. Comparison 

of the positive mode spectra recorded on a freshly-sensitized film and the same one post-

operando (Figure S26) clearly show that, while some peaks attributed to the dyad are still 

significantly present (Ru-containing signatures such as the peak detected at m/z = 616.01), 

others can hardly be detected at the end of two hours photoelectrocatalytic experiment (typically 

the Co-containing signatures such as the peak detected at m/z = 659.17). In the negative mode 

spectra, the detection of various NiaPbOcHd
– fragments (Figure S27) provides evidence for the 

covalent attachment of the dyad on the surface of the NiO electrode through the formation of 

inorganic ester bonds, as previously observed for related systems.36 These peaks are also 

detected post-operando. 
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Figure 7. a) Survey XPS spectra recorded on a pristine NiO film (grey), a fresh RuP4-Co-

sensitized film (black) and the same film post-operando (red). b) XPS core-level spectra of the 

Co 2p3/2 region and corresponding deconvolution of the signals (Inset: overlap of the spectra 

corrected for the Ni Auger background).  

 

In parallel to these two techniques directly probing the sensitized film at the end of the 

chronoamperometric measurements, desorption of the remaining molecular species from the 

surface of the film was also undertaken and the desorption solution analyzed by UV-vis 

absorption spectroscopy. For all analyzed samples, the post-operando UV-vis spectra revealed 

a 

b 
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an important decrease in absorption compared to those recorded for the other half of the film 

freshly desorbed (Figure 8), giving an average percentage of dyad desorption of 80 % 

(independent of the irradiation conditions, see Table S4). Thus, the presence of the four 

phosphonate anchors failed to stabilize the grafting onto the NiO film surface. Working at pH 

5.5 for an optimal H2-evolving activity whereas phosphonate grafting is reported to be stable 

below pH 572-73 might rationalize this behaviour. In addition to UV-vis spectroscopy, MALDI-

ToF mass spectrometry was employed to provide further information regarding the fate of the 

molecular dyad. The spectrum recorded after desorption of a freshly-sensitized film (Figure 

S28) is quasi superimposable to the RuP4-Co reference spectrum, with a main peak at m/z = 

1448 attributed to the [M-2PF6-2Br]4+ ion together with additional fragmentation peaks such as 

the loss of one oxygen atom at m/z = 1432.74 By contrast, at the end of the two hours PEC 

experiment, these characteristic peaks have disappeared and the spectrum displays a single peak 

at m/z = 1224 (Figure 8). Its isotopic pattern is in agreement with the one calculated for the 

diamino derivative of the dyad (structure presented in Figure 8), which could be formed via a 

degradation pathway involving the hydrolysis of the cobalt diimine dioxime catalytic core 

during the course of the PEC experiment. 
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Figure 8. a) UV-vis absorption spectra of desorption solutions (1 M phenylphosphonic acid in 

methanol) of a fresh RuP4-Co-sensitized NiO film (black) and the same film post-operando 

(red). b) MALDI-ToF mass spectrum recorded on the post-operando desorption solution and 

structure of the molecular assembly corresponding to the peak at 1224. 

 

To verify how these stability issues affect the faradaic efficiency of the system, a 

chronoamperometric test was run over half an hour instead of two hours, 59 nmol∙cm-2 of 

hydrogen being produced with a 72 % F.E. (Table S4). This clearly highlights that, during the 

first minutes of activity under continuous irradiation, the charges are selectively used to produce 

H2, albeit this selectivity rapidly decrease over time to yield the 25 % F.E. recorded after two 

hours. The performances of the RuP4-Co photocathode are thus strongly limited by the 

relatively fast dyad desorption from the surface of the NiO film, together with the lack of 

stability of the diimine dioxime coordination sphere under the photoelectrochemical conditions 

of activity, i.e. in an aqueous electrolyte at pH 5.5. The latter point sharply contrasts with the 

previously reported activity for Co covalently anchored onto a nanostructured carbon-based 

electrode, continuously producing H2 for 4 hours with a near-quantitative F.E. under very close 

aqueous conditions (acetate buffer, pH 4.5).43 We believe such a difference in stability is related 

to the supply of electrons to the catalytic center, which is optimized in the MWCNT/Co 

electrocatalytic material by contrast to the NiO|RuCo photocathode. The consequence of the 

low electron transfer efficiency identified above is a slow charge accumulation process at the 

cobalt center; this might leave enough time for the degradation of some catalytic intermediates 

through cobalt demetallation and subsequent hydrolysis of the diimine bonds of the ligand. 
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Cobalt demetallation was previously reported to be the dominating deactivation pathway for a 

related cobaloxime-based photocathode, preventing any catalytic activity.32  

 

Conclusion. 

In conclusion, the preparation and characterization of a novel NiO photocathode integrating the 

cobalt diimine dioxime H2-evolving catalyst covalently linked by CuAAC coupling to a 

ruthenium tris-diimine light-harvesting unit is described. Photocurrent densities of 84 ± 7 

A∙cm-2 were recorded under simulated AM 1.5G irradiation, which is among the highest 

values reported so far for dye-sensitized photocathodes with surface-immobilized catalysts. 

Hydrogen was produced with an unprecedented 72 % F.E. during the first 30 minutes of the 

chronoamperometric measurements, but this activity declined rapidly over two hours. A 

comprehensive analysis of the photoelectrochemical data established that catalysis at the cobalt 

center is not the kinetically limiting process, the initial TOF being increased when varying 

either the irradiation conditions or the nature of the light-harvesting unit, i.e. it is five times 

higher herein compared to the one previously-reported with the push-pull organic dye T1, all 

other conditions being strictly equal. The interfacial electron transfer dynamics were further 

investigated by transient absorption measurements recorded with the operando potential applied 

to the film (TA-SEC) as well as by quantum chemical simulations addressing the stepwise 

intramolecular electron transfer processes among the various redox intermediates eventually 

leading to the formation of the catalytic active species. The low yield of the thermally-activated 

electron transfer from the reduced dye to the catalyst was identified as the main kinetic 

bottleneck, and not the primary recombination between the reduced dye and the hole in NiO as 

often called on to explain the low performances reported so far for H2-evolving dye-sensitized 

NiO photocathodes. In addition, a combination of post-operando characterization techniques, 

namely XPS, ToF-SIMS and UV-vis spectroscopy combined to MALDI-ToF mass 
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spectrometry allowed to identify the hydrolytic degradation of the catalytic center, together with 

an important percentage of dyad released in solution, as the two main stability issues. This study 

thus paves the way toward the construction of more performant H2-evolving dye-sensitized 

photocathodes in view of their integration in tandem water-splitting PECs. Work should focus 

in particular on the design of molecular assemblies allowing to more efficiently shuttle electrons 

from the dye to the catalytic center. The integration of robust molecular catalysts, typically the 

cobalt-polypyridyl75-78 or the cobalt tetraazamacrocyclic38, 79 complexes, will also be 

instrumental to increase the long-term stability. Finally, various surface chemistry strategies 

can be applied to stabilize the molecular grafting onto the electrode, such as the ALD deposition 

of a thin layer of alumina,80 or the use of silatrane anchors that are hydrolytically stable over a 

wide range of pHs.81-82  
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