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Abstract—This paper describes a GaNFET-based high-speed
charge injection circuit to study fast redox processes at electrode-
electrolyte interfaces. The circuit allows the rates of electrode
processes, which are much faster than those accessible with a
conventional potentiostat, to be measured. It is able to inject
charge across the interface within a few nanoseconds, and also to
hold the potential generated across the cell following injection for
up to 1 s without appreciable (less than 1%) decay. In addition,
the circuit can still monitor the current flowing through the cell,
as in a conventional potentiostat. Preliminary test results with
both a dummy load and a custom two-electrode electrochemical
cell confirm the functionality of the proposed circuit.

Index Terms—electrode processes, electrochemical cell, charge
injection, GaNFET

I. INTRODUCTION

Electrochemical cells are widely used for studying redox
reactions. An equivalent circuit model of a conventional three-
electrode electrochemical cell is shown in Fig. 1(a), where
WE, CE and RE represent the working, counter, and reference
electrodes, respectively. Here and are the double-
layer capacitance and Faradaic resistance of WE, respectively,
while and are the equivalent quantities for CE.
Finally, and are the solution resistances between WE
and RE, and CE and RE, respectively. In many practical cells
the CE is designed to be physically much larger than the
WE, in which case its impedance can be neglected. Moreover,
the RE is sometimes absent for simplicity, in which case we
obtain the simplified two-electrode equivalent circuit shown in
Fig. 1(b), where is the total solution resistance.

Various techniques have been developed to measure the
rates of fast electron transfer processes at electrode-electrolyte
interfaces within electrochemical cells [1]-[3]. Among the
most popular is the potential step method, in which the cell
current (assuming the RE is high-impedance)
is measured just after the WE potential ( ) is suddenly
changed [2], [3]. Conventionally, such potential steps (or other
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Fig. 1. Equivalent circuit models for (a) a complete three-electrode electro-

chemical cell, and (b) a simplified two-electrode electrochemical cell where
the impedance of the counter electrode (CE) can be neglected.

time-dependent potential functions) are generated by a poten-
tiostat. A typical potentiostat (see Fig. 2) controls the potential
of the WE with respect to that of the RE in accordance
with the externally applied voltage through a negative
feedback loop [3], while also measuring the current that flows
between the WE and CE - either using a series resistor

in series with CE (as shown here), or with a transimpedance
amplifier (TIA) at WE. However, the closed-loop bandwidth
of a potentiostat decreases as the time constant

of the electrochemical cell (ignoring ) increases, which
causes the settling time of to increase. As a result, most
commercial or research-based potentiostats are not designed
for ultra-fast voltammetry (bandwidths over 10 MHz) or other
types of fast perturbations [4]-[6].

This limitation can be explained by analyzing the closed-
loop transfer function . We assume a typical three-
electrode electrochemical cell model (Fig. 1(a)) but with the
CE impedance and ignored for simplicity. We also
assume that the op-amp is well-compensated, such that its
transfer function can be modeled as an integrator ,
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Fig. 2. Schematic of a three electrode cell controlled by a potentiostat. The
circuit maintains the potential difference between the WE and RE at .
where is an input voltage source, by applying current through CE. The
latter is measured using a series resistor

where and is the op-amp’s gain-bandwidth
product. A simple analysis [7], [8] then shows that

(1

where and are the cell time-
constants. This is a second-order low-pass response with
a natural cut-off frequency ., which
decreases ~ , as expected. Thus, the feedback
loop speeds up the natural transient response of the cell by
a speedup factor of approximately +/

As an example, consider a cell with F, ,
and k (these parameters are 51mllar to those
used in our experiments) and an op-amp with

Mrad/s. The resulting Bode plot and step response of the
potentiostat are shown in Fig. 3. The dB bandwidth is
limited to 255 kHz as shown in Fig. 3(a), while the 10%
settling time is 1.43 s. Bandwidth and settling time can be
improved using a faster op-amp, as predicted by (1), but the
weak (square-root) dependence of  on  implies that such
improvements will be modest.
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Fig. 3. (a) Bode plot and (b) step response of a typical potentiostat with

nF, s k ,and MHz.

As a result, typical potentiostats cannot accurately measure
ultra-fast electrode processes, such as fast charge transfer re-
actions on sub- s timescales [9]. To overcome this limitation,
this paper describes a high-speed charge injection circuit.
Unlike closed-loop systems such as potentiostats, it interfaces
the electrochemical cell in open loop by i) directly injecting
charge into the cell to establish a potential step on WE;

and ii) then maintaining the desired potential for a period of
time to complete measurements. The proposed system also
provides the flexibility of generating a potential step of various
amplitudes and both polarities. Apart from these benefits,
the proposed circuit still provides the useful functions of
conventional closed-loop systems, including sensing both the
initial charging current for the potential step and the Faradaic
current due to redox reactions [9], [10].

II. CHARGE INJECTION THEORY AND CIRCUIT DESIGN
A. Electrochemical Cell Model

In our experiments, we consider a two-electrode cell with
no RE. Thus, the device only contains two electrodes (WE and
CE) immersed in an electrolyte. Also, we assume that the area
of CE is much larger than that of WE, making its impedance
negligible. In this case the cell can be represented by the
simplified electrical equivalent circuit shown in Fig. 1(b) [3].

B. Theory of Charge Injection during Potential Steps

The circuit model shown in Fig. 1(b) indicates that the task
of establishing a fast potential step to start electrode processes
can be translated to the problem of fast charging of the WE
double-layer capacitance in the presence of the solution
resistance. More specifically, the goal is to charge the electrode
capacitance to a desired potential (typically V) in times
of the order of a few nanoseconds.

The charging method used here relies on applying a
carefully-chosen waveform (shown in Fig. 4(a)) across a two-
port electrochemical cell in an open-loop configuration, thus
minimizing the effect of the cell time constant
on circuit bandwidth. This waveform has two key features: i)

a high initial injection voltage to provide the drop
across ; and ii) a much smaller final voltage to set
the final value of . Note that we assume is open-

circuited on the timescale, i.e., that there is insufficient
time for Faradaic reactions to occur during the potential step.
In this case, a short pulse of cell current

is generated during the injection period . This current

linearly charges to during (see Fig. 4(b)),
where . Thus, large injection voltages
( ) are needed to charge on short timescales
( . However, typical high-speed DACs cannot

generate such high voltages. Instead, in this paper we generate
an approximation to the ideal waveform by discharging a small
pre-charged capacitor into the cell.

@t
e
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Fig. 4. (a) Ideal voltage waveform applied across a two-terminal electro-
chemical cell for fast charge injection, and (b) the resulting WE voltage.
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Ignoring any parasitic capacitance Cpar (e.g., due to the
switches) at the injection electrode (assumed to be CE), a
simple analysis shows that the cell current is now given by

CiniVi t ting V; t
Iwg(t) = ——2L e = (e T — 1) ~ Ve

ti’nj Rss

(2)

where Vi is the pre-charge voltage, ;5,5 is the turn-on time

of the discharge switch, 7y = Cin; R.., and the approximation

on the right is valid when ¢;,; < 71, which is generally the

case. As a result, the WE voltage Vg settles exponentially
to its final value (determined by charge sharing), as

Cin'
VWE(f):—( J)VHV (1—8 W‘)- 3)

CWE

Note that the settling time (= 2.3y to 10%) is now setby 74 =
CinjRss, which is much smaller than the cell time constant
Tee since Cin; < Cwg. Thus, we can avoid the settling time
constraints of a closed-loop potentiostat.

C. Charge Injection Circuit

The circuit schematic of the proposed high-speed charge in-
jection circuit is shown in Fig. 5. Apart from the electrochem-
ical cell under test, there are four main blocks in the proposed
circuit, including sub-circuits for fast charging, sample-and-
hold (S§/H), and current measurement. The operation of the
circuit consists of the following phases:

I
I
I

Ir _IFJ';
'n) ; |§

s d}jl
N

e —— |

HN2413 USWSINSESW JU3NT

I Sample-and-hold circuit

[
|
|

Fig. 5. Schematic of the high-speed charge injection circuit. R;pn; = 3 kf;
Cinj = 10pF; R1 = R2 = R3 = R4 = 1502 Rs = 20k); Rg = 10 ;
R7 =0-—50 kﬂ; Rgg = 100 Q; RWE =1 MQ; CWE =1 []F; M]—M4
are GaNFETs.

1) Fast charging phase ({1 and 1»): The key feature of the
circuit is fast charging. Our charging sub-circuit uses GaNFET
transistors (EPC2038, EPC) as the primary components for fast
switching. The advantages of GaNFET transistors include low
input capacitance, high breakdown voltage, low on-resistance,
small footprint, and fast switching speed [11]. Therefore,
GaNFET transistors are ideal for fast switching. Two of these
transistors are connected back-to-back, as shown on the right-
hand side of Fig. 3, to act as bidirectional (AC) switches.

During the 1 phase, GaNFETs M; and M, are closed
to set the initial condition Viy; of the cell. In addition, the
injection capacitor (Cin;) is charged to a high voltage (e.g.,
Vav = 100 V). In the 1o phase, M; and M, are open,
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while M3 and M, are closed. Since the GaNFETs have fast
switching speed ¢;n;. the charge stored on Cjn; is shared
with C'yy . Therefore, Cyg is quickly charged to the desired
voltage, as given by (3).

The final voltage on C'wg is given by

Viinar = — (gmj ) Vv + Vini, 4)
WE

where Cjp; is the injection capacitance, C'wg is the electrode

capacitor in the cell, Vg is the high voltage and V;y; is the

initial voltage used in the 1/, phase.

2) Voltage hold phase (13 and 14): The potential across
Cwg after fast charging needs to be maintained long enough
to enable the current flowing through the cell to be measured.
A sample-and-hold (S/H) circuit is used to achieve this goal,
as shown in the middle of Fig. 5. Here, three operational
amplifiers (op-amps) A;1-Asz (AD8065, Analog Devices) are
utilized. The voltage across capacitor C'wg is buffered by the
unity-gain op-amp stage A;. During the 13 phase, the buffered
voltage at the output of A; is amplified by the op-amp stage A
with a voltage gain of Ry/R;. Here, Ry and Ry are selected
to be equal so that the gain is unity. After the 13 phase, this
buffered voltage is stored on the capacitors C; and Cs, and
the output of the A is the voltage across C'wg. This voltage
is maintained for a period of time, but the leakage current
through the switches will eventually cause it to drift. During
the ¢4 phase, the output of As is amplified in the op-amp
stage Az with a voltage gain of R4/Rs. Here, R3 and R, are
also equal in value. Therefore, the potential across C'wg after
the fast charging operation can be sensed, stored, and then
maintained by the proposed S/H circuit.

3) Current measurement phase: The current flowing
through the electrochemical cell needs to be measured im-
mediately following charging of C'wg. To this end, a current
measurement circuit including two op-amp stages is utilized.
A TIA stage (A,) is used to convert Iy g(t) to a voltage, and
a programmable gain stage (As) is used to further amplify the
converted voltage for better measurement sensitivity. The cell
current can be calculated from the measured output voltage as

Vout(t)
—R5 * G]j

where Rs and Gy = —R;/Rg are the transimpedance and
voltage gain of the TIA and the inverting PGA, respectively.
Note that while a linear TIA is shown in Fig. 5, in practice
R5; may need to be adapted in real-time to provide gain
compression and thus maximize the TIA’s dynamic range
(DR). This is because the TIA needs high DR to measure
both i) the large capacitive current during charge injection,
and ii) the small Faradaic current during the hold phase.

Twe(t) = (5)

ITI. MEASUREMENT RESULTS

A prototype printed circuit board (PCB), shown in Fig. 6,
was designed and constructed in order to experimentally verify
the performance of the circuit. The board was tested with both
an on-board dummy load representing an electrochemical cell,
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as shown in Fig. 1(b), and an off-board electrochemical cell,
as described later. The probes used in the experiment are high-
speed passive probes with 1 GHz bandwidth. Before each
experiment, the circuit was preset to zero initial conditions
( V) for simplicity. However, other initial conditions
can also be applied, e.g., to match the open-circuit voltage of
the chosen electrochemical cell.

104 mm

R e

Current |
]

W
&

Fig. 6. Photograph of the printed circuit board.

A. Measurement Results with Different Gate Resistors

Since the GaNFET transistors are used for high-speed
switching, an additional resistance is added in series
with each gate terminal. The value of should be properly
chosen to damp the ringing of the gate drive circuit while also
maintaining low switching losses. Modeling the gate-source
loop as a series circuit, the required resistance can be

estimated as —, where  is the trace inductance
of the gate-source loop, is the input capacitance of the
GaNFET, and  is the equivalent quality factor.
A series resistance of 20  was first selected to provide
(i.e., a critically-damped condition), which minimizes
voltage overshoot that can damage the gate oxide layer. Mea-
sured results for both positive and negative potential steps on
a dummy load (1 nF in series with 100 ) using pF
are shown in Fig. 7 and Fig. 8, respectively. In both figures,
is the control signal applied at the gate of the GaNFETs
(- ) that triggers the charge injection process. was
selected as 100 V, resulting a final voltage of 1 V based on
(4). The measured results prove that the proposed circuit can
inject both positive and negative charges to charge/discharge
the dummy load to the desired value (  V in this case) with
extremely fast rise and fall times of around 3 ns and
5 ns, respectively (the settling time is several nanoseconds
longer). The rise and fall times here are all calculated from 0
to 80% of the final voltage. The final voltage accuracy is over
90% of the theoretical value. However, it is also clear that
significant voltage overshoot and voltage variations exist; this
may cause breakdown of the double-layer capacitance of a real
electrochemical cell, which is normally intolerant of voltages
greater than 2 V.
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Fig. 7. Top: the control signal at the gates of discharges
to start charge sharing between and . Bottom: the capacitor voltage
rises to 80% of the desired value of 1 Vin 3 ns for .
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Fig. 8. Top: the control signal . Bottom: the measured capacitor voltage
falls to 80% of the desired value of  Vin 5 ns for .

The simple solution to this issue is to use the same type
of GaNFET but with higher to reduce the overshoot, at
the cost of increased settling time. The best result during
the experiments was obtained using , as shown
in Fig. 9. The measured result has a clean positive voltage
step of around 0.9 V to 1 V with no overshoot and voltage
variations, and the settling time is around 31 ns. Again, the
final voltage is within 10% of the theoretical value (1 V).
Given such measured performance, the circuit is suitable for
use with a real electrochemical cell.

B. Sample-and-Hold

Since leakage current from transistor-based switches is
inevitable in the off-state, it is essential to use a S/H circuit
to maintain the desired potential across . The same
test conditions were used to verify the S/H circuit, and the
measured results with and without the S/H are shown in
Fig. 10. The S/H reduces the voltage decay to nearly zero
within around 20  after an initial voltage drop of 150 mV
(Fig. 10(a)). This loss is primarily caused by charge sharing
with the parasitic capacitance. Still, stability of the steady state
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Fig. 9. Top: the control signal . Bottom: the measured capacitor voltage
rises from 20% to 80% of the desired value of 0.95 V in about 22 ns
without overshoot for . The 5% settling time is around 31 ns.

is greatly improved when compared to the potential decay rate
of 10 mV/ s measured without the S/H (Fig.10(b)).
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Fig. 10. Measured waveforms of the charge injection circuit (a) with S/H,
and (b) without S/H. In each case, the top panel is the control signal
while the bottom panel is the capacitor voltage

C. Current Measurement

Once the potential across the cell has been maintained, the
current through the cell needs to be measured. When a large
Faradaic resistor of M is used in the dummy
load, the current through this load in the steady state should
be 1 A when a 1 V potential is maintained across the cell.
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Fig. 11 shows the measured current in the cell, as inferred
from the output of the current measurement circuit using (5).
The measured value of 1 A matches the theoretical value. It
is also noted that the reliable output voltage (stable current in
the cell) can be obtained after the voltage settles to a steady
value. The saturation observed before the steady state is due
to the large charging currents that flow on s scales. Thus, a
high-DR TIA design is required to measure both the charging
and Faraday currents; this will be the focus of future work.
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Fig. 11. Top: the control signal . Bottom: current flowing through the
cell, as inferred from the output voltage of the current measurement circuit.

D. Experiments on an Electrochemical Cell

A simple off-board electrochemical cell was made to test
the performance of the charge injection circuit. The gate series
resistor was set to to minimize voltage overshoot
and ringing, as described previously.

1) Test setup: Fig. 12(a) shows a photograph of the cell
used for the experiments. A 50 m-diameter gold wire was
used to create a disc-shaped WE, as follows. A glass capillary
served as a holder for the gold wire, with its upper end
completely open and the lower end only exposing the 2D
cross-sectional area of the wire to the acid solution (see
Fig. 12(b)). The CE was made by encircling the WE with
a much larger gold wire (1.25 cm long, 0.25 mm diameter).
This design ensures that the CE has at least larger area
than the WE, such that its impedance can be neglected to fit
the simplified model of Fig. 1(b).

(a)

(b)

@ 50um
Gold
Wire

' > SMA

Solution Connectors

Gold

Glass Wire

Capillary

Working T 2D Disc @ 0.25mm
Electrode Working Counter
Electrode  gjocirode

Electrode

Fig. 12. (a) Photograph of the electrochemical cell used in the experiments.
(b) Cross-sectional drawing of the cell.
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2) Impedance measurements: The electrochemical cell was
completed by filling the chamber shown in Fig. 12(b) with
0.1 M HySOy. Its impedance was then measured with a vector
network analyzer (Keysight E5061B). The goal was to identify
the value of Cjp,; required to geta 1 V cell voltage after charge
injection. The capacitance C'wg of the cell was measured to
be ~1 nF, which is in good agreement with the theoretical
value of 0.4 nF obtained from the expression

CWE = Os * A, (6)

where C; is the specific capacitance of a gold electrode
immersed in the HoSO,4 solution, and A is the interface area
between the WE and the electrolyte [3].

The measured solution resistance R,, ~ 1.25 k) is also
close to the theoretical value of ~2 k) obtained from the
well-known expression for a disk electrode, i.e.,

1
dk x 7’ @)
where k is the conductivity of the 0.1 M HySO, solution, and
r =50 pm is the radius of the working electrode [3].

3) Charge injection results: While testing the circuit using
the electrochemical cell, note that only the voltage between the
WE and CE can be measured (i.e., the voltage across Cwg
cannot be directly measured, unlike in the earlier experiments).
The measured charge injection waveform is shown in Fig. 13.
It is similar to the theoretical waveform shown in Fig. 4(a),
thus confirming that the circuit can charge the cell to 1 V and
hold the voltage for a long time. Note that the rise and settling
times timescale are significantly longer than with the on-board
dummy load. This is due to the high solution resistance K.,
which reduces the current supplied to C'wg during charge
injection (see (2)) and also increases the settling time constant
71 = ClinjRes. Nevertheless, the measured 2% settling time
of 127 ns is: i) in agreement with the theoretical value of
~ 471 = 50 ns for this cell; and ii) significantly smaller than
for a typical potentiostat (e.g., 1.43 s using an op-amp with
fa = 10 MHz, as shown in Fig. 3).

Rss =

24}
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Voltage (V)
8

=]

=]

500

Fig. 13. Top: the control signal V5. Bottom: the measured cell voltage
VwEe cg settles to within 2% of the desired value (1 V) in 127 ns. The
peak voltage overshoot of ~40 V is where charge injection takes place.

Settling times using the charge injection circuit can be
further reduced by either using a cell with much lower R, or

by using a smaller capacitor C;p,;. However, the latter solution
makes the circuit more sensitive to board-level parasitics.

IV. CONCLUSION

This paper has proposed a high-speed charge injection
circuit for electrochemical experiments. The circuit was tested
with both an on-board dummy load (modeling the equivalent
circuit of a real electrochemical cell) and also a home-made
electrochemical cell. Measured results prove that the overall
performance of the charge injection circuit is excellent with
extremely low injection times of around 10 ns and 30 ns for
a response with and without voltage overshoot, respectively;
> 90% accuracy of the final voltage after charging; low
voltage drop of ~150 mV when using a S/H to hold the final
voltage for tens of us; and accurate on-board current mea-
surement functionality. Future work will focus on testing the
proposed circuit with optimized electrochemical cell designs.
To obtain good experimental results, real cell parameters will
be measured to ensure accuracy. Next, the component values
of the proposed system (e.g., the injection capacitance ) will be
updated accordingly. An optical system like the one described
in [9] will then be used to monitor the resulting potential across
the working electrode-electrolyte interface.
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