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ABSTRACT: Aqueous droplets covered with amphiphilic Janus Au/Fe3O4 nanoparticles and suspended in an organic phase serve
as building blocks of droplet-based electronic circuitry. The electrocatalytic activity of these nanoparticles in a hydrogen evolution
reaction (HER) underlies the droplet’s ability to rectify currents with typical rectiﬁcation ratios of ∼10. In eﬀect, individual droplets
act as low-frequency half-wave rectiﬁers, whereas several appropriately wired droplets enable full-wave rectiﬁcation. When the HERsupporting droplets are combined with salt-containing “resistor” ones, the resulting ensembles can act as AND or OR gates or as
inverters.
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mercaptopropionic acid (MPA)). The Fe3O4 domains were
∼12 nm across and stabilized with oleic acid (OA) ligands.
These constructs are interesting for two reasons. First, they can
act as nanosurfactants that localize to the interfaces between
aqueous and nonpolar liquidsin particular, as we showed in
ref 16, they coat small water droplets and render them
exceptionally sturdy yet addressable by either light or electric
or magnetic ﬁelds. Second, when under bias, ﬁlms of such JNPs
catalyze the hydrogen evolution reaction (HER) in acidic
media (Figure 1b). This activity is in line with recent reports of
HER catalyzed by either pure gold19 or Janus nanoparticles
(though our JNPs are not as eﬃcient in terms of overpotential
as the Ni/Fe3O4 and Ag/Fe3O4 constructs described in refs 20
and 21, respectively). We reasoned that if the JNP layers were
formed over droplet surfaces and appropriately wired, such
droplets could show “asymmetric” current−voltage (I−V)
characteristics similar to those of ﬂat ﬁlms and overall could
serve as discrete current-rectifying units.
Individual Droplets as Diodes. This hypothesis proved
to be correct. Water droplets covered by monolayers of Au/
Fe3O4 JNPs were prepared by emulsifying a 1:3 volume ratio of
aqueous (1 mM HCl) and organic (1,2-dichlorobenzene
(DCB)) phases, the latter carrying the particles. The droplets
were typically ∼2 mm in diameter (d), although their sizes
could be tuned by adjusting the ratio of JNPs to the amount of
water used (cf. Methods and ref 16). For an individual droplet,
two gold (or carbon; see Figure S2) probe electrodes
connected to an external potential source (a Keithley 4200
high-precision electrometer) were used: one penetrated into
the droplet (counter electrode) and the other touched the

hereas modern computing is largely based on the
migration of electrons and holes in semiconducting
materials, living systems perform logical operations using
chemical reactions. Although these natural systems work at
clock rates much smaller than those of semiconductor devices,
they have long inspired chemists to construct various
“chemical computing” schemes1−3 that range from excitable
media capable of image recognition, classiﬁcation, and
processing4−8 to ensembles of nucleic acids and enzymes
solving combinatorial problems9,10 and protein switches
designed to perform logical operation at cell surfaces.11 Within
this spectrum, computations supported by small water-based
droplets are relevant to multifaceted eﬀorts to construct
primitive cell mimics (a.k.a. protocells12,13). In their pioneering
work,14,15 Bayley’s group demonstrated that networks of such
dropletstightly connected by lipid bilayers housing αhemolysin transmembrane pores promoting asymmetric ion
transportcan act as rectiﬁers of ionic currents. Here we show
that these and other logical operations can be performed by
systems of aqueous droplets housing no complex diodelike
biological elements. Instead, our basic computing elements are
droplets covered with heterobifunctional Au/Fe3O4 nanosurfactants16 that promote electrocatalytic hydrogen generation. Such electrochemical droplets act as diodes and, with
appropriate wiring schemes and/or salt water resistor droplets,
can be assembled into circuits serving as diode bridges, AND
and OR logic gates, or inverters. The ability to process
electrical signals complements the previously demonstrated
addressability of Au/Fe3O4-covered droplets by various
external stimuli16 and in the future can be useful for
monitoring chemical processes taking place in systems of
droplet-based reactors.16−18
The key elements of our systems were Au/Fe3O4 Janus
nanoparticles (JNPs) (Figure 1a), which were synthesized
according to a literature procedure.16 The Au domains were ca.
6 nm in diameter and were functionalized with alkanethiolate
ligands terminated with polar COOH groups (here either
longer 11-mercaptoundecanoic acid (MUA) or shorter 3© 2021 American Chemical Society
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Figure 1. Janus nanoparticles and droplet-based diodes. (a) Scheme of a Janus Au/Fe3O4 nanoparticle (JNP). The electrocatalytically active gold
domain is functionalized with n-alkanethiolates terminated with polar groups (either 11-mercaptoundecanoic acid (MUA) or 3-mercaptopropionic
acid (MPA)) and acts as a hydrophilic part of the “nanosurfactant”. The iron oxide part is covered with oleic acid and acts as a hydrophobic lobe.
(b) Current−voltage characteristics of a thin ﬁlm of MUA−Au/Fe3O4−OA nanoparticles deposited on a glassy carbon rotating disk electrode (see
Figure S1 for Tafel plots). The red curve traces the electrocatalytic activity of the electrode itself. When the electrode is covered with JNPs, this
activity is enhanced in a weakly acidic medium (black curve) but absent in DI water (blue curve). (c) Scheme and (d) optical image of a water
droplet coated with JNPs and suspended in 1,2-dichlorobenzene (DCB) (slightly below its interface with air). The rightmost part of (d) has TEM
images of the membrane (for details, see ref 16). (e, f) Current−voltage characteristics of droplets wired as in (d) and acting as current rectiﬁers. In
(e), the gold domains of JNPs are covered with longer MUA thiols (i.e., MUA−Au/Fe3O4−OA). In (f), shorter MPA thiols (MPA−Au/Fe3O4−
OA) are used, resulting in higher current. The I−V curves over the −2.0 to +2.0 V potential range are similar for the two sweep rates shown (black
curves in (e, f) 0.67 V/s; red curve in (f) 0.03 V/s). (g) Current proﬁles recorded upon cyclical switching of the bias (between +2.0 and −2.0 V
every 20 s). The rectiﬁcation ratio is ∼160 in the ﬁrst cycle and ∼12 in subsequent cycles. The transient peak currents observed when the bias is
reversed are due to capacitive processes associated with the charging of the electrical double layer at the electrode.

nanoparticle coating from the outside (cf. Figure 1c,d). When
the potential was swept between −2 and +2 V, the I−V curves
were non-Ohmic, akin to those of ﬂat JNP membranes (Figure
1e vs Figure 1b). Speciﬁcally, when the outer electrode was at a
negative bias, hydrogen evolution took place therein, and the
magnitude of the current was high; under reverse bias, no
hydrogen evolution was observed, and the current was low.
In eﬀect, the droplet behaved as a current rectiﬁer/diode.
For Au domains covered with longer MUA ligands, the
maximal currents were a few μA/cm2 and the typical
rectiﬁcation ratios r = |I−2V/I+2V| were on the order of 10
(Figure 1e); for Au functionalized with shorter MPA ligands,
the currents were tens of μA/cm2 and r was on the order of
100 (Figure 1f), indicating that longer ligands limited access of
protons to the electrode and thus hampered the HER. We
make several additional observations: (1) The presence of the

HER was evidenced by the evolution of hydrogen bubbles at
the JNP electrode at −2.0 V (see Movie S1). Oxygen evolution
(bubble formation) at the second electrode was not observed
(it is reasonable that intermediate species such as O·, HO·, and
HOO· were generated instead of O2, which has a low
formation rate22). (2) No rectiﬁcation was observed when
both electrodes were placed inside the droplet and a potential
sweep (+2.0 to −2.0 V) was performed; with both electrodes
touching the JNP from outside, there could be only some
residual rectiﬁcation (r < ∼1.5; Figure S3) if the areas of
contact were diﬀerent. (3) Likewise, no rectiﬁcation was
observed in deionized water. (4) The observed rectiﬁcation
ratios did not change perceptibly when the voltage sweep rate
was varied between 0.03 and 0.67 V/s (Figure 1f).23 (5)
Rectiﬁcation was maintained under multiple cycles of bias
application and reversal, with steady-state currents achieved on
16909
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Figure 2. Droplet-based waveform rectiﬁers. (a) (top) Scheme and (bottom) input and output signals of a half-wave rectiﬁer based on a single
droplet. (b) (top) Scheme and (bottom) input and output signals of a full-wave bridge rectiﬁer based on four droplets. All of the droplets were
covered with MPA−Au/Fe3O4−OA nanosurfactants.

time scales of seconds (Figure 1g). (6) The “diode” droplets
functioned well in diﬀerent organic solvents (e.g., chloroform,
toluene, decane, octadecene) and acids other than HCl (e.g., 1
mM HNO3) and were stable at temperatures ranging from 25
to 60 °C. On the other hand, their performance deteriorated
under voltages above ca. 5 V and upon long-term application
of bias (for these and other performance and stability tests, see
Figures S4−S11).
Wave Rectiﬁers. As-described droplet “diodes” enable
various electronic devices familiar from semiconductor
electronics. For instance, Figure 2a shows the outcome of an
experiment in which a single droplet (d ∼ 2 mm, MPA−Au/
Fe3O4−OA membrane, 1 mM HCl, pH ∼3) served as a halfwave rectiﬁer converting alternating current to direct current.
As can be seen, the input superposition of two sine waveforms
(0.07 and 0.003 Hz; ∼2 V maximal amplitude) was converted
to a positive-only signal. The lower amplitude of ∼0.7 V can be
explained by the large internal resistance of the droplet. In
Figure 2b, four droplets were wired into a bridge rectiﬁer that
provides the same polarity of output for either polarity of input
(such full-wave rectiﬁers are of particular importance in linear
power supplies). Successful rectiﬁcation is demonstrated at the
bottom of Figure 2b by comparison of the experimental input
(0.045 Hz, 4 V amplitude sine wave) and output (purely
positive signal with the same period but lower amplitude). We
note that these devices work in the low-frequency regime,
whereas no rectiﬁcation is observed for signals at ∼1 Hz or
above. This is in line with the time scales of seconds on which
steady-state currents are established (cf. Figure 1g) and can be
related to the characteristic diﬀusion times describing ion

Logic Gates and an Inverter. Next, we constructed AND
and OR logic gates. To do so, we used two types of droplets:
those covered with MPA−Au/Fe3O4−OA JNPs, which act as
diodes, and those having no JNP skins and contain NaCl
solution, which act as resistors (with the resistance decreasing
with increasing salt concentration; see Figure S12). Two JNP
droplets and one NaCl droplet were needed to make a logic
gate. In Figure 3a, the inputs (“0” = 0 V and “1” = 2 V) are two
electrodes inserted into JNP droplets (one into each droplet),
and the output is a common electrode touching the JNP
membranes of both droplets and also connected to the
grounded NaCl droplet resistor (R = 0.5 MΩ). In this
conﬁguration, the droplets acted as an OR gate whose
performance is illustrated in Figure 3c, with the reduction in
output voltages attributed to the intrinsic resistance of the
droplets. Figure 3b shows an arrangement in which the inputs
are electrodes touching the JNP membranes, whereas the
output is a common electrode connected to the droplets’
interiors (and also the NaCl resistor droplet). In this
conﬁguration, the droplets act as an AND gate (Figure 3d).
Finally, we constructed a three-electrode device (Figure 3e)
that can be construed as two droplet “diodes” connected in
series and sharing a common terminus. The characteristics
shown in Figure 3f evidence that in this arrangement the
voltage applied to the inner electrode “3” increases the current
between the outer electrodes “1” and “2” (although there is no
ampliﬁcation, so it is not proper to make analogies to a
transistor). This eﬀect is due to the fact that voltage placed on
the inner electrode modulates the proton gradient inside of the
droplet (i.e., increasing V3 leads to an increase in the H+
concentration near the outer electrodes and consequently an
enhanced current due to the HER).
With these preliminaries, an inverter was constructed by
adding a droplet resistor, as illustrated in Figure 3g. The “0/1”
input was provided by the electrode immersed in the droplet
(“base” terminal), and the output was read by the electrode

transport in the system (τ = L2 /D , where L ≈ 0.1−0.2 cm is
the characteristic dimension of the system/droplet and D ≈
10−4−10−5 cm2/s is the diﬀusion coeﬃcient of H+ ions24),
which are on the order of seconds.
16910
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Figure 3. Droplet-based logic gates and an inverter. (a, b) Schemes illustrating the arrangements of droplets for (a) OR and (b) AND logic gates.
(c, d) Corresponding performance characteristics (also see Figure S13 and the related comment in the Supporting Information). (e) Scheme and
(f) I12−V12 characteristics of droplets with two outer electrodes (“1” and “2”) and one inner electrode (“3”). (g) Circuit scheme and (h)
performance characteristics of a droplet-based inverter. In all of the logic gates, inputs 0 and 1 represent 0 and 2 V, respectively, and the resistance
of the NaCl droplet is R = 0.5 MΩ; in (g), −V is −2.5 V.

monitor how rapidly chemicals are exchanged between
contacting droplets.

touching the JNP coating and also connected to the droplet
resistor. The absolute value of Voutput was small for 2.0 V input
“1”, and large for 0.0 V input “0” (Figure 3h).
Summary. We have demonstrated rudimentary electronic
circuits based on a hydrogen evolution reaction catalyzed by
JNP nanosurfactants coating small water droplets. On one
hand, chemical computing in these and other chemical systems
is too slow to compete with traditional electronics/
rectiﬁers.25−27 On the other hand, it has been shown16 that
systems of droplets covered with ﬁlms of JNPs can act as
miniscule “factories” that are addressable by external stimuli
and support sequences of chemical reactions (occurring on
time scales from seconds to minutes). The electronic functions
described here could enable monitoring and control of systems
of such miniscule reactorsfor instance, by using logic gates
to ensure that all or some droplets maintain a desired pH or to
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