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Inkless rewritable paper enabled by a scalable
photochromic membrane
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Rewritable paper has attracted wide research attention in the field of environment-friendly information
transmission owing to its potential to promote sustainable society development. Traditional organic dye-
based rewritable paper may cause emission of pollution. To solve this problem, this study presents a
flexible inorganic photochromic membrane by in situ growth of highly dispersed Cu-doped WO3 nano-
particles in a polymethyl methacrylate matrix. Obvious discoloration of the as-prepared membrane can
be repeated more than 200 times under alternating UV irradiation/heating based on an oxidation—
reduction process between W®* and W°*. The proof of concept for rewritable paper and encryption
algorithm is demonstrated herein. The results of this study are of great significance for the design and fab-
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Introduction

Papermaking is one of China’s Four Great Inventions. It has
had a profound impact on the development of the world’s
paper industry and the spread of human civilization. The
global consumption of paper continues to grow to 300 million
tons per year." Global environmental issues of soil erosion,
sandstorms and the greenhouse effect have been triggered
owing to massive deforestation for papermaking. To solve
those problems, rewritable paper based on organic dyes has
been proposed by scientists.>” The working principle of this
type of paper is the controllable color change of the pigment,
which may cause the emission of pollution." Therefore, it is
urgent to develop novel types of rewritable paper to solve the
above problems.

Different from the traditional color display by chemical pig-
ments, the discoloration of inorganic materials has become
another coloration approach.®™! Typically, tungsten trioxide
(WO;) has attracted much research attention based on its high
contrast ratios, excellent reversibility, lack of pollution and fast
response to light.">'* The photochromic (PC) mechanism of
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rication of a novel type of rewritable colorful paper.

WO; is that electrons transition from the valence band to the
conduction band and form W°" under UV irradiation."*?
Then it will gradually return to its original color after UV
irradiation is stopped. However, most WO3;-based PC devices
need liquid electrolytes containing redox media and the fabri-
cation of free-standing, high strength and flexible WO,-based
membranes is difficult."®” These phenomena limit its appli-
cation in the field of rewritable paper. An effective approach to
fabricate WO;-based membranes is encapsulating WO; with a
polymer binder.'® However, fabricating such composite mem-
branes with high transparency and uniformity still remains a
challenge.

Writing information on paper is usually done with ink. In
previous research on rewritable paper, water has been con-
sidered a superior ink due to its accessibility and non-pollut-
ing properties.’®>' However, the resolution of the pattern
usually is low due to the inevitable diffusion and evaporation
of ink. Therefore, developing a new writing method is crucial
for the field of rewritable paper. Among various stimuli, light
is one of the most powerful and versatile physical stimuli
based on its advantages of fast response, remote control,
precise positioning and adjustable wavelength.>?>° As a result,
photo writing inkless rewritable paper has potential appli-
cation value. In previous literature, Wang et al. fabricated a
flexible inorganic PC membrane by in situ growth of highly dis-
persed Cu-doped WO; nanoparticles in a polymethyl methacry-
late (PMMA) matrix and studied its application in the field of
smart windows.*® In the field of materials science, the develop-
ment of new materials is crucial. At the same time, expanding
the multi-domain applications of the same material is increas-
ingly attracting the attention of scientists. In this paper, we
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conducted a detailed study on the application of the above-pre-
pared membrane in the field of rewritable paper. For example,
using a UV point light source instead of sunlight to trigger the
tinting process. At the same time, using heating to accelerate
the bleaching process. The as-prepared membrane demon-
strates obvious and reversible color change under UV
irradiation or heating based on an oxidation-reduction
process between W°* and W>*. This process can be repeated
more than 200 times. The pattern resolution of this system can
reach 15 pm. The proof of concept for rewritable paper and
encryption algorithm is demonstrated herein. The unique PC
properties enable extensive applications in multi-functional
optical devices, especially in the e-writing tablet field.

Experimental
Materials

1,2-Dichloroethane, copper(n) chloride and tungsten chloride
were purchased from Aladdin. PMMA was purchased from
Shanghai Macklin. DCM and DMF were purchased from
Sinopharm Chemical. 30% Hydrogen peroxide was purchased
from Xilong Scientific Co., Ltd.

Fabrication of Cu-W-PC membrane

60 pL 30% hydrogen peroxide, 0.015 g of copper(i) chloride and
0.3 g tungsten chloride were dissolved in 1.5 mL DMF and
stirred for 2 h at room temperature. 4 g PMMA was dissolved in
50 mL DCM and stirred for 2 h at room temperature. The two
solutions were mixed and stirred for 2 h to obtain a precursor
solution for the membrane. The precursor solution was poured
into an A4 size quartz tray and dried in an oven at 40 °C for 1 h.
Finally, the Cu-W-PC membrane was obtained after demolding.

Fabrication of rewritable paper

A freshly made Cu-W-PC membrane was held horizontally.
Then, the sample was irradiated by UV light (120 mW cm™>, 4
s) in the presence of a mask to write a pattern. Finally, the
pattern could be erased by heating (70 °C, 69 s).

Characterization

In this paper, optical images were obtained using an
OLYMPUS BX53. SEM images were taken on a Thermo-
4800 high-resolution field emission scanning electron micro-
scope. The high-angle annular dark-field (HAADF) STEM
images were obtained using a JEM-ARM300F. XPS measure-
ments were accomplished via a photoelectron spectrometer
(PHI5000 Versaprobelll XPS) with an Al Ko radiation source.
Atomic force microscopy (AFM) was undertaken on a Bruker
Dimension Icon. Thermogravimetric analysis was carried out
on a Q5000IR from 25 to 800 °C at a heating rate of 10 °C
min~' with N, as a protecting atmosphere. Transmittance
spectra were obtained using a Cary 60 UV-vis spectrometer. UV
light was obtained from the equipment of H086-425. X-ray
diffraction measurements were conducted on a Rigaku D/max-
2500 X-ray diffractometer.
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Results and discussion
Fabrication and characterization of Cu-W-PC membrane

A highly transparent Cu-W-PC membrane was fabricated by a
method of in situ growth of WO; nanoparticles in a PMMA
matrix (Fig. 1A). First, a solution of PMMA in dichloromethane
(DCM) and a solution of tungsten chloride (WClg) and copper
(1) chloride (CuCl) in N,N-dimethylformamide (DMF) were uni-
formly mixed, then the system was poured into a mold and
dried to form a membrane. In this process, WClg was hydro-
lyzed to form WO; nanoparticles in the presence of H,O. The
gradual formation of the PMMA membrane was achieved
based on the different boiling points of the two solvents (DCM
40 °C and DMF 153 °C), insolubility of WCls in DCM and the
low solubility of PMMA in DMF. This phenomenon allowed
DCM to be completely evaporated before the formation of WO,
nanoparticles. As a result, the nucleation process could be
adjusted by encapsulating the precursors of the nanoparticles
(WClg/CuCl/DMF) in the PMMA matrix, which controlled the
particle growth and prevented particle agglomeration. In
detail, PMMA chains were discrete in the DCM solvent, then
the spacing between PMMA chains decreased and the chains
became entangled with the evaporation of DCM. The gene-
ration of nanoparticles was subjected to the spatial domain of
the PMMA chains after the complete evaporation of DCM. A
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Fig. 1 Fabrication and corresponding working principle of the Cu-
W-PC membrane. (A) Schematic illustration of the fabrication process
for the Cu—W-PC membrane. The solutions of WClg/DMF and PMMA/
DCM were uniformly mixed and dried in the mold. The PMMA and Cu-
doped WOs gradually deposited in this process. (B) Transmittance
spectra of the Cu—W-PC membrane in the transparent and tinted states.
(C) Photo of membrane loaded with 200 g weight. (D and D;) TEM
images of WO3 in the Cu—-W-PC membrane. (E-E3) SEM-EDS mapping
of a cross section of the Cu—W-PC membrane. Photos of a 30 x 40 cm?
Cu-W-PC membrane fabricated by the blade-coating method in the
transparent state (F) and tinted state (G). (H) Schematic illustration of
constructing a dynamic pattern on the Cu—W-PC membrane under UV
irradiation/heating with the presence of a mask. Photo of (I) snowflake
patterns or (J) different geometric patterns on the Cu-W-PC
membrane.
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rapid recovering bleaching process was achieved by introdu-
cing Cu ions into the PC membrane (Cu-W-PC
membrane).’"*> The as-prepared membrane showed a yellow-
ish color after doping of Cu ions because of the formation of
tetrachloro copper complex ion [CuCl,]*". The Cu-W-PC mem-
brane exhibited good mechanical properties and could
support a weight of 200 g (Fig. 1C). The surface of the as-pre-
pared membrane was smooth (Fig. S1 and S2). Fig. 1D, D, and
S3 display the aberration-corrected high-angle annular dark-
field scanning  transmission electron microscopy
(HAADF-STEM) images of WO; in the Cu-W-PC membrane.
Abundant oxygen vacancies were observed in the surface of
amorphous WO;. The thickness of the as-prepared membrane
was ca. 60 pm and a uniform distribution of nanoparticles
throughout the thickness was observed (Fig. 1E-E; and S4).
Besides, the as-prepared membrane had good thermal stability
up to ca. 130 °C (Fig. S5). The Cu-W-PC membrane demon-
strated a uniform coloration (tinted state) under sunlight
irradiation and a recovery bleaching process (transparent state)
under room light conditions. Fig. 1B presents transmittance
spectra of the Cu-W-PC membrane in the different states. A
high luminous transmittance of ca. 90% was observed in the
transparent state, while the value decreased to ca. 20% in the
tinted state. In particular, the Cu-W-PC membrane fabricated
by the solution method was easily manufactured on a large
scale. A scalable Cu-W-PC membrane was fabricated by the
blade-coating method (Fig. 1F). And it also presented photo-
chromism properties under sunlight (Fig. 1G). Inkless rewrita-
ble paper was constructed based on the photochromic pro-
perties of the Cu-W-PC membrane (Fig. 1H). Typically, the
information was inputted under UV irradiation, then erased by
heating. This process could be repeated at least 200 times.
Complex snowflake patterns or different geometric patterns
were easily achieved under UV irradiation with the presence of
a mask (Fig. 11 and ]).

Photochromic properties of the PC membrane

The photochromic properties of the Cu-W-PC membrane were
further investigated by the change in transmittance under UV
irradiation or heating (Fig. 2A and B). The transmittance of the
membrane at 500 nm decreased from 85% to 78%, 66%, 59%
and 55% with UV irradiation for 10 s, 20 s, 60 s and 100 s,
respectively. Subsequently, the Cu-W-PC membrane recovered
the transmittance to a large extent with 40 °C heating for 100
s. Fig. 2C shows photos of the Cu-W-PC membrane during the
tinting process. The as-prepared membrane showed a yellow-
ish color before UV irradiation, then gradually turned inky
blue with 100 s UV irradiation. The time required for the
tinting/bleaching process could be regulated by different inten-
sities of the stimulus source (Fig. 2D). As the intensity of UV
irradiation increased, the time required for the complete
tinting process became shorter. Correspondingly, the bleach-
ing process could be completed quickly as the temperature
increased. Under optimal conditions, a 4 s tinting process and
a 69 s bleaching process could be achieved. Under UV
irradiation, the surface temperature of the Cu-W-PC mem-
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Fig. 2 Photochromic properties of the Cu-W-PC membrane. (A)
Transmittance spectra of the Cu—-W-PC membrane during the tinting
(UV irradiation, 365 nm, 10 mW cm™2) and bleaching processes (heating
at 40 °C). (B) Transmittance change in the Cu-W-PC membrane at
500 nm during the tinting and bleaching processes. (C) Photos of the
Cu—-W-PC membrane during the tinting process (UV irradiation, 365 nm,
10 mW cm™). (D) Time required for complete tinting under different UV
irradiation intensities (left) and complete bleaching at different heating
temperatures (right). (E) Transmittance change in the Cu-W-PC mem-
brane during 200 cycles of alternating tinting and bleaching processes.

brane increased from 19.6 to 28.5 °C within 4 s, a moderate
rise that avoided polymer degradation while slightly accelerat-
ing the coloration kinetics (Fig. S6). The tinting/bleaching
process of the Cu-W-PC membrane demonstrated good
cycling stability (Fig. 2E). The contrast between the transmit-
tance at 500 nm of the Cu-W-PC membrane in the transparent
and tinted states slightly decreased after 200 cycles.

Photochromic mechanism of the Cu-W-PC membrane

The photochromic mechanism of the Cu-W-PC membrane
was further investigated in Fig. 3. As shown in Fig. 3A, the
WOj; nanoparticles absorb UV light and electron hole pairs are
generated. W®" is reduced to W>* based on the process of
photogenerated electrons trapped by oxygen vacancies on the
surface of the WO; nanoparticles. The abundant oxygen
vacancies on the surface result in an increased free charge
density, and the free electrons oscillate under an external elec-
tromagnetic wave, giving rise to localized surface plasmon
resonance. When Cu?" is introduced into the membrane, some
of the photogenerated electrons required for the tinting
process are consumed by Cu®’, reducing Cu®>" to Cu®, which
leads to a slower tinting process. The water molecules can
capture photogenerated holes to form protons and oxygen.
The charge of the captured photoelectrons can be balanced
based on the insertion of protons into the tinted WOj;
nanoparticles.

Both W* and Cu" are oxidized by oxygen in the air to form
initially W®" and Cu®* under dark conditions. The bleaching
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Fig. 3 Photochromic mechanism of the Cu-W-PC membrane. (A)
Schematic illustration of the photochromic and bleaching mechanism of
the Cu-W-PC membrane, including the generation of electron and hole
pairs under light irradiation, the reduction of Cu?* and W®* by electrons,
then oxidation by oxygen as the inverse process. (B) Electron paramag-
netic resonance spectra of the Cu—W-PC membrane in the tinted state
and transparent state. (C and D) XPS spectra of the Cu—-W-PC mem-
brane in the tinted state and transparent state for W 4f.

process of the W-PC membrane is slow because of the extre-
mely tardy oxidation process of W>". In contrast, the unstable
and easy to oxidize properties of Cu" facilitate the bleaching
process of the Cu-W-PC membrane based on the electron
transfer from the occupied oxygen vacancies at the surface of
the W>" complex to the generated Cu®* ions. In summary, a
transfer process of electrons from W°* to O, is achieved by the
redox coupling of Cu®>*/Cu’. The electron interactions between
adjacent Cu®", Cu’, W°" and W°>' accelerate the bleaching
process.

Electron paramagnetic resonance spectra of the Cu-W-PC
membrane in the tinted state and transparent state are shown
in Fig. 3B. In the tinted state, obvious peaks of oxygen
vacancies at g = 2.002 were associated with W>*, These changes
were because of the reduction of W°* to W>* in WO; owing to
the capture of photogenerated electrons by the oxygen
vacancies during the tinting process. In addition, the strong
signal of Cu®" (g = 2.090) decreased significantly from the
transparent state to the tinted state, which indicated the for-
mation of Cu'. X-ray photoelectron spectra (XPS) were recorded
to verify the above proposed mechanism (Fig. 3C, D and
Fig. S7). By comparing the XPS spectra of the Cu-W-PC mem-
brane in the transparent and tinted states, peaks of W>* were
observed for the tinted state, which indicated that W°" was
partially reduced to W>" by the photogenerated electrons.*?
Similarly, the change in the ratio of the peak area of Cu®>" and
Cu" proved the reduction process of Cu®" to Cu*.>* The amor-
phous structure of WO; in the Cu-W-PC membrane was con-
firmed by X-ray diffraction (Fig. S8). A uniform distribution
and adequate contact between W and Cu in the Cu-W-PC
membrane were observed in the STEM-EDS mapping images
(Fig. S3), which was conducive to the electron transfer.
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Inkless rewritable Cu-W-PC paper

The photochromic properties of the Cu-W-PC membrane
could be utilized to construct a dynamic pattern in the pres-
ence of a mask (Fig. S9). Resolution of the prepared pattern
was investigated in Fig. 4A-C and S10. Different line widths
were fabricated by adjusting the width of the mask, which
could be applied to construct different patterns. The thinnest
line width of 15 pm could be achieved under the optimized
conditions (Fig. 4A). Then, different patterns of the skiing
process were successively written on the same membrane after
erasing the previous pattern (Fig. 4D-Ds), which indicated the
realization of rewritable paper. First, a freshly-made Cu-W-PC
membrane demonstrated a yellowish color (Fig. 4D,). Then,
the membrane was irradiated by UV light in the presence of a
mask. The area exposed to UV light quickly turned an inky
blue color, which formed a skiing pattern (Fig. 4D,). The
pattern could quickly disappear under 70 °C heating
(Fig. 4D;). Different patterns were prepared sequentially on the
same membrane by the above repeatable process (Fig. 4D,—Ds
and S11). In addition, more patterns could be sequentially
written on the same membrane (Fig. 4E). Furthermore, pro-
grammatic writing/erasing of a pattern of letters (Fig. 4F;-F,)
was easily realized by defined region treatment, which contrib-

Q Reproducible writing/erasing paper
mask 4

i B @ K

Programmatic writing /erasing process
/ uv

T EPC/ hegt P /
“PC” writing Lt '

“C” erasing

3w TIPC) ==

“TI” erasing

Fig. 4 Dynamic patterns on the Cu-W-PC membrane. (A-C) Different
line widths under the different conditions. (D;—Ds) Repeatable process
of writing (UV irradiation, 120 mW cm™2) and erasing (heating, 70 °C) of
different patterns of the skiing process on the same membrane and
corresponding schematic illustration (D). (E) The writing/erasing of more
patterns on the same membrane. (F;—F4) Programmatic writing/erasing
of a pattern of letters and (J) the process of gradually growing and
blooming of a flower.
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uted to the flexible input and delivery of sophisticated infor-
mation. In detail, the letters “T”, “I”, “P”, and “C” could be
written or erased arbitrarily, such as stepwise writing “TIPC”
(Fig. 4F; and F,) or stepwise erasing “TIC” (Fig. 4F; and F,).
Similarly, the process of gradually growing and blooming of a
flower was achieved in Fig. 4].

The above pattern was inky blue in the pattern area, while
the background area retained the original yellowish color of
the membrane. Furthermore, an inverse mask (Fig. S12) was
utilized to swap the colors of the two regions to construct an
intricate pattern. Fig. 5A-F show some typical famous land-
marks in China, which were made in the same membrane. For
example, Great Wall (Fig. 5A), Temple of Heaven (Fig. 5B),
Tian’anmen (Fig. 5C), Bird’s Nest (Fig. 5D), Water Cube
(Fig. 5E) and Oriental Pearl Tower (Fig. 5F). Practically, a
complex pattern fabricated by light is preferable for realizing
rewritable paper based on its high precision. The pattern on
the membrane gradually appeared within 4 s of UV irradiation
(Fig. S13). The as-prepared membrane demonstrated flexibility
and transparency properties (Fig. 5G and S14). Finally, a large
sized (ca. 20 x 25 cm®) membrane with the handwritten letters
“HELLO” was fabricated to satisfy the practical application
needs (Fig. 5H). The Cu-W-PC membrane demonstrated excel-
lent flexibility and was without fractures after 1000 bending
cycles (Fig. 5I and J). Also, the transmission spectra of the as-
prepared membrane remained almost the same after 1000
bending cycles (Fig. 5K). In addition, the as-prepared mem-
brane showed good mechanical strength (tensile stress of 38.7
MPa), slightly lower than that of the PMMA membrane
(Fig. 5L). The membrane showed a water contact angle of
71.3°, indicating moderate hydrophilicity due to the PMMA
matrix and uniformly distributed Cu-doped WO; nanoparticles
(Fig. S15). This multifunctional PC paper achieved by direct
light acting on the membrane provides an insight for the fabri-
cation of a novel optical device.

Stross (MPa]

Not
Dot Bent PMMA PC

Fig. 5 Inkless rewritable PC paper. Complex patterns of famous land-
marks in China and corresponding schematic illustration (A;). (A) Great
Wall, (B) Temple of Heaven, (C) Tian'anmen, (D) Bird's Nest, (E) Water
Cube and (F) Oriental Pearl Tower. (G) Photo of as-prepared membrane.
The membrane demonstrated flexibility. (H) A large sized (ca. 20 x
25 cm?) paper with handwritten letters. (I and J) Photos of the Cu—
W-PC membrane stretched and bent for 1000 cycles. (K) Transmittance
of the Cu—-W-PC membrane at 500 nm in the tinted state and transpar-
ent state before and after 1000 bending cycles. (L) Strain—stress values
of PMMA and the Cu-W-PC membrane.
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Encryption algorithm for a coding technique

To further expand the application scenarios of the as-prepared
membrane, as a proof-of-concept, different pattern sequences can
be additionally encrypted using a specific algorithm.**>?*® Morse
code, invented in 1837, is an intermittent signal code that
expresses different English letters, numbers, and punctuation
marks through different permutations, which was originally used
for telegraph communication and played an important role in
early radio communication. Inspired by the rules of Morse code,
a new type of encryption algorithm was developed (Fig. 6A). A
restricted customized encryption algorithm will certainly be
necessary for practical use rather than the known encryption
algorithm. In this case, circle and square patterns were selected to
encrypt the information units of alphabets and numbers, while a
triangle shape was selected as a letter space, and double triangle
patterns meant the end of the message. The complete encryption
process is simply described as follows: first, the sender encrypted
the initial message by sequentially writing patterns on the mem-
brane according to a predetermined encryption algorithm. Then
the receiver decrypted the cipher text into plain text according to
the shared encryption algorithm and then obtained the secret
message (Fig. 6B, “XUT 1919”7 meant Xi’an University of
Technology was established in 1919). In addition, the information
printed in the membrane could totally disappear within 12 hours,
which improved the encryption and secure transmission of the
information (Fig. 6C). This result provides a practical application
of the photochromic membrane for a coding technique.

Conclusions

A rewritable writing/erasing paper can be achieved using a Cu-
W-PC membrane based on the switchable structure color of
the sample induced by the oxidation-reduction process
between W°* and W>". This rewritable PC paper demonstrates
excellent performance with a quick response, flexible pro-
perties, and bright color printability to fully satisfy the require-
ments of daily use. Additionally, this PC paper presents out-
standing repeatability for over 200 cycles with little decay. An
encryption algorithm for a coding technique can be achieved
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Fig. 6 PC membrane for a coding technique based on algorithm cryp-
tography. (A) Shared encryption algorithm based on the modified Morse
code. (B) The message made of different patterns based on the shared
encryption algorithm. “XUT 1919” meant Xi'an University of Technology
was established in 1919. (C) Photos of the membrane with the encrypted
message taken at different times.
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based on Morse code. All of these properties are helpful for
the extensive application in a multi-functional optical display
device, such as an e-writing tablet.
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