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Modifying the environment around particles (e.g., introducing a
secondary phase or external field) can affect the way they interact
and assemble, thereby giving control over the physical properties of
a dynamic system. Here, graphene oxide (GO) photonic liquids
that respond to a magnetic field are demonstrated for the first
time. Magnetic nanoparticles are used to provide a continuous
magnetizable liquid environment around the GO liquid crystalline
domains. In response to a magnetic field, the alignment of magnetic
nanoparticles, coupled with the diamagnetic property of GO
nanosheets, drives the reorientation and alignment of the nanosheets,
enabling switchable photonic properties using a permanent magnet.
This phenomenon is anticipated to be extendable to other relevant
photonic systems of shape-anisotropic nanoparticles and may open up
opportunities for developing GO-based optical materials and devices.

The ability of many organisms to alter their visible appearance to
adapt to diverse environments is a remarkable trait that inspires
the development of new materials. Of particular interest are
organisms that can alter the size and orientation of photonic
structures to control light diffraction or scattering to produce
tunable structural colors in response to stimuli.'™ Taking inspira-
tion from nature, researchers are developing analogous responsive
photonic structures with potential applications in optical devices or
sensors® from block copolymers,” ™ silica spheres,”"” polymer
spheres,’ and other building blocks.>”'¥23

Several species of fish (e.g., koi, tetras, damselfish) appear
colorful because of the layered stacks of guanine sheets sepa-
rated by fluidic cytoplasm in their iridophores.***® In parti-
cular, these fish can abruptly change the tilt angles (like a
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New concepts

Photonic liquids of two-dimensional nanoparticles are emerging photonic
systems capable of displaying full-color reflection in various solvents. Since
the discovery of photonic properties in suspensions of graphene oxide (GO)
in 2014, researchers have developed ways to control the color presented
with additives and changing the concentration. However, achieving
reversible color switching, which is important for using them in sensors
and displays, remains an unsolved challenge. In this study, we exploited
magnetic nanoparticles to create a magnetizable liquid environment
around GO nanosheets. We observed for the first time that the GO-based
suspensions showed reversible color changes in response to a moderate-
strength magnetic field. This phenomenon is associated with the
reorientation of GO nanosheets, directed by the magnetized ferrofluids,
in response to the magnetic field. This study provides important insights
for the development of lyotropic magnetic field-responsive photonic
systems using shape-anisotropic nanoparticles in a magnetizable liquid
environment, and may open up opportunities for broadening the use of
GO-based materials in particular for photonic sensors and displays.

venetian blind) or interlayer distances of the iridophores to
create a fluid and flamboyant display of color in response to
stimuli in a rapidly changing environment.****® In a similar
way, suspensions of nanosheets such as H;Sb;P,0y4,>" %
phosphate,** titanate,** niobate,>* perovskites®> and fluoro-
hectorite clay*®® can also display fluidic photonic properties, as
these nanoparticles can form lyotropic liquid crystalline lamellar
phases in which the space between nanosheets is filled with
solvent molecules. The spacings (i.e., the periodic/interlayer
distance) can be regulated to match different wavelengths of
visible light by adjusting the nanosheet concentration, resulting
in photonic liquids with tunable structural colors spanning the
entire visible spectrum.’>**?® Producing stimuli-responsive
reversible color changes, however, remains challenging in these
systems. Controlling the orientation of nanosheets could be a
potential direction for developing photonic liquids with control-
lable color changes, and important for increasing the applic-
ability of photonic liquids in sensors and displays.

Graphene oxide (GO) is a sheet-like substance with oxygen-
containing functional groups that help it form stable
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suspensions in water and some non-aqueous solvents.*® Above
a critical concentration, aqueous suspensions of GO
nanosheets form a liquid crystalline nematic or lamellar
phase.’®*! It has been observed that the liquid crystalline
phases of GO suspensions can produce tunable structural
colors by varying the GO concentration.*”> However, to date,
other methods to manipulate the color of GO photonic liquids
have only been achieved with nanosized additives or applied
electric fields,”*** and issues such as reversibility and stability,
and developing photonic liquids in hydrophobic liquid media
also need more investigation.

Magnetic fields are an attractive tool for manipulating the
optical properties of GO photonic liquids because they can
align particles in a non-invasive and contactless manner; how-
ever, this area remains unexplored. The magnetic alignment of
GO nanosheets has been documented, though powerful super-
conducting magnets were required due to the diamagnetic
behavior of GO. Furthermore, no structural color was observed
in these systems.*®

Previously, it was shown that non-magnetic particles within
a magnetized ferrofluid behave diamagnetically with respect to
the surrounding fluid, allowing them to be aligned using a
relatively weak magnetic field.*”~*° This differs from the situa-
tion of non-magnetic particles in non-magnetic liquid media
(e.g, GO in water or organic solvents), where very strong
magnetic fields are required to induce magnetic dipole-dipole
interactions for particle alignment. Therefore, the use of a
magnetic fluid surrounding non-magnetic particles opens up
opportunities for controlling the assembly of non-magnetic
particles and developing photonic patterns using easily acces-
sible magnetic fields.”*” >

Here, we take advantage of the diamagnetic behavior of GO
liquid crystalline domains in a magnetized ferrofluid to develop
GO photonic liquids with switchable photonic properties con-
trolled by readily-available permanent magnets. GO nanosheets
in a magnetized surrounding environment (i.e., ferrofluid) tend
to orient their planes parallel to the field direction, allowing for
the on/off switching of structural colors of GO photonic liquids
in response to magnetic fields.

GO nanosheets were synthesized wusing Hummers’
method,*****® and Fe;0, nanoparticles (NPs) were prepared
via the coprecipitation method in the presence of polyacrylic
acid (see Experimental section in ESIt).>” GO nanosheets are
~0.5 to 6 um in lateral size and Fe;O, NPs are ~5 to 15 nm in
diameter (Fig. S1, ESIT). Both the GO and Fe;O, NPs are
negatively charged (zeta potential, ~—39 mV for GO and
~—22 mV for Fe;0,); electrostatic repulsion prevents attach-
ment of the Fe;O, NPs to the GO nanosheets and thus helps
them to form a stable hybrid suspension without observable
flocculation.

We expect superparamagnetic, single-domain, behaviour for
Fe;0, NPs with diameter less than 25 nm,’® and this is
confirmed by magnetization measurements of the Fe;O, NPs
(Fig. S1, ESIT). We compared the magnetic susceptibility as a
function of temperature measured in zero-field cooling (ZFC)
and field-cooling (FC) conditions with an applied field of 1 mT.
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In the ZFC susceptibility, we found an increase in magnetiza-
tion as a function of temperature at low temperature, reaching
a maximum value then decreasing with increasing temperature
above ~90 K. We define this maximum as the blocking
temperature (T3), and above T we observed that ZFC and FC
curves coincide. For T < Ty we found ferromagnetic behaviour
as can be seen for data measured at 2 K showing finite
coercivity and remnant magnetization. This implies that the
thermal energy is insufficient to induce moment randomiza-
tion at 2 K so that the nanocrystals show typical ferromagnetic
hysteresis loops. The coercivity and remnant magnetization are
equal to zero for T > Ty, which is demonstrated by the data
measured at 300 K. This confirms the superparamagnetic
behaviour in the Fe;O, NPs at room temperature.

GO nanosheets and Fe;O, NPs can be transferred from water
into hydrophobic solvents by using aminopropylmethyl-
siloxane-dimethylsiloxane copolymer [poly(APMS-co-DMS)], a
known phase transfer additive,*>* allowing for the formation
of photonic liquids and ferrofluids in different liquid media
(see Experimental section and Fig. S2, ESIt). In water or
hydrophobic solvents (e.g., butyl acetate), GO forms photonic
liquids with structural colors that span from red to blue in
response to changing concentration (Fig. S3, ESIf). That is, the
interlayer separation of GO sheets changes with concentration.*>**
On the other hand, suspensions of Fe;O, NPs alone in different
liquid media do not exhibit any reflection colors, regardless of
the presence of a magnetic field (Fig. S3, ESIt). We mainly
focused on GO-based non-aqueous photonic liquids for our
experiments because they are more stable than the corres-
ponding aqueous photonic liquids (Fig. S4, ESIT). Although
the reasons for the enhanced stability of GO photonic liquids in
hydrophobic solvents is not yet fully understood, it is possible
that solvents with low dielectric polarizability can better pre-
vent the degradation of GO suspensions and the reactions
between GO and solvents.*> Moreover, it’s possible that water
reacts with functional groups on the surface of GO over time,
modifying intersheet interactions.

Addition of the Fe;O, NPs to GO photonic liquids led to a
visible blue-shift of the reflection color (Fig. S5, ESIt), in
agreement with our previous work on hybrid photonic liquids
based on GO and foreign nanoparticle additives.*>*> This is
attributed to the depletion interaction between particles, an
entropy-driven process that minimizes the excluded volume of GO
and increases the free volume for depletant nanoparticles,***>%%*
resulting in a decrease in the intersheet separation when Fe;O,
NPs are added. Thus, we were able to tune the reflection color
of GO-Fe;0, photonic liquids by altering the Fe;0,: GO ratio.

A blue-colored photonic liquid containing GO nanosheets
and Fe;O; NPs (GO, ~4 mg mL '; Fe;0,:GO mass ratio,
~1.3:1; in butyl acetate) shown in Fig. 1 was used to investi-
gate the magnetoresponsive properties (responsiveness for the
red samples is shown in Fig. S6, ESIt). The Fe;0, concentration
used ensured a magnetized surrounding environment for the
experiments. In the absence of a magnetic field, the blue color
of the photonic liquid in a cuvette can be observed from both
the front and sides (Fig. 1d). This phenomenon could be

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a)-(c) Possible orientations of GO nanosheets in the magnetized ferrofluid. The nanosheets are parallel to the field direction with a distribution of
degenerate orientations. When the magnetic field is directed into the page (a), the nanosheets orient with their lateral planes parallel to the field, and no
nanosheets are perpendicular to the viewing direction. When the magnetic field is pointed to the left (b) or in the upright direction (c), some nanosheets are
not only parallel to the field direction but also perpendicular to the viewing direction, which contributes to the visible light reflection. (d) and (e) Front and
side view of a blue photonic liquid and its corresponding reflection spectra without (d) and with (e) a magnet positioned behind the cuvette (only a blue
photonic liquid is shown here; for the same effect observed for a red photonic liquid, see Fig. S6, ESIt); models near the sample images show the possible
domain orientation of GO in each case, and the small dots represent FezO4 nanoparticles. (f—k) Cross-section SEM images of the GO—-Fez04-SiO, aerogels
prepared in the presence of a magnetic field. GO, ~4 mg mL™%; FesO4: GO mass ratio, ~1.3:1; in butyl acetate; magnetic field ~4500 G (0.45 T).

ascribed to the planar anchoring of GO nanosheets at the Interestingly, when the magnet was positioned behind the
liquid-glass wall interface, which causes the nanosheets near samples, the blue color of the GO-Fe;04 hydrophobic photonic
the interface to orient parallel to the surface of the cuvette liquids disappeared when viewed along the direction of the
without an external field. The GO liquid crystalline domains magnetic field but remained visible when viewed normal to the
near the interface therefore are perpendicular to the viewing field direction (Fig. 1e). It appears that introducing the magnet
direction, contributing to the blue light reflection. causes the GO liquid crystalline domains to reorient parallel to
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the field direction so that the normal vector of the plane of the
sheets is reoriented away from the viewing direction, thus
leading the blue color to be no longer observable from the
original, parallel viewing angle (Fig. 1a and e). Previous studies
have also shown that polystyrene spheres in a magnetized
ferrofluid tended to form a chain-like structure arranged par-
allel to the field direction.*” This behavior implies that particles
less magnetizable than their surrounding medium appear to
have a magnetic moment antiparallel to the magnetic field, and
can be oriented by magnetic fields. It is possible that GO
nanosheets also reorient their planes in response to the mag-
netization of ferrofluid. The normal of each nanosheet is likely
degenerately distributed in the plane perpendicular to the
magnetic field (Fig. 1a-c). It is worth noting that GO-Fe;0,
aqueous photonic liquids also exhibited similar color disap-
pearance in response to a magnetic field (Fig. S7, ESIY),
although the aqueous samples showed relatively weak stability
(Fig. S4, ESIt) and phase separation (Fig. S8, ESIt) over time.
To visualize the effect of magnetic field on the orientation
of GO nanosheets, we made aerogels that captured the struc-
tures within the suspensions according to our previous

View Article Online
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studies.***>*> We exploited the hydrolysis and condensation
of tetramethyl orthosilicate into silica gel, or gelation of
cellulose nanocrystal (CNC) suspensions induced by solvent-
exchange, to immobilize GO-Fe;0, and GO-CNC-Fe;0, aqu-
eous suspensions in the presence or absence of a magnetic field
to produce GO-SiO,-Fe;0, and GO-CNC-Fe;0, gels, and then
converted them to alcogels by solvent exchange with ethanol.
These alcogels were subsequently solidified by supercritical
CO, drying to yield GO-SiO,-Fe;0, and GO-CNC-Fe;0, aero-
gels for scanning electron microscopy (SEM) imaging. Cross-
sectional SEM images of the GO-SiO,-Fe;0, aerogels showed
layered structures, in which the GO layers were aligned nearly
parallel to the direction of the magnetic field (Fig. 1f-k). In the
GO-CNC-Fe;0, aerogels, the cross-sectional areas were mostly
covered by CNCs due to the high CNC concentration required
to induce gelation in the suspensions (Fig. S9 and S10, ESIY).
However, it was clearly observed that the diamagnetic CNCs
also aligned nearly parallel to the magnetic field (Fig. S10,
ESIT). The energy-dispersive X-ray (EDX) mapping images of the
GO-Si0,-Fe;0, aerogel indicated a uniform distribution of
Fe;0, nanoparticles (NPs) in the chosen areas (Fig. S11, ESIT).
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Fig. 2 (a) Photographs of GO hydrophobic photonic liquids with different colors in butyl acetate (a;-yellow ~5mgmL™ GO, a,-sunset yellow ~4.5 mg mL™
GO, az-red ~ 3.5 mg mL™t GO) prior to adding FezO4 NPs. (b) The colors of the liquids were tuned to green by controlling the FesO,4 : GO ratio (b; ~0.24:1, b,
~0.53:1, bz ~1:1), and were switched off with a magnetic field (~4500 G). (c) Normalized relative reflectance spectra of the GO-FezO,4 hydrophobic
photonic liquids in response to a magnetic field at different times. (d) Reflection spectra of the GO—-FezO,4 photonic liquids shown in bz responding to a
magnetic field with increasing time. The sample shown with the word “before” in (b) is a photograph of the suspension before applying a magnetic field.
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However, the detected concentration of these Fe;O, NPs is
relatively low. This could be due to prolonged exposure to the
magnetic field, coupled with the presence of thick SiO, layers
and Au/Pd sputter coating layers on the Fe;O, surface, which
may have masked the nanoparticles. For comparison, aerogels
prepared by the same methods in the absence of an applied
magnetic field did not show obvious particle alignment
(Fig. S12, ESIt). Based on the alignment of nonmagnetic
particles shown in SEM images (Fig. 1f-k and Fig. S9, 510,
ESIY), and the optical phenomenon shown in Fig. 1e, we believe
that GO nanosheets in the magnetized ferrofluids are oriented
parallel to the applied magnetic field, providing opportunities
to switch off or restore the reflection colors.

The Fe;0, concentration and Fe;O,:GO mass ratios are
important for creating the magnetic field-responsive photonic
liquids. To investigate the effect of Fe;O, concentration, we
prepared GO-Fe;0, hydrophobic photonic liquids (Fig. 2) with
varying Fe;O, concentration and Fe;O,: GO mass ratios, which
simultaneously change the reflection colors of GO-only hydro-
phobic photonic liquids as shown in Fig. 2a to green due to the
depletion interaction between particles as mentioned above
(Fig. S5, ESIt). The magnet was positioned behind the photonic
liquids to create a magnetic field (~4500 G) perpendicular to
the front side of the cuvette. At low Fe;O,:GO mass ratio
(0.24:1), no obvious color changes were observed (Fig. 2b,)
even after 80 min, similar to observations of pure GO
hydrophobic photonic liquids (Fig. S13, ESIY).

However, by increasing the Fe;0,: GO mass ratio to 0.53: 1, the
green color of the reflective liquid gradually faded in response to
the magnetic field, and only a very pale green color remained after
~60 mins (and Fig. 2b,). We then further increased the Fe;0,: GO
mass ratio to 1:1, and found that the higher Fe;O, concentration
could significantly reduce the time for turning off the reflection
color, as indicated by the fast reduction in R/R, (Fig. 2bs, ¢ and d,
R, is the normalized reflectance of samples before cycling test, R; is
the normalized reflectance at a given time).

Moreover, when the Fe;O, concentration and the Fe;O,: GO
ratio were sufficiently high (3.5 mg mL~" for GO concentration
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and 1:1 for mass ratio), the optical properties could also respond
even under a weaker magnetic field (adjusted by controlling the
distance between the magnet and sample, Fig. S14, ESIt), though
this process was slow (Fig. 3 and Fig. S15, ESIt). Under a weak
magnetic field of ~460 G, the visible light reflection was signifi-
cantly weakened, but a pale green color was still visible (Fig. 3a,
and b), indicating a relatively low extent of domain reorientation
in response to the weak magnetic field. It is likely that
the diamagnetic response of GO domain reorientation requires
a continuous magnetized ferrofluid environment around the
GO liquid crystalline domains. Once such an environment is
established, the extent of magnetoresponsive photonic
properties can be tuned by further carefully varying the field
strength or Fe;O, concentration.

The reflection colors could be restored by removing the
magnetic fields, by altering the field direction (i.e., moving
the magnet from behind the cuvette to beside it to create a
magnetic field perpendicular to the viewing direction), or by
applying additional force (e.g., shaking, vortexing), thereby
allowing for on/off switching of reflection colors (Fig. 4).
Compared to the cycling test of photonic liquids where the
magnetic field was repeatedly introduced and removed (Fig. 4d
and Fig. S16b, ESIf), samples where the field direction was
cycled (Fig. 4d and Fig. S16a, ESIT) showed more obvious color
restoration, as indicated by a higher R/R, (Fig. 4d and Fig. S16,
ESIY). Also, the time required for color restoration was shorter
in the presence of a magnetic field than without it, leading
to a shorter completion time for 10 cycles. We also observed
that after several cycles, it took longer to switch off the reflec-
tion colors, and a few striped areas still appeared faint
green (Fig. S16, ESIT). Although the reasons for this are
still unclear, they may be related to the spatial distribution of
Fe;0, NPs or the microphase separation between GO and
Fe;0,4, caused by the magnet. We could avoid these issues by
applying additional force such as shaking or vortexing. This
allows for restoration of the reflection colors immediately
during the cycling test, and significantly reduced the cycling
time (Fig. 4d).

(c)

— Y}
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Fig. 3 (a) Photographs of the green hydrophobic GO-FezO4 photonic liquids (mass ratio, ~1:1; in butyl acetate) in response to decreasing magnetic
fields at different times (1450 G for a; and 460 G for a,). (b) Normalized relative reflectance of the GO-FezO4 photonic liquids in response to field strength
at different times. (c) Reflection spectra of the green hydrophobic GO-FezO, photonic liquids shown in a; in response to a 1450 G magnetic field with

increasing time. The magnet was positioned behind the samples.
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Fig. 4 (a) Photograph showing the reversible color change of a GO-FesO4 hydrophobic photonic liquid. The color restoration is achieved by adjusting
the magnetic field direction or a vortex shaker. The process of switching off and on control by magnetic field can be seen in Videos S1 and S2 (ESI1). (b)
Reflection spectra of the GO-FesO,4 hydrophobic photonic liquid before and after cycling test. (c) Cycling test for the on/off switch of reflection colors of
GO-Fez04 hydrophobic photonic liquids. (d) Time-dependent reflection spectra of the green hydrophobic GO-FezO,4 photonic liquids for the 10th

cycling (shaking was applied to expedite color restoration). The concentration of GO is ~3.5 mgmL~

~1:1. The magnetic field is ~4500 G.

Conclusions

In conclusion, we developed a switchable photonic liquid based
on the diamagnetic response of GO nanosheets in a magnetized
ferrofluid. GO nanosheets can be reoriented parallel to the field
direction in response to the magnetization of the ferrofluid
environment, as indicated by the anisotropic optical properties
shown from the samples in a rectangular cuvette. The reflection
colors of these reflective liquids can be switched on or off by
adjusting the direction of the magnetic field, or by introducing
and removing a magnetic field. This method avoids the use of
superconducting magnets, and has the potential to be extended
to other lyotropic photonic systems of shape-anisotropic nano-
particles, where the liquid environment can be modified by
introducing magnetic additives.
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