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ARTICLE INFO ABSTRACT

Keywords: Electronic systems with on-demand dissolution or destruction capabilities offer unusual opportunities in hard-
Photochemistry ware-oriented security devices, advanced military spying and controlled biological treatment. Here, the dis-
Cyanide solution chemistry of gold, generally known as inert metal, in potassium ferricyanide and potassium ferrocya-
ZZ‘IIIS(;:HMS nide solutions has been investigated upon light exposure. While a pure aqueous solution of potassium

ferricyanide-K3[Fe(CN)q] does not dissolve gold, an aqueous solution of potassium ferrocyanide-K4[Fe(CN)s]
irradiated with ambient light is able to completely dissolve a gold electrode within several minutes. Photo
activation and dissolution kinetics were assessed at different initial pH values, light irradiation intensities and
ferrocyanide concentrations. Addition of small amounts of the heavy metal thallium (260 ppb) also provides
tunability of the dissolution kinetics. An investigation of the involved chemical and physical processes of pho-
tochemistry, cyanide diffusion and surface reaction results in an understanding of the rate limiting steps and
yields an overall transformation of irradiated light energy to dissolved gold of 2.6%. A potential application of

Diffusion limitation
Devices

this novel gold dissolution method as a cumulative light sensor is demonstrated and discussed.

1. Introduction

To achieve a maximal reliability and stability, most electronic de-
vices depend on inert metals such as gold, silver and platinum for
conductors as they offer optimal chemical stabilities in combination
with excellent electronic conductivities. In contrast thereto, transient
electronics give devices new functions by dissolving or destroying the
device within a programmed timeframe or on-demand control via
chemical interaction [1-9]. This type of electronics can provide bior-
esorbable medical devices without the need of extraction surgery, en-
vironmental friendly green-devices without electrical waste, and
hardware based security and military electronic systems without ex-
posing important information to unknown targets. Transient electronics
use certain metals (magnesium (Mg), zinc (Zn), iron (Fe), tungsten (W)
and molybdenum (Mo)), as they degrade/dissolve in deionized water
and physiological solutions [10-12].

Specifically, gold is known as a material for electrical conduction
(electronics industry demand of 6% of the global gold production; first
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quarter 2017) [13] due to its unique physical attributes (high stability/
conductance, low elasticity modulus and low yield point) and its ability
to maintain a good connectivity whilst being exposed to hostile en-
vironments for an extended period of time [14]. As a result, gold is
widely used as a connecting element in personal computers and other
electronic devices. As gold is seen as one of the most noble and most
chemically resilient metals, gold circuitry is usually not considered
when seeking electronic devices that intrinsically interact with their
chemical environment, or have any other transient functionality.

However, some known chemical reactions provide a chance to dis-
solve gold under given conditions, which may be applied to transient
electronics: The MacArthur-Forrest process, which is commonly re-
ferred to as gold cyanidation and patented in 1887, was first commer-
cially applied in the Crown Mine in New Zealand and is still used in the
gold mining industry today. This method takes advantage of the strong
binding of the cyanide ion CN™ to gold in aqueous solution [15]. The
dissolution reaction of gold in cyanide solution, also known as Elsner
equation, is a redox reaction involving oxygen and water:
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4Au + 8CN™ + O, + 2H, O— 4[Au(CN),]” + 40H~

In addition to gold, other metals such as copper (Cu), iron (Fe),
nickel (Ni), silver (Ag) and zinc (Zn), all of them currently used in
electronic devices, are dissolvable in cyanide solution. The downside of
this extraction technique is its acute toxicity, not only to humans but
also to wildlife [16-18]. The fabrication of interactive electronic de-
vices essentially containing gold wiring would thus require a source of
free cyanide ions, which until now pose a high risk to the environment
due to the readily available state of the cyanide ion. With this restric-
tion in mind we proceeded to look for non-toxic cyanide containing
precursors, which exhibit cyanide release upon external triggering or
any physical change in the environment.

Potassium ferricyanide Kjz[Fe(CN)s] and potassium ferrocyanide
K4[Fe(CN)g] are considered strong metal-cyanide complexes with an
oral LDs, value for rats of 1600-3200 mg/kg, which is in a similar range
to sodium chloride [19]. The stable nature of these cyanide containing
iron complexes is well studied. Depending on the pH, Meeussen et al.
projected half-lives ranging from 1 year (reducing conditions) to 1000
years (oxidizing conditions) at pH 4, demonstrating that strong acidic
conditions are required to dissociate these complexes, releasing the
cyanide [20].

Already in 1905 Fritz Haber published a study on the stability of
potassium ferrocyanide and reported that light exposure can result in
free cyanide [21]. The dissolution reaction of potassium ferrocyanide
has since then been investigated more intensely, and one of the pro-
posed reactions is formulated in Eq. (1) [22].

[Fe(CN)g]*~ + 2H, O= [Fe(CN)s-H,0]"3 + OH-+HCN @

Similarly, potassium ferricyanide has been shown to release cyanide
upon illumination, with reports of even higher cyanide generation re-
lease rates [23]. This literature inspired us to investigate the light in-
duced dissociation of cyanide from those precursors and combining this
photochemistry with the dissolution of a gold electrode shown in
Scheme 1.

2. Materials and methods
2.1. Gold electrode fabrication
Cr/Au (2nm/80 nm) deposited by electron beam-evaporation (Cr:

0.1nms~ !, Au: 1nms~?, Plassys II) were patterned by photo-
lithography (AZ1518 photoresist, 4000 rpm, 45 s, Karl Siiss MA6) onto
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Scheme 1. Photo-initiated cyanide release followed by gold cyanidation.
Resistance monitored over 60 min.
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a glass substrate previously cleaned using Piranha acid (24 h). After
developing (AZ726), excessive Cr/Au etched and photoresist washed off
using acetone, then rinsed with deionized water and dried with N.
Photoresist residues cleaned in O, plasma (5 min, 150 W).

2.2. Fabrication of full device

PDMS ratio 1:10 (30 g total, Sylgard 184, Dow Corning) was mixed
(1 min, 3500 rpm, DAC 150 FVZ, Speed Mixer) with black silicon col-
orant (0.1 g, PMS black, Smooth-On). After degassing in high vacuum,
silicon was poured into mold fabricated from Teflon enclosed in alu-
minum frame and cured with polycarbonate lid at 80 °C for 4 h. Final
dimensions of the whole device were 11 X6 x 10cm
(length x width x height) each device containing 12 gold serpentines.
The gold electrode device and PDMS sample holder were exposed to
oxygen plasma (60 s, 50% Power, Diner Electronics), both aligned and
pressed tightly together for 10 s, baking at 80 °C for 4 h. A picture of the
device is included in supplementary information in Fig. Al.

2.3. Solution preparation

Resistance measurements were carried out in K4[Fe(CN)g] solution
(K4[Fe(CN)6]-3H,0, =98.5%, Sigma-Aldrich) and KCN solution
(=98%, Fisher). Buffers with pH 3, 4 and 5 contained acetic acid
(>99.8%, Sigma-Aldrich) and sodium acetate (> 99%, Acros
Organics), pH 6-10 buffers were made with tris(hydroxymethyl)ami-
nomethane (=99.8%, Biosolve) and hydrochlorid acid (37.2%, Merck),
pH 11 buffer was made with NaH,PO,4H,0 (Merck) and NaOH
(=97.0%, Fisher Chemical), pH 12 and 13 buffers were made with KCl
(=99.5%, Sigma-Aldrich) and NaOH (=97.0%, Fisher Chemical).

2.4. Light exposure

For achieving a controlled light environment, an Oriel Class A Solar
Simulator (91195A, Newport) was operated at 450 W, light intensities
were adjusted using fine metal meshes, measurements of light in-
tensities were performed with an Oriel PV Reference Cell System
(Model 91150V, Oriel Instruments), and samples were placed in the
middle of the lens 14 cm away from the source. The spectrum is in-
cluded in the supplementary information in Fig. A2. Measurements
were always performed with a 2 mm thick Quartz glass (Suprasil 1/D,
Wisag) on top of the reaction chambers to prevent evaporation and
ensure maximum transparency for wavelengths down to UV range (long
pass cut at 170 nm).

2.5. Characterization

Resistance data were retrieved using a Multifunction I/O device
(USB-6001, National Instruments) operated over LabVIEW, voltage
change across a known resistance (10 kOhm) and the sample resistance
in series were recorded and the resistance calculated as shown in Figs.
A3 and A4.

Free cyanide concentration was measured using a standardized gas
test (Hydrocyanic Acid 0.5/a, Draeger). A sample volume of 1 mL was
pipetted in a glass vial, after adding 10 uL of a 0.1 M HCI solution, the
gas phase was pumped through the tube and a color change could be
observed if hydrogen cyanide was present (Fig. A5).

Scanning electron microscope (Nova Nano SEM 450, FEI) pictures
were taken after sputtering (25s at 60 mA, EM SCD 005, Leica) a 5nm
layer of Pt. Optical microscope pictures were taken on an optical mi-
croscope (Axio Imager.M2m, Zeiss).
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t=10 min

Fig. 1. Light microscope and SEM pictures of the gold surface before, after 5 and 10 min of illumination. Dissolution is progressing with increasing illumination time.

3. Results and discussion
3.1. Proof of concept

In first experiments gold serpentine structures were immersed in
saturated potassium ferrocyanide solutions (cse = 0.93 mol L ™! at RT)
in the dark, without any observable effects, even after long immersion
times. However, when the immersed samples were irradiated with
ambient light for various durations dissolution of the gold structures
could be observed via optical and electron microscopy. The con-
centration was chosen to maximize photon-complex interaction. The
immersed gold structures shown in Fig. 1 exhibit an increasing degree
of gold dissolution with increased immersion time, visible at the edges
of the borders where after 10 min of immersion the bottom structure of
the glass slide was becoming visible.

With the visual confirmation of gold being dissolved, and in order to
get a more quantitative reading, the serpentine was connected to an I/O
multimeter aiming to monitor dissolution kinetics through the change
in resistance of the dissolving gold wire (Scheme 1). The initial re-
sistance measured for the samples was 80 *+ 2 Ohm, using Pouillet's
law shown in Eq. (2) the resistivity of the deposited gold material was
obtained at 35.8 nOhm m.

PE @

With this data and assuming homogeneous gold deposition from
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electron-beam (E-beam) evaporation, a correlation between layer
thickness and resistance could be plotted, which assisted in the sub-
sequent comparison and calculation of gold dissolution rates in various
chemical environments (Fig. A6).

The following experiment aimed to assess whether both potassium
ferrocyanide (Fe?™) and potassium ferricyanide (Fe3™) are capable of
dissolving gold, since both complexes have been described in literature
as able to dissociate free cyanide ions upon illumination [23]. However,
when the gold resistor was immersed in each solution, both at a con-
centration of 0.5molL~! and exposed to an irradiance of 350 Wm ™%
the resistance only increased in the case of potassium ferrocyanide,
shown in Scheme 1 and Fig. A7. As a result, ferricyanide was seen as
non-photoreactive with gold (in the scope of interest), and all following
experiments were conducted with potassium ferrocyanide.

From our current understanding and by comparing potassium fer-
rocyanide and potassium ferricyanide, it is not sufficient for a cyanide
containing compound to dissociate upon irradiation. Under our ex-
perimental conditions, the critical step of gold dissolution was only
possible with potassium ferrocyanide. Currently potassium ferrocya-
nide seems to be the only compound to satisfy both criteria of photo-
activity and gold dissolvability. Nevertheless, other hexacyano com-
pounds such as potassium hexacyanochromate (III) or tetracyano
compounds such as potassium tetracyanonickelate (II) might be of in-
terest, but were not tested due to the potential toxicity of the heavy
metals [24,25].

In order to test if the photodegradation of ferrocyanide to yield free
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Fig. 2. Different initial pH values do not interfere with the photo-initiated release of cyanide. pH values higher than 7 are known to be favorable for cyanidation

reactions and can be observed here as well.

cyanide ions would be a feasible explanation of the observed gold
dissolution, cyanide generation was independently measured from ir-
radiated and non-irradiated ferrocyanide solutions. For this gas phase
method was utilized instead of standard UV/VIS assays as the light
source would interfere with the control experiment requiring absolute
darkness. Indeed, in the absence of light, no detectable cyanide was
formed, independent of pH, temperature and heavy metal addition, and
optical irradiation could be identified as the sole experimental para-
meter required to generate free cyanide ions from ferrocyanide (see
Figs. S5 and S7).

3.2. Effect of pH on cyanide release

In order to investigate the effect of pH on the photoreaction, gold
dissolution experiments in ferrocyanide solutions were carried out at
constant optical irradiance and different initial pH values ranging from
pH 3 to 14 (Fig. 2). In the acidic range a strong increase of the reaction
rate with increasing initial pH could be observed. This increase satu-
rated at ca. pH 9, at which further increasing the basicity did not result
in an acceleration of the reaction. This observation is in accordance
with literature and can be explained by the high pK, value of hydrogen
cyanide at 9.21, resulting in less free cyanide ions in acidic pH solutions
to react with gold on the surface. Therefore, the presence of ferrocya-
nide does not have any influence on the pH dependency of the gold
cyanidation reaction.

Furthermore, standard gold leaching industry utilizes calcium oxide
(CaO) to maintain a stable alkaline pH at 9-10 aiming to achieve
maximum gold leaching rates [26,27]. Looking more carefully at the
data at lower initial pH, it can be seen that at, e.g. pH 3 the reaction
starts very slowly (or even has a lag-time compared to the other data),
but in the end reacts just as fast as experiments conducted at high initial
pH. The reason for this can be found in Eq. (1), which not only describes
the light induced formation of cyanide, but also describes the formation
of hydroxide ion (OH™) by photodissociation of ferrocyanide. As a
consequence, it can be concluded that at low initial pH the photo-
chemical reaction (1) is active, but has to first generate sufficient OH ™
before the gold cyanidation reaction picks up and starts to dissolve the
gold.

This is further confirmed by measuring the pH values after the re-
action, which all ranged from 9-11, regardless of initial pH. In order to
not be susceptible to this pH dependent effect, all following
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experiments were conducted under constant pH, just above the litera-
ture value, at pH 12. After testing several buffer systems, this was best
achieved using the buffer (NaOH/KCl), which managed to keep the pH
constant throughout the reaction. In order to show that the utilized
buffer and chlorine source [28] cannot induce cyanide formation or
gold dissolution in comparable timeframes, corresponding control ex-
periments were performed (Figs. S5 and S7).

3.3. Concentration dependence of gold dissolution

Different concentrations of free cyanide (CN ) from a KCN solution
and cyanide bound to the complex [Fe-CN] from our ferrocyanide so-
lution were compared at the same molarities ranging from 2.5 to
125 mmol L™ . This range was chosen based on literature values, which
suggest an optimum gold conversion at a free cyanide concentration
between 1.1 and 6.0 mmol L' [27]. Potassium cyanide (KCN) was also
taken into the study to establish a reference point in order to approx-
imate the quantity of free cyanide in solution set free via photo acti-
vation of ferrocyanide. In addition to varying concentrations, different
irradiation intensities were investigated and both dependencies are
shown in Fig. 3.

For better comparison between the KCN reference and potassium
ferrocyanide, first analysis utilized the slope of the resistance change at
minute 10 to estimate the overall reaction rate. For the reference ma-
terial KCN the cyanidation rate increased with increasing KCN con-
centrations up to 25 mmol L.~ %, and then declined at even higher initial
cyanide concentrations. This is in agreement with current mechanistic
theories of surface reactions where either adsorption, reaction or des-
orption are rate limiting. Gold cyanidation is an electrochemical pro-
cess, which involves an oxidative surface reaction described by
Equation 3 and Equation 4 [29].

Au + CN™ = AuCN, + €~ 3

AUCN,¢s + CN- = Au(CN); 4

Another reaction on the gold surface has also been proposed, as
given in Eq. (5).
Au + OH™ = AuOH, + e~ 5)

Generally, the theory has been accepted that a solid polymeric layer
of AuCN,gs or an adsorbed layer of AuOH,4s forms on the gold surface,
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slowing down the reaction [30-32]. A high initial cyanide concentra-
tion results in more extensive coverage of the passivation compounds,
thus resulting in a decrease of the reaction rate.

For the case of potassium ferrocyanide, the rate of resistance in-
crease (gold dissolution) increased with both irradiation intensity and
initial potassium ferrocyanide concentration, in accordance with gen-
eral photochemistry theory. As the gold dissolution rates of 125 and
62mmol ™! ferrocyanide at 850 Wm ™2 are comparable to the po-
tassium cyanide data at 25 and 12 mmol L™?, respectively, it can be
extrapolated that under these conditions ca. 1/5 of the original ferro-
cyanide has decomposed to form free cyanide according to equation
(1). The fact that ferrocyanide can outperform potassium cyanide at
125 mmol L™ ! initial concentrations can be attributed to the surface
saturation argument given above.

For a better understanding and interpretation of the irradiation in-
tensity, data at initial ferrocyanide concentrations of 25 mmol L™ ! were
plotted for different illumination intensities ranging from 850 to
36 Wm ™2 in Fig. 4a. This time the resistance data was converted to a
calculated gold layer thickness using Pouillet's law shown in Eq. (2).
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Fig. 3. Rate of resistance increase of a gold wire comparing po-
tassium cyanide and light induced ferrocyanide gold leaching at
various initial concentrations of cyanide generating species and
light intensities (buffered at pH 12). The rate of the nonlinear
signal change was quantified after 10 min of reaction to be able to
compare the various conditions. Measurements were conducted
once for each condition and concentration. Error bars were
omitted; errors for the measurements are within 2%.

Negative Control

no light

Taking total time to dissolution as a measure, an irradiation intensity
drop from 850 to 350 Wm ™2 resulted in a proportional decrease in
dissolution time. In the same manner, a negative reference sample was
measured containing the same aqueous ferrocyanide solution and
buffer system, but kept in complete darkness throughout the experi-
ment. In this case, no resistance increase was recorded, highlighting the
dependence of reaction (2) on light irradiation.

The gold mining literature studies suggest that not only pH has an
influence on the cyanidation rate through the increase of the complex
formation constant but also the addition of heavy metals [32]. Espe-
cially thallium is known to increase the cyanidation rate by inhibiting
the formation of a passivating complex layer on the gold surface [33].
This prior knowledge was applied to the buffered potassium ferrocya-
nide system at different irradiances, and the gold dissolution rate was
compared to the non-heavy metal added samples. The slopes depicted
in Fig. 4b show that by adding only small amounts of thallium
(260 ppb) cyanidation rate increased more than 5000-fold for the KCN
reference, supporting the hypothesis of a passivation layer, which can
be bypassed using a minuscule amount of Thallium.

b)
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260 ppb TINO.
10000 Bl 260 pp 3
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Slope at Minute 10 [dQ/dt]
a8 B
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KCN 850 W 133 W

Fig. 4. (a) Four different irradiation intensities which were assessed, all with the same ferrocyanide concentration of 25 mmol L.~ ! and buffered at pH 12. This plot
demonstrates the illumination intensity dependence of the light triggered dissolution process. One reference sample, same conditions but kept in complete darkness,
did not show any measurable change in thickness. (b) Effect of thallium on the cyanidation rate. The initial concentration of potassium cyanide and ferrocyanide were
both 12.5 mmol L.~ !. While the addition of thallium increased the cyanidation in KCN at a rate 5000 x , the increase was not as significant for potassium ferrocyanide,
indicating that in this case the rate determining step is not the gold dissolution as such, but rather the cyanide generation reaction (especially at lower light

intensities). Error bars were omitted; errors for the measurements are within 2%.
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Fig. 5. Demonstration of application of a gold layer immersed in an aqueous solution of ferrocyanide as a simple cumulative light sensor. Illumination duration was
changed from 20 to 1 s to test the range, response time and sensitivity of the sensor.

If thallium was added to the photoreaction, the effect of the heavy
metals was also observable, however not to quite the same extent. This
data verified that the ferrocyanide dissolution system was not as sus-
ceptible to the AuCN,4s passivation layer, suggesting that a gradual in
situ generation of free cyanide was more favorable for the cyanidation
reaction.

Finally, the system was assessed under periodic light exposures with
a constant illumination intensity of 300Wm ™2 (Fig. 5). Illumination
times were chosen accordingly to test the full-range sensitivity of the
system; by having longer exposure times in the beginning, more gold
was degraded leading to an increased sensitivity. The demonstration
device showed that gold dissolution correlates with the illumination
time. Upon stoichiometric comparison, an illumination duration of 20 s
degrades approximately 35nm of gold, whereas an illumination of 10's
leads to a thickness reduction of 15 nm. From the generated data the
sensitivity of the system can be extrapolated to being able to measure a
1s irradiation with 300 Wm ~2 (equivalent of exposure of the sensor to
full sunlight for one second at noon in January in Switzerland) [34].

In Table 1 a summary of other light quantification methods, which
work either in a cumulative manner or are based on photoconductive
principles is presented. Photochromic molecules, reversible or irrever-
sible, can be used to quantitatively measure light exposure. The
downside of this technique is the analysis via UV/VIS measurement in
order to be quantitative. However, the visual assessment can sometimes
be enough to determine whether light exposure took place. On the other
hand, photoconductive elements such as light dependent resistors
(LDR), photodiodes, phototransistors and photovoltaic cells exhibit

excellent and robust light measurement properties with instant signal
readout. However, in order to be cumulative the measurement needs to
be logged by an external device. Fig. A8 shows a schematic of a direct
comparison between a light dependent resistor and the light triggered
gold cyanidation sensor. The photo activated cyanidation system can
detect small energies in a cumulative manner, the overall response rate
however, is relatively slow (time of light pulse until new steady state
was reached, ca 5h, see Fig. 5). This slow reaction rate can be attrib-
uted to the diffusion limitations of cyanide in the reaction volume
(Fig. 6): Free cyanide formed during the photochemical degradation of
ferrocyanide would have to diffuse through the whole reaction
chamber, which had a filling height of 5.5 mm. Assuming a CN~ dif-
fusion coefficient of 1.6 X 10"3mm?s ™!, this characteristic diffusion
time from top to bottom would be 315 min, which well describes the
systems response time and indicates that an optimization of the reaction
chamber to allow for thinner ferrocyanide films would result in a more
rapid response. Taking this diffusion time into consideration, the light
triggered gold degradation system has been divided into three de-
termining steps (Fig. 6): First, the generation of cyanide is a prerequisite
for the reaction to take place, this process is strongly dependent on the
illumination intensity and duration (irradiation energy) as well as the
concentration of the ferrocyanide in the solution. Second is the diffu-
sion of the generated free cyanide species to the gold surface, which
follows Fick's first law of diffusive flux. The diffusion coefficient in li-
quid can be calculated with the Stokes-Einstein equation which is in-
fluenced by temperature and the component properties of the solute.
The last rate determining step is the gold cyanidation on the surface

Table 1
Low-cost optical irradiance sensors compared.
Photoactive ~ Change in conductivity — Direct electrical readout =~ Cumulative without logging  Advantages
Photochromic molecules X* - - X* Simple visual readout
Photo conductive element X xP X¢ - Instant signal, quantitative
This work x4 X¢ X® X! Quantitative/cumulative without data logging

2 Photochromic molecules are known for their color changing capabilities upon light exposure. The change can be correlated with intensity or exposure time

(cumulative) by making use of UV/VIS spectrometry [35-37].

> photo conductive elements including light dependent resistors, photodiodes, phototransistors and photovoltaic cells provide a signal upon illumination as a

change in conductivity [38-41].

¢ These elements can be wired in different ways for electrical readout. However, a data logger is required for cumulative measurement [42,43].

4 Photoactivity of potassium ferrocyanide has been confirmed in Fig. 1.

¢ Change in conductivity and electrical readout is introduced in Fig. 2 with the influence of pH variation.

f Cumulative light measurement is demonstrated in Fig. 5.
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Fig. 6. The light triggered gold degradation system has been di-

- Z
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n— I conducted experiments. Cyanide generation being the first step in
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itself which, following our observations, is dependent on the pH of the
solution and the surface coverage of cyanide ions and can be influenced
with addition of the heavy metal thallium.

Using the final set of experiments (Fig. 5), we could calculate the
light efficiency of this system, yielding a photon to the dissolved gold
atom ratio of 38:1 (see Supporting Information for details and as-
sumptions of calculation). Assuming each photon releases one cyanide
ion from the ferrocyanide complex and accounting for the molar ratio of
cyanide to gold (2:1), the efficiency of the light triggered gold dis-
solution process at an irradiance of 300 Wm ™2 and a thallium content
of (260 ppb) is 2.56%.

4. Conclusions

We have demonstrated a light triggered cyanidation system to dis-
solve gold, which remains inactive in the dark. The gold cyanidation
rate can be controlled by either varying pH, potassium ferrocyanide
concentration, light intensity or the addition of the heavy metal thal-
lium.

From a conceptual view the method can be seen as a device that
transforms light into an electrical signal via a photochemical route,
where the aqueous ferrocyanide solution acts as a “light-collecting”
reservoir, converting photons to free cyanide ions. These then find their
way to the gold electrode (diffusion), dissolving the gold and increasing
the electrical resistance of the device in a quantitative manner.

The applicability of this photosensitive system as a cumulative light
sensor device was also demonstrated. In contrast to conventional light
sensing devices this device can be seen as an offline, zero-energy-de-
mand (battery-free) sensor and integrator, which stores the signal as the
thickness of the gold wire, and enables rapid signal readout (resistance
measurement). This attribute enables the sensor to measure in situ,
completely cut off from any connections, making it possible to measure
light in remote or extensive areas with minimum infrastructure needed.
It is believed that such sensing/integration/storage devices may further
be useful in the Internet of Things (IoT), where sensor cost and con-
struction simplicity is of uttermost importance [44]. Alternative ap-
plications of the method in the realm of transient electronics in quality
assurance (making sure packages have not been exposed to any light
source throughout the transport) and secured electronic circuits (device
disintegrates upon illumination/opening of the device) are currently
being actively pursued.
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