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Oscillations and bistability of complex electrochemical reactions in 3D 
printed microfluidic devices 
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A B S T R A C T   

We investigate the kinetic features of complex charge transfer chemical reactions using a microelectrode integrated in a flow cell made with 3D printing technology. 
Thin layer electrochemical cells with 350 μm (height) × 1000 μm (width) channels were designed. Ferrocyanide oxidation on a 100 μm diameter Pt electrode using 
the printed cell showed mass transfer limiting current at large overpotentials. The variation of the limiting current with the flow rate (1 μL/min ≤ Q ≤ 100 μL/min) 
was interpreted with the superposition of a constant current due to radial diffusion and a Levich-type square-root relationship, indicating a mixed radial diffusion/ 
thin layer mass transport condition. These findings were further supported by numerical simulation of a diffusion-convection equation in the flow channel. Ex
periments with copper electrodissolution in phosphoric acid electrolyte reproduced oscillatory behavior that was previously seen in macrocells and poly
dimethylsiloxane (PDMS) microchips. The 3D printed cell can accommodate multiple electrodes – to demonstrate this application we showed that the current 
oscillations with copper electrodissolution can exhibit frequency synhcronization with a dual electrode configuration. Finally, hydrogen oxidation on a Pt wire in the 
presence of Cu2+ and Cl− inhibitors displayed bistability at relatively large external resistance and oscillations at high volumetric flow rates. The results show that the 
3D printed thin layer design is an alternative to studying nonlinear phenomena in electrochemical cells with distinct advantages to the traditional approaches of using 
macrocells and PDMS microchip flow cells.   

1. Introduction 

Many electrochemical reactions display complex behavior such as 
current or potential oscillations and bistability [1]. Mass transport to 
and from the electrode surface can be used to maintain the reaction at 
far-from-equilibrium condition, where cell instabilities can occur as a 
result of fast electrode kinetics, often with positive feedback due to 
negative differential resistance in the (quasi)stationary voltammetric 
curves, and the slow negative feedback facilitated by mass transport [2]. 
Rotating disk electrodes (RDE) have been traditionally used to provide 
well-defined, reproducible and effective mass transport in electro
chemical cells. The effect of rotation rate on complex electrochemical 
reactions have been extensively studied [3–6]. Commonly, oscillations 
occur above a minimum rotation rate, because a minimum amount of IR 
ohmic drop is required and the current increases with the rotation rate 
according to the Levich equation [6]. In addition, the frequency, the 
shape, and the region of the oscillations are affected by the rotation rate 
[7]. 

One prototype of these complex reactions is metal electrodissolution, 
for example, copper electrodissolution in phosphoric acid. Current os
cillations under potentiostatic conditions can be observed at large 
overpotentials near the mass transport limited region [4]. The 

oscillations occur without an external resistance at large [4], or with an 
attached external resistance with at low rotation rates [5]. Another 
important class of electrochemical systems that can exhibit complex 
behavior is electrocatalytic reactions [8]. The electrochemical oxidation 
of hydrogen in an acidic solution is a well-studied reaction due to its use 
in H2/O2 fuel cells [9,10]. Potential oscillations under galvanostatic 
control have been reported when metal cations and halogen anions are 
added to the system [11,12]. In previous studies with Cu2+ and Cl− using 
a rotating ring electrode [13], a wide range of dynamical behavior 
including bistability and oscillations were observed. 

Microfluidic cells with integrated electrodes provide an alternative 
to the RDE setup to investigate electrochemical reactions with well- 
defined, although rather complex [14], mass transport conditions 
[15–16]. The electrodes can be made with vapor deposition on a glass 
substrate for inert electrodes such as Pt [17], or embedded in epoxy for a 
wide range of electrodes [16]. The flow channels can be made with soft 
lithography using polydimethylsiloxane (PDMS) [18]. The main 
dynamical features observed with macroscale RDE system were repro
duced with glass-PDMS system with formic acid oxidation on Pt [17], 
and the epoxy-PDMS system with copper [19] and nickel [20] electro
dissolution. It was shown that the large ohmic drops in the flow cells can 
induce spontaneous oscillations with a single electrode [20] and various 
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spatiotemporal patterns including synchronization with electrode arrays 
[21–24]. One challenging aspect of the soft-lithography based designs 
include the use of specialized equipment (spin coaters, high intensity UV 
light source) with many steps (e.g., mask designs) that require optimi
zation in the given laboratory. In addition, the PDMS flow channel can 
deform at even moderate Reynolds numbers which limits the applica
tions at high flow rates [25]. 

Numerous gas based reactions such as hydrogen oxidation [13] and 
carbon monoxide oxidation [26] show complex behavior. However, due 
permeability of PDMS, the study of gas based reactions in microfluidics 
proved to be difficult. One attempt supplied the gas directly to the 
working electrode [27]. However, diffusion of the gas through the PDMS 
membrane still remained a problem with as much as 30 % of the gas 
diffusing in 5–10 min. Another method used encased the cell in a plexi- 
glass box with constant gas flow in and out of the [28]. 

The use of 3D printing as an alternative to glass and PDMS for 
creating microfluidic devices is a rapidly developing research area. 
[29–30] Electrochemical detection in a 3D-printed fluidic system used a 
threaded device where electrodes fabricated in commercially available 
polyetheretherketone (PEEK), fittings could be integrated as desired. 
[31] The thin-layer design provided flexibility of electrode materials for 
amperometric deteciton of dopamine as well as ease of electrode 
replacement after fouling or electrode polishing. Subsequent work 
included use of 3D printing to create devices with a wall-jet configura
tion, [32] robust microfluidic devices that integrate with electro
chemical biosensors for detecting glutamate, glucose and lactate in 
microdialysates, [33] and multimodal devices that can be used to detect 
both ATP (via chemiluminscence) and nitric oxide (via amperometry) 
release from red blood cells. [34]. 

In this paper, we explore kinetic features of complex electrochemical 
reactions in a 3D printed microfluidic flow cell. 3D printing is used for 
the construction of a cell with electrodes, either a platinum or copper 
electrode, integrated into the flow channel. The relationship between 
flow rate and limiting current is determined using ferrocyanide oxida
tion. The observed mass transport limited behavior is compared to a 
simulation of the concentration profile in the flow channel with 
diffusion-convection equations. The dynamical behavior of copper 
electrodissolution in phosphoric acid is studied with both single and 
dual working electrode configurations and compared to previous studies 
in a PDMS microfluidic cell. The feasibility of achieving hydrogen 
oxidation in the 3D printed cell is tested as well as the effect of external 
resistance and flow rates on the occurrence of bistability and oscilla
tions. The potential of the applications of 3D printed cells for studying 
nonlinear dynamics of complex electrochemical systems is discussed. 

2. Material and methods 

2.1. Chip and electrode fabrication 

The 3D printed device with a 350 μm (width) × 1000 μm (height) 
channel was designed using Autodesk Inventor Professional 2014 and 
printed using a Stratasys J750 PolyJet printer with Vero UltraClear 
model material and associated support material. The channel di
mensions were confirmed with optical measurements resulting in 352 
μm × 1004 μm channel. A schematic representation of the 3D printed 
device including the placement of the working, reference, and counter 
electrode as well as the flow of the solution in the chip are shown in 
Fig. 1a and b. Details about the construction of the chip are provided in 

Fig. 1. Experimental design. a) A schematic representation of the 3D printed electrochemical cell including inlet, 100 μm diameter platinum or 80 μm diameter 
copper working electrode (WE), 0.5 mm diameter platinum counter electrode (CE), and a Ag/AgCl/3M NaCl reference electrode (RE). b) The designed 3D printed 
cell. c) Optical microscope image of a 100 μm diameter platinum working electrode in direct contact with the flow channel of the 3D printed device. d) Optical 
microscope image of the surface of the working electrode, showing the 100 μm diameter platinum wire embedded in epoxy within the PEEK nut. 
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previous work [35]. Working electrodes (100 μm diameter platinum 
wire or 80 μm diameter copper wire) were set in epoxy (Armstrong C7 
with activator A, Ellsworth Adhesives) within a PEEK fitting nut (5/16- 
24-1/8LT, IDEX Health & Science). With copper electrodissolution when 
two working electrodes were used, the two electrodes were placed at a 
distance of 8 mm in two configurations, close and far placements, where 
the distance from the downstream electrode to the reservoir was 8 mm 
and 16 mm, respectively. The flow channel and the surface of the 
working electrode are shown in Fig. 1c and d. 

2.2. Electrochemical experiments 

The working electrode, housed within the PEEK fitting, was first 
polished in order to ensure that a clean surface of the metal was exposed. 
The copper electrode was polished with grit paper (P1200 and P4000) 
and a grinder-polisher (Buelher Metaserv 3000). Platinum was wet 
polished using 0.05 µm alumina. The working electrode was wrapped in 
Teflon tape to ensure a tight fit when screwed into the 3D printed device. 
These electrodes can be repolished and reused as desired. The device 
was designed so that the WE was directly in contact with the electrolyte 
flow (see Fig. 1c). A Ag/AgCl/3M NaCl reference electrode and a 0.5 mm 
diameter titanium rod coated in platinum counter electrode were placed 
in the reservoir. The flow of solution was established using a Harvard 
Apparatus pump. A SGE syringe was connected to the WTE via Tygon 
tubing and a Finger Tight I Peek fitting (IDEX). Polarization scans were 
performed using a Gamry Reference 600 potentiostat at room temper
ature. Data was acquired at a rate of 1 kHz. 

Three experiments with varying experimental conditions were per
formed with ferrocyanide oxidation, copper electrodissolution, and 

hydrogen oxidation. With ferrocyanide oxidation, a solution of 1 M 
potassium nitrate (99+%, ACROS Organics), 0.01 M potassium hexa- 
cyanoferrate (II) (Sigma Aldrich)/0.02 M potassium ferrocyanide 
(ACROS Organics) was made using milipore water and purged with ni
trogen gas 45–60 min prior to experiment. For copper electro
dissolution, 85 % o-phosphoric acid was pumped through the device at a 
flow rate of 100 μL/min. Linear polarization sweeps were performed at 
5 mV/s. With hydrogen oxidation, hydrogen gas was bubbled through a 
solution of sulfuric acid, copper (II) sulfate pentahydrate (ACROS Or
ganics), and hydrochloric acid 1 h prior to experiment. Two different 
solutions were used which varied in the concentrations of the compo
nents. The first solution contained 0.5 M H2SO4, 5x10−5 M CuSO4, and 
0.1 M HCl. The second solution was made of 0.5x10−3 M H2SO4, 10−5 M 
CuSO4, and 10−4 M HCl. 

3. Results and discussion 

To confirm the experimental design of the 3D printed reactor, first 
ferrocyanide oxidation was studied at various flow rates in the 3D 
printed flow cell to establish the relationship between current and 
volumetric flow rate. The behavior of copper electrodissolution was 
studied in the 3D printed device and compared to that observed in a 
PDMS flow cell. Finally, hydrogen oxidation in the presence of copper 
(II) and chloride ions was performed in the 3D printed device. 

3.1. Ferrocyanide oxidation 

Linear sweep voltammetry (LSV) was performed at various flow rates 
(Q) during ferrocyanide oxidation. Fig. 2a shows the LSV 

Fig. 2. Voltammetric curves and dependence of limiting current on flow rate with ferrocyanide oxidation on platinum in the 3D printed cell. a) Linear seep vol
tammograms at different flow rates showing limiting current at large circuit potentials. b) Limiting current as a function of flow rate (circles) and a modified Levich 
fit (curve) using Eq. (1). c) Limiting current as a function of the square root of the flow rate (circles) and a least square fit (line). 
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voltammograms with flow rates of 1–100 μL/min. Each scan showed a 
limiting current (ilim). As the flow rate increased, the limiting current 
increased from 0.40 μA to 1.11 μA indicating that the reaction is mass 
transfer controlled. The limiting currents and their corresponding flow 
rates are shown in Fig. 2b. The limiting current increases with flow rate 
nonlinearly. The variation can be interpreted with the superposition of a 
constant term (α) with a Levich-type square-root dependence [36] on Q: 

ilim = α + βQ0.5 (1)  

where β is fitting factor. Fig. 2c shows that a (nearly) linear relationship 
can be obtained when ilim is plotted vs. Q0.5, and the obtained fitting 
coefficients (α = 3.41x10−1 μA and β = 7.73 x10−2 μA min0.5 μL−0.5) can 
reproduce well the experimental data (line in Fig. 2b). 

The validity of Eq. (1) implies that the mass transport conditions in 
the 3D printed device are in a mixed region where both constant current, 
likely due to radial diffusion, and thin-layer conditions with Levich-type 
dependence should be considered. To confirm this hypothesis, we per
formed numerical simulations with a 2D model of dimensionless 
diffusion-convection equations [14], 

∂C
∂τ =

∂2C
∂X2 +

∂2C
∂Y2 − VX(Y)

∂C
∂X

(2)  

where X = x/h and Y = y/h are the dimensionless length and height of 
the channel, h is the channel height, C = c/c0 is the dimensionless 
concentration, c0 is the concentration of redox species, τ = Dt/h2 is the 

dimensionless time, D is the diffusion coefficient, VX(Y) = 6PeY(1 − Y)

is the flow velocity, Pe = uavh/D is the Peclet number, and uav is the 
mean flow velocity. The boundary conditions are C = 1 at the micro
channel entrance (inlet), C = 0 (corresponding to fast charge transfer 
kinetics that consumes the analyte completely and thus the rate is 
controlled by mass transport) at the electrode surface (positioned at Y =
0 and X = 1 to 1 + W, where W = w/h is the dimensionless electrode 
width, w is the electrode width), and no-flux otherwise. The steady state 
solutions (∂C/∂τ = 0) were obtained with COMSOL Multiphysics finite 

element simulations software, and the dimensionless current, Ψ = i/

(NFLDc0) =

∫W

0

|∂C/∂Y|Y=0 are shown as a function of Pe in Fig. 3a. In the 

experimentally relevant region (1 μL/min ≤ Q ≤ 100 μL/min) with 
Peclet numbers about 1 to 2500, Ψ increases nonlinearly with Pe. 
Similar to the experiments, very good fit to the data can be obtained by 
superimposing a constant value (0.161) to a Levich-like (Pe0.5) contri
bution as shown in Fig. 3 a and b. The concentration profiles indicate 
that as Pe is increased, the nearly radial diffusion behavior (Fig. 3c, Pe =
10) transforms to a mixed (Fig. 3d, Pe = 100) and then a thin-layer 
(Fig. 3e, Pe = 1000) type. It should be emphasized that the simula
tions in Fig. 3 do not include many additional factors, e.g., potential 
drops in the electrolyte with ion migrations and the variation of con
centration profiles in the 3rd dimension, i.e., the depth of the channel. 

Fig. 3. Simulation of diffusion-convection equation in a rectangular microchannel. a) Dimensionless limiting current, Ψ, as a function of Peclet number, Pe, (circles) 
and a modified Levich fit (curve) using Eq. (1) with Ψ in Pe in place of ilim and Q, respectively. b) Ψ as a function of square root of Pe (circles) and a least square fit 
(line). c-e) Concentration profile (C) for Pe = 10, 100, and 1000. A 5.286 (width) × 1 (height) dimensionless unit rectangle was considered with an electrode with W 
= 0.286 (100 μm electrode width divided by 350 μm channel height) located at X  = 1 to 1.286 and Y = 0. Boundary conditions: C = 1 for inlet (denoted as arrows), 
C = 0 for the electrode, and no flux otherwise. The bottom left corner is at X = Y = 0. 
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Nonetheless, the simulations do confirm the experimental findings and 
clarify the observed nonlinear dependence of the limiting current on the 
flow rate. 

We thus see that the 3D printed electrochemical cell facilitates 
effective mass transport with well-characterized scaling. To search of 
oscillatory behaviors, we focused on high flow rates (e.g., Q ≈ 100 μL/ 
min and above), which represent thin-layer/Levich type scaling similar 
to those observed with the corresponding RDE studies with copper 
electrodissolution [5] and hydrogen oxidation reactions [13]. 

3.2. Copper electrodissolution 

Copper electrodissolution in phosphoric acid was studied using the 
3D printed cell with a 80 μm diameter copper electrode. Repeated LSV 
voltammograms were performed in the system at a flow rate of 100 μL/ 
min (scan rate = 5 mV/s, see Fig. 4a). With increasing the electrode 
potential, the current first increases, then exhibits a peak with a 
decreasing current (negative different resistance) and a limiting current 
at large potentials. The limiting current decreased with each successive 
scan. The limiting current was 3.80 μA, 2.92 μA, 2.33 μA, 1.95 μA, and 
1.74 μA for scans 1,2,3,6, and 7 respectively. The largest decrease of 
0.88 μA was between scans 1 and 2, and the decreased lessened as the 
number of scans increased. 

Copper electrodissolution was previously studied in a PDMS flow cell 
but a significant amount of drift was observed in the limiting current 
after linear polarization scans [37]. During repetitive linear polarization 
scans in the PDMS flow cell, the limiting current decreased by 64 % 
during seven scans with the largest decrease occurring between scans 
two and three. With 3D printed flow cell, this drift (which can be 
attributed to the recessing copper electrode and the corresponding less 
intense mass transport condition) is less, as the polarization scans in the 
3D printed flow cell showed a decrease in limiting current by 54 % over 
seven scans with the largest decrease occurring between scans one and 
two. Nonetheless, the behavior of the copper electrodissolution in the 3D 
printed flow cell is comparable to those seen in a PDMS flow cell. [37]. 

External resistance was added to the 3D printed cell (R = 250 kΩ) 
and current oscillations were observed for 1.05 V < E < 1.19 V (see 
Fig. 4b). Note that as expected, the current oscillation occur on the 
negative slope of the i/E curve because in the copper electrodissolution 
system the oscillation can be interpreted with N-shaped negative dif
ferential resistance (N-NDR) polarization curve. [5] Current oscillations 
at constant potential (E = 1120 mV) with external resistance (R = 250 
kΩ) are shown in Fig. 4c. The oscillations occurred at a frequency of 

1.07 Hz and amplitude of 0.53 μA. In comparison, smooth current os
cillations with a frequency of 2.07 Hz and amplitude of 0.50 μA were 
observed in the PDMS cell with a somewhat larger electrode (100 μm 
diameter) and correspondingly smaller external resistance Rext = 100 kΩ 
[19]. (Note that the required resistance for the oscillations depends on 
the electrode surface area. [6]) All together, the experiments showed 
that the 3D printed flow cell can be used as an alternative to the PDMS 
based cell for studying current oscillations with copper 
electrodissolution. 

The 3D printed cell can be equipped with multiple working elec
trodes. With oscillatory reactions, the metal dissolution can take place 
with or without synchronization. Fig. 5 shows the results in a 3D printed 
cell with two copper wires. When the two wires were placed 8 mm apart 
and the downstream electrode was placed at a distance of 8 mm to the 
reservoir, the current oscillations are not synchronized (see Fig. 5a) 
because they have different frequencies (0.982 Hz and 1.116 Hz). In 
contrast, when the electrodes with the same distance were placed 
further away from the reservoir at a distance of 16 mm, the oscillations 
are synchronized because the frequencies are the same, 0.978 Hz (see 
Fig. 5b). These experiments thus demonstrate that the cell design plays 
an important role in the behavior of the current oscillations; similar 
studies in the past were performed with nickel electrodissolution under 
kinetic control where standing electrodes can be used [22]. The 3D 
printed technique will enable investigations of synchronization of cur
rent oscillations with multielectrode arrays for a wide range systems that 
require mass-transport control to keep the system sufficiently far from 
equilibrium for the oscillations to occur. 

3.3. Hydrogen oxidation 

Hydrogen oxidation using a 100 μm platinum electrode in the 3D 
system was studied. A cyclic sweep voltammogram was performed when 
no hydrogen gas was added to the cell (Fig. 6a). As expected, the cur
rents are small (<10nA before water electrolysis at high overpotentials) 
with a small anodic and cathodic peaks due to the formation of platinum 
oxides. 

Hydrogen gas was added to the cell with no resistance attached to the 
electrode (see Fig. 6b). In the forward scan, the current starts to increase 
at E = 0.40 V due to hydrogen being oxidized. The current reaches a 
maximum of ip = 60nA at E = 0.56 V and then the current begins to 
decrease (negative differential resistance) as the chloride ions adsorb on 
the electrode surface. At even higher potentials of 1.20 V, the current 
increases due to water electrolysis. Both the forward and backward 

Fig. 4. Copper electrodissolution in concentrated phosphoric acid. a) Repeated linear sweep voltammograms of copper electrodissolution. Consecutive scans were 
performed by scanning the potential forward. Scan rate = 5 mV/s. b) Current oscillations during linear sweep with external resistance (R = 250 kΩ). Scan rate = 5 
mV/s. c) Current oscillations at constant potential (E = 1120 mV) with external resistance (R = 250 kΩ). Q = 100 μL/min. 
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scans are similar with a small change (drift) that can be related to 
changes in surface conditions. Bistability begins to emerge when 
external resistance (R = 6 MΩ) is added (Fig. 6c). In this bistable region, 
during the forward scan the current starts to decrease at E = 0.88 V (with 
current value of 54nA), but in the reverse scan the current starts to in
crease from a low value of 4.2nA at V = 0.83 V. We thus see that there is 
a bistability for 0.83 V < E < 0.88 V; in this region the current is large 
(>50nA) during the forward, and low (<10nA) during the backward 

scan. Note that these changes are not due to the small change in surface 
conditions (as in Fig. 6b) because at low (E <0.60 V) and high (E >1.42 
V) circuit potentials the currents are similar in both directions. As ex
pected, when an even larger resistance is added (R = 16 MΩ), the 
bistable region increases (0.95 V < E < 1.48 V) as shown in Fig. 6d. 

To further investigate the dynamics, the concentrations of the elec
trolytes in solution were decreased to 1x10−4 M HCl, 1x10−5 M, CuSO4, 
and 0.5x10−3 M H2SO4. With external resistance (R = 30 MΩ) and a flow 

Fig. 5. Synchronization patterns with a dual working electrode setup with copper a) Desynchronized current oscillations with close placement (L = 8 mm) to the 
reservoir. b) Synchronized current oscillations with far placement (L = 16 mm) to the reservoir. R = 250 kΩ, E = 1180 mV, Q = 100 μL/min. 

Fig. 6. Emergence of bistability with added external resistance shown in polarization curves of hydrogen oxidation using 0.1 M HCl, 5x10−5 M, CuSO4, and 0.5 M 
H2SO4 electrolyte with a 100 μm diameter platinum wire. a) No hydrogen gas added to solution. b-d) Hydrogen gas added, with varying external resistance (R). b) R 
= 0 Ω. c) R = 6 MΩ. d) R = 16 MΩ. Q = 100 μL/min, scan rate = 10 mV/s. 

Fig. 7. Effect of flow rate on occurrence of bistability and oscillations in polarization curves of hydrogen oxidation in the presence in 1x10−4 M HCl, 5x10−5 M, 
CuSO4, and 0.5x10−3 M H2SO4 electrolyte using a 100 μm diameter platinum wire. Scan Rate = 10 mV/s and R = 30 MΩ. a) Q = 100 μL/min. b) Q = 200 μL/min. c) 
Q = 350 μL/min. d) Current oscillations at constant potential (E = 3200 mV) and Q = 350 μL/min. 
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rate of 100 μL/min, the system displays bistability in a large range of 
0.08 V < E < 5.80 V (Fig. 7a). When the flow rate is increased to 200 μL/ 
min, the system exhibits oscillations during the forward scan (Fig. 7b). 
However, these oscillations are relatively weak and disappear quickly at 
E = 3.80 V. The flow rate was then increased further to 350 μL/min as 
shown in Fig. 7c. The bistability occurs in a large circuit potential range 
0.05 V < E < 5.80 V. The oscillations are now robust and exist over a 
large potential range (2.00 V < E < 5.80 V). The current oscillations are 
shown in Fig. 7d at constant circuit potential (E = 3200 mV); the 
oscillation has a frequency of 0.18 Hz and amplitude of approximately 
26.4nA. Note that with hydrogen oxidation, the current oscillations 
occur on the positive slope of the i/E curve, in contrast with copper 
electrodissolution, where the oscillations occurred on the negative 
slope. This is because the mechanism of the current oscillation with 
hydrogen oxidation can be interpreted with a hidden negative differ
ential resistance (HN-NDR), [8] where the negative differential resis
tance (due to Cl− adsorption) is hidden due to a slow activation of the 
catalytic surface (due to the desorption of the Cu2+ ions). 

Hydrogen oxidation in the presence of copper (II) and chloride ions 
in macrocell was previously studied and dynamical behavior was char
acterized [12–13,38–39]). Similar behavior was observed here with the 
3D printed device, which is made of a hard, acrylate-based plastic 
(VeroClear) that is not gas permeable. Bistability occurred when a 
minimum amount of resistance was added to the cell. Previous rotating 
ring experiments showed hydrogen oxidation to have hidden negative 
differential resistance (HNDR), which allows for oscillations to occur 
[13]. HNDR (i.e., NDR hidden by a slow positive differential resistance 
process) was also observed in the 3D printed cell and oscillations 
occurred on the positive slope of the forward potential scan. These 
current oscillations occurred at lower electrolyte concentrations. For 
comparison, we also attempted to study hydrogen oxidation with PDMS- 
based flow cells in the previous setup; [19] however, without a sealed 
plexiglass box covering the flow cell, the H2 diffused very quickly out of 
the gas permable PDMS-based flow channel, and reproducible results 
showing bistability and oscillations were not obtained. These results 
thus show that the 3D printed device can be used effectively to inves
tigate the nonlinear dynamics of H2 electro-oxidation, without the need 
for external mechanisms to limit diffusion of H2 from the device (as is 
the case when using PDMS devices). 

4. Conclusions 

We have shown that a 3D printed flow cell can be used to investigate 
complex chemical reactions. Mass transport can be effectively tuned 
with the flow rate: the limiting current has a Levich-like dependence on 
flow rate with a scaling power of about 0.5 above a constant value. For 
the typical flow rates applied here (1 μL/min ≤ Q ≤ 100 μL/min) with 
Peclet numbers (1≤ Pe ≤2500) we see a transition from mixed radial 
diffusion/thin layer mass transport condition to a classical thin layer/ 
Levich region, corresponding to a transition between regions IVb and III 
according to the proposed classification scheme for microband elec
trodes in flow channels. [14]) The 3D printed device provides flexibility 
in studying behavior at large flow rates as the 3D printed material is 
rigid with Young’s modulus 2870 MPa [40], in contrast to the elastomer 
PDMS (Young’s modulus: 3 MPa [41]. The design allows integration of 
electrodes with an epoxy embedded PEEK nut; here we used Cu and Pt, 
but any other metals can be used, which is available in wire form. The 
design also allows easy cleaning of the wires with repolishing. 

Cu electrodissolution was studied with the 3D printed cell to inves
tigate current oscillations are large overpotientials close the limiting 
current region. Similar to PDMS results [19], subsequent LSV curves 
showed a decreasing limiting current, indicating that the recession of the 
electrode in the epoxy plays an important role in the response of the 
system. Nonetheless, current oscillation could be seen when an external 
resistance was attached to the electrode. The 3D printed setup has the 
practical advantage of long self-life after cleaning and the electrodes that 

are employed can be repolished and reused as desired. The PDMS flow 
channel shows deterioration and material damage after about 10 cell 
assemblies due to its more flexible nature. This could also increase 
reproducibility as newly prepared PDMS channels could have somewhat 
different flow channel sizes. 

Finally, the 3D printed flow channel facilitated investigation of 
bistability and current oscillations for hydrogen oxidation. Built upon 
the results, 3D printing produces a gas impermeable microfluidic cell 
which can be used to study a variety of reactions such as hydrogen 
oxidation [26], carbon monoxide oxidation [42], and oxygen reduction 
[28] which are difficult to study in a standard PDMS flow cell. Moreover, 
the 3D printing also allows incorporation of multi-electrode arrays in the 
flow channels, using either separate PEEK nuts for large distance, or 
electrode arrays within a single nut for short distances, and these elec
trodes can be placed in 3D cells conveniently, which overcomes limi
tations of flow channel designs with PDMS based cells. 

The results thus show 3D printed cells have the potential to provide a 
vehicle for studying nonlinear dynamics of electrochemical reactions for 
a wide range of cell geometries and electrode types and configurations. 
For example, oscillations with both N-NDR (copper electrodissolution) 
and HN-NDR type (hydrogen oxidation in the presence of inhibiting 
ions) were demonstrated. The cells in different configurations can be 
printed by CAD software design, which can enable investigations of cell/ 
electrode geometry effects on nonlinear dynamics. In addition, recent 
progress in weakly nonlinear microfluidics [43] can enable coupling of 
complex chemical reaction with nonlinear fluidic effects. 
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