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Abstract 

Dye-sensitized photo-electrochemical cells (DS-PECs) form an emerging technology for the 

large-scale storage of solar energy in the form of (solar) fuels because of the low cost and ease to 

process of their constitutive photoelectrode materials. Such hybrid photoelectrodes are based on 

molecular dyes grafted onto transparent semiconducting metal oxides and also contain catalytic 



2 

 

centers. The optimization of the performances of such hybrid photoelectrodes requires a detailed 

understanding of the light-driven electron transfer processes occurring first at the interface 

between the semi-conducting material and the dye and then between the dye and the catalytic 

center. Here we address the first of these issues and use quantum chemistry to determine the 

structural and electronic features of the interfaces between a push-pull dye and the p-NiO (100) 

surface. We show that these calculations are in good agreement with transient absorption 

spectroscopic measurements on a prototypical dye-sensitized photocathode system able to evolve 

hydrogen in the presence of a cobaloxime catalyst in solution. 

 

Keywords:  Solar fuels, dye-sensitized photoelectrodes, DSPEC, NiO, push-pull dye, 

cobaloxime, transient absorption measurements. 

 

Introduction 

The production of fuels through light-driven processes is a promising solution for the durable 

storage of solar energy.1-2 Among other technologies, photoelectrochemical cells (PECs) couple 

the harvesting of light with fuel-forming catalysis in a single device.3 Dye-sensitized PECs  (DS-

PECs) form a particular class of such devices based on the grafting of active photocatalytic 

components at the surface of transparent conductive electrode substrates, extending the tandem 

dye-sensitized solar cells (DSSCs) technology.4-6 Significant achievements in this direction have 

been reported recently regarding the preparation of molecular-based photocathodes active for H2 

production or CO2 reduction, including their implementation in operating DS-PECs.7-11 Almost 

all of them rely on nickel oxide (NiO), which is a low-cost and easy-to-process p-type 
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semiconductor, suitable for hole injection from an excited molecular photosensitizer to its 

valence band.11-28 Various nanostructured NiO film preparation methods have been reported over 

the years29 and recently evaluated with respect to their performance as photocathodes in a 

comprehensive benchmarking study.30  

Irrespective of the molecular design of the photocathode, i.e. the specific nature/structure of dyes 

and catalysts that are employed and how they are assembled (catalyst dissolved in solution vs. 

co-grafting of dye and catalyst onto NiO vs. covalent dye-catalyst assembly), two key kinetic 

processes for the photoelectrocatalytic activity can be identified: i) light-driven charge separation 

and hole injection into NiO and ii) generation of a long-lived charge-separated intermediate to 

cope with the low timescale of catalysis compared to the light-driven processes.31 In order to 

meet these key requirements, organic push-pull dyes have advanced into versatile sensitizer 

systems,4, 32 even though the injection kinetics observed for Ru(II)-bipyridyl-derived complexes 

have also been discussed in the context of intramolecular push-pull properties.33-35 Generally, 

such chromophores are designed to have their HOMO localized near the NiO surface and the 

LUMO distant to it. Thus, their excited states are ideally suited to promote electron injection 

from occupied NiO levels, more specifically Ni d and ONiO p states, into the HOMO of the 

electronically excited photosensitizer. Coumarin C343-sensitized NiO films were among the first 

studied systems for elucidating electron transfer dynamics by ultrafast spectroscopic 

techniques,36-38 including light-driven electron transfer to a co-grafted H2-evolving catalyst.18, 39-

41 This motivated two of us to investigate the structure, energetics and electronic properties of the 

NiO(100)/C343 interface by an original ab initio study which highlighted how the local 

molecular structure at the interface can affect relevant parameters for performance, such as the 

dye binding strength or the dye-electrode hole injection driving force.42  

We now extend this study to NiO electrodes functionalized by a push-pull organic dye. Grafted 

onto NiO, the T1 dye containing a triarylamine electron-donor part and an ethyl cyanoacetate 

electron-acceptor part separated by a thiophene unit (Fig. 1) was proven efficient to generate 

photocurrents in the presence of irreversible electron acceptors in aqueous electrolytes.43 To 

characterize the initial light-driven processes occurring at NiO electrodes sensitized with T1, we 

use the ab initio approach to get insights into the thermodynamics of the hole injection process, 

we characterize this process kinetically using ultrafast transient absorption spectroscopy and 
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finally demonstrate that light-driven charge separation at this dye-sensitized NiO electrode can 

be coupled to H2 evolution catalysis under fully aqueous conditions. 

 

 

Figure 1. Energy level diagram at pH 4.5 of a p-type NiO photocathode sensitized with T1, 

together with the chemical structure and CoII/CoI redox potential (vs. NHE) of the H2-evolving 

cobaloxime catalyst [Co(dmgBF2)2(H2O)]2]. The NiO valence band edge potential at this pH 

value was estimated from the 0.37 V vs. NHE value determined at pH 7.44 

 

 

Results and discussion 

 

DFT Calculations 

HOMO and LUMO densities of the isolated T1 dye (Fig. S1) are typical for a push-pull dye, 

with a significant part of the HOMO and LUMO density localized on the anchoring and acceptor 

group, respectively. Since T1 features two carboxylic acid anchoring groups, we have considered 

two different binding geometries corresponding to one and two carboxylate groups attached to a 

NiO (100) surface, which we call mono-branch (M) and bi-branch (B) throughout the text (Fig. 

2). In both cases, we have considered the bidentate anchoring mode for the carboxylate groups, 

which exhibits ~ 0.12 eV more negative binding energies than the monodentate one.42 
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Figure 2.  Left: Lateral views of the optimized structures of T1 dye upon adsorption on NiO 

(100) surface in the mono-branch (M) and bi-branch (B) adsorption modes. The limits of the 

unit cell used are shown in dashed grey.  Right: Top view of 3x3 unit cells of M and B systems. 

Color legend: Ni (silver), O (red),  C (green), N (blue), S (yellow), H (light pink).  

 

For both the M and B configurations we found energy minima, as confirmed by harmonic 

molecular frequencies calculations. Of course, other local minima can be found because of the 

dye’s flexible tail, but an extensive sampling of the dye conformational space is beyond the 

scope of this work, which is focused on the T1-NiO interface rather than on the dye molecular 

dynamics. Moreover, we checked the effects of dispersion on the dye binding energy by 

including the D3 correction scheme by Grimme,45 but we find no qualitative differences with 

pristine DFT-PBE+U, the B case always slightly favored over the M geometry with and without 

the inclusion of dispersion forces. On these structural minima, we have evaluated the 

thermodynamic driving force for hole injection (E in Fig. 1) from the corresponding atom-

projected density of states (PDOS) of M and B systems (Fig. 3). Resulting values for E are 

collected in Table 1. In all three environments considered (vacuum, acetonitrile and water), 

hybridized Ni d- and O p-states cross the Fermi level and are above the dye HOMO energies, 
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resulting in a favorable E for hole injection. Still, we find that the solvent strongly affects the 

relative position of the NiOVB-T1HOMO peaks, bringing a very weak driving force for hole 

injection in vacuum (0.05 eV) to a very convenient driving force of 0.26 eV < E < 0.35 eV in 

acetonitrile and water. This effect is related to the solvent offsetting the interfacial electrostatic 

dipole generated by the surface OH groups upon bidentate binding of the carboxylate groups. 

While qualitatively similar, M systems present ~0.1 eV of extra driving force with respect to B 

ones in both acetonitrile and water. 

 

 

Figure 3.  Projected density of states (PDOS) at the DFT-PBE+U level of theory for Ni d states 

(black line), ONiO p states (red line) and T1 dye (green line) in the M and B adsorption mode 

calculated in vacuum (top panels), acetonitrile (central panels) and water (bottom panels). The 

Fermi energy (EF) is set to zero. Corresponding E values are reported in Table 1.  

 

Table 1. Calculated driving force for hole injection (E), calculated as the energy difference 

between the highest occupied PDOS peak of the dye and the Fermi level (p-NiO VB edge, the 

highest energy occupied state in the VB). 

E (eV)=EF-EHOMO M B 

Vacuum −0.05 −0.05 

CH3CN −0.30 −0.18 

H2O −0.35 −0.26 

 

Besides presenting a good thermodynamic driving force for hole injection, the recombination of 

the excited electron of the dye with the holes at the semiconductor valence band should be 

minimized in efficient p-DSSCs. We have evaluated this effect by obtaining the band-
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decomposed charge densities of M and B systems for the lowest-energy unoccupied band as an 

approximation of the LUMO of the dye when attached to NiO.  These charge densities provide 

qualitative insights into where the electron will reside after photo-excitation of the dye. As 

shown by Fig. 4, in both M and B cases, the pseudo-LUMO densities are localized on the T1 dye 

electron-acceptor group, as the LUMO of the isolated dye (Fig. S1). On the contrary, for the non-

push-pull benchmark C343 dye (Fig. 4, right) the pseudo-LUMO density is not only localized on 

the dye, but involves a significant amount of unoccupied states from the electrode surface slab. 

From electron transfer theory applied to p-DSSCs,46  the probability of charge recombination is 

inversely proportional to the distance between the dye photo-excited electron and the hole at the 

electrode surface. While for the C343-NiO system this distance is practically zero, the T1 

pseudo-LUMO density stays well localized on the electron-acceptor group and at a reasonable 

distance from the NiO surface (> 10 Å). So, it is expected that recombination processes are 

minimized for T1 adsorbed on NiO.   

 
Figure 4. Isosurfaces of band-decomposed charge density of the lowest unoccupied bands of 

adsorbed T1 in both M (left) and B (middle) adsorption modes on NiO (100) in comparison with 

that of coumarine C343 dye (right) computed at the same level of theory (PBE+U, H2O - implicit 

solvent). Isosurface value: 0.001 e– bohr–3.  
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We must note that these results can only provide qualitative insights. On one hand, the 

quite large size of the system, including the T1 dye, the NiO slab and the implicit solvent, 

prevents an ab initio characterization beyond state-of-the-art DFT-PBE+U (as for example 

GW approaches): we must note, for example, that for a correct description of the NiO 

conduction band an hybrid HF-DFT approach with ~35% of exact exchange would be 

better suited than DFT-PBE+U [ref]. On the other hand, the p-NiO/T1/solvent interface is 

still a very simplified model of a much more complex real electrode, where several other 

species are involved in a complex surface equilibrium. Still, our computational results 

highlight the different contributions of the adsorption mode (M vs B) and of the solvent 

polarity on (i) the hole injection driving force and (ii) the probability of charge 

recombination, setting the conceptual framework for the analysis of the spectrocopic and 

the electrochemical results (see below). 

Transient absorption spectroscopy  

Time-resolved transient absorption measurements were performed for T1 dissolved in 

acetonitrile and grafted onto mesoporous NiO films, both in the presence and in the absence of 

chenodeoxycholic acid (CDCA). CDCA is a well-established co-adsorbent in dye-sensitized 

solar cells to avoid aggregation of sensitizer on the surface of TiO2 and hence to reduce dye-dye 

interactions, which are prone to quench excited states and hence diminish the efficiency of the 

solar cells.47-48 

In solution, the transient spectra immediately after excitation are dominated by positive excited 

state absorption (ESA) for wavelengths shorter than 600 nm and longer than 650 nm (Fig. 5A). 

The negative feature between 600 and 650 nm results from dominating contributions from 

stimulated emission (SE), which is supported by comparison with the absorption and emission 

spectrum of the dye in solution. Contributions originating from ground state bleach (GSB) can be 

ruled out because the ground state is not absorbing in this spectral region. Within the first 4 ps 

the negative SE feature between 600 and 650 nm disappears while in parallel negative signal is 

formed for wavelengths longer than 650 nm. These changes probably result from a change in the 

ESA band superimposed on the SE contributions to the overall transient spectrum, but also an 

additional redshift of the SE signal on this time scale can contribute to the observed spectral 
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changes. After 4 ps an overall decay of the signal intensity without significant changes in the 

spectral shape is observed (Fig. 5B). These observations can be explained in line with the 

established model for the relaxation in the excited state manifold in structurally related push-pull 

systems upon intra-molecular charge-transfer (1ICT) excitation.49-51 A relaxation cascade leads 

from the initially populated ICTFC state to a relaxed 1ICT states. In T1 a relaxed emissive ICT’ 

state is formed with a time constant of τ1 = 0.9±0.1 ps leading to the strong spectral changes 

observed in the transient spectra occurring up to 4 ps. This ICT’ state is depopulated via 

emission and/or ISC. The decay of the overall signal can be fitted with two exponentials, τ2 = 

118±10 ps and τ3 = 1.9±0.4 ns. The value of τ3 = 1.9 ns agrees with the lifetime of 1.7 ns 

determined by emission lifetime measurements (Fig. S5). The observed spectral signatures and 

photoinduced processes are not impacted by the presence of CDCA (Fig. S6). 
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Figure 5. Transient absorption spectra of T1 in acetonitrile solution (A, B) and of a NiO film 

sensitized with T1 (C) at chosen delay times. The steady state absorption and emission (ex = 

400 nm) spectra of T1 are given for comparison in the relevant spectral range (D).   

 

When grafted onto NiO, the transient spectra show negative contributions below 530 nm which 

is assigned to GSB by comparison with the absorption spectrum of the dye (Fig. 5D). The 

spectral region above 530 nm is dominated by a broad absorption feature with a maximum at 550 

nm. The absence of any stimulated emission signal when attached to the NiO surface is an 

indication for a very fast and quantitative hole injection into the NiO after photoexcitation. The 

overall signal intensity decays over the entire range of delay times experimentally accessible. 

The maximum levels off during the decay and the remaining signal at the maximum delay 

investigated (1.8 ns) consists of negative contributions below 550 nm and a shallow positive 

feature above 550 nm with no distinct maximum. The photoinduced absorption signal for 

T1@NiO decays almost completely within 2 ns. The rates for hole injection and recombination 



11 

 

were determined by a global fit of the data with a sum of multiexponential functions. The 

characteristic time-scales obtained from the global data analysis are 1 = 400 fs, 2 =1.8 ps, 3 = 

16 ps and 4 = 280 ps and a low-amplitude long-lived signal remains visible in the data (Table 2 

and Fig. S6). To experimentally address the question whether the packing of T1 on the NiO 

surface impacts the dynamics, T1 and CDCA were co-grafted onto the NiO electrodes. CDCA 

was indeed previously employed as anti-aggregation agent to improve the photovoltaic 

efficiency of DSSCs.47-48 As shown in the supporting information (Fig. S3, S4 and S6), the 

addition of CDCA does not impact the photoinduced processes, i.e. characteristic time-constants 

of 1 = 300 fs, 2 = 1.7 ps, 3 = 17 ps and 4 = 266 ps plus a long lived low amplitude component 

result from the fit (Table 2 and Fig. S6). Hence, interactions between individual T1 molecules 

can be excluded to account for the observed photoinduced dynamics in the T1-sensitized NiO 

electrodes. 

 

Table 2.  Time constants ( ) derived from a global multiexponential fit, for amplitude spectra 

(decay associated spectra – DAS) see Fig. S6, and relative decay amplitude (A) for the bleach 

formed on NiO in the spectral range between 500 nm and 510 nm determined by integration of 

the signal in this range. 

 T1 (CH3CN) T1+CDCA (CH3CN) T1@NiO T1+CDCA@NiO 

1 / ps (A1) 0.9 (n.a.) 0.8 (n.a.) 0.4 (0.17) 0.3 (0.21) 

2 / ps (A2) 118 (n.a.) 70 (n.a.) 1.8 (0.13) 1.7 (0.34) 

3 / ps (A3)   16 (≈ 0) 17 (≈ 0) 

4 / ps (A4)   280 (0.35) 266 (0.20) 

5 / ns (A5)  ~1.8 (n.a.) ~ 1.8 (n.a.) >> 1.8 (0.35) >> 1.8 (0.33) 

 

The thermodynamic driving force calculated to 0.3 eV (see above) is reflected in the rather rapid 

electron injection visible in the transient absorption data shown in Fig. 5C. From the data, a 

characteristic injection time of τ1= 0.3±0.1 ps can be deduced. Probably even faster components 

contribute to the charge injection, which are hidden by the coherent artifact.52-53 This sub-ps 

timescale for hole injection is consistent with literature, e.g. a recent study by Hammarström and 

coworkers, who use a push-pull chromophore structurally related to P1, for covalent attachment 

of a Co-based molecular catalyst.21 However, these authors observed in addition a second 
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injection time constant in the ps-range, which is absent in our experiments. Instead, on the ps to 

ns timescale we observe an overall decay of the transient absorption signal, which is 

characterized by ground-state bleach below roughly 525 nm and a rather broad photoinduced 

absorption band peaking at 555 nm and occurs multiexponentially. Such multiexponential decay, 

reflecting the (partial) charge recombination, is typical for dye-sensitized semiconductors and 

can be associated with (a) charge-recombination from holes of different natures, i.e. localized in 

the VB or trapped in surface and/or in intra-band states,54-57 (b) different molecular 

conformations of the reduced photosensitizer (c) different localizations of the radical anion. The 

latter is particularly apparent when using transition metal complexes as photosensitizers, in 

which the photoactive core consists of an asymmetrically coordinated redox active metal ion, e.g. 

Ru(II).34 Associated with the overall decay of the photoinduced absorption signal of T1@NiO is 

a shift of the zero-crossing of the OD-signal from 515 nm (at early delay times) to 530 nm (at 

long delay times). This indicates that recombination of holes in the NiO with the reduced 

photosensitizer occurs fast – as typically observed for NiO photocathodes.58 The sub-ns 

timescale of charge recombination, processes associated with the characteristic time constant 

2=280 ps, is kinetically very much like the data reported by Hammarström et al., who reported 

charge recombination times of 335 ps in a structurally very related system.21 Interestingly, 

charge recombination for T1@NiO is one order of magnitude slower than the one previously 

reported for coumarin C343@NiO (characteristic time constant of 23 ps),36 as predicted by our 

DFT calculations (see above).  

Nonetheless, the decay of the photoinduced signal is not complete within the experimentally 

accessible delay times of 1.8 ns.21 We cannot quantify the actual timescale for the slow charge 

recombination, which is outside the range of experimentally accessible delay times. Meyer and 

coworkers resorting to a cathode architecture, in which the photosensitizer and the NiO are 

separated by an extended supramolecular spacer, reported charge separation lifetimes extending 

µs to ms.55 To estimate the yield of this long-lived species, we compared the amplitudes of the 

ground-state bleach signal measured at the very blue edge of the experimentally accessible 

spectral window (to avoid contributions from the overlaying broad and red-shifted photoinduced 

absorption band). At a delay time of 400 fs the ground-state bleach has an amplitude of about 2.5 

mOD, which decays to 1 mOD at 1.8 ns delay time. From the relative amplitude of the long lived 

component determined by integration over the bleach region in the fit (Table 2) a yield of 35% of 
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the long lived species can be estimated, which is very reasonable.34 It should be noted that this 

value presents an upper limit of the actual yield of the long-lived species as, at early times, 

comparably strong photoinduced absorption might overlap with the ground-state bleach. On the 

contrary, at long delay times, the OD spectrum resembles the inverted ground state spectrum of 

T1 with only minor contributions from a broad unstructured photoinduced absorption. The 

absence of any noticeable contribution from photoinduced absorption at long delay times reflects 

the difficulty of the spectroscopic detection of holes in NiO, which has already been pointed out 

by Hagfeldt and by Hammarström.57, 59 It should also be mentioned here that recent studies by 

the groups of Hammarström54 and Meyer56 highlighted the dependence of the charge separated 

state lifetime on the external bias applied to the electrode. Vacant electronic states extending 

well above the valence band are indeed present in NiO films; filling these states by applying a 

negative potential to the film in a classical three-electrode setup as the one employed here for the 

photoelectrochemical measurements (see below) drastically increases the lifetime of the reduced 

dye on the surface. 

 

Photoelectrochemical study 

The existence of a long-lived charge-separated state is a key feature for the observation of 

catalytic photocurrent in functional photocathodes reported in literature.18, 20-21, 55 This is 

particularly crucial when the catalyst is dissolved in solution: electron transfer from the reduced 

dye to the catalyst is, in this specific case, controlled by diffusion of the latter in the electrolyte; 

it thus occurs – at the fastest – on the nanosecond timescale.  

To verify whether the long-lived species detected above for the T1-sensitized NiO films could 

initiate catalysis, the photoelectrochemical properties of these electrodes were investigated in 

aqueous sodium acetate buffer (0.1 M, pH=4.5) in the absence and in the presence of the 

cobaloxime H2-evolving catalyst [Co(dmgBF2)2(H2O)2] (Fig. 1), previously employed for similar 

purposes.12, 20 30 The redox properties of the latter (E0(CoII/I) = −0.40V vs NHE) are suitable for 

Co(I) generation by electron transfer from the reduced dye to the Co(II). The latter process is 

exergonic with a Gibbs free energy (GET = E(PS/PS−) – E(CoII/CoI)) of −0.64 eV, essential to 

enter the H2-evolving catalytic cycle.60 

Linear sweep voltammograms (Fig. 6) were recorded first in the dark and then under visible light 

irradiation (400-800 nm; 65 mW∙cm-2 ~1 sun) on a range of potentials preventing direct Co(II) to 
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Co(I) reduction at the electrode. Photocurrent generation was observed with an onset potential of 

+0.4 V vs NHE.  

 

 

 

Figure 6. (A) Linear sweep voltammograms of a T1-sensitized NiO electrode recorded in acetate 

buffer (0.1 M, pH 4.5) in the presence of [Co(dmgBF2)2(H2O)2]  (1 mM), in the dark (dotted 

line) or under visible-light irradiation (solid line). (B) Chopped-light chronoamperometric 

measurements recorded in acetate buffer (0.1 M, pH 4.5) in the presence of 

[Co(dmgBF2)2(H2O)2] (1 mM) at an applied potential of 0.05 V vs RHE for NiO electrodes 

sensitized by T1 alone (blue line) or in the presence of CDCA as co-absorbent (green line). 

 

Taking these observations into consideration, chronoamperometric measurements were carried 

out at +0.05 V vs. RHE (–0.4 V vs. Ag/AgCl), where high photocurrent density is observed. A 

photocurrent density of 6 A∙cm-2 was measured under chopped light irradiation at T1-sensitized 

NiO photocathodes in the presence of [Co(dmgBF2)2(H2O)2] in solution (Fig. 6, Table S1). As 

the co-grafting of T1 with CDCA does not impact the photoinduced dynamics of the 

photoelectrode, the slightly lower photocurrent value recorded in the presence of CDCA (Fig. S7 

and Table S1) is attributed to the lower grafting density of the T1 dye when co-adsorbed with 

CDCA (Experimental part and Fig. S2).  

Finally, photoelectrochemical H2 generation was confirmed during prolonged 

chronoamperometric measurements (6 hours at +0.05 V vs. RHE, Fig. S8), coupled to gas 

chromatography analysis of the headspace of the cell. Hydrogen was successfully detected with a 

faradaic efficiency of 3% (12 nmolH2∙cm-2), compared to 1% (3 nmolH2∙cm-2) in the absence of 

catalyst in solution (Fig. S9, Table S1). As expected from the photocurrent measurements, 

(B) (A) 
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T1/CDCA co-grafted electrodes are slightly lower active (Fig. S8, Table S1). Production of low 

amounts of hydrogen at dye-sensitized NiO photocathodes in the absence of a molecular catalyst 

was previously observed in the literature and recently attributed to the light-driven generation of 

Ni nanoparticles at defects of the NiO film.61 The observation of a four-time increase in the 

amount of hydrogen produced per square centimeter when the cobalt catalyst is present in 

solution (Table S1) supports a cobalt-center molecular process. Although the results reported 

here are not intended to be of any practical application, the observed catalytic activity can be 

directly put in line with the generation of a charge-separated state long-lived enough to allow 

intermolecular electron transfer to the molecular catalyst in solution.  

 

Conclusion 

The field of dye-sensitized photoelectrodes for the generation of solar fuels expands rapidly both 

regarding the preparation of novel systems and the spectroscopic characterization of their 

mechanism. However, first-principles studies that include both the molecular constituents and 

the metal oxide electrode surface remain scarce. We demonstrate here for the first time how DFT 

studies can determine the structural and electronic features of the interfaces between a push-pull 

dye and the p-NiO (100) surface. Although theoretical calculations cannot reproduce the 

complex structure of mesoporous NiO electrodes used experimentally in prototypical dye-

sensitized photocathode system, theory provides a rationale for mechanistic studies and activity 

measurements regarding the binding modes of the dye molecules and their effect, together with 

solvent polarity, on the driving force for hole injection. Further work will aim at the modelling of 

photocathode architectures incorporating catalytic units.16 , 26 
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