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Abstract

Nanostructured systems showing reversible colour switching are envisaged to play a significant role in
photo-switches, photo-optical sensors, smart windows, displays, optical storage memories. Most of the
materials exhibiting reversible colour switching are organic compounds. However, their UV-light activation,
low thermal and chemical stability, as well as harmful synthesis methods, are of limit for their extensive use.
In this research, we have created an inorganic switchable photochromic material exploiting TiO, ability of
creating an exciton upon excitation, copper as the chromophore, and graphene'’s extraordinarily high
electron mobility. Our material showed itself to be able to work under visible-light, its photochromic
property being three times faster than conventional titania based photochromic materials, reaching a stable
change in colouration after only 30 mins of visible-light irradiation (versus > 120 min in conventional Cu-
TiO,). With the addition of just 1 wt% graphene, the material exhibited a staggeringly stable photochromic
switching over repeated cycles. These results relate to the best previously reported values for any form of
TiO,-based photochromic material. This is therefore an excellent candidate for smart self-cleaning windows,

and other chromic devices and applications.
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1. Introduction

When a material exhibits a reversible change in colour upon an external stimulus, it is named chromic
material. This is an important class of materials because of its cutting edge applications, such as: sensors,
memory devices, information displays, signage technologies, and security features.! Temperature,
chemicals, electricity, mechanical, impact, light might be the external stimuli. Therefore, we can talk about:
thermochromic, electrochromic, piezochromic and photochromic materials.? Light is of certain importance
as the external stimulus to trigger (photo)chromism. Indeed, unlike other stimuli, light has a non-invasive
character and we can easily control parameters like the energy, intensity, exposure area, time of irradiation.?
Thus, photochromic materials are of an extreme significance in making the smart materials of the future. As
the word itself says, photochromism derives from the transliteration of the ancient Greek words “@@¢”
(light) and “xpwpua” (colour). Therefore, photochromism can be defined as the reversible change in colour
and/or optical absorption spectra under electromagnetic radiation.* Reversibility of the colouration can be
triggered by exposing the material to light of a different wavelength compared to that the caused the initial
change in colour,’ by chemical oxidation,* or by giving thermal energy in the dark.® Usually organic
compounds exhibit reversible colour switching upon light exposure. Organic compounds displaying
photochromism are: diarylethenes, spiropyrans, azobenzenes, spirooxazines.” That photochromic response
is given by a wide range of reactions, such as: pericyclic reactions, cis-trans isomerisations, or
intramolecular hydrogen transfer.® However, organic photochromic materials involve complex synthesis
methods, are not thermally stable and have been shown to possess weak colour switching when in solid
media.” That is the reason why inorganic compounds as photochromic materials are gaining momentum -
W03, MoOs, silver halides, oxides of Group 4 and 5 (i.e., TiO,, V,0s, Nb,Os) have indeed shown to exhibit
reversible photochromism.* However, elements like nickel and tungsten are linked to potential
environmental and health hazard.' Therefore, titanium dioxide nanoparticles are of significance amid the
metal oxides listed before. Aside from being an abundant, low-cost, non-toxic and stable oxide, TiO,
nanoparticles are also able to generate an exciton upon excitation - i.e., the photocatalytic phenomenon.™
Still, the wide band-gap of TiO, limits its range of application to the UVA part of the electromagnetic
spectrum. Indeed, Wang and co-authors have recently shown a reversible photocatalytic colour switching in
organic-inorganic hybrids made of TiO, and organic dyes.”®*® Nevertheless, the reduction reaction,
responsible for the change in colour, was restricted to UV-light irradiation, thus reducing the application
range. To (partly) overcome this issue, it has been recently proved that a type-ll (staggered) band alignment
of ~0.4 eV exists between anatase and rutile TiO, polymorphs when they are in form of a hetero-junction -
with anatase possessing the higher electron affinity.™ Recently, Maheu and colleagues confirmed (via

combined UPS and UV spectroscopy) this outcome to happen also in anatase-rutile nanopowders.*



However, TiO, is transparent to most of the visible radiation region, its electronic configuration retaining
zero 3d electrons.™ One of the strategies to make a (TiO,-based) material showing reversible photocatalytic
colour switching is to decorate titania’s surface with element having more than one oxidation state. At this
regard, copper is a much interesting candidate. Cu is a 3d transition metal; copper-based materials are able
to promote and undergo a variety of reactions owing to copper wide range of oxidation states - Cu®, Cu™,

Cu?, and Cu®*".V

Since the first publication by Geim and Novoselov,*® graphene swiftly raised as “The star” on the horizon of
materials science.” This interest certainly arose because of graphene’s outshining electronic properties,®
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having high mobility of charge carriers - higher than 200,000 cm?V™'s
conductivity (1,000-5,300 W.mK™).% Interestingly, semiconductor and metal nanoparticles can be

successfully “anchored” on 2D carbon support to improve the catalytic activity.**

In this research work, we have used that strategy to improve the reversibility of photocatalytic colour
switching in copper-graphene modified TiO, nanoparticles - the full-blown limit of that material.® The
exciton has been generated upon TiO, excitation; graphene has been exploited has a highway for the
exciton mobility, whilst copper has been used as the chromophore.? Obtained results showed that TiO,
specimen modified with 1 mol% Cu and graphene (0.5 and 1.0 wt%) exhibited fast photocatalytic colour
switching under exposure of a white light emitting diode lamp, attaining a stable colouration after 30 min
(versus > 120 min of copper-TiO,). Most importantly, the reversibility of photochromic switching showed

itself to be staggeringly stable over repeated cycles, when stored at 100 °C in dark.

2. Experimental section
2.1 Sample preparation

An aqueous sol-gel method was followed for the synthesis of TiO,-based photochromic materials.?” To do
the Cu-graphene-modified TiO,, stoichiometric amounts of copper(ll) nitrate trihydrate (Sigma-Aldrich, >
98.5%) were added to the TiO,-based sol when this had a 1 M concentration. The concentration of copper
was constrained at 1 mol%, following on from our earlier studies.” 0.5 and 1 wt% of graphene
nanoplatelets dispersed in ethanol (kindly supplied by Graphenest) were also added at this step to the 1 M
sol. The sols were dried in an oven at 80 °C, and then the dried gels were thermally treated following
thermal cycles reaching two maximum temperatures. (i) 250 °C with a heating rate of 15 °C min ™, pre-
heating the furnace at 200 °C, with a 8 h dwell time; (ii) 450 °C, with a heating rate of 5 °C min™, with 2 h

dwell time. Specimens were referred to as: Cu-Gx/Y were x stands for the graphene wt% (0.5 or 1.0 wt%),

and Y is a number indicating the maximum temperature reached (i.e. 250 or 450). For instance, the TiO- sol
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in which 1 mol% Cu and 0.5 wt% graphene were added, and thermally treated at 450 °C / 2h will be referred
to as: Cu-G0.5/450.

2.2 Sample characterisation

The mineralogical composition of the prepared specimens was revealed by means of X-ray powder
diffraction (XRPD). The relative fractions of crystalline phases were determined via Rietveld refinements of
the XRPD data. The XRPD patterns were collected at room temperature on a 6/6 diffractometer (PANalytical
X'Pert Pro, NL), equipped with a fast RTMS detector (PIXcel 1D, PANalytical), with Cu K, radiation (45 kV and
40 mA, 20-80 °26 range, with a virtual step scan of 0.02 °26, and virtual time per step of 200 s). The
Rietveld data analysis for obtaining semi-quantitative phase analysis (QPA) information was assessed using
the GSAS software package and its graphical interface EXPGUI.?*% The instrumental broadening was
obtained from the refinement of LaB¢ standard (NIST SRM 660b) and included in all of the Rietveld
refinements. The refinement strategy that we followed has been reported in previous works.”” XRPD was
used also to obtain microstructural information. At this purpose, the same instrument and setup as per the
QPA was employed, but XRPD patterns were recorded in the 20-145 °26 range, with a virtual step-scan of
0.1 °26, and virtual time per step of 500 s, so to deal with data with a higher signal-to-noise ratio. The whole

),*° as implemented in the PM2K software package,® was used for the

powder pattern modelling (WPPM
microstructural analysis of the diffraction data. WPPM is a novel yet well-established method for extracting
microstructural features from a diffraction pattern. It employs XRPD data by describing each observed peak
profile as a convolution of instrumental and sample-related physical effects. The corresponding model
parameters are then directly refined on the observed data.* In this work we adopted the same modelling

approach as that we described in previous researches, assuming crystalline domains be spherical, and their

diameter distributed according to a log-normal curve.?”’

Raman spectra were acquired on a RFS 100/S (Bruker, DE) equipped with a 1,064 nm Nd:YAG laser as the

excitation source, in the 50-1,800 cm™ wavenumber range, with 2 cm™ in resolution.

2.2.1 Optical properties: reversible photocatalytic colour switching activation

The changes in the optical properties triggered by light (i.e. the photocatalytic colour switching) were
investigated by way of diffuse reflectance spectroscopy (DRS). Optical spectra were recorded on a Shimadzu
UV-3100 spectrometer (JP), equipped with an integrating sphere, and a white reference material made of
Spectralon; UV-vis spectral range was explored (250-850 nm), using 0.2 nm in resolution. To analyse the

photochromic properties, 0.1 g of specimen was exposed to a white light emitting diode (LED) (Philips warm
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white, 2700 K LED bulb, 9.5 W). A protocol described in detail was severely followed to ensure comparable
data.”?** The intensity of the radiation reaching the samples was measured with a radiometer (Delta OHM,
HD2302.0, IT), and it was estimated to be 5.0 mW.cm 2 in the visible spectral region (>400 nm, being nil in
the UVA) - irradiation times were consecutive and absolute. DR data were converted into pseudoabsorption
spectra F(R) by means of the Kubelka-Munk transformation:* F(R) = a = (1 - R)?/2R, where R is the DR. As
photochromism is reversible by definition, its reversibility was studied by exposing fresh unexposed samples
to visible light (as above) for periods ranging from 30 to 15 s, at room temperature and then recording
immediately their DR spectra. They were then placed in a dark oven at 100 °C for 15 or 30 min to aid
reversing the process, and the optical spectra were measured again. The degree of photoswitching has been
defined as the difference between the maximum value in reflectance at time zero (Ro), and the reflectance

after each irradiation/annealing cycle (R.): AR: (%) = [(Ro - R:)/Ro x 100].%®

3. Results and discussion
3.1 XRPD and HR-TEM analyses

XRPD semi QPA data are listed in Table 1. A graphical output of a Rietveld refinement is shown in Figure S1
(Supporting Information File). Unmodified titania dried gel thermally treated at 205 °C / 8h led to the
formation of anatase (92.8 wt%), rutile (5.1 wt%) and brookite (2.1 wt%) TiO-, polymorphs. Addition of 1 mol
% copper and graphene (0.5 and 1.0 wt%) to the system delayed the anatase-to-rutile phase transition
(ART). However, Cu-G0.5/250 and Cu-G1.0/250 virtually had the same mineralogical composition, thus one
can infer that graphene had no (or little) influence on the ART,* a nucleation-and-growth phenomenon.®
The same conclusion can be drawn for the specimens subjected to the 450 °C / 2h thermal cycle: ART was

delayed as well, and graphene had virtually no influence on it. Copper did not enter TiO, structure, for

crystallochemical reasons;” still it favoured a grain-boundary pinning, thus delaying the ART.*



Table 1 - Rietveld agreement factors and phase fraction (wt%) of TiO, polymorphs in the prepared specimens.’

Sample No. of Agreement factors Phase composition (wt%)
variables | R() (%) | Rwp (%) X anatase rutile brookite
TiO,/250 13 2.03 3.29 1.41 92.8(1) 5.1(4) 2.1(2)
Cu-G0.5/250 20 2.89 3.32 1.56 94.4(1) 2.8(3) 2.8(2)
Cu-G1.0/250 20 2.55 3.19 1.56 95.5(1) 2.1(2) 2.3(2)
TiO,/450 20 3.60 3.34 1.97 70.8(1) 19.5(1) 9.7(2)
Cu-G0.5/450 21 6.32 3.32 1.73 89.6(1) 8.6(2) 1.7(2)
Cu-G1.0/450 22 5.54 2.90 1.66 89.0(1) 9.8(2) 1.2(2)

“There were 2285 observations for every refinement; the number of anatase, rutile and brookite reflections was 32, 31 and 154, respectively

Table 2 - WPPM agreement factors, average diameter of the crystalline domains and polydispersity index (PDI).

Sample Agreement factors Mean crystalline domain diameter (nm) PDI
Rup (%) | Rexp (%) X anatase rutile anatase rutile
TiO,/250 3.65 3.38 1.08 4.4+0.1 8.7t1.4 0.25+0.01 0.30+0.02
Cu-G0.5/250 2.44 2.17 1.13 3.2+0.1 8.6+0.1 0.39+0.01 | 0.31+0.06
Cu-G1.0/250 2.43 2.16 1.12 3.510.2 8.6+0.2 0.35+0.01 | 0.31+0.05
TiO,/450* 2.72 2.30 1.18 8.740.2 14.4+0.6 0.17+0.08 | 0.18+0.04
Cu-G0.5/450 2.80 2.29 1.22 7.1+0.3 9.3+0.5 0.21+0.01 0.40+0.05
Cu-G1.0/450 2.52 2.22 1.13 7.4+0.5 9.8+0.7 0.21+0.01 0.38+0.01

* Values from reference [33].



Microstructural features of the specimens, as extracted with the WPPM modelling, are listed in Table 2, and
graphically reported in Figure S2a-d. A graphical output of a WPPM modelling is shown in Figure S3. Anatase
crystalline domains in unmodified TiO, thermally treated at 250 °C / 8h (TiO,/250) have an average
diameter of 4.4 nm, those of rutile 8.7 nm. Consistent with QPA analysis results, addition of copper and
graphene seemed to have dictated a decrease in the nucleation-and-growth of anatase, leading to a smaller
size of the diameter domains. As a matter of fact, the average crystalline domain diameters of anatase in
Cu-G0.5/250 and Cu-G1.0/250 are 3.2 and 3.5 nm, respectively. This is reflected by their moderately

).®® On the other hand, neither copper nor graphene additions had

polydispersity indices (0.1<PDI<0.4
virtually any influence in the nucleation-and-growth of rutile crystalline domains, the average diameter of
these being 8.7, 8.6 and 8.6 nm in Ti02/250, Cu-G0.5/250 and Cu-G1.0/250, respectively. An increase in the
thermal treatment (i.e. 450 °C with 2 h dwell time), led to an increase in the average diameter of anatase
and rutile domains, following to nucleation-and-growth process, these being 8.7 and 14.4 nm, respectively,
in Ti0,/450. Likewise the specimens thermally treated at 250 °C, addition of copper and graphene had an
influence in retarding that nucleation-and-growth process. Indeed, anatase crystalline domains in Cu-

G0.5/450 and Cu-G1.0/450 had average diameters equal to 7.1 and 7.4 nm, respectively; those of rutile

were 9.3 and 9.8 nm.

Raman spectra showing a general view of the specimens are reported in Figure S4a,b; in them, anatase
Raman active modes located at 144 (E,), 399 (By), 519 (As, Bi) and 639 cm™ (E;) are visible.”’ In the
specimens thermally treated at 450 °C / 2 h, Figure S4b (Cu-G0.5/450 and Cu-G1.0/450) it is also detectable
the E; Raman mode of rutile, at around 447 cm™.*” Furthermore, as listed in Table S1, the Raman E, mode of
anatase is shifted toward higher energies in all of the specimens modified with copper and graphene. Thus

),* compared to that of unmodified anatase.

this confirms their reduced dimensions (and increased disorder
Raman spectra in the 950-1,800 cm™ energy region are shown in Figure X1a,b. In the specimens thermally
treated at 250 °C / 8h is present also another Raman line at approximately 1,050 cm™, Figure X1a, being
assigned to C-O stretching, a legacy of unreacted organic moieties.** Moreover, the major bands assigned to
graphene (i.e., the G band together with D and a weak D’ band) are present in the samples, see Figure
X1a,b. The presence of D and D" Raman bands is an indication of irregular edge disorders and oxidised
dangling bonds.* Interestingly, the D line, related to disordered carbon, is located at around 1,300 cm™, this

being a common characteristic of single-wall carbon nanotube,® therefore consistent with HR-TEM

observations.
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Figure X1 - Raman spectra of: a) specimens thermally treated at 250 °C / 8h; b) specimens
thermally treated at 450 °C / 2h

3.2 Optical Properties: Photocatalytic aided colour switching

Optical spectra of fresh unexposed specimens are reported in Figure S5. Spectra of the specimens thermally
treated at 250 °C / 8h and 450 °C / 2h all show similar characteristics. The absorption band at around <3.2
eV is assigned to the band-to-band transition in TiO..* The absorption feature located at around 2.75 eV,

belongs to interfacial charge transfer (IFCT), that is: the electron transferring (under visible-light irradiation)
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from the valence band of TiO, to the Cu,O and/or graphene clusters that are grafted at the interface with
titania.” Indeed, it is reasonable to propose the IFCT to happen also amongst graphene and TiO,,* being
that absorption feature more intense in the specimens with 1.0 wt% graphene, at both the thermal
treatment temperatures. The strong absorption band detected at lower energies (<2.25 eV) and centred at

~1.5 eV, belongs to d-d electronic transition in Cu®."

Irradiation of Cu-graphene modified TiO, specimens with the white-light emitting LED induced changes to
their optical spectra, as shown in Figure S6 and in Figure X2. Looking at the specimens thermally treated at
250 °C / 8h, Figure Séa,b, it is evident the growth in intensity of the absorption feature due to
Cu*/graphene-TiO, IFCT with the white-light emitting LED irradiation time. However, little changes in the
Cu* d-d transitions happened. This likely means that, under visible-light irradiation time, specimens
thermally treated at 250 °C / 8 h do not generate an exciton.” As a consequence, Cu® has not (or not
entirely) been reduced to Cu® by photocatalysis. Still, we can hypothesise that visible-light irradiation was
able to initiate IFCT amongst electrons in the valence band of TiO, that are excited to copper/graphene
clusters at the interface,” being (mostly) responsible for the increase in the absorption feature displayed in

Figure Séa,b and inset in Figure S7a,b, and of the little Cu* reduction (main Figure S7a,b).

On the other hand, when specimens thermally treated at 450 °C / 2 h are subjected to (consecutive) visible-
light irradiation time an exciton is generated,?”” and more complex changes to their optical spectra occurred.
As displayed in Figure X2a,b, an increase in the visible-light irradiation time led to: (i) a progressive decrease
in the absorption band due to Cu* d-d transitions, until it completely disappeared - at around 30 min
irradiation time; (ii) a simultaneous increase in the absorption feature owing to Cu®/graphene-TiO, IFCT (up
to 30-45 min irradiation time); (iii) the appearance, after approximately 30 min irradiation time, of a new
absorption band, centred at around 2.25 eV (~550 nm), and belonging to the band-gap transition in Cu,0.*
[In 1 mol% copper TiO,, adopting the very same exposure condition, we did not observe the appearance of
that band belonging to the interband transition in Cu,O: this suggests that under white-light irradiation the
electron transport was not enough to generate that band, see reference [26] and Figure S8 for a direct
visual comparison with Figure X2.] This behaviour is explained taking into consideration that an exciton is
formed upon TiO, visible-light irradiation (i.e., photocatalysis)."" The photo-generated electron in the
conduction band of TiO, is then able to migrate to CuO that is clustered around titania. This, concurrently
with the IFCT mechanism, led to a complete reduction of Cu® to Cu® - this is shown by the complete
disappearance of the Cu* d-d band in favour of the appearance and growth in intensity of the Cu,0O
interband absorption feature, as displayed in Figure X2b. In other words, we assisted at a cooperative

photocatalytic / IFCT assisted change in colour.
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Figure X2 - Optical spectra (absorbance versus energy) of: a) Cu-G0.5/450, and b) Cu-G1.0/450, irradiated with
the visible-light emitting LED for 0, 0.08, 0.75, 10.00, 45.00, 90.00, and 240.00 min. The y-axis is in log-scale to
highlight the increase and disappearance of the absorption feature due to Cu?/graphene-TiO, IFCT, the
disappearance of the band due to Cu* d-d transitions, and the appearance of the Cu,0 interband absorption in
lieu of these two absorption bands.




The optical evolution of the specimens with visible-light irradiation time was followed to have quantitative
information about the decrease of the integrated area of the absorption band belonging to Cu* d-d
electronic transition, as well as the increase/formation of those due to IFCT/Cu,O. Quantitative results are

reported in Figure S7a,b, and Figure X3a,b.
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Figure X3 - a) Evolution of the decrease in the area due to Cu* d-d transition band area in Cu-G0.5/450, following
visible-light irradiation (R? of the 3™ order exponential function was 0.999); the inset reports the evolution of the
increase in the integrated area due to IFCT band and the simultaneous generation/growth of the interband
absorption due to Cu,0, same specimen, R? = 0.999. b) Evolution of the decrease in the area due to Cu* d-d
transition band area in Cu-G1.0/450, following visible-light irradiation (R? of the 3™ order exponential function was
0.998); the inset reports the evolution of the increase in the integrated area due to IFCT band and the
simultaneous generation/growth of the interband absorption due to Cu,0, same specimen, R? = 0.999.
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Specimens thermally treated at 250 °C / 8h, Figure S7a,b, experienced a weaker change in colour (mostly
due to IFCT) compared to those thermally treated at 450 °C / 2h. For that reason, in this work will be
discussed the photocatalytic colour switching for specimens treated at 450 °C. Results reported in Figure
X3a,b suggest that the decrease in the Cu®* absorption band as well as the IFCT/CuO growth/formation
follow a third-order exponential function. On the contrary, copper-modified titania, gave the best fit with a
double-exponential function,” yet Manno and co-authors reported a first-order kinetic process for a Ag-TiO,
system.”” Therefore, this implies a more complex picture compared to copper- or silver- single modified
TiO,. The presence of graphene in the specimens certainly affected this behaviour. In Table 3 are listed the
time needed to halve the initial extent of the integrated area due to Cu® d-d electronic transitions
(decreases), and the IFCT/Cu.0 integrated area (increases) - this is graphically shown in Figure S9. Including
0.5 wt% graphene (Cu-G0.5/450) for instance, favoured the kinetic of Cu* reduction, this being increased of
a factor three (i.e., 2.01 versus 5.93 min for Cu-G0.5/450 and a copper-TiO, - cf Figure S10 for a visual
comparison). The time needed to halve the IFCT-growth and the Cu,0-generation/growth bands was 5.34

min versus 7.19 min on a 1 mol% Cu-TiO,.

Presence of graphene in the system is a crucial factor for explaining that faster (photocatalytic / IFCT
assisted) change in colour. As shown in Figure X4, white-light exposure induces IFCT between the valence
band of TiO, and CuO clustered at its surface (orange full arrow). At the same time, an exciton is also
generated: an electron is promoted from the valence band to the conduction band of TiO, (yellow dashed
arrow). A conduction band transferring from TiO, to CuO is then favoured (yellow dotted arrow), thus
further reducing Cu®* to Cu*. Moreover, the working function of graphene has a more positive value than
the conduction band minimum of TiO, (i.e., -4.5 eV versus -3.9 eV, respectively).”**" It is thus energetically
feasible for the photogenerated electron to transfer itself from the conduction band of TiO, to graphene
(left side of Figure X4). Graphene can act as a sink for the photogenerated electron, retarding the exciton
recombination and favouring the electron transport in that system,? therefore the photocatalytic / IFCT

driven change in colour.

Table 3 - Comparison of the time needed to halve (t,,) the initial integrated area of the absorption bands due to Cu*

d-d transitions and IFCT/Cu,0.

Sample ty/» (min)
Cu? d-d transitions | IFCT/Cu,O
Cu-Tio, 5.93 7.19
Cu-G0.5/450 2.01 5.34
Cu-G1.0/450 2.30 6.94
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diagram, the full orange arrow shows the electron transferring due to IFCT; dashed yellow arrows represent the
electron transferring due to photocatalysis. Energy levels of TiO, and CuO are from Xu and Schoonen,™ the value for
the working function (WF) of graphene is from Liang and Ang.>! The band-gap of TiO, has been calculated with the
differential reflectance method (specimen Cu-G1.0/450).7

3.2.1 Reversible photochromic switches

Photochromic switching results are displayed in Figure S11 and Figure X5. Given the results described in
Section 3.2, only specimens thermally treated at 450 °C / 2h (Cu-G0.5/450 and Cu-G1.0/450) were
analysed. In Figure S11 are reported the photochromic switching of the specimens that underwent 30 s vis-
light irradiation time and 15 min at 100 °C to anneal and reverse the colour. Both the specimens displayed a
clear and repeatable gap in the photochromic switching, showing a high degree of stability and repeatability
up to a total of 14 cycles. Looking at Figure S11c, it is noticeable that specimen with 1.0 wt% graphene
showed a recovery after the first cycle closer to the starting point, this suggesting that the high thermal
conductivity of graphene aided the specimens to reverse their colour to the initial state. However, even
though the switching cycles showed to be stable just after the second cycle, there was not a complete
recovery to the initial value. Both the specimens exhibited a partial recovery of the initial virgin state after
being annealed in the dark at 100 °C for 15 min. This meaning that annealing the specimens at 100 °C for 15

minutes was not enough to get a complete recovery of the initial virgin state.
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Figure X5 - a) Cu-G0.5/450 photochromic recovery switches with repeated 15 s visible light irradiation (dark grey
circles)/dark @ 100 °C for 30 min (green circles) cycles; the blue sphere represents the unexposed specimen. b) Cu-
G1.0/450 photochromic recovery switches with repeated 15 s visible light irradiation (dark grey circles)/dark @ 100
°C for 30 min (green circles) cycles; the blue circle represents the unexposed specimen.
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In Figure X5 are reported the photochromic switching cycles for the specimens Cu-G0.5/450 and Cu-
G1.0/450 subjected to 15 s white-light exposure, and annealed at 100 °C for 30 min. Here, it is clearly
noticeable that the time granted for the annealing (30 min) was enough to fully reverse the photocatalytic /
IFCT induced change in colour. Furthermore, the specimen with 1.0 wt% graphene (Cu-G1.0/450) showed to
fully recover to the initial virgin state, thus confirming the positive two-fold influence of graphene on such a
system - (i) electric transport for a fast photocatalytic / IFCT induced change in colour, and (ii) thermal

conductivity to fully reverse that change in colour.

Conclusions

In this research work, we have produced a visible-light induced, photocatalytic / IFCT driven, all-inorganic
switchable photochromic material. We have exploited the ability of TiO, (a mixture of anatase-rutile
polymorphs) to generate an exciton upon light excitation. We have decorated the surface of TiO,
nanoparticles with copper, the chromophore, and employed graphene’s extraordinarily high electron
mobility, as well as thermal conductivity, to create a “highway” for electron transport - and retarding the
exciton recombination. We have shown that visible-light initiated cooperative photocatalytic / IFCT
phenomena, which in turn induced a (reversible) change in colour to the material. Presence of graphene in
the system boosted the photocatalytic / IFCT colour switching activation along with stability and reversibility
of the colour switching. The photochromic switching of our material was shown to be stable and fully
reversible - in case of Cu-G1.0/450. Our work could promote wide-scale applications of copper/graphene
modified TiO, and initiate a further lap in visible-light activated reversible colour switching systems based on

cooperative photocatalytic / IFCT mechanisms.
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