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Dear Editor, 

the manuscript we intend to submit for consideration of publication in the special issue of Surface and 

Colloids A (dedicated to the contributions of the ECIS 2016 conference held in Rome during September 

2016)  reports the detailed analysis of the electroactivity of nanostructured electrodes of nickel oxide (NiO)  

sensitized with Erythrosine B (EryB) undergoing simultaneous chemical and electrochemical processes in 

organic electrolytes when the electrode is polarized. The procedures of NiO synthesis and its deposition as 

thin film have been originally developed by our research group. Electrodes undergone electrochemical 

treatment were analyzed by X-ray Photoelectron Spectroscopy (XPS) in order to gain information beneficial 

to their application as electrodes in p-type dye-sensitised solar cells (pDSCs). In particular, Cyclic 

voltammetry showed that the NiO surface is not completely electrically passivated by the adsorbed dye . XP 

spectra revealed that the EryB dye experiences a partial detachment from the NiO surface. This 

detachment seems to be followed by the formation of stable (Ni)+(ClO4)
- couples, which leads to an increase 

of Cl species signals parallel to the decrease of EryB peaks. Overall, the EryB-sensitized electrodes displayed 

an acceptable electrochemical stability up to 50 cyclic voltammetries in the range -0.27 ÷ +1.13 V vs. 

Ag/AgCl.  

For these reasons we believe that the content of the present work fits with the aims of this journal, and can 

attract the interest of a broad audience ranging from surface scientists, materials scientists, inorganic 

chemists and electrochemists who are involved in the preparation, characterization and applications of 

semiconducting electrodes. 

Thank you for the consideration. 

Best regards, 

Danilo Dini 
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- Electroactive NiO films are deposited via screen printing with NiO nanoparticles  

- Screen-printed NiO is mesoporous  

- Screen-printed NiO films are conducting and make a good electrical  contact with the substrate 

- NiO electrode are sensitized with Erythrosine B 

- X-ray Photoelectron Spectroscopy analysis reveal a partial desorption of Erythrosine during 

electrochemical treatment 

- NiO surface is not completely electrically passivated by the adsorbed dye  

- The Erythrosine dye displayed an acceptable stability onto the surface of NiO electrode 
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Abstract 

Nanoporous NiO thin films were prepared onto FTO glass substrates by means of screen-printing 

and were sensitized with Erythrosin B (EryB) dye. The obtained material was electrochemically 

treated and characterized with ex-situ X-ray photoelectron spectroscopy in order to gain information 

beneficial to the application of sensitized NiO as photocathodes of p-type dye-sensitised solar cells 

(p-DSCs). In particular, EryB-sensitised NiO films underwent a series of electrochemical treatments 

in LiClO4/Acetonitrile (ACN) electrolyte devised so as to simulate possible conditions the electrode 

might encounter during operation in the photoelectrochemical cell. Upon potential-cycling in a 

range where the two NiO faradic events Ni(II)Ni(III) and Ni(III)Ni(IV) occur, X-ray 

photoelectron spectroscopy revealed that Erythrosin B dye experiences a partial detachment from 

the NiO surface. This detachment seems to be paralleled by the formation of stable (Ni)
+
(ClO4)

-
 

couples. Overall, the EryB dye displayed an acceptable electrochemical stability onto the surface of 

NiO electrode up to 50 cyclic voltammetries in the range -0.27 ÷ +1.13 V vs. Ag/AgCl. These 

results are useful for the evaluation of electrochemical stability of the dye when the this is 

immobilised  onto an electrode surface and are beneficial for a better comprehension of the 

degradation phenomena operating in real photoconversion device.  

*Manuscript
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1. Introduction 

With the advent of the dye-senstized solar cell in 1991 [1], the interest towards the electronic 

structure of nanostructured semiconductors[2] and their properties in the dye-sensitized state[3] has 

received a strong stimulus especially in the direction of electrochemistry[4] and 

photoelectrochemistry[5–7]. Among the various typologies of DSCs based on nanostructured 

electrode the most performing ones are the solar conversion devices of n-type which can reach 

conversion efficiencies as high as 14 %[8], whereas the analogous p-type version represents the 

poorest DSC configuration since it achieves efficiencies typically inferior to 5 %[9]. For this reason 

the researchers have directed their efforts towards the development of more performing p-DSCs 

with the final goal of attaining tandem devices (t-DSCs), i.e. the photoelectrochemical cells having 

both electrodes photoelectrochemically active[10–13], which present the highest theoretical 

efficiency[14], with the maximum  achievable level of transport current.       

In the general perspective of ameliorating the performance of p-DSCs several approaches have been 

adopted, e.g. the variation of the photoelectrodic material, the nature of the dye-senstizer or the 

chemical composition of the electrolyte[4,7].  In the framework of our research focussed on p-DSCs 

we were mostly interested to the preparation and characterization of NiO cathodes with open and 

nanostructured morphology[15–19].  Among the major advantages of NiO there is the possibility of 

producing it as a transparent thin film when l < 3 µm, with electrical conductivity and optical 

transmission controllable by means of electrical fields, chemical/electrochemical doping[20] or 

irradiation in the UV-visible spectrum[21]. In the present work, we aim at elucidating the surface 

electronic structure of the mesoporous NiO thin films obtained via screen-printing[16] with the 

technique of XPS[22] when these films are sensitized with Eritrhosine B (EryB), a typical 

benchmark dye for NiO based p-DSCs[15,18,23–26], and are polarized at different redox states in 

non aqueous electrolytes.  
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2. Experimental 

Preparation of screen-printing  paste 

The viscous paste utilized as precursor for the  screen-printing deposition of NiO has been prepared 

according to the procedure of Bonomo et al.[27]. All chemicals here employed were purchased 

from Sigma-Aldrich or Fluka at the highest degree of available  purity and were used without any 

further purification.  

 

2.1 NiO film deposition 

Mesoscopic NiO photocathodes were obtained via screen-printing of a slurry containing preformed 

NiO nanoparticles (diameter,  Ø ≤ 50 nm). NiO nanoparticles were grinded with 5 mL of water and 

30 mL of ethanol. Then 20 mL of terpineol and 30 g of ethylcellulose (10% w/w in ethanol 

solution) were added to enhance the viscosity of the paste. The resulting paste was deposited onto 

FTO-coated glass with a manual screen-printer and a square viscous coating with area 0.5 cm
2
 was 

obtained. The electrodes were then sintered in oven at 450 °C for 30 minutes[16]. The electrodes 

were successively sensitized by dipping in a 0.2 mM solution of Erythrosin-B in ethanol for 16h. 

After sensitization they were rinsed with pure ethanol in order to remove the molecules of dye 

which were not chemisorbed onto NiO surface. 

 

2.2 Electrochemical characterization of NiO electrodes 

The electrochemical properties of Erythrosine B-sensitized NiO thin films (EryB/NiO) were studied 

with a three-electrode cell configuration: EryB/NiO-covered FTO was the working electrode, a Pt 

wire was the counter electrode, and Ag/AgCl was used as reference electrode. The electrolyte was 

0.2 M LiClO4 in acetonitrile (ACN). The applied potential values here reported are all referred to 

the Ag/AgCl electrode (E vs. NHE = 0.21 V). Prior to XPS analysis, NiO electrodes underwent 

different electrochemical treatments: (i) cyclic voltammetry (1, 25 and 50 cycles) at a scan rate of 
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0.01 V s
-1

 between -0.27 and 1.13 V vs. Ag/AgCl, with initial and end potentials corresponding to 

the open circuit potential (OCV) (samples denominated CV1, CV25 and CV50, respectively in the 

case of 1, 25 and 50 voltammetric cycles); (ii) chronoamperometry at Eappl = 0.9 V (this value 

corresponds to the electrical potential generating the second oxidation wave of pristine NiO, vide 

infra) with a step duration of 5000 s. The sample thus polarized was denominated ox; (iii) cyclic 

voltammetry (1 cycle) at a scan rate of 0.01 V/s from OCV to 1.13 V and back to -0.27 V followed 

by a reducing chronoamperometry at -0.27 V for 5000 s (sample here denominated red). As 

references, two different samples were analyzed by XPS. One was a EryB/NiO electrode prior to 

any electrochemical treatment (called pristine); another one was a graphite foil wet by few drops of 

the 0.2 mM solution of EryB (called graphite). This latter sample was devised in order to better 

discern in the spectra possible contributions deriving from chemical interaction between EryB and 

the surface of NiO. Cyclic voltammetries and chronoamperometric curves were recorded with the 

potentiostat/galvanostat Autolab PGSTAT 128N, and analyzed with the software NOVA 1.9. After 

electrochemical experiments the NiO electrodes were thoroughly rinsed with pure ACN and dried 

with a stream of nitrogen. All the samples were mounted onto the XPS sample holder with an 

adhesive scotch tape and a drop of silver paste to ensure electrical contact. Sample introduction in 

the XPS load lock chamber was made as quick as possible to avoid eventual surface contamination 

from ambient atmosphere. 

 

2.3 X-ray photoelectron spectroscopy 

XPS measurements were performed with a modified Omicron NanoTechnology MXPS system 

equipped with a dual X-ray anode (Omicron DAR 400) and an Omicron EA-127 7-channeltron 

energy analyzer. XP spectra were acquired using Mg Kα photons (hν = 1253.6 eV) as excitation 

source, generated with the anode operating at 14 kV and 14 mA. No charging was experienced 

during measurements. For all the samples the spectral regions associated with the ionization of Ni 

2p, I 3d, I 4d, O 1s, C 1s, Cl 2p levels were acquired using an analyzer pass energy of 20 eV. A 
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survey scan at 50 eV of pass energy was also taken. A take-off angle (θ) of 21° with respect to the 

direction normal to the surface was considered. The measurements were performed at room 

temperature and the base pressure in the analyzer chamber was about 2 × 10
-9

 mbar during the 

recording of the spectra. The binding energy (BE) of the Ni 2p3/2 peak at 854.0 eV, associated to the 

cd
9
L final state configuration in NiO [28],

 
was used as an internal standard reference for scaling the 

BE (accuracy of ±0.05 eV). The experimental spectra were theoretically reconstructed by fitting the 

secondary electrons background with a linear or a Shirley function (subtracted from the 

experimental spectrum after optimization), and the elastic peaks with symmetric pseudo-Voigt 

functions described by a common set of parameters (position, FWHM and Gaussian-Lorentzian 

ratio) free to vary within narrow limits. The Gaussian-Lorentzian ratio varied between 0.7 and 0.8. 

XPS atomic ratios between relevant element components were estimated from experimentally 

determined area ratios (with ±10% as associated error), which were corrected for the corresponding 

photoelectron cross sections according to Scofield calculations [29],
 
and for the square root 

dependence of the photoelectrons kinetic energy.  

 

2.4 Electron microscopy 

Morphological investigation of NiO thin films was performed using a field-emission scanning 

electron microscope (FE-SEM) Zeiss Auriga 405 (c/o SNN-Lab−Sapienza Nanoscience & 

Nanotechnology Lab). 

 

3. Results and discussion 

3.1 Electrochemical features of EryB/NiO electrodes  

Figure 1 shows the evolution of   the voltammogram of EryB sensitized NiO when this is 

immersed in a non aquesous electrolyte. The current profiles recall the typical ones of NiO in the 

sensitized state when the dye-sensitizer is not electroactive within the range of NiO 

oxidation[17,22,24,30]. The novel aspect of this series of data is represented by the verification of 
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sensitizer detachment upon continuous cycling of NiO even if the dye in question (EryB) is not 

electrochemically active. As a confirmation of that, there is no evidence of redox peaks associated 

to EryB based processes within the potential range here examined (Figure 1). In fact, the presence 

of EryB induces a process of NiO electrode passivation as previously verified when the 

voltammograms of bare and EryB sensitized NiO were compared under the same experimental 

conditions[17]. In the present case the continuous cycling of potential leads to an increase of the 

amplitude of the current density exchanged reversibly by EryB sensitized NiO during its oxidation 

(Figure 1, bottom frame).   These findings indicate a  progressive detachment of EryB upon 

repetitive oxidation of sensitized NiO electrode with the consequent appearance of the 

electrochemical features typical of bare NiO after about 200 full cycles. Figure 2 presents the 

chronoamperometric curves of EryB sensitized NiO when the electrode is brought to the fully 

polarized state at 0.9 V vs Ag/AgCl  and to the neutral state at -0.27 V vs Ag/AgCl. These two 

electrochemical processes occur in the solid state[22] and display a different kinetics since 

oxidation of NiO is not completed at the end of the time window of 5000 s whereas the 

electrochemical  neutralization of NiO is fully achieved within the same temporal range (Figure 2). 

 

 

3.2 XPS analysis of EryB/NiO electrodes 

X-ray photoelectron spectroscopy was used in order to investigate the nature of molecular species 

adsorbed onto the NiO porous thin films, such as the dye EryB and the supporting electrolyte 

LiClO4, and to follow the possible variation of their relative concentration along the different 

electrochemical treatments applied to the modified electrode. Such treatments were introduced in 

order to simulate the possible conditions the electrode may encounter within a real p-type dye-

sensitised solar cell (p-DSC) during operation, and have been devised both to test the stability of the 

EryB dye and to investigate the possible adsorption of perchlorate anions onto the surface of NiO. 

To these aims, the XPS technique was chosen due to its unparalleled chemical environment and 
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oxidation state sensitivity, as well as its surface sensitivity. The most relevant photoionization 

regions reported in this work are those related to the iodine atoms of the EryB dye, in particular the 

I 4d and I 3d regions, and those associated to the chlorine atoms in perchlorate electrolyte, i.e. the 

Cl 2p region. 

 

I 4d.  

Figure 3 shows the I 4d XP spectra of the EryB/NiO electrodes prior (b) and after (c – g) being 

used as a working electrode in a three-electrode cell in the presence of a LiClO4/ACN electrolyte. 

The spectrum of EryB over graphite (a) is also reported as a further spectroscopical reference. To 

our knowledge, the following results are the first obtained with XPS applied to the EryB dye. 

Photoionization of the I 4d level in iodine compounds is significantly more explored in the 

literature than that of the higher cross-section I 3d orbital. The reason is probably that I 4d 

photoionization cross-section results markedly enhanced upon shape-resonance conditions, when 

tunable photon sources are used [31]. Furthermore, the energy of I 4d orbital is probably more 

sensitive to changes in the chemical environment compared to I 3d, see for example the too small 

BE differences found in iodide (I
-
) and triiodide (I3

-
) species for this latter orbital [32,33] compared 

to the former [34–36]. We recently reported on the XP spectral features of I
-
 and I3

-
 in the I 4d 

region [36], and, in order to allow for a systematic comparison between those species and the 

iodinated dye reported here, we will start commenting on I 4d features. 

Spectra (a) and (b) of Figure 3, denominated graphite and pristine were respectively recorded 

from a graphite and a NiO sample dipped in EryB ethanolic solution without any implementation in 

an electrochemical cell, in order to constitute reference data for the interpretation of the 

forthcoming samples. Both spectra display one spin-orbit split doublet (j = 5/2, 3/2 for d-type 

orbitals, with branching ratio close to 1.5) whose components are separated by 1.7 eV [34,37–40]. 

These doublets, whose j = 5/2 part falls at a 50.15 eV BE, are attributed to the four iodine atoms in 

EryB, approximately considered chemically equivalent (the formal non-equivalence due to long-
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range interactions with hydroxyl and ethereal O atoms, reasonably leading to a very small chemical 

shift, could not be discerned). The BE values found for the I 4d spectral features of EryB are more 

positive than those found previously by us for I
-
 and I3

-
 species [36], which we reported to fall 

around 48 eV. This chemical shift can be explained with a simple electrostatic argument, i.e. the 

most easily ionisable iodinated system is that of I
-
 anion, which bears the highest negative charge 

density on I atom, hence displaying the lowest BE. On the other hand, I atoms in EryB molecule are 

covalently bound to C atoms, therefore experiencing a minor fraction of negative charge, which 

increases their BE compared to I
-
. The choice of graphite as a substrate for adsorption of EryB dye 

was directed by the need for a seemingly inert matrix which would possibly allow to discern the 

spectral features of the dye as non-interacting moiety. This would eventually permit to attribute the 

possible differences found once the dye is adsorbed onto the NiO film to its interaction with the 

NiO itself. By looking at spectrum (b) of Figure 3, i.e. the pristine Ery/NiO sample, no differences 

can be found with the graphite sample. This definitely rules out the possibility of discerning, if any, 

the interaction features of I atoms of EryB dye with the NiO film. 

The following I 4d spectra, from (c) to (f) all display the same doublet, whose BE value oscillates 

between 50.0 and 50.2 eV and full width at half maxima (FWHM) between 1.35 and 1.45 eV, 

which demonstrates that the dye remains substantially unaltered along the electrochemical 

treatments it is subject to. What is evident, instead, is the nearly total absence of I 4d signal in 

spectrum (g), related to the CV50 sample, i.e. the EryB/NiO electrode subject to 50 voltammetric 

cycles. This dye depletion already starts in the red sample (spectrum (c)). In fact, as reported in 

Table 1, the amount of EryB molecule adsorbed onto NiO, as calculated by the ratio between the 

areas of I 3d5/2 and Ni 2p3/2 peaks (see Experimental Section for details), was found to decrease 

from the pristine to the once-cycled CV1 sample, and again dramatically to the other samples 

(CV25, red and ox), ending in a nearly total absence in CV50 sample (classified as non-detectable 

in Table 1). This trend suggests that prolonged electrochemical treatments, like 

chronoamperometric (both at reductive and oxidative potentials) and repeated cyclic potential 
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scanning experiments, are likely to induce detachment of a fraction of molecules. This depletion 

was found to be more important in the case of repeated potential cycling, as displayed by the results 

from the CV50 sample compared to those from the samples undergoing chronoamperometric 

experiments (red and ox). The decrease of I signal after electrochemical treatments, likely 

associated to detachment of EryB dye from the NiO electrode, is coherent with the results from the 

electrochemical tests themselves. In fact, as evident in Figure 1 and described above, upon repeated 

potential cycling an increase of faradic current was recorded, associated to an increase in the 

number electroactive Ni
2+

 and Ni
3+

 sites, which probably become more and more available to 

charge transfer as the EryB dye gets detached along potential cycling.  

 

I 3d. 

Figure 4 reports the I 3d photoionization region for all the samples investigated. As mentioned 

above, I 3d is the orbital with the highest photoionization cross-section for I atom, but probably the 

less useful when species like I
-
 and I3

-
 have to be detected and monitored [36]. In our case, I 3d area 

was used for determining the relative amounts of EryB adsorbed onto the different samples, relative 

to the most intense Ni 2p signal in NiO (see Table 1). Furthermore, the BE position of I 3d doublet 

was evaluated in order to possibly confirm the assignment done on the basis of I 4d analysis. The I 

3d spectra appear as well resolved spin-orbit split doublets (Eso = 11.4 eV) with a symmetrical 

shape (except for Mg K ghost lines)[40]. The 3d5/2 component falls around 620.50 eV BE, which 

is significantly higher than those associated to I
-
 and I3

-
 species reported in our previous work [36], 

thus confirming that this chemical shift can be associated to the I-C bond in EryB molecule [41–

44]. As also shown by the I 4d spectra, no sizeable position shift can be detected among the 

different samples, but only an intensity variation. In particular, the most suppressed signal is 

confirmed to be that of CV50 sample (spectrum (g)), where no fitting reconstruction was attempted 

due to low signal-to-noise ratio. One additional feature of I 3d spectra compared to I 4d ones is the 

appearance of a doublet shoulder at lower BE than the main contribution in spectra (b) to (f). This 
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minor doublet is located ~2 eV lower than the main one, and is probably due to degradation of EryB 

dye upon prolonged X-ray exposure. Its occurrence is limited to I 3d signals since these were 

always acquired after the I 4d region, thus after longer X-ray exposures. 

 

Cl 2p.  

The Cl 2p XP spectra were recorded in order to monitor the amount and possible modifications of 

ClO4
-
 anions adsorbed onto the nanoporous NiO film coming from the electrolytic solution used for 

electrochemical measurements. Figure 5 shows the Cl 2p region of sample ox and is separated in 

two panels ((a) and (b)) representing the Cl 2p region for the same sample within the same 

measurement run, but recorded at different times (t = 0 and t = 1 h, respectively), thus experiencing 

different X-ray exposures. Therefore, the apparent complexity of the peaks envelope derives from 

degradation of perchlorate (ClO4
-
, red peak) under X-ray beam and its transformation into lower 

oxidation state iodine compounds, such as chlorate (ClO3
-
, green peak) and chloride (Cl

-
, blue 

peak). The Cl 2p photoionization signal is displayed as a narrow spin-orbit split doublet with a 3/2-

1/2 separation of 1.6 eV. The ClO4
-
 contribution displays a strong chemical shift due to the high 

oxidation state of Cl atom and falls at 207.90 eV (3/2 component) [45,22]. As the oxidation state 

decreases, so does the BE of the associated Cl species. Therefore, ClO3
-
 is found at 205.80 eV [45], 

while Cl- at 197.90 eV [40,46]. In all the samples investigated the Cl 2p signals were found to 

evolve during X-ray exposure, and as reported in Figure 5 for sample ox, an intensity increase of 

the lower oxidation state Cl species was detected at the expenses of ClO4
-
 contribution on going 

from t = 0 to t = 1 h. It is worth mentioning that the area of the overall Cl 2p ionization envelope 

remains constant throughout the acquisition time of the XP spectrum. The relative amount of 

adsorbed Cl species onto the NiO surface was determined by means of XPS and the corresponding 

data reported in Table 1. Perchlorate anions act as electro-inactive supporting electrolyte in the 

solution for electrochemical tests, with the sole scope of ensuring good electrical conductivity and 

avoid migration overvoltage. On the other hand, as already reported by us recently [22], ClO4
-
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anions act as charge-balancing agents with respect to the positively charged Ni(III) and Ni(IV) sites 

generated in-situ during potential scanning in the anodic direction. Therefore, their concentration as 

adsorbed species onto the porous NiO surface is expected to vary in function of the electrochemical 

treatment applied to the electrode itself. In fact, what we found is that the Cl/Ni ratio, as determined 

by the area ratio of Cl 2p and Ni 2p3/2 signals (see Experimental Section for details), increases 

dramatically on going from the pristine sample (which, in this case, was immersed in the 

electrolytic solution for 1 min) to sample ox (see Table 1). In order to account for the significantly 

increased presence of perchlorate anions after the oxidative treatment, one has to consider the redox 

behaviour of NiO. Electroactivity of bare NiO has been already reported both in aqueous and 

organic electrolytes [28,22,17,47–49], resulting in two reversible redox events associated to formal 

oxidation of Ni
2+

 centers to Ni
3+

 and Ni
4+

. As mentioned in the Electrochemical Section, in 

acetonitrile the two oxidation steps occur within the +0.9 V upper limit, hence according to the 

results from XPS it is reasonable to associate the presence of ClO4
-
 signal to an electrostatically 

driven adsorption of ions inside the NiO pores upon formation of Ni
3+

 and Ni
4+

 sites. Furthermore, 

XP spectra in the I 4d and 3d regions revealed that the prolonged oxidative treatment provokes a 

sizeable detachment of dye molecules, likely leaving even more Ni sites available for interaction 

with perchlorate. On the other hand, the amount of Cl species detected at the surface of NiO after 

prolonged reductive polarization (sample red) was found to decrease below the untreated pristine 

sample. The adsorption of anions onto the surface of pristine NiO is due to the presence of Ni
3+

 

sites, naturally embedded as defects in the non-stoichiometric NiO framework. Upon reduction at -

0.27 V, these sites are partially converted to Ni
2+

 sites and the electrode itself is negatively 

polarized. These conditions of polarization should prevent the spontaneous adsorption of negatively 

charged  perchlorate. As to the effect of one single voltammetric cycle (sample CV1), no variations 

are found compared to the pristine sample, whereas an increase of anion adsorption is detected 

upon increasing the number of CV cycles (samples CV25 and CV50), parallel to the abatement of 
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EryB signal. This trend calls for a gradual increase of stabilized (Ni)
+
(ClO4)

-
 couples due to partial 

detachment of EryB dye molecules. 

 

Ni 2p and survey spectra. 

 In Figure 6, the survey spectrum of the pristine sample is reported as an indicative example of the 

overall elemental composition of all the samples investigated in this work. The most intense 

photoemission and Auger peaks related to the EryB/NiO system can be identified (Ni 2p, Ni LMM, 

O 1s, O KVV, I 3d, C 1s) together with minor contributions from Sn due to possible microscopic 

scratches exposing the underneath surface of FTO glass substrate to the X-ray beam. In the inset of 

Figure 6, a high-resolution XP spectrum of Ni 2p region is reported, revealing the typical envelope 

of NiO [50–53]. A thorough description of the bare NiO XP spectral features can be found in 

previous works by us and other authors [28,50,52,53]. In particular, the Ni 2p3/2 region appears 

complicated due to interaction between different electronic configurations in the final state after the 

creation of the 2p core-hole upon photoemission. The corresponding six peaks deriving from such 

interaction unfold in the range 850-870 eV, the first one being attributed to the cd
9
L state (c and L 

respectively represent holes in the 2p level and in a ligand orbital) [52,54], and originating from an 

on-site charge transfer (CT) process between the O
2-

 ligands and the central Ni cation, with the 

latter representing the locus where the core-hole resides. This peak falls at 854.0 eV and in this 

work has been chosen as reference for BE scale calibration. As to the other contributions to the 

overall Ni 2p envelope, we indicate here those appearing as a shoulder to the first peak mentioned 

above, unfolding in the range 855-860 eV. These two signals are associated to core-hole screening 

processes occurring at the surface, where the bulk symmetry is reduced and the coordination 

geometry around Ni is lowered from the octahedral NiO6 to the square-pyramidal NiO5 [51,53,55]. 

These signals have been reported to be diagnostic of surface-confined relaxation processes [51,55–

58], and in many cases, have been naively associated to the presence of Ni
3+

 defects [59,60]. 

Although NiO is undoubtedly an off-stoichiometric compound with Ni
3+ 

defects, during the years it 
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has been widely accepted [54,61] that recognition of a Ni
3+

 feature within the Ni 2p photoionization 

envelope cannot be operated unless a genuine Ni(III) compound is actually under consideration, 

such as NiOOH [28,62]. The substantial similarity found among the Ni 2p spectra (not shown) of 

all the investigated samples confirms that in non-aqueous electrolytes the Ni 2p XPS region results 

substantially insensitive to electrogenerated Ni(III) and Ni(IV) centres. 

 

 

Conclusions  

Nanoporous NiO thin films were deposited onto FTO glass substrates by means of screen-printing 

technique followed by sensitization with Erythrosin B dye. The obtained material has been 

characterized by means of electrochemical methods followed by ex-situ X-ray photoelectron 

spectroscopy in order to gain information beneficial to their application as electrodes in p-type dye-

sensitised solar cells (pDSCs). The sensitised EryB/NiO system underwent an experimental 

protocol devised so as to simulate possible conditions the electrode might encounter during 

operation within a real pDSC device. Therefore, oxidative, reductive and potential-scanning 

treatments were applied via utilization of said electrode in a three-electrode cell in the presence of 

the LiClO4/ACN electrolyte. Cyclic voltammetry showed that the NiO surface is not electrically 

passivated by the adsorbed dye, therefore, the two corresponding faradic events Ni(II)Ni(III) and 

Ni(III)Ni(IV) are well visible. Moreover, as the number of cycles increases, the current density of 

said processes increases, along with a sizeable peak potential shift towards cathodic values. XP 

spectra revealed that the EryB dye experiences a partial detachment from the NiO surface already at 

the 25
th

 CV cycle, while it is found to disappear almost completely at the 50
th

 cycle. This 

detachment seems to be followed by the formation of stable (Ni)
+
(ClO4)

-
 couples, which leads to an 

increase of Cl species signals parallel to the decrease of EryB peaks (except for the case of the 

negatively polarized sample). Also the oxidative and reductive prolonged polarizations are found to 

be detrimental with respect to amount of adsorbed dye, although their effects seem to be 
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comparable to that of potential-scanning up to the 25
th

 cycle. Overall, the EryB dye displayed an 

acceptable stability onto the surface of NiO electrode only within a potential-scanning protocol 

limited to no more than 50 cycles in the -0.27 ÷ +1.13 V vs. Ag/AgCl, wherein the two redox 

processes of NiO surface are expected to occur. In the context of the suitability of EryB sensitized 

NiO as photocathodes of  p-DSCs, these results bear a great importance since the electrochemical 

injection of holes in EryB sensitized NiO is equivalent to the dye-mediated injection of holes in the  

same sample under irradiation. The results presented here have demonstrated that the 

electrochemical injection of holes in EryB sensitised NiO brings about the detachment of the 

electrode even though the dye does not get directly oxidized. This phenomenon of desensitization is 

quite anomalous for such a type of systems because hole-induced detachment of sensitizer was 

previously verified only with squaraines that undergo a direct process of oxidation when holes are 

electrochemically injected in NiO.       
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Captions 

Figure 1. Top: effect of the continuous cycling of the potential (E) on the voltammogram of EryB 

sensitized NiO (scan rate: 10 mV s
-1

). The applied potential values are referred to the reference 

couple Ag/AgCl. Bottom:  Comparison of the first and 50
th

 voltammetric cycles of  EryB sensitized 

NiO. The two differently coloured curves have been selected from the figure on the top.     

Figure 2. Top: Chronoamperometric curve of EryB sensitized NiO when the electrode is polarized 

at  E = 0.9 V vs Ag/AgCl, i.e. at the potential corresponding to the completion of the first step of 

NiO oxidation (Figure 1). The sample obtained at the end of  this potentiostatic step is denominated 

ox. Bottom:  Chronoamperometric curve of EryB sensitized NiO when the electrode is polarized at  

E = -0.27 V V vs Ag/AgCl, i.e. at the potential corresponding to the full neutralization of NiO 

(Figure 1). The sample obtained at the end of  this potentiostatic step is denominated red. 

Figure 3. I 4d XPS ionization region. Experimental points are represented in dots, while results of 

fitting reconstruction are reported in solid lines. Samples from top to bottom: graphite (a), pristine 

(b), red (c), ox (d), CV1 (e), CV25 (f) and CV50 (g) (see Experimental Section for details). 

Figure 4. I 3d XPS ionization region. Experimental points are represented in dots, while results of 

fitting reconstruction are reported in solid lines. Samples from top to bottom: graphite (a), pristine 

(b), red (c), ox (d), CV1 (e), CV25 (f) and CV50 (g) (see Experimental Section for details). 

Figure 5. Cl 2p XPS ionization region of sample ox. Experimental points are represented in dots, 

while results of fitting reconstruction are reported in solid lines. Color key for 3/2 spin−orbit 

components: ClO4
-
 (red), ClO3

-
 (green), Cl

-
 (blue). Top (a): spectra acquired at t = 0; bottom (b): 

spectra acquired at t = 1 h. 

Figure 6. XPS survey spectrum of pristine sample. Inset: high-resolution Ni 2p region. 
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Figure 6 

 

 

Tables 

Table 1. Quantitative area ratios between relevant XPS peaks for all the samples investigated. 

 pristine red ox CV1 CV25 CV50 

I 3d5/2/Ni 2p3/2 0.116 0.031 0.025 0.055 0.037 n.d. 

Cl 2p/Ni 2p3/2
 

0.064
a 

0.034 0.441 0.061 0.727 0.360 

a 
Immersed in the electrolytic solution for 1 min 
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Abstract 

Nanoporous NiO thin films were prepared onto FTO glass substrates by means of screen-printing 

and were sensitized with Erythrosin B (EryB) dye. The obtained material was electrochemically 

treated and characterized with ex-situ X-ray photoelectron spectroscopy in order to gain information 

beneficial to the application of sensitized NiO as photocathodes of p-type dye-sensitised solar cells 

(p-DSCs). In particular, EryB-sensitised NiO films underwent a series of electrochemical treatments 

in LiClO4/Acetonitrile (ACN) electrolyte devised so as to simulate possible conditions the electrode 

might encounter during operation in the photoelectrochemical cell. Upon potential-cycling in a 

range where the two NiO faradic events Ni(II)Ni(III) and Ni(III)Ni(IV) occur, X-ray 

photoelectron spectroscopy revealed that Erythrosin B dye experiences a partial detachment from 

the NiO surface. This detachment seems to be paralleled by the formation of stable (Ni)
+
(ClO4)

-
 

couples. Overall, the EryB dye displayed an acceptable electrochemical stability onto the surface of 

NiO electrode up to 50 cyclic voltammetries in the range -0.27 ÷ +1.13 V vs. Ag/AgCl. These 

results are useful for the evaluation of electrochemical stability of the dye when the this is 

immobilised  onto an electrode surface and are beneficial for a better comprehension of the 

degradation phenomena operating in real photoconversion device.  

*Abstract


