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ABSTRACT.

In recent years, intensive efforts are focused to the conversion and the storage of the solar
energy in a single device. In this work, we report the use of ZnO-based electrodes in the form of
monolayer or nanowires as a light inducer for battery recharging. Two transition metal complexes
of ruthenium(Il) and iron(Il) are grafted onto the ZnO-based electrode in order to tune the
efficiency of the system. We explore the influence of both the ZnO morphology and nature of the
transition metal complex on the light induced voltage and faradaic efficiency towards
electrochemical storage. The resulting ZnO-based electrodes have all been found to be
electrochemically photoactive and their functionalized ZnO nanowire counterpart has shown the
best results. Once the ruthenium complex has been grafted, a high potential gain between dark and
illumination conditions of 1.3 V is reached, which is associated with a modest faradaic efficiency
of 50 %. However, in the presence of the iron complex, a favorable potential gain of 700 mV is
obtained and advantageously combined with a faradic efficiency of 100 %. These results
undoubtedly highlight the remarkable synergy between photo-active ZnO, especially in the form

of nanowires, and a redox center allowing to be applied for a photo-rechargeable battery device.

KEYWORDS. Nano-architectured ZnO-linked-transition metal, Photoactive electrodes, Photo-

assisted charging, ZnO redox complex synergy, Coordination complexes.

INTRODUCTION. One of the greatest technological challenges of the 21% century is the storage
of green and renewable energy resources at a global scale. In this context, the design of a dedicated
device that is simultaneously a solar energy convertor and a battery has emerged as highly

promising for energy storage.'? Lithium-ion batteries (LIB) are of great interest for these



stationary applications owing to their high energy density and low self-discharge.? Consequently,
a major challenge lies in the development of integrated devices to directly associate light energy
conversion with LIB technology within a photo-assisted approach.*

This new concept, which involves the storage of electrochemical energy through redox photo-
assisted process, aims to tune the potential of an electrode at a lower energy cost for the integrated
system. However, until now, only few articles have reported photo-assisted rechargeable batteries
based on photo-redox sensitizer.>” In 2017, Godet-Bar et al.® were able, during photo-charging,
to obtain a photo-induced voltage gain of the cell of 770 mV, as inferred from the difference
between the potentials under illumination and dark, using a photo-electrode composed of boron
dipyrromethene based polymer (BODIPY). In the same year, Paolella et al.” proposed a two-
electrode system-based LIB through the direct oxidation of LiFePOas by the photo-activation of
ruthenium polypyridyl N719 dye under illumination. A gain of 150 mV was reached as the photo-
charging of the LIB at the open circuit voltage proceeded.

For efficient photo-assisted rechargeable LIBs, both maximal photon absorption and trapping in
the optimal range of the incident light are required. In that respect, semiconductor nanostructures
including nanowires (NWs) are of high prospective materials.®> Owing to its high surface over
volume ratio at nanoscale dimensions and its high crystallinity, semiconductor NWs can efficiently
trap the light through the generation of Fabry-Perot resonances, optically guided modes or radiated

modes for instance,'®!!

while acting as an efficient electron transporting materials.'? In principle,
they constitute a promising building block and thus an ideal candidate for photo-assisted
rechargeable battery, but surprisingly, they have never been involved in such strategy so far. As a

biocompatible semiconductor composed of abundant elements, ZnO has received an increasing

interest for its integration into a variety of nanoscale engineering devices.'>!# It can further be



grown with the shape of NWs by the low-cost, low-temperature chemical bath deposition (CBD)
technique, offering a great versatility for the formation of these nano-objects on many types
substrates. '’

In this work, we report the first example of the photo-activity of two types of ZnO-based substrates
that are functionalized with redox complexes in a battery configuration (i.e., in carbonates-based
solvent using Li anode electrode). The aim of this proof-of-concept is to highlight that, by taking
the benefit of the photo-induced oxidizing character of ZnO, it is possible to modulate the photo-
voltage gain by ZnO functionalisation with an appropriate redox metal. Owing to its significant
high photo-sensitivity potential (as shown in Scheme 1),'° ZnO is a powerful oxidant under
illumination thanks to the position of its valence band (e.g. < 5.95 V vs Li/Li) as illustrated by the
numerous publications dedicated to the photo-degradation of organic material involving ZnO.!” In
addition, as a result from its particular oxidizing character, its use as a redox material in battery
configuration cannot be involved solely, since its potential is significantly higher than the limit in
stability of the conventional carbonate-based electrolyte (4.2 - 4.5 V vs Li/Li").!® Here, we use two
different transition metal complexes (M) to tune the oxidizing character of the functionalized
substrate. The main idea is to reach the threshold potential (e.g. < 4.2 V vs Li"/Li) to prevent any
contribution of deleterious oxidation of the electrolyte and the benefit of the photosensitive
character of ZnO to store electrochemical energy at lower energetic cost. In this context, once the
photo-excited form of ZnO (ZnO(e", h")) has been generated, its oxidized form (ZnOox) can be
easily induced by applying an anodic current (I > 0) (equation 1). In the present case, since it
required low wavelength (350 nm), the potential involved to perform this oxidation step should be
relatively low with respect to that involving pristine ZnO (theoretically 2.7 V and 5.95 V vs Li*/Li,

respectively).
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However, as previously mentioned, ZnOox exhibits a too high oxidizing character to be used as
electrochemical energy storage unit. This issue can be solved, using an adapted reversible redox
couple (Mox/Mred) Wwhose potential has to be lower than the one of the stability limit of the
electrolyte, leading to the photo-electro generated Mox and restoring the initial form of ZnO
(equation 2). In a final step, without illumination (equation 3), the electrochemical energy could
be affordable by applying a cathodic current allowing to retrieve Mred (at a potential close to the
corresponding E° Mred/Mox). Taking into account this mechanism and in order to reach a high
energetic gain, the second step is crucial to obtain the best efficiency. This electron quenching
could be in competition with a side reaction involving the high reactivity of ZnOox (i.e. irreversible
electrolyte oxidation). In addition, the oxidation of the Mred has to be performed in a potential
range allowing to preserve the stability of the two redox forms and to reach the higher energy
storage as possible (E° up to 4.2 V vs Li"/Li) (Scheme 1). In these conditions, the efficiency of
this overall mechanism deals with different criteria: i) an efficient ZnO photo-excitation, ii) a
highly controlled electrochemically formation of ZnOox, and iii) a strong affinity between ZnOox
and Mred allowing to efficiently produce its oxidized form (Mox). In this context, we propose
transition metal complexes based on 3d iron (II) and ruthenium (II) involving polypyridyl
ligands.!”*® These complexes have been chosen because both their recognized reversible
electrochemical behaviour and their oxidation potentials (E°) are compatible with the electrolyte

stability.
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Scheme 1. Energy diagram of materials investigated.

In order to ensure an efficient covalent coupling between the ZnO substrate and transition metal
complexes, we choose to involve ligand bearing a phenyl-NH2 functions which, in the presence of
nitrite, can easily generate the diazonium derivatives. Then, by a cathodic process, the complexes
can be efficiently grafted onto the surface of the ZnO (Scheme S1).2!"2* This process allows a
perfect thickness control of the deposited layer, especially those based on coordination
complexes.?*?* For the sake of clarity, ZnOm and ZnOnw are used in the following to stand for
ZnO monolayer and ZnO NWs, respectively, and functionalized ZnOm and ZnOnw are presented

as ZnOm/M" and ZnOnw/M" with M = Fe or Ru.

RESULTS AND DISCUSSION.

Electrode functionalization.

The electroreduction of the in situ chemically generated diazonium performed on [Fe(tpy-NH2)2]**
and [Ru(bpy)2(bpyNH2)]** is schematically represented in Figure 1. In both cases, the

electrografting is performed in acetonitrile on the substrate by cyclic voltammetry and consist in



50 cycles between 1.1 V and -1.0 V vs Ag'/Ag (Figure S1). The signal amplitude is more
pronounced with Fe!' due to the presence of two diazonium moieties helping a better electro-
functionalization of the electrode with respect to the Ru'' complex which exhibits only one NH2
function. This method permits a conformal grafting and the stacking of molecular monolayers of
grafted complexes into the substrate. This is monitored by UV-visible spectroscopy from the
absorbance spectra of the Fe!' and Ru'' complexes grafted, which exhibit characteristic peaks at
465 nm and 580 nm, respectively (Figure S2a). The absorbance capability of the film can be
controlled by the number of cycles (Figure S2b). Given that the amount of grafted complexes
follows a linear relationship according to the number of scans, this indicates that the presence of

the grafted transition metal complexes does not impact the efficiency of the electro-induced

modification of the electrode.

T

ZnOnw/Ru"

ZnOnw/Fe!



Figure 1. Schematic of the transition metal complexes electrodeposition procedure onto ITO/ZnOnw-based
electrodes. The inserts are pictures of ZnOnw, ZnOnw/Ru" and ZnOnw/Fe" electrodes with a cross-
sectional view SEM image of an ITO/ZnOnw-based substrate.

The cyclic voltammogram of ZnOm/Fe! electrodes in the electrolyte at different scan rates
is presented in Figure 2a and shows the expected reversible oxidation wave at Ei2 =3.95 V vs.
Li*/Li (E12 = 3.83 V for [Fe(tpy-NH2)2]*" in solution). The same trend arises from ZnOm/Ru""
electrode with a reversible electrochemical response at E12 =4.15 V vs. Li"/Li (E12 = 4.04 V for
[Ru(bpy)2(bpyNH2)]*" in solution) (Figure 2b). One can observe that, after grafting, the Ei.2 of
both systems shifted towards more positive potential. This shift is the signature of the efficient
functionalization. Indeed, since the NH2 function has been removed through the electrochemical
process, its donor effect is lost, leading to an increase of the Ei2 value. The reversible
electrochemical response is preserved regardless of the electrode (i.e. substrates) whereas the
electro-functionalized electrode is electrochemically stable upon cycling after transfer in carbonate
based electrolyte. Raman spectroscopy was used to confirm the successful grafting of Fe' and Ru'!
complexes on the electrodes. The Raman spectra recorded in the 950 - 1700 cm™ wavenumber
range show the dominant strong bands at about 1612, 1565, 1540, 1472, 1362, and 1290 cm’!
corresponding to [Fe(tpy-NH2)2]** complex as presented in Figure 2¢ (i.e., red solid line) and at
1606, 1565, 1489, 1334 and 1319 cm™! for [Ru(bpy)2(bpyNH2)]*" complex as presented in Figure
2d (i.e., red solid line). These Raman bands are attributed to the stretching of C=C and C=N bonds
of the pyridine rings.?*2%28
After electrodeposition of 50 cycles, the Raman spectrum of ZnOnw/Fe! electrodes as revealed in
Figure 2¢ (i.e., black solid line) shows the specific features of the metal complex. The
disappearance of the band at 1598 cm™ and a decrease in the intensity of both bands at 1485 and

1290 cm™! confirms the covalent bonding between the Fe' complex and ZnOnw surface via the



ligand. After electrodeposition, the Raman spectrum of ZnOnw/Ru'" electrodes is also maintained.
It exhibits two additional broad bands at around 1530 and 1095 cm™ as showed in Figure 2d. The
band at 1095 cm! is assigned to the second-order modes of wurtzite ZnO and hence is typical of
ZnO NWs.? The band at 1530 cm™ may be due to the formation of Zn-H bonds on the surface of
ZnO NWs.*° The fact that no clear signature of wurtzite ZnO occurs in the case of ZnOnw/Fe'!
electrode can be explained by its better coverage with the Fe' complex, since it presents two amine

functions (and thus diazonium ones) as compared to only one amine function for the Ru" one.
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Figure 2. Cyclic voltammogram at different scan rates in 1M LiTFSI in EC/DMC (1/1) electrolyte of (a)
ZnOm/Fe" electrode and (b) ZnOm/Fe! electrode. Resonance Raman spectra of (c) [Fe(tpy-NHz).]*"

powder (red) and ZnOnw/Fe!' electrodes (black) and (d) [Ru(bpy)(bpyNH2)]*" powder (red) and

ZnOnw/Ru" (black).



Photo-electrochemical study with bare ZnO electrodes.

As described by C. Zoski,'® ZnO possesses a high photo-activity in the range of 3.5 - 6 V vs Li'/Li.
Accordingly, in order to estimate the photo-assisted effect during the charging, ZnOm and ZnOnw
morphologies were tested under illumination in Li battery configuration whereas the faradaic
efficiency (FE) was estimated by the faradaic ratio between the charge and discharge which were
performed by fixing a given current (I > 0 for the charge under illumination, I <0 in darkness for
the discharge). Table 1 presents the difference in the potential values under dark and illumination
conditions for the charge (AElighvdark) and the FE with and without light at different values of
applied current (I) for the ZnOm and ZnOnw surfaces. Galvanostatic measurements show a good

cyclability and reproducibility for all samples, as shown in Figure 3a in the case of ZnOnw.

Table 1. Electrochemical data of ZnOm and ZnOnw as a function of the applied current (I). x indicates

that no value is reported because the potential limit (Eiimi) of 4.2 V vs Li'/Li was immediately reached.

I(nA) AEiight/dark (mV) FE under dark (%) FE under light (%)
ZnOm ZnOnw ZnOm ZnOnw ZnOm ZnOnw
1 560 70 99 100 50 80
1.5 920 110 95 100 40 75
2 X 190 X 99 X 62
2.5 X 340 X 99 X 59
3 X 560 X 98 X 57
3.5 X 900 X 98 X 56
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Scheme 2 shows the possible photo-electrochemical oxidation reaction mechanisms during the

photo-charging.
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Scheme 2. Different possible photo-electrochemical oxidation pathways involving ZnO during the photo-
charging processes.

Under illumination, the deactivation of ZnO(e”, h") can follow two antagonist pathways. For
pathway A, ZnO(e", h") can directly oxidizes the electrolyte by hole transfer owing to the strong
oxidizing character of its valence band. This typically leads to the reduced form of ZnO which can
regenerate initial ZnO by a cathodic/galvanic process. This photo-induced reaction does not allow
to store any electrochemical energy. For pathway B, where electrochemical energy is stored since
ZnO(e’, h") is easier oxidized, an anodic process leads to ZnOox (charging process) followed by
ZnO regeneration by subsequent electrochemical reduction (discharge). Knowing that the
theoretical AElighvdark value should be close to 3.25 V (A =375 nm),*! in both cases, a photo-activity
is revealed with a maximal AEighvdark value of 920 mV and 900 mV for ZnOm and ZnOnw,

respectively. In the case of ZnOm, a jump of AEiighvdark for a small applied current is shown in
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Figure 3b (i.e., green solid line). However, beyond 1.5 pA, the potential limit (Eiimit) of 4.2 V vs
Li'/Li was reached, corresponding to the degradation of the electrolyte (pathway A). In the case
of ZnOnw, the process is quite different. The increase in AEiightdark as presented in Figure 3b (i.e.,
black solid line) is much slower and AEiighvdark reaches Eiimit at a higher applied current of 3.5 pA.
Moreover, the FE under illumination is improved with ZnOnw compared to ZnOm (i.e., 75 and 40
%, respectively, at [ = 1.5 pA). This gain seems also stabilized for applied current greater than 2
pA. These results show that, depending on the nature of ZnO (i.e., ZnOm or ZnOnw), the
electrolyte oxidation cannot be considered as negligible under illumination.

The comparison of the ZnO forms shows that ZnOnw exhibits more interesting results regarding
the faradaic efficiency. Supported by previous results, one can suggest that, these different FE
values are correlated to the strong difference in terms of morphology leading, for ZnOnw, to a
high developed surface composed of nonpolar m-planes as well as by its much higher electrical

conductivity.??

200 A

0 40 80 120 160 200 240 05 1 15 2 25 3 35 4
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Figure 3.(a) Galvanostatic curve of ZnOnw under dark and illumination, cycled at an applied current of
3.5 pA. (b) Evolution of the AEjighyaark (solid line) and FE (dashed line) as a function of the applied current

for bare ZnOm (green curves) and ZnOnw (black curves).
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Photo-electrochemical study with ZnO/Ru" electrodes

In order to enhance the efficiency of the electrodes without over expressed the photo-
oxidation of the electrolyte, the [Ru(bpy)2(bpyNH2)]*" complex was used. This complex can act
both as a redox storage unity and as a photosensitive element. With regard to the preliminary tests
performed by grafting the Ru" complex on In203:Sn (ITO) surface under illumination, no potential
changes are observed despite the interesting photoactive and redox properties of the Ru'' complex.
This is most likely due to a deactivation of excited states by energy transfer between molecules
owing to their direct proximity as previously reported for BODIPY derivatives.® In order to avoid
this quenching process, p-anisidine (An) was used as a dilution agent. This molecule was chosen
because i) the amino functional group para to the methoxy permits the same functionalization
methodology as for the Ru'' complex and ii) the molecule is not photoactive and electrochemically
stable in the potential range explored. It should be noted that no specific UV-visible changes are
observed when the electroreduction is carried out in the presence of An showing that this molecule
acts only as a spacer and does not react with Ru' complex. Thereby, different ratios of [An]/[Ru"]
ranging from 0 to 1 were electrodeposited on ITO surfaces. A good linearity between the
absorbance of the Ru(Il) complex (peak at A =465 nm) and the ratio used was observed, as reported
in Figure S3 (dashed line). This linearity highlights the same electrochemical reactivity of the
diazonium issued from the Ru"' complex and An. Consequently, galvanostatic measurements under
dark and illumination conditions were achieved and unambiguously show the presence of Ru'!
complex that leads to a decrease in AEiighvdark as seen in Figure S3 (red line). In order to find the
optimal conditions to reach the highest AEiight/dark, the amount of An was modulated. As a result, a

0.1 ratio of [An]/[Ru""] is efficient to avoid recombination process and to obtain a good AEiighvdark.
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Same results have been obtained with ZnO/Ru", therefore this ratio was used in the presence of
ZnO substrates.

Under illumination, an additional process can occur as described in Scheme 3.

C
e i == i
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| © :
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i Ry Ry" !

hv -e
| Zn0 ——> ZnO(c, h") ——— 7ZnO__

i Charging process '

Scheme 3. Photo-electrochemical oxidation pathway involving ZnO and Ru" during the photo-charging
process.
Under illumination, as previously mentioned, ZnO excited form (ZnO(e’, h")) is easily oxidizable,
then the electrogenerated ZnOox is involved into a redox process to restore ZnO while forming
Ru'" (pathway C). In the discharging process under darkness, the initial Ru'' can be regenerated
by a cathodic process. This mechanism is exergonic taking into account the difference of the AE°
of the two redox processes (around 1.4 V).!®?! Concerning the ZnOm/Ru! electrodes, Figure 4
(i.e. black solid line) basically exhibits two successive phases, namely an increase in the AElight/dark
between 1 to 3.5 pA followed by a plateau at a maximum AElight/dark value of 920 mV (Table S1).
This new feature is assigned to the main pathway C and permits to clearly highlight the role of

Ru! complexes as a redox storage unity of ZnOm.
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Figure 4. Evolution of the AEjighydark (solid line) and FE (dashed line) as a function of the applied current

for ZnOm/Ru" (black lines) and ZnOnw/Ru" (blue lines) electrodes.

The same trend is revealed in the case of ZnOnw/Ru" electrodes, but with a slower AEiighydark
increase towards the plateau from 4.5 pA and with a higher maximum AEiighvdark of 1.3 V (Figure
4 (blue), Table S1). As in the case of bare ZnOnw, the moderate increase in AElighvdark is directly
associated with the NW structural morphology and electrical conductivity. The significant
AElight/dark obtained can be explained by the thermodynamically favorable interaction between the
Ru'' complex and the ZnOnw substrate. Nevertheless, Ru polypyridyl complexes are well-known
for their good photo-activity and their long-lived singlet-to-triplet excited state.?%3* Consequently,
the photo-activation of ZnO and Ru"! would be both expected to allow a multistep photo-activated
electrochemical process. In the case of [Ru(bpy)2(bpyNH2)]** complex, a theoretical voltage gain
of 2.1 V can be obtained under illumination.?! This behavior can be eventually related to both the
redox storage unity activity and the photo-assisted effect of Ru' during the charging. The

galvanostatic measurements of the best activity with a maximum AEiighydark of 1.3 V vs Li*/Li is
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shown in Figure 5. The present photo-induced voltage gain of 1.3 V represents the highest value
reported in the literature, as compared to the values of 150 and 770 mV reported.®” However, this
is associated with a relatively low FE reaching a value of 50 % in the best configuration. This
relative low FE could be due to 1) the less efficiency of the ZnO coverage using Ru'" complex, by
taking into account the fact that the Ru'"' complex exhibits only one NH> function (as compared to
two functions for the Fe' complex) allowing ZnO(e", h*) to react with the electrolyte, and to ii) the
eventual contribution of the electrolyte oxidation with Ru'", since the Ei2 Ru'/Ru™ (4.14 V vs

Li'/Li) is relatively close to the stability limit of the electrolyte.
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Figure 5. Galvanostatic curve of the ZnOnw/Ru" electrodes under dark and illumination, cycled at an

applied current of 5 pA.

The Ru'" complex did not exhibit high FE, which is presumably due to inefficient coverage of the
ZnO surface. In this context, we pursue the study involving Fe'' polypyridine complex which

exhibits two NH2 moieties. We expect that this functionalization helps to better mask the extreme
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reactivity of the excited form of ZnO. In addition, it is non light sensitive whereas its lower Ei2
value (i.e. 3.9 V vs Li'/Li) is in a better accordance with the electrolyte stability.
Photo-electrochemical study with ZnO/Fe! electrodes

The [Fe(tpy-NH2)2]*" complex was grafted in the same conditions of Ru', ie. with a
[Anisidine]/[Fe"'] ratio equal to 0.1. According to the reaction mechanism described in Scheme 4,

a new process can occur under illumination.

l e |
i Discharging process |
I Fem FeH I

. \% e .
I ZnO ——> ZnO(e, h*)—e> ZnO_, |
Charging process

Scheme 4. Photo-electrochemical oxidation pathway involving ZnO and Fe" during the photo-charging
process.

As in the case of Ru'' complex, the illumination of ZnO in presence of Fe! species can lead to the

oxidized Fe'll

species (pathway D). This overall mechanism during the charging process should be
very efficient taking into account the large difference of the AE® of the two redox processes
(around 1.6 V).!®!” In the case of ZnOm/Fe! electrodes, AEiighydark Voltage starts around 205 mV
(at 1 pA) and then increases until reaching a plateau around 690 mV. Beyond an applied current
of' 4.5 pA, a slow decrease in AElight/dark occurs until Eiimit is reached as seen in Figure 6 (i.e., black

solid line). This behavior can be explained by the fact that, under 3 pA, the applied current density

is too low to reach the full potential of the Fe'' complex. This trend is very similar to that of

17



ZnOm/Ru" electrodes and is consequently attributed to the predominant pathway D instead of
pathway B (Scheme 2) to clearly demonstrate the role of Fe!' complexes as a redox storage unity
of ZnOm. Although the maximum AElighvdark is higher with bare ZnOm (920 mV), Elimit is reached
at a really higher applied current of 5.5 pA for ZnOm/Fe' electrodes as compared to 1.5 pA for
ZnOm. As regards to the FE evolution under illumination and in dark as seen in Figure 6 and
summarized in Table S2, a lower electrolyte oxidation contribution is obtained in presence of Fe!!
complexes. For example, at their respective Elimit, the FE of ZnOm/Fe' is 72% compared to only

40 % for ZnOm (Table S2).
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Figure 6. Evolution of the AEighydark (solid line) and FE (dashed line) as a function of the applied current

for ZnOm/Fe!! (black curves) and ZnOnw/Fe! (blue curves) electrodes.

In the case of ZnOnw/Fe! electrode as shown in Figure 6 (i.e. blue solid line), the increase in
AElighvdark for ZnOnw/Fe!! electrodes is much slower than for ZnOm/Fe!! electrodes but it can reach
almost the same value (660 vs 705 mV, respectively at Eiimit) with a higher applied current (5 pA
1l

vs 6 pA, respectively). A very stable and high FE value of 100% is reached for ZnOnw/Fe

electrodes regardless of the applied current, which can be explained by the better surface coverage
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of the complex on top of ZnO NWs lowering the contribution of side reaction and presumably
improving the kinetic of the electron transfer between electro-photo induced ZnOox and Fe'' to

111

form, in a very high yield, Fe™. Consequently, beside its storage activity, the complex acts as an

electrolyte barrier. This interesting result unambiguously shows that we can benefit from the

electro-photochemical properties of ZnO to produce Fe'

at a reduced cost with a high overall
efficiency.

CONCLUSION.

In summary, we report a proof-of-concept of two different ZnO morphology electrodes (ZnOm
and ZnOnw) acting as a light inducer for electrochemical energy storage. The efficiency of the
electrodes can be easily tuned by the nature of the unit storage grafted onto the ZnO substrate,
depending on the nature of the transition metal (Ru or Fe) and the coverage of the surface. The
type of the ZnO scaffold combined with the nature of the complex also impact the capability of
the system. Experiments have demonstrated that, according to their higher electrical conductivity,
ZnO NWs show the best results. When operated galvanostatically, similarly to classical battery
charge/discharge processes, ZnOnw/Ru"! electrode shows a huge gain of 1.3 V under illumination
while reaching a faradaic efficiency of 50 %. This is the highest gain of voltage never attained in
this kind of system. In addition, and considering the results obtain with Fe'!, we can suppose that
the faradaic efficiency can be improved by a better coverage of the Ru'' complex into ZnO surface.
In the case of ZnOnw/Fe'! electrode, a significant gain of 705 mV is observed, but in contrary to
ZnOnw/Ru"" electrode, a faradaic efficiency of 100 % is obtained. This is the first study which
permits a light assisted charge of a ZnOnw modified electrode with an important gain in voltage
and a faradaic efficiency of 100 %, which implies a lack of damages to the electrolyte. These
results show promising photo-assisted rechargeable systems based on ZnO NWs substrates that

allow the restitution of a higher electrical energy than that consumed during the charge process
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with an interesting way to tune both the gain in voltage and the faradaic efficiency in function of

the transition complex used.

EXPERIMENTAL METHODS.

Synthesis of Ru(II) complex

[Ru(bpy)2(bpyNH2)](PFs)2 is prepared following literature procedures.?!
Synthesis of Fe(1I) complex

[Fe(tpy-NH2)2](PFe): is prepared following literature procedures.>*

Synthesis of ZnO

ZnOm were grown on ITO/glass substrates by dip coating using a sol-gel process. 375 mM of zinc
acetate dihydrate and 375 mM of monoethanolamine were mixed in pure ethanol solvent. The
resulting solution was stirred for a couple of hours at 60 °C on a hot plate and then at room
temperature to form the sol. The withdrawal speed was fixed to 3.3 mm/s. Post-deposition
annealing at 300 °C and 500 °C in air was achieved for evaporating the residual organic
compounds and for crystallizing the ZnOm, respectively.’> ZnOnw were grown on top of the
ITO/glass/ZnOm substrates by CBD using 30 mM of zinc nitrate hexahydrate and 30 mM of
hexamethylenetetramine mixed in aqueous solution (Figure S4).%

Electrode modification

The electrodeposition experiments were performed under argon atmosphere in a three-electrode
cell using a platinum wire as counter electrode. Potentials were referred to an Ag/AgNO3 0.01 M

reference electrode in CH3CN + 0.01 M TBAP. The working electrodes were ITO, ZnOm and

ZnOnw. Experiments were carried out in an argon filled glove box at room temperature in a
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solution of 0.6 mM of complex in CH3CN + 0.1 M TBAP and 1.5 equivalent of isoamyl nitrite.
Electrografting experiments were performed using cyclic voltammetry on conductive surface and
consist in different potential cycles between 1.1 V and -1 V vs Ag'/Ag at a scan rate of 100 mV.s’
!, Potentials can be converted to Li/Li* scale by adding 3.58 V or to NHE reference electrode by
adding 540 mV.>%37 Fifty cycles of electrodeposition were performed on the two complexes with
a [An]/[Ru(I)] ratio of 0.1 onto ZnO surfaces. The electrochemical data were recorded using a
VSP-300 potentiostat from Biologic.

Scanning electron microscopy

Top-view and cross-sectional view field-emission gun scanning electron microscopy images
(FEG-SEM) were collected using a FEI Quanta 250 FEG-SEM.

Spectroscopy instruments:

UV-Visible absorption measurements were carried out on a Shimadzu UV-2501 PC
spectrophotometer with ITO as reference.

Raman spectroscopy

The Raman spectra were recorded using a Renishaw in Via Raman system. The detector was a
Peltier-cooled charge coupled device camera (CCD) and the spectra resolution was about 1 cm™.
Two different excitation wavelengths, the 532 nm for ([Fe(tpy-NH2)2]**, ZnOnw/Fe"! and
ZnOnw/Ru" electrodes) and 785 nm ([Ru(bpy)2(bpyNH2)]**) lines of a Nd:YAG and a diode laser
respectively, were used to get photoluminescence-free signals. The measurements were performed
with an X50 (NA=0.9) objective. The line mode of the spectrometer was used to decrease the
power density at the sample and to get averaged data. The line length was about 60 um. Before

each analysis, the output laser power was adjusted to avoid excessive heating of the sample. For
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this, the main criterion was to select a power density for which no evolution of the line shape of
the spectra versus time was detectable. Typical power densities used were below 20uW/pum?.
Electrochemical and photo-electrochemical measurements:

The electrochemical experiments were performed under argon atmosphere in a three-electrode cell
using metallic lithium foil (Sigma-Aldrich) as reference and counter electrode, and ZnO surfaces
(modified or not) as working electrode (Figure S5). The chosen electrode of around 0.3 cm?
surfaces is immersed in a solution of 1M of Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
in Ethylene Carbonate:Dimethyl Carbonate (EC:DMC 1:1 vol.%). The electrochemical data were
recorded using a VSP-300 potentiostat from Biologic. A LAX 1450 Xe-lamp (Muller-Elektronik,
Germany) was used as the light source, Ir and UV from 200 nm were cut off by a quartz flask
containing water. To avoid overheating, the powerfull of the lamp was reduced by introducing a
filter (Abs = 0.1 at A = 400nm) between the lamp and the electrochemical cell. The OCV and
galvanostatic charge/discharge measurements were conducted with fixed potential limits between
2.5V and 4.2 V vs. Li"/Li. Only the charge is subject to the changing of light (in the dark or under
illumination). Each experiment was made in the same conditions: a time of charge and discharge
of nine seconds was imposed with a relaxation time of nine seconds between each cycle. Different
applied current was tested ranging from 1 to 5.5 pA. Faradaic efficiency (FE in %) was measured

by dividing the time of discharge by the time of charge.
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