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Tunable graduated filters based on
electrochromic materials for spatial
Image control

Alexander Hein'%, Carsten Kortz2 & Egbert Oesterschulze®"

Passive graduated filters with fixed absorption profile are currently used in image recording to avoid
overexposure. However, a whole set of filters with prescribed gradients is required to cope with
changing illumination conditions. Furthermore, they demand mechanical adjustment during operation.
To overcome these deficiencies we present a microfabricated active electrochromic graduated filter
which combines multiple functionalities: The overall absorbance, the position of medium transmission
as well as the magnitude of its gradient can be tuned continuously by electrical means. Live image
control is possible using low operation voltages in the range of £2V to reach a high change in

optical density AOD of 1.01 (400 nm to 780 nm) with a coloration and bleaching time 1.3sand 0.2s,
respectively. Owing to their low volume and power consumption they are suitable for widespread
applications like in smartphones, surveillance cameras or microscopes.

Since the very beginnings of imaging, optical filters have always been the tool of choice to deal with changing illu-
mination conditions. For intensity control neutral density (ND) filters are most often used to reduce the amount
of incident light which have proven to be suitable to avoid overexposure. Along with classic passive filter elements,
active filter devices with tunable homogeneous absorption have been developed which rely on the electrochromic
(EC) effect. These EC devices consist of an electrochemical cell with two electrodes and an electrolyte in between,
while EC batteries utilize an EC film as the cathode and a metal foil as the anode’. In both cases, the incorporated
EC materials undergo reversible redox processes to adjust their absorption®-®.

Up to now, these active filters have been commercially exploited in smart windows and automatically dim-
ming rear-view mirrors as homogeneous light shutters and have also proven to be suitable for a miniaturized EC
iris*~13. However, in most applications for imaging systems like smartphones, surveillance cameras or micro-
scopes, high brightness differences may occur in the scene. Therefore, graduated filters were introduced which
darken only the overexposed parts of the image. In this way the brightness of the scene is adapted to the dynamic
range of the camera enhancing the overall image contrast.

As an alternative to the use of graduated filters, digital image postprocessing has become popular and conven-
ient as it generates High Dynamic Range (HDR) images by blending several images with different exposures'*!>.
However, this technique may cause errors when moving objects come into play, is time consuming, and demands
excessive computing power. Capturing an image with a graduated filter eliminates these disadvantages as only a
single image is taken.

Passive graduated filters consist of a glass sheet half coated with an optically absorbing absorption layer of
predefined transmission T,,;,. The layer exhibits a soft edge where its transmission increases continuously to the
transparent state over a distance l,,,4 (see Fig. 1(c)). Both the transmission T,;, as well as the magnitude of the
transmission gradient (T,,, — T,,;,)/Lyreq are fixed key parameters of a passive graduated filter. Changing illumi-
nation conditions therefore require a vast assortment of graduated filters with different predefined transmission
and gradients. This leads us to the major drawbacks of using these passive graduated filters: their fixed lateral
transmission course, the inconvenience regarding both mechanical handling and adjustment with respect to the
given light distribution, and their storage.

We now present an active graduated filter that overcomes these deficiencies as its overall transmission, the
position x, , of medium transmission and the gradient’s magnitude (T,,,, — T;;,)/lgroq can be electrically tuned.

ax min

Our basic idea is to extend the functionality of well-established homogeneously tunable EC filters by applying a
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Figure 1. Schematic cross-section of our device including the materials involved in the device (a) as well as a
linear potential distribution (b) and the resultant transmission distribution. (c) Optical image of a working
graduated filter (d) with ®, = 0.0 Vand ®, = —1.7 V resembling the schemes in (b, ¢). The dimension of the
optical active area indicated by the red dotted frame is 20 X 10 mm?.

potential difference along the working electrode rather than a single potential. In this way a spatially varying
potential distribution is established which defines the continuous coloration gradient by virtue of the EC
materials.

Results and Discussion

Working principle. The schematic setup of our graduated EC device is shown in Fig. 1(a). Two transparent
conductive oxide (TCO) coated glass substrates carry the EC electrodes responsible for coloration of the
device. We chose indium tin oxide (ITO) as TCO. The electrolyte in between completes the electrochemical cell.
The detailed composition of our chosen EC materials will be discussed below. During operation the upper elec-
trode, i.e. the counter electrode, is connected to the potential &,. In contrast to the set-up of conventional EC
devices, we have applied a potential difference &, — ®, to the working electrode (see Fig. 1(b)). Owing to the
ohmic resistance of the ITO layer, we yield a linear spatial variation of the potential ®(x) across the working elec-
trode. For the electrochromic coloration at position x the potential difference A®(x) = ®(x) — D, between the
counter and working electrode is decisive. This potential difference A®(x) determines the local redox state of the
EC materials and creates the desired coloration. To illustrate the working principle, Fig. 1(b) shows a prescribed
potential gradient on the working electrode causing the transmission characteristics in Fig. 1(c) with the areas of
homogeneous high and low transmission on the left and right side, respectively, and the desired graduated
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transmission in between. In the following we introduce a theoretical model to understand the link between the
electrochemical actuation and the resultant optical device response.

The level of coloration at location x on the EC electrodes is defined by the concentration of reduced and oxi-
dized molecules depending on the electrochemical potential A®(x). The steady state of a reversible redox process
is generally described by the Nernst equation

AD(x) = AD

redox >

RT Cred(%)
22 |p| Sred
zF Cox(X)

@

where R is the universal gas constant, T the ambient temperature, z the number of electrons transferred in the
reaction, F the Faraday constant and A®, ;. the standard electrochemical redox potential of the EC material. In
case the EC material is colored in its reduced state we can substitute ¢, .y = Cqjoreq- This requires that all other EC
molecules are oxidized and therefore in their bleached state c;, = cyjeached = 1 — Colored- 1hUs by replacing c,, in

Eq. (1) we obtain:
1
1+ CXP(%(AQ)(X) - Aq)reclox)) (2)

(A®(x)) =

Ceolored

We receive a sigmoidal dependence of the percentage of colored EC molecules c_,,.q on the local potential
A®(x). Furthermore, ¢g,eq(AP(x)) can be related to the transmitted intensity I, (x) exploiting the
Beer-Lambert law of optical absorption

rans

ln[—ltrans(x)] =—c-d- Ccolored(A(P(x))’

I (3)

where ¢ is the characteristic optical extinction coefficient and d the thickness of the EC material. By entering
4 from Eq. (2) and solving for the transmitted intensity I, ,  (x), we yield:
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Thus a linear variation of the potential A®(x) along the working electrode, i.e. a constant potential gradient,
results in a non-linear, rather sigmoidal spatial transmission distribution I, (x) of our device with the redox
potential A®, ;. of the EC molecules and the tunable magnitude of the potential gradient as key determinants.
Due to the Nernst Eq. (1) a change of coloration is thus only obtained in the potential range A®, 4 . + AP, 4
of the involved redox reactions of our EC molecules. This potential interval is indicated in Fig. 1(b) by the gray
bar. If A®(x) does not reach this gray area (A®(x)| < |AD,y0c| — |APyqm])»> all EC molecules are in their
bleached state according to Eq. (2) yielding the transparent area with width /., 4,.4- On the other hand, saturation
of coloration is reached for| A®(x)| > |AD, 40| + |AL 4 b 1-€. AD(x) exceeds the gray bar, leading to the dark
area of widthl_ 4. By varying the external potentials &, and ®,, we control the linear potential drop crossing the
gray bar and thus have the freedom to translate x,,, and adapt the magnitude of the gradient by means of adjusting
Lorag:
gradSo far we have solely discussed the redox behavior of the working electrode. But, in our graduated filter device
we use complementary EC molecules on the working and counter electrode. Most interesting the prescribed
absorption gradient on the working electrode is transferred concurrently to the counter electrode. In this way we
receive at any location x of the device the same almost neutral spectral absorption whose amount is controlled by
the local potential difference A®(x). To explain this behavior we have to consider the charge conservation during
the redox reaction: If we locally initiate reduction of the EC material on the working electrode due to the given
A®(x) at this point, an equal amount of charge is used for oxidation of the complementary EC molecules at the
same position x on the counter electrode.

A proof of principle is given in Fig. 1(d) showing an optical image of our graduated filter device in a switched
state demonstrating the achievable contrast and magnitude of the transmission gradient. While the left side of the
filter is clear, the right side shows the desired dark coloration with the graduated area in between in accordance
to the schemes in Fig. 1(b,c).

Electrochemical characterization. Based on preliminary work in literature, the chosen complemen-
tary EC materials were tetraphenylbenzidine (TPB) on the counter electrode (dimerized from triarylamine,
see Supplementary Information) and viologen on the working electrode'®. By means of an attached phoshonate
acid group, they were chemically adsorbed onto the surface of an antimony doped tin oxide nanoparticle layer
(ATO NPL) and a TiO, NPL, respectively'®!”. The nanoparticles were chosen to provide high conductivity in the
potential range matching the redox potential of its assigned EC material'®. Additionally, they provide a high spe-
cific surface area accommodating a large number of EC molecules and therefore enable high contrast. Our device
therefore benefits from both the fast response of the organic EC molecules and the high conductivity and porosity
of the inorganic metal oxide nanoparticles.
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Figure 2. Cyclic voltammogram of the device obtained with a scan rate of 50 mV/s. For homogeneous
coloration, we used A® = ¢, — ¢, with &, = D,.

For the electrochemical characterization of the encapsulated device we recorded the cyclic voltammogramm
(CV) for homogeneous coloration with &, = @, and thus A® = &, — O, (see Fig. 2). In this two electrode setup,
the counter electrode also served as reference electrode.

The CV shows one broad redox peak from —0.6 V to —1.8V for coloration and bleaching, respectively, which
corresponds to the schematically drawn gray bar in Fig. 1(b) representing the potential range of coloration
change. It is important to note that the CV shows the behavior of both viologen and TPB in a superposition as
the application of a negative potential to the working electrode results in the simultaneous reduction of viol-
ogen on the working electrode and oxidation of TPB on the counter electrode (for details see Supplementary
Information). The fact that only one strong redox peak occurs for coloration and bleaching, respectively, proves
that the coloration and bleaching of viologen and TPB happen concurrently at the same potential regime. This is
imperative when creating a graduated filter.

Spectral characterization. Spectroelectrochemical measurements were conducted to verify the potential
dependent sigmoidal transmission response. Figure 3(a) shows the spectral transmission of the homogeneously
colored cell (i.e. @, = ®,) for varying potential A® = &, — &,. Each spectrum corresponds to an equilibrium
state and is stable without further coloration or bleaching even after removing the voltage source. We observed
that this “memory effect”’>'*% is strong for our cell, so we still have 75% of the initial transmission change left
30 minutes after removing the potential.

In the transparent state, the average transmission in the wavelength range from 400 nm to 780 nm is 68.3%.
When a negative A® is applied, the transmission starts to drop almost uniformly for each wavelength. This con-
firms the favorable behavior supposed before: The coloration of viologen and TPB happening in between —0.6 V
and —1.8V complement each other in the desired way so we keep the almost neutral color when passing this
range. The use of complementary molecules further significantly increases the achievable contrast and promotes
coloration over a broad spectral range as was proven by the comparison with a cell without TPB
(see Supplementary Information).

For the calculation of the coloration efficiency CE, we integrated the current during coloration in the cyclic
voltammogramm in Fig. 2 and the corresponding transmission in Fig. 3(a) in the transparent and opaque state,
respectively. At a wavelength of 650 nm, we reach a value of CE =280 mC/cm?, which slightly exceeds the CE of
other EC systems using viologen molecules*!-2,

Figure 3(b) illustrates the temporal transmission response when applying rectangular voltage pulses to the
filter device. A sigmoidal fit function according to Eq. (4) accurately describes the homogeneously switched trans-
mission I(A®) at each potential A® and again proves the concurrent coloration of TPB and viologen (for param-
eters see Supplementary Information). We observed an average coloration time 7. = 1.3 s and a bleaching time
f, = 0.2 s (switching time defined as 90% of the transmission change) which is an excellent result in comparison
to literature?*-222425, When switching from 0V to —1.6 V, we reach an average Michelson contrast of 82.1%, which
corresponds to an optical density of 1.01. Commercial graduated filters are offered in 1 F stop, 2 F stop or 3 F stop
filters with the latter having the highest optical density of 0.9. The tunable range of our device therefore outper-
forms such a set of filters and combines them in a single device. Data concerning the cyclic stability of the device
is provided in the Supplementary Information, showing that after 500 cycles, 86% of the initial transmission
change is maintained.

Graduated filters. We now demonstrate the performance of the graduated filter device by showing multiple
graduated profiles which were recorded applying different combinations of potentials &, and @, to the working
electrode following the scheme presented in Fig. 1(b,c). Figure 4 shows the image details and the spatial transmis-
sion for the indicated applied potentials. In Fig. 4(a,c), we created a rising local absorption on the left side by
applying a negative potential ®, and decreasing it in steps of —0.2'V while keeping ®, = 0 fixed. Each of these
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Figure 3. Spectral transmission (a) and temporal behavior (b) for different potentials A® applied. For the
average transmission, the wavelength range from 400 nm to 780 nm was considered. Switching in (b) was
carried out by applying first the denoted potential (red dotted line) and then +1.5V (blue dotted line) for 10s
each. In accordance to Eq. (4), the sigmoidal red curve was fitted to the transmission values in the colored
steady state and reaches 99.9% correlation.

profiles is temporally stable and switching happens with the same time constants as described above for homoge-
neous switching (see video in Supplementary Information). According to the aforementioned sigmoidal depend-
ence of the transmission according to Eq. (4) on the local potential A®(x), we now observe a sigmoidal spatial
transmission distribution because of the lateral linear potential drop (for details see Supplementary Information).
Moreover, the profiles clearly show that the right side with the applied potential of ®, = 0.0 V stays in the trans-
parent state while the left side becomes darker. This is a proof of the working principle of the tunable graduated
filter claimed before: The graduated coloration profile is established on both electrodes although the potential
gradient is only applied to the working electrode.

To investigate the symmetry of our device, we swapped the potentials displayed in Fig. 4(a) (see Supplementary
Information). Quantitative evaluation of the symmetry was done by determining the correlation of these results
to the vertically flipped profiles in Fig. 4(c). We achieved values for the coefficient of determination from 98.2%
up to 99.0%, which again confirms the feasibility of the working principle as well as the accuracy of the micro-
fabrication route. The flipping of the EC filter takes only 1.3 s and conveniently replaces the manual rotation of a
commercially available passive graduated filter.

In Fig. 4(c), the position x,,, of medium transmission, i.e. the point of 50% transmission change, is indicated
by a black dot and the slope of the associated red line marks the gradient’s magnitude at this point. By applying an
increasingly negative potential to the left side, the gradient’s magnitude is increased from 2.8%/mm at —1.2'V to
7.6%/mm at —2.0V as shown in Fig. 4(e). This is accompanied by a translation of x,,,, which is indicated by the
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Figure 4. Image details of the filter (a,b) and corresponding graduated slopes for the indicated potential
combinations ®, and @, in (c,d). A red line in the graduated slopes indicates the gradient’s magnitude at its
center position x,,, marked by a black dot. Arrows were added to indicate the translation of x,,. (e,f) Show the
magnitude and x,, for the given potential combinations. Each step in (f) moves x,,, by 1.65mm.

arrow in Fig. 4(c). Corresponding to Fig. 1, this behavior can be explained by the increasingly negative potentials
which expand to the middle part of the filter.

For further translation of x,,,, we kept the left side in the colored state applying a fixed potential &, = —1.8 V
and applied increasingly negative potentials to the right. The results are shown in Fig. 4(b,d), again with high
symmetry for swapped potentials (Supplementary Information). In accordance to the behavior of the homogene-
ously colored EC filter in Fig. 3(b), the coloration on the right side only occurs for potentials lower than —0.6 V.
The profiles in Fig. 4(d) further show that translation of x,, is possible without changing the gradient’s magni-
tude: Each potential step shown in Fig. 4(f) successively moves x,,, further to the right with an almost linear
behavior for the given voltage combinations (coefficient of determination R*=99.9%). Overall, x,;, can be shifted
by 11.4 mm which is more than half the 20 mm filter width.

This favorable behavior was exploited in a realistic application shown in Fig. 5. We used a commercial camera
and positioned our graduated filter device in front of the lens, while the landscape scenery was provided by a
display. The good optical quality of our device reveals that scattering due to the immersed nanoparticles of 20nm
diameter is negligible. In the left image, the illumination conditions cause an overexposure of the bright sky,
while the foreground underneath is imaged with appropriate contrast. This is also shown by the attached Fourier
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Figure 5. Images taken of a landscape scene with the graduated filter device placed in front of the camera lens
in vertical direction. The given potentials were applied to the top and bottom of the EC filter device creating
the transparent state (left) and a graduated state (right). Both images were taken with the same exposure
parameters. The additional images show Fourier transformations of the framed areas in the images to identify
the amount of transmitted spatial frequencies.

transformations of top and bottom parts of the image marked by the red rectangles. We now use the tunable grad-
uated filter to darken only the overexposed upper part of the image and precisely adjust x,,, of the transmission
profile to the horizon line of the scene image. The Fourier transformation reveals that more spatial frequencies
(i.e. details in the clouds) become visible in the upper part of the image while the lower part with appropriate
contrast stays unaffected.

During operation in the graduated state of the filter, we observed a maximum current of 20 mA between the
contact pads on the working electrode with ®, = —2 V and & = —0 V. The maximum power dissipation is
therefore in the range of 40 mW. Up to now, we have not observed any effect of heating on the EC performance. A
video of the switching process from the transparent to the graduated state is added to the Supplementary
Information. It gives an impression of the fast adaption of the filter and its applicability in commercial imaging
systems in the near future. As the working principle and the process route are not restricted to the dimensions of
our filter, the utilization in miniaturized systems such as surveillance cameras or smartphones as well as in large
scale devices like smart windows is feasible.

Conclusion

We have presented an EC graduated filter to control image contrast in one-dimension. Its working principle relies
on the idea to create a spatial coloration gradient applying a linear potential drop on the working electrode of our
EC filter. We showed that owing to the choice of electrochemically complementary EC molecules, the graduated
transmission is established on both the working and the counter electrode and follows a sigmoidal function. This
behavior could be accurately predicted by our theoretical model. It was confirmed by spectroelectrochemical
measurements. We reached a high average optical density of 1.01 in the optical spectral range and short switch-
ing times of 1.3 s while being able to continuously tune the gradient’s position, its magnitude and the overall
absorption. The capability of the EC graduated filter was demonstrated installing it to a commercial camera and
investigating its impact on the image contrast enhancement.

Methods

Our process route described hereafter allows a reproducible, reliable microfabrication of graduated filter devices
with an active optical area of 20 x 10 mm? and a thickness of 55 um excluding that of the glass substrates.
Manufacturing was done under clean room conditions. In Fig. 1(d), the active optical area appears clear, which
can be ascribed to the high transparency and negligible scattering of the TiO, nanoparticles (Ti-Nanoxide T/SP,
Solaronix SA, Switzerland) and ATO nanoparticles (& < 20 nm).

As substrates, we used commercially available ITO coated glass slides with 8 2/0J sheet resistance. For fabri-
cation, we performed microstructuring based on UV lithography. Gold was deposited via sputter deposition and
ITO was structured using hydrochloric acid for wet chemical etching. After that, the TiO, and ATO nanoparticle
pastes were applied using a stencil printer and calcinated at 450 °C in a vacuum oven. For heating, we used a slow
ramp of 10°C/min, a holding time of 2 h and allowed the oven to cool down naturally. We yielded TiO, and ATO
layer thicknesses of 10 ym and 3 ym, respectively. For chemical adsorption of the EC molecules, the electrodes
were immersed in a solution of 1 mM TAA in ethyl alcohol or 1 mM viologen in ethyl alcohol for 15 hours, respec-
tively. By structuring a dry film resist (Ordyl SY 300, Elga Europe s.r.1, Italy), we formed two cavities for the
electrolyte (1 mol/l LiClO, solved in propylene carbonate) and a surrounding UV resin, which were precisely
dosed using a dispensing robot. The thickness of the cavity was hereby defined by the thickness of the Ordyl
spacer layer of 55 ym. Encapsulation was performed in a Ar glovebox which maintained inert Ar gas atmosphere
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to prevent the EC molecules from being irreversibly damaged. By joining the substrates with a displacement of
3 mm, convenient contacting of the exposed gold pads is possible as seen in Fig. 1(d).

For electrochemical characterization, we used two potentiostats “Reference 600” from Gamry Instruments
to individually adjust the potentials on the working electrode. The setup for spectroelectrochemical characteri-
zation consisted of a white light source “Schott KL 15007, several lenses for focusing and a spectrometer “Flame”
from Ocean Optics. Images were taken with a Samsung camera “NX300M” with a 18-55 mm f3.5-5.6 OIS III
Zoom Lens while homogenous illumination was obtained by a OLED panel (“seelectorLux100”, hema electronic
GmbH, Germany). The camera was first calibrated by taking images of filters with known transmission. Hence,
local transmission of the graduated EC filter could be calculated from the RGB data obtained from the images.

Data availability
The data of this study are available from the corresponding author upon reasonable request.
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References

1. Li, H., Mcrae, L., Firby, C. J. & Elezzabi, A. Y. Rechargeable Aqueous Electrochromic Batteries Utilizing Ti-Substituted Tungsten
Molybdenum Oxide Based Zn 2 4 Ion Intercalation Cathodes. Adv. Mater. 31, 1807065, https://doi.org/10.1002/adma.201807065
(2019).

2. Alkaabi, K. & Wade, C. R. Transparent-to-Dark Electrochromic Behavior in Naphthalene-Diimide-Based Mesoporous MOF-74
Analogs Transparent-to-Dark Electrochromic Behavior in Naphthalene-Diimide-Based Mesoporous MOF-74 Analogs. Chem 1,
264-272, https://doi.org/10.1016/j.chempr.2016.06.013 (2016).

3. Cai, G., Wang, J. & Lee, P. S. Next-Generation Multifunctional Electrochromic Devices. Acc. Chem. Res. 49, 1469, https://doi.
org/10.1021/acs.accounts.6b00183 (2016).

4. Li, K. et al. Lattice-contraction triggered electrochromic actuator. Nat. Commun. 9, https://doi.org/10.1038/s41467-018-07241-7
(2018).

5. Beaujuge, P. M., Ellinger, S. & Reynolds, J. R. The donor - acceptor approach allows a black-to-transmissive switching polymeric
electrochrome. Nature Mater. 7, 795-799, https://doi.org/10.1038/nmat2272 (2008).

6. Niklasson, G. A. & Grangvist, C. G. Electrochromics for smart windows: thin films of tungsten oxide and nickel oxide, and devices
based on these. J. Mater. Chem. 17, 127-156, https://doi.org/10.1039/b612174h (2007).

7. Yuan, Y. F et al. Enhanced electrochromic properties of ordered porous nickel oxide thin film prepared by self-assembled colloidal
crystal template-assisted electrodeposition. Electrochim. Acta 56, 1208-1212, https://doi.org/10.1016/j.electacta.2010.10.097 (2011).

8. Mortimer, R. J. Electrochromic Materials. Annu. Rev. Mater. Res. 41, 241-270, https://doi.org/10.1146/annurev-
matsci-062910-100344 (2011).

9. Byker, H. J. Electrochromics and polymers. Electrochim. Acta 46, 2015-2022 (2015).

10. Deutschmann, T. & Oesterschulze, E. Micro-structured electrochromic device based on poly(3,4-ethylene). J. Micromech. Microeng.
23, 65032, https://doi.org/10.1088/0960-1317/23/6/065032 (2013).

11. Deutschmann, T. & Oesterschulze, E. Integrated electrochromic iris device for low power and space-limited applications. J. Opt. 16,
075301, https://doi.org/10.1088/2040-8978/16/7/075301 (2014).

12. Deutschmann, T. & Oesterschulze, E. Integrated electrochromic aperture diaphragm. Proc. SPIE, Micro-Optics 9130, 913006 (2014).

13. Deutschmann, T., Kortz, C., Walder, L. & Oesterschulze, E. High contrast electrochromic iris. Opt. Express 23, 31544, https://doi.
org/10.1364/0E.23.031544 (2015).

14. Lee, C., Li, Y. & Monga, V. Ghost-Free High Dynamic Range Imaging via Rank Minimization. IEEE Signal Process. Lett. 21,
1045-1049 (2014).

15. Serrano, A., Heide, F. & Gutierrez, D. Convolutional Sparse Coding for High Dynamic Range Imaging. Comput. Graph. Forum 35,
https://doi.org/10.1111/cgf.12819 (2016).

16. Campus, E, Bonhote, P, Gritzel, M., Heinen, S. & Walder, L. Electrochromic devices based on surface-modified nanocrystalline
TiO2 thin-film electrodes. Sol. Energ. Mat. Sol. Cells 56, 281-297, https://doi.org/10.1016/S0927-0248(98)00138-X (1999).

17. Bonhote, P, Gogniat, E., Campus, F.,, Walder, L. & Gritzel, M. Nanocrystalline electrochromic displays. Displays 20, 137-144,
https://doi.org/10.1016/50141-9382(99)00015-3 (1999).

18. Felde, U., Haase, M. & Weller, H. Electrochromism of Highly Doped Nanocrystalline SnO2:Sb. J. Phys. Chem. 104, 9388-9395,
https://doi.org/10.1021/jp0010031 (2000).

19. Kavanagh, A, Fraser, K. J., Byrne, R. & Diamond, D. An Electrochromic Ionic Liquid: Design, Characterization, and Performance
in a Solid-State Platform. ACS Appl. Mater. Interfaces 5, 55-62, https://doi.org/10.1021/am3018948 (2013).

20. Cummins, D., Boschloo, G., Ryan, M., Corr, D. & Rao, S. N. Ultrafast Electrochromic Windows Based on Redox-Chromophore
Modified Nanostructured. J. Phys. Chem. 104, 11449-11459, https://doi.org/10.1021/jp001763b (2000).

21. Sun, X. W. & Wang, J. X. Fast Switching Electrochromic Display Using a Viologen-Modified ZnO Nanowire Array Electrode. Nano
Lett. 8, 18841889 (2008).

22. Ah, C.S. et al. Optical and Electrical Properties of Electrochromic Devices Depending on Electrolyte Concentrations and Cell Gaps.
Bull. Korean Chem. Soc. 37, 1812-1819, https://doi.org/10.1002/bkcs.10980 (2016).

23. Cho, S. M., Ah, C. S., Kim, T.-Y,, Song, J. & Ryu, H. Effects of Pre-reducing Sb-Doped SnO 2 Electrodes in Viologen-Anchored TiO
2 Nanostructure-Based Electrochromic Devices. ETRI Journal 38, 469-478, https://doi.org/10.4218/etrij.16.0115.0286 (2016).

24. Liu, H.-S. et al. Highly transparent to truly black electrochromic devices based on an ambipolar system of polyamides and viologen.
NPG Asia Mater. 9, https://doi.org/10.1038/am.2017.57 (2017).

25. Ah, C. S. et al. Double-layered Black Electrochromic Device with a Single Electrode and Long-Term Bistability. Bull. Korean Chem.
Soc. 36, 548-552, https://doi.org/10.1002/bkes.10103 (2015).

Acknowledgements

We like to thank L. Walder, M. Haase, M. Ciobanu and F. Carl from the Chemistry department of the University
of Osnabriick (Germany) for the synthesis of EC materials and the preparation of ATO nanoparticles and M.
Haag-Pichl from Jos. Schneider Optische Werke GmbH (Germany) for technical support in bonding technology.
Furthermore, we acknowledge funding by the Federal Ministry of Education and Research (BMBF) under
contract number 13N14202 and the German Research Foundation (DFG) under contract number OE220/19-1.

SCIENTIFIC REPORTS |

(2019) 9:15822 | https://doi.org/10.1038/s41598-019-52080-1


https://doi.org/10.1038/s41598-019-52080-1
https://doi.org/10.1002/adma.201807065
https://doi.org/10.1016/j.chempr.2016.06.013
https://doi.org/10.1021/acs.accounts.6b00183
https://doi.org/10.1021/acs.accounts.6b00183
https://doi.org/10.1038/s41467-018-07241-7
https://doi.org/10.1038/nmat2272
https://doi.org/10.1039/b612174h
https://doi.org/10.1016/j.electacta.2010.10.097
https://doi.org/10.1146/annurev-matsci-062910-100344
https://doi.org/10.1146/annurev-matsci-062910-100344
https://doi.org/10.1088/0960-1317/23/6/065032
https://doi.org/10.1088/2040-8978/16/7/075301
https://doi.org/10.1364/OE.23.031544
https://doi.org/10.1364/OE.23.031544
https://doi.org/10.1111/cgf.12819
https://doi.org/10.1016/S0927-0248(98)00138-X
https://doi.org/10.1016/S0141-9382(99)00015-3
https://doi.org/10.1021/jp0010031
https://doi.org/10.1021/am3018948
https://doi.org/10.1021/jp001763b
https://doi.org/10.1002/bkcs.10980
https://doi.org/10.4218/etrij.16.0115.0286
https://doi.org/10.1038/am.2017.57
https://doi.org/10.1002/bkcs.10103

www.nature.com/scientificreports/

Author contributions
AH. and C.K. manufactured the samples and performed the measurements. E.O. conceived the project and
supervised the experiments.

Competing interests

C.K. received funding from Deutsche Forschungsgemeinschaft under contract number OE220/19-1 and A.H.
received funding by Bundesministerium fiir Bildung und Forschung under contract number 13N14202. The
authors declare no further financial or non-financial competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-52080-1.

Correspondence and requests for materials should be addressed to E.O.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regar d to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

G | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:15822 | https://doi.org/10.1038/s41598-019-52080-1


https://doi.org/10.1038/s41598-019-52080-1
https://doi.org/10.1038/s41598-019-52080-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Tunable graduated filters based on electrochromic materials for spatial image control

	Results and Discussion

	Working principle. 
	Electrochemical characterization. 
	Spectral characterization. 
	Graduated filters. 

	Conclusion

	Methods

	Acknowledgements

	Figure 1 Schematic cross-section of our device including the materials involved in the device (a) as well as a linear potential distribution (b) and the resultant transmission distribution.
	Figure 2 Cyclic voltammogram of the device obtained with a scan rate of 50 mV/s.
	Figure 3 Spectral transmission (a) and temporal behavior (b) for different potentials applied.
	Figure 4 Image details of the filter (a,b) and corresponding graduated slopes for the indicated potential combinations and in (c,d).
	Figure 5 Images taken of a landscape scene with the graduated filter device placed in front of the camera lens in vertical direction.




