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ABSTRACT: Developing efficient photoreversible color switching systems for
constructing rewritable paper is of significant practical interest owing to the
potential environmental benefits including forest conservation, pollution reduction,
and resource sustainability. Here we report that the color change associated with
the redox chemistry of nanoparticles of Prussian blue and its analogues could be
integrated with the photocatalytic activity of TiO2 nanoparticles to construct a class
of new photoreversible color switching systems, which can be conveniently utilized
for fabricating ink-free, light printable rewritable paper with various working colors.
The current system also addresses the phase separation issue of the previous
organic dye-based color switching system so that it can be conveniently applied to the surface of conventional paper to produce
an ink-free light printable rewritable paper that has the same feel and appearance as the conventional paper. With its additional
advantages such as excellent scalability and outstanding rewriting performance (reversibility >80 times, legible time >5 days, and
resolution >5 μm), this novel system can serve as an eco-friendly alternative to regular paper in meeting the increasing global
needs for environment protection and resource sustainability.

KEYWORDS: Prussian blue, Prussian blue analogues, titania, nanoparticles, photoreversible color switching, rewritable paper

Reversible light-responsive materials have attracted increas-
ing attention because of their practical applications in

color display, data storage, optoelectronic devices, sensors, and
security systems.1−8 Significant efforts have been previously
made to the development of various chromophores capable of
photoisomerization, which however still face challenges in
practical uses due to limited reversibility and stability resulting
from unavoidable thermal back relaxation, accumulation of side
products, high cost due to complicated synthetic procedure,
and toxicity.9−16 Recently we have demonstrated a new
photoreversible color switching system (PCSS) based on the
color change of redox dyes in response to photocatalytic
reactions of TiO2 nanoparticles (NPs) under UV illumina-
tion.17−19 Although several dyes such as methylene blue, acid
green, and neutral red were found to be effective,17 it has been
challenging to achieve good color switching performance (in
terms of, for example, resolution and repeatability) with other
dyes because their redox chemistry is often not aligned with the
photocatalytic property of TiO2 NPs. In addition, the stability
of redox dyes under repeated/prolonged UV irradiation
remains a big issue which could eventually cause their partial
degradation and subsequently limit the reversibility and color
contrast of the system. Another significant challenge of the
previous color switching system is that it can only be applied to
nonporous substrates such as glass and plastic sheets. For

porous substrates such as a conventional paper, the porous
fibrous network will separate the dye molecules and the TiO2
particles to prevent effective electron transfer and subsequently
color switching. Therefore, it is highly desirable to develop a
class of new redox-driven color switching materials with various
accessible colors as the imaging media to cooperate with
photocatalysts to enable a new color switching system for ink-
free photoreversible printing, which is believed to have
significant benefits in forest conservation, energy saving, and
environmental protection.20−28

Prussian Blue (PB) and its analogues (PBAs), the well-
known synthetic coordination compound of transition metal
hexacyanometalates, typically possess a face-centered cubic
crystal structure with the Fm3 ̅m space group, in which
transition metal ions are linked together through cyanide
ligands. PB and PBAs have been explored for a wide range of
applications in pigments, electrochromic devices, sensors,
catalysts, biomedicines, and batteries.29−33 The transition
metal hexacyanometalates display various colors in the visible
region due to the charge transfer of the mixed valence state of
transition metals and cyanide ligands. A well-known example
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includes the “soluble” PB, which is in fact in colloidal form. It
can be reduced from its deep blue color to the colorless form of
Prussian white (PW) and then recovered by oxidation through
the following reaction: KFe3+[Fe2+(CN)6] + K+ + e− ⇄
K2Fe

2+[Fe2+ (CN)6].
34 Because of its excellent color switching

properties between PB and PW under external electrical
stimuli, PB has been considered as a prominent candidate for
the electrochromic displays. Previous studies on these electro-
chromic devices have reported lifetimes in the range of 105 to
over 107 cycles, suggesting extremely high stability for color
switching.35,36

In this work, we take advantage of the great features of PB
and PBAs and demonstrate their use in nanoparticular form as
the imaging media to couple with photoreductive TiO2
nanoparticles for constructing a new PCSS with various
working colors. With the assistance of surface-bound sacrificial
electron donors (SEDs), photoexcitation of the TiO2 nano-
particles by UV illumination produces electrons on the particle
surface and reduces the adjacent nanoparticles of PB or PBAs
and subsequently change their color. The color may switch
back completely through oxidation either slowly under ambient
condition or rapidly upon mild heating. The current system can
also effectively prevent phase separation of the two types of
nanoparticles when cast onto the surfaces of a conventional
paper, producing an ink-free light printable rewritable paper
that has the same feel and appearance as the conventional
paper, with additional advantages such as various working
colors, excellent rewritability (>80 times), and consistently high
color contrast. The printed patterns remain legible at ambient
conditions for more than 5 days with high resolution, which is
sufficiently long for most temporary reading purposes. In view
of the excellent writing−erasing repeatability with high
resolution and legibility, the applicability to conventional
paper substrates, tailorable working colors, and low cost and

low toxicity, we believe the new rewritable paper greatly
surpasses the previous systems and holds great promises for
practical applications to meet our society’s increasing needs for
achieving sustainability.
PB has a cubic framework with Fe2+ and Fe3+ cations on

alternate corners of a cube of corner-shared octahedra bridged
by linear CN− anions, with the low-spin Fe2+ bound to C
atoms and the high-spin Fe3+ to N atoms (Figure 1a). The C
N bond opens the faces of the elementary cubes for K+ to move
between half-filled body-center positions. The key to the
successful realization of color switching of a redox compound
by photocatalytic TiO2 is to match its redox potential to that of
the electrons photogenerated from TiO2. Since the edge of the
conduction band of TiO2 (≈ −0.52 V vs SHE) is well above the
redox potentials of both Fe(CN)6

4‑/3− (≈0.36 V vs SHE) and
Fe3+/2+ (≈0.77 V vs SHE), the reduction of PB to PW is
possible by the photogenerated electrons from TiO2.

37,38

Interestingly, our recent work has shown that anatase TiO2
NPs of several nanometers in size, capped with a polymeric
ligand (Figure S1), poly(ethylene glycol)-b-poly(propylene
glycol)-b-poly(ethylene glycol) (P123) as an effective SED,
could become reductive upon UV light excitation and initiate
the reduction reaction of redox dyes.19 Since electron transfer
plays a key role in the reduction reaction, it is very important to
increase the contact between TiO2 and PB NPs and ensure
effective electron transfer, which can be achieved by synthesiz-
ing small and uniform PB NPs. Simply mixing aqueous
solutions of K4[Fe(CN)6] and metal salt such as FeCl3,
however, was only able to produce relatively large PB particles
with a wide size distribution. We have addressed this issue by
developing a new coprecipitation process using citric acid as
small anion stabilizers, which can act as a capping agent to
control the size and prevent agglomeration of PB NPs. This
process results in relatively uniform PB NPs with an average

Figure 1. Structure and characterization of PB and PBA NPs. (a) Schematic illustration of a face-centered cubic structure of PB. Owing to the
lengthy CN bonds, subunit cells contain large interstitial sites for cations such as K+. (b) XRD patterns and (c) UV−vis absorption spectra of PB
and PBA NPs: (i) PB, (ii) KCo2+[Co3+(CN)6], and (iii) KCu2+[Co3+(CN)6]. (d−f) TEM images of PB (d), KCo2+[Co3+(CN)6] (e), and
KCu2+[Co3+(CN)6] NPs (f). Scale bar: 100 nm. Inset in d−f: digital photographs of aqueous dispersions of PB, KCo2+[Co3+(CN)6], and
KCu2+[Co3+(CN)6] NPs showing blue, red, and green colors, respectively. (g) Cyclic voltammogram of PB NPs in KCl solution at a scanning rate of
5 mV s−1.
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size of ∼16 nm, which exhibit brightly blue color with a strong
absorption peak at ∼704 nm, as shown in the transmission
electron microscopy (TEM) image and UV−vis absorption
spectra (Figure 1c,d and Figure S2). The X-ray diffraction
(XRD) pattern in Figure 1b shows that all diffraction peaks can
be indexed to PB, which is consistent with the reported
colloidal PB NPs.39 The diffraction peaks are broadened due to
the small size of PB NPs. Figure 1g gives a typical cyclic
voltammogram of PB NPs with the applied voltage between
−0.2 and 0.6 V relative to the reference electrode at a scanning
rate of 5 mV s−1. The CV curve shows a redox pair, in which
the reduction peak is at 0.08 V and oxidation peak is at 0.26 V.
This redox pair is associated with the electrochemical switching
between PB and PW. The citric acid assisted coprecipitation
method can be easily extended to the synthesis of other PBA
NPs. For example, by using K[Co(CN)6] as cyanide ligands,
KCo2+[Co3+(CN)6] and KCu2+[Co3+(CN)6] NPs with red and
green colors could be synthesized with sizes of ∼30 and ∼46
nm (Figure 1b,e,f), and visible absorption peaks at about 516
and 765 nm (Figure 1c), respectively. Further, more PBA NPs
such as KNi 2 + [Fe3 +(CN)6] , KCo2+[Fe3 +(CN)6] ,
K F e 0 . 1 2

2 + C u 0 . 8 8
2 + [ F e 3 + ( C N ) 6 ] , a n d

KFe0.11
2+Co0.89

2+[Fe3+(CN)6] with various colors could also
be synthesized by using K[Fe3+(CN)6] as cyanide ligands
(Figures S3, S4, and S5).
The binding of capping agents on both PB and TiO2 NPs

benefits the high stability of the colloidal particles, which is
essential for homogeneous mixing of the aqueous solution of
NPs. However, a simple solution with mixed PB and TiO2 NPs
could not change color under extended UV irradiation, which is
mainly due to nonclose contact between PB and TiO2 particles
in solution. We therefore cast the mixture on a solid substrate
such as glass to form a solid film with significantly improved
interparticle contact. Hydroxyethyl cellulose (HEC) and

ethylene glycol (EG) were also introduced into the solid film,
which could facilitate the film formation and improve the film
smoothness. HEC also contributed additional benefit to
slowdown the oxidation process by limiting the diffusion of
ambient oxygen into the solid film.17 The solid film showed
considerable color change upon UV irradiation due to the
improved contact, suggesting effective electron transfer
between PB and TiO2 (Figure 2a and Figure S6). The blue
color disappeared rapidly upon UV irradiation under a typical
laboratory 365 nm UV lamp (8 W, Spectroline EN-180), and
the colorless film switched back by oxidation in ambient air. As
shown in Figure 2b, the absorption peak of the solid film at
∼704 nm decreased in intensity with a longer irradiation time
and eventually disappeared completely after 30 s of UV
exposure as PB was reduced to PW. The absorption spectra of
the colorless film gradually recovered in 12 h under ambient air
(Figure 2c) due to the spontaneous oxidation of PW to PB by
oxygen. The recoloration process could be further controlled
according to the need in applications. For example, to
accelerate the recoloration, the colorless solid film was heated
in air at 120 °C, which could markedly enhance the
recoloration rate, and the color could restore fully in 10 min
(Figure S7). On the other hand, incorporating a larger amount
of HEC into the film and/or covering the film with an
additional HEC layer on the top surface can significantly slow
down the recoloration process. For a sample prepared using the
standard procedure described in the experimental section
followed by an additional layer of ∼35 μm HEC (Figure S8),
there was negligible oxidization of PW to PB at the first 3 days
(Figure S9), and only 15.2% and 36.3% after 5 and 10 days,
respectively. The ability of maintaining a considerably long
colorless state affords great flexibility in practical applications. It
should be noted that embedding the PBA/TiO2 nanoparticles
in HEC also brings additional benefit by minimizing their

Figure 2. Photoreversible color switching and stability of the PB/TiO2 solid film. (a) Digital images of a solid film showing the decoloration and
recoloration process; (b) UV−vis spectra showing the decoloration process under UV irradiation; (c) UV−vis spectra showing the recoloration
process at room temperature under ambient air; (d) the absorption intensity of a solid film recorded continuously in 80 cycles of switching between
color and colorless states.
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potential toxicity. The decoloration and recoloration process
were repeated in cycles to evaluate the reversibility and stability
of the color switching system. Figure 2d plots the intensity of
the main absorption peak under two different states,
demonstrating unprecedented high reversibility and repeat-
ability of the new color switching system. No obvious decrease
except minor fluctuation in the absorption intensity was
observed in the recovered state even after 80 consecutive
switching cycles. We attribute the outstanding reversibility and
repeatability of the current PCSS to the high photostability of
PB and PBAs in comparison to the organic chromophores40

and organic dyes19 used in the previous systems.
X-ray absorption spectroscopy (XAS) was used as one of the

most sensitive probes of electronic states to investigate the
color switching mechanism of the PB/TiO2 NP mixture. PB
NPs and PB/TiO2 NP mixtures were characterized by XAS at
the Fe K-edge, as shown in Figure 3a. The spectrum displays
the main features expected for Fe K-edge in PB: a very weak
pre-edge peak (∼7115 eV, 1s → 3d transitions) which is hardly
detectable, then an intense whiteline feature (∼7130 eV, 1s →
4p transitions), multiple-scattering structures after the whiteline
feature, and finally the beginning of the EXAFS oscillations at
higher energies.41 No obvious change for Fe K-edge of PB NPs
even under UV irradiation of 40 min demonstrates that PB is

an ideal redox imaging media with high stability against
photodegradation. After UV irradiation, a significant shift of the
absorption edge of ∼5 eV toward lower energies was observed
for the TiO2/PB NP mixture, clearly indicating reduction of PB
to PW.42,43 Fe L-edge XAS corresponds to the excitation of Fe
2p core electrons to the unoccupied 3d orbitals. The overall
spectra line shape consists of features in two regions, L3 around
710 eV and L2 around 722 eV, resulting from the core-level
spin−orbital coupling split (Figure 3b).44 The Fe L3-edge XAS
spectrum of PB NPs presents overlapping features of Fe2+ and
Fe3+ at 707.8, 710.1, and 712.2 eV, in which Fe2+ has a strong
peak at ∼707 eV while Fe3+ has a strong one at ∼710 eV.45,46

Fe L-edge of the PB NPs also shows no obvious change under
UV irradiation, further demonstrating its stability. For the PB/
TiO2 NP mixture, the relative intensity of the peak at 707.7 eV
increases with increasing UV irradiation time, while the relative
intensity of the peaks at 709.7 and 712.2 decreases after UV
irradiation, indicating the reduction of Fe3+ to Fe2+.44,45 The
results of Fe L3-edge XAS spectra clearly show the color
switching mechanism, in which PB is reduced to PW under UV
irradiation. The photoexcitation of TiO2 NPs produces
oxidative holes and reductive electrons, with the holes being
captured by surface bound SEDs (P123 and its possible

Figure 3. Color switching mechanism of the PB/TiO2 NP mixture. (a) Fe K-edge and (b) Fe 2p L-edge XAS spectra of PB NPs and the PB/TiO2
NP mixture.

Figure 4. Printing and legibility of letters and patterns on the rewritable paper. (a) Digital photo of original rewritable paper. (b, c) Digital images of
complex patterns printed on the rewritable paper. The image in b is a barcode linking to the authors’ homepage. (d−f) Digital photos of a printed
rewritable paper maintained in air for (d) 10 min, (e) 1 day, and (f) 2 days. The printed text is a quote by Richard Feynman.
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derivatives) and the electrons being transferred to reduce PB to
PW.
The current PCSS with unprecedented high reversibility and

stability makes it ideal for constructing practical rewritable
paper. To study the printing property, we first fabricated a
prototype of rewritable paper by drop-casting an aqueous
mixture of PB, TiO2, HEC, and EG on a glass substrate with a
size of 50 × 65 mm2 (Figure 4a) according to a typical
procedure described in the experimental section. As shown in
Figures 4b−d, complex patterns and letters (font size: 11.5) in
blue color can be printed successfully with very high resolution
on the rewritable paper by UV irradiation through a
photomask, which was pre-produced by ink-jet printing with
a black ink on a transparent plastic film. In this case, the
exposed regions turned to colorless PW while the unexposed
regions retained the blue color of PB. For the particular sample
in Figures 4d, the letters remained highly legible for at least 2
days under ambient conditions. The printed letters were still
legible even after 4 days although the background gradually
turned to light blue due to the slow oxidation of PW to PB by
oxygen in ambient condition (Figure S10). Various complicated
patterns can also be photoprinted on the rewritable paper with
high resolution, as shown in Figure 4e−h. As mentioned
previously, the legible time can be further improved by covering
an additional HEC layer on the top surface of the rewritable
paper to reduce the diffusions of ambient oxygen. The letters
remained highly legible even for 5 days under ambient
conditions, long enough for most temporary recording/reading
purposes (Figure S11). Photoprinting of negative patterns or
letters with high resolution can also be achieved by using an
inverted photomask (Figure S12), demonstrating the future
possibility of using focused beam of light for more flexible
printing. Thanks to the colloidal nature of the PBAs and TiO2
NPs, our PCSS could be conveniently cast to larger substrates
(Figure S13), which is often required for practical applications.
To demonstrate the high resolution of the photoprinting, we
have printed microscale patterns through a chrome photomask
using a commercial laboratory 365 nm UV lamp. Compared
with the patterns on the original photomask (Figure S14), small
features of ∼5 μm could be perfectly photoprinted on the
rewritable paper with sharp edges, as shown in Figure S15.
Considering the high reversibility, repeatability, legibility, and
resolution, the current new rewritable paper represents a big
step forward toward practical applications.
Since PBAs share the same crystal structure and redox-driven

color switching property as PB, we have synthesized a number
o f PBA NP s w i t h v a r i o u s c o l o r s , i n c l u d i n g
KFe2+0.12Cu

2+
0.88[Fe

3+(CN)6], KFe2+0.11Co
2+

0.89[Fe
3+(CN)6],

KNi2+[Fe3+(CN)6], KCo2+[Fe3+(CN)6], KCo2+[Co3+(CN)6],
and KCu2+[Co3+(CN)6], and explored their use as the imaging
media. The solid films with various colors are shown in the
i n s e t s o f F i g u r e S 1 6 . I n t e r e s t i n g l y , t h e
KFe2+0.12Cu

2+
0.88[Fe

3+(CN)6], KFe2+0.11Co
2+

0.89[Fe
3+(CN)6],

KNi2+[Fe3+(CN)6], and KCo2+[Fe3+(CN)6] NPs as imaging
media show color switching between color and colorless state,
while KCo2+[Co3+(CN)6] and KCu2+[Co3+(CN)6] NPs show
one color to the other color. Letters with six colors can be
photoprinted on the rewritable paper based on transition metal
hexacyanoferrate NPs by UV irradiation through a photomask
(Figure S16a−d) and hexacyanocobaltate NPs (Figure S16e,f)
through an inverted photomask, respectively. Compared with
previously demonstrated PCSS, we believe PBAs would provide
various options of working colors for the rewritable paper.

Integrating PCSS directly into paper-based substrate is a big
challenge because the color switching property is very sensitive
to the microenvironments on a paper substrate.24 This is
particularly a significant issue of our previous color switching
system based on organic dyes, which can only be applied to
nonporous substrates such as glass and plastic sheets. When it is
cast to the surface of conventional paper, the porous network of
polyhydroxyl fibers absorbs dye molecules more preferentially
than TiO2 NPs, resulting in phase separation between TiO2

NPs and the dye molecules and subsequently inefficient
electron transfer and color switching (Figure S17a).17 In the
current system, the polyhydroxyl fibers adsorb both types of
NPs without much preference. The optical microscopy image
shows a homogeneous blue color on the paper, indicating the
close contact between PB and TiO2 NPs (Figure S17b).
Compared with previous version of rewritable paper, the paper
substrate for PB/TiO2/HEC does not need additional
pretreatment, further promoting the potential of the system
for practical applications. An aqueous mixture of imaging media
NPs, TiO2 NPs, HEC, and EG is conveniently pasted on a
paper substrate to fabricate a rewritable paper (50 × 65 mm2).
After drying and pressing, three kinds of practical rewritable
paper were obtained with blue, green, and red colors by using
PB, KCu2+[Co3+(CN)6], and KCo2+[Co3+(CN)6] NPs as the
imaging media, respectively, as shown in Figure 5a,c,e. Letters
with high resolution could be easily photoprinted on the
rewritable paper (Figure 5), which maintained the flexibility of
the conventional paper (Figure S18).

Figure 5. Rewritable paper fabricated using conventional paper as the
substrate and different PBA NPs as the imaging media before and after
light printing: (a, b) PB, (c, d) KCu2+[Co3+(CN)6], and (e, f)
KCo2+[Co3+(CN)6] NPs. The printed text is a quote by Richard
Feynman.
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In summary, we have presented a new class of solid state
PCSS by coupling the redox-driven color switching property of
PB and PBA NPs with photocatalytic activity of TiO2 NPs. The
key to efficient electron transfer during color switching was
found to be the assurance of close contact of PB/PBAs and the
photocatalyst. We achieved such effective contact by synthesiz-
ing colloidal PB NPs using citric acid as the capping agent,
mixing them with surface-engineered TiO2 NPs, and then
casting the mixture solution on substrates to form a solid film.
In this way, the photogenerated electrons from TiO2 NPs could
be easily transferred to PB NPs and cause color change upon
their reduction. The film can gradually return to its original
color through oxidation by ambient oxygen. Since PB is very
stable under UV irradiation, such color switching can be
repeated over 80 times without apparent changes to the film
properties such as color intensity and switching rate. With a
similar crystal structure and redox-dependent color change
property, PBA NPs can also be synthesized and used as imaging
media to construct PCSS with many different working colors.
In comparison to the previous color switching systems based on
photoisomerization of chromophores or those depending on
organic dyes, the current systems have key advantages in high
reversibility and stability, easy handling, low cost, and toxicity.
It also successfully addresses the phase separation issue with
our previous system when applied to porous substrates so that
the nanoparticle mixture can be conveniently cast onto the
surfaces of a conventional paper to produce an ink-free light
printable rewritable paper that has the same feel and
appearance as the conventional paper, making it a significant
step toward many practical applications. Letters/patterns can
be effectively printed by UV irradiation through a mask, with a
great potential to be printed directly by a scanning laser beam
or an array of focused light beam from light-emitting diodes.
The written content could remain legible for a considerably
long time (over 5 days) as the recoloration through oxidation
by ambient oxygen is rather slow, and if needed, the legible
time can be further extended by covering the film with an
additional polymer layer. Erasing the written content could be
achieved quickly by heating the film at an elevated temperature
(∼120−150 °C, Figure S19). The rewritable paper can also be
printed at high resolution: features of 5 μm could be achieved
even using a commercial laboratory UV lamp. With all of these
advantageous features, the current PCSS represents a new
platform toward many practical applications involving tempo-
rary information recording and reading, such as newspapers,
product life indicators, oxygen sensors, and various rewritable
labels.
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