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Abstract. In this study, the performance of a source measure unit (SMU) performing cyclic and differential pulse
voltammetry analyses, in comparison to potentiostat, is investigated. SMU is a versatile and accurate tool, capable of
sourcing and measuring simultaneously and is comparable to the use of a potentiostat for such measurements. Here, two
surface-functionalized screen-printed carbon electrodes with two different nanocomposites were utilized to represent the
electrochemical system. The results unveil that the electrochemical behaviour of SMU is qualitatively comparable to that of
the potentiostat with more than 97% accuracy; for both cyclic voltammetry (CV) and differential pulse voltammetry (DPV).
Consequently, SMU is feasible for CV and DPV measurements.
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1. Introduction
Electrochemistry is the branch of physical chemistry that
investigates the association between electricity and chemical reactions. It has several applications in many fields, but
is largely used in the biosensing research and development
branch [1–5]. This field has progressed rapidly in the past
few years due to providing immediate, simple and economical
detection abilities. In electrochemical sensing, the electrical
signal is a relevant indicator of a target or molecule concentration in a particular sample. Several electrochemical
techniques are employed in sensing platforms [6,7]. However,
cyclic voltammetry (CV) is commonly utilized, in particular, as a characterization technique [8]. The CV method is
acknowledged as a versatile technique due to its ability to
immediately provide a considerable measurement, as it has
target detection over a wide potential range [9]. Another
electrochemical characterizing technique widely used is the
differential pulse voltammetry (DPV). In DPV measurements,
there is a higher ability to minimize the charging current;
thus, higher sensitivity is realized. Besides, only the detectionrelated signals are extracted. Therefore, more accuracy is
attained [10].
Primarily, the potentiostat is a commonly used apparatus
in many fields of electrochemical investigations performing
different measurements such as CV, DPV, electrochemical
impedance spectroscopy, aerometry, and others [11]. The
potentiostat, mainly, controls the voltage difference between
a working electrode (WE) and reference electrode (RE) via
0123456789().: V,-vol

an electrical current supplied from or into an electrochemical system through the counter electrode. In comparison, a
source measure unit (SMU) sources the current or voltage
and simultaneously measures the current and/or voltage. The
SMU’s unique design also offers different features such as
power supply, digital multimeter, electronic load, pulse generator and true current source [12].
Generally, SMUs are used in testing applications that
require high accuracy, resolution and measurement adaptability. For instance, it is widely used in semiconductors I−V
characterization, non-linear devices and nano-material characterization. SMUs provide a remote sensing ability, through
which an electrical signal cab is supplied between two terminals, and the output is measured on the other two terminals.
Essentially, the remote sensing compensates for any voltage
drop; it warrants delivering the programmed voltage level
to the required terminals by successive feedback. Another
significant feature of using SMUs is the current and voltage
sweeping ability that will be controlled (e.g., fixed level, linear, log and pulsed sweeps). That is, SMUs examine devices
under a range of conditions with a different source, delay and
measurement characteristics. Having such distinct features,
SMUs can be utilized as a potentiostat alternative to characterize a three or two-terminal electrochemical system [13].
In the past few years, screenprinted electrodes (SPEs)
have earned an enormous interest and replaced the conventional electrochemical cells in biosensing applications
and research. SPEs are considered as an efficient, inexpensive, simple and convenient choice. Besides requiring
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Figure 1. A schematic diagram of a source measuring unit shows the configuration of voltage,
current and resistance measurements.

Figure 2. A schematic diagram of the sensor connected to the
Keithley fixture.

just a small sample volume, SPEs can overcome limitations
that usually encountered by using the traditional solid electrodes (e.g., memory effects and tedious cleaning methods).
These SPEs can be easily surface-functionalized or modified
with various nanocomposites that are very well-known for
their extraordinary electrical and mechanical properties [14–
17]. Multi-walled carbon nanotubes (MWCNTs) and multiwalled carbon nanotubes/gold nanoparticles nanocomposite

(MWCNTs-AuNPs) surface-modification of WE of the SPE’s
can reduce the electrical surface resistance and increase
surface area which greatly enhance electrochemical signal
resulting in better response [14–16]. In addition, SPEs modified with such nanomaterials improves the detectivity of the
sample under testing, hence enhancing the acquired signals.
In this study, we report on the investigation of the performance of both CV and DPV measurements by employing
SMUs in conjunction with a Keithley 4200A-SCS parameter analyzer: two SPEs modified with MWCNTs, and another
modified with MWCNTs-AuNPs. The electrochemical techniques, under the same conditions and parameters, were
reproduced by using a potentiostat for reliability and evaluation assessment. Over 97% accuracy is obtained by using
the SMU as the characterization device. In addition, performing DPV measurements by using an SMU was not reported
before. Hence, proving that an SMU can be used for such
measurements and is important in the scope of this study.
2. Experimental
2.1 Chemicals and solutions
Potassium
hexacyanoferrate(II)
trihydrate,
98.5%
(K4 Fe(CN)6 · 3H2 O) was acquired from ACROS Organics,
Belgium. Potassium hexacyanoferrate(III) (K3 Fe(CN)6 ) from
Fisher Chemical, UK. Potassium chloride (KCl), 99.5%, from

Table 1.

Cyclic voltammetry parameters in Keithley software.

Speed

Mode

Sweep delay (s)

Potential (V)

Dual sweep

Current

Report value

Sweeping

Optimized for each scan rate

0.8 to −0.5

Activated

Best fixed

Measured

Fast
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Gainland Chemical Co. All solutions were prepared in deionized water and used without any further purification. All the
electrochemical measurements were performed in a 5 mM of
Fe(CN)6 ]3−/4− , and 0.1 M KCl as a supporting electrolyte
(pH 7.4 ± 0.2). All measurements were performed at room
temperature.
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2.2 Sensor preparation
The SPEs were purchased from Metrohm Dropsens (Spain)
(3.4 × 1.0 × 0.05 cm3 (length × width × height)). These
sensors consist of a WE modified with MWCNTs-AuNPs
and another with only MWCNTs. For both SPEs, the counter
electrode (CE) is made of carbon, and the RE is made of silver
Ag/AgCl. Before starting the experiments, the sensors were
rinsed thoroughly with ultrapure water and blown dry with
nitrogen gas.

2.3 SMU measurement setup

Figure 3. The input voltage vs. time signals of DPV that were
inserted to the parameter analyzer software to perform the DPV
measurements.

A three-electrode configuration contains a WE RE and CE
as shown in figure 1. The WE represents the area of the
understudy electrochemical reaction. The RE, which has a
well-known and stable potential, controls the WE potential.
In short, no current should pass through the RE, while CE
allows current passage and terminates the three-electrode circuit. Hence, the electrochemical system is compensated with
a current equal to that passed during the proceeding of the
electrochemical reaction. In figure 1, the schematic diagram
depicts the biosensor’s three-electrode and their connections.
In the SMU, a force connection applies the electrical signal
whereas a sense terminal measures the electrical response

3−/4−

Figure 4. Cyclic voltammograms of the SPEs performed in 5 mM [Fe(CN)6
] and 0.1 KCl (pH ≈ 7.2) for scan
rates of 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 (mV s−1 ) by using the Ivium Potentiostat (a) MWCNTs/AuNPs and
(c) MWCNTs, while (b) MWCNTs/AuNPs and (d) MWCNTs using SMU.
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Figure 5. Plot of (a) the cathodic and anodic peak currents of MWCNTs-AuNPs SPE, (b) the cathodic and anodic peak currents of
MWCNTs SPE vs. square root of cyclic voltammetry scan rate (mV s−1 ), (c) the peak potential separation (E p ) of MWCNTs-AuNPs
and (d) the peak potential separation (E p ) of MWCNTs vs. ln of cyclic voltammetry scan rate ln(mV s−1 ) using SMU and Ivium
3−/4−
] and 0.1 KCl (pH ≈ 7.2).
Potentiostat performed in 5 mM [Fe(CN)6

(current or voltage). In this study, the four terminals of two
SMUs were used to mimic the three-electrode connection.
The WE was connected to the force and sense connections
of SMU1, whereas sense and force connections of SMU2
were applied to the RE and CE, respectively. Here, SMU2 is
used as a common terminal to obtain better isolation from any
possible fluctuation that may occur in the device. The remote
sensing feature ensures that the potential difference between
RE and WE is controlled. A schematic diagram of the sensor
connected to the Keithley fixture for both CV and DPV setups
is shown in figure 2. A summary of the parameters used for
CV measurement is shown in table 1.
In DPV measurements, signals were inserted as a list of
points to the Keithley software. Then, by using a MATLAB
code, the current input signals were generated. The voltages
vs. time of current generation data are shown in figure 3. The
timing parameters were optimized until the required voltage’s
value is achieved. The parameters of the DPV measurements
are carried out on an Ivium Potentiostat with a scan rate of
3 mV s−1 , step amplitude of 4 mV, pulse time 400 ms and
pulse amplitude of 85 mV.

3. Results and discussion
3.1 CV results
The voltammograms of the CV measurements for the differently functionalized WE was carried out by using both
Ivium Potentiostat and the SMU shown in figure 4. The
voltammograms of both devices display a comparable duck
shape, and an apparent current increases as the scan rate is
increased. As the scan rate increases, the capacitance diffusion layer becomes thinner; due to faster electrolyte species
reaching the electrode surface that increase the current values,
which is in agreement with reported results in the literature
[18,19]. In this study, the difference between cathodic and
anodic potential peaks (E pa − E pc ) is higher than that for the
reversible process (59/n mV). In addition the peak-to-peak
difference strictly increases as the scan rate increases. In that,
the potential difference clearly signifies the slow kinetics of
charge transfer within the electrode, and indicates that the
electrochemical reaction is of a quasi-reversible behaviour,
which agrees with other reported results [20–23]. The
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Figure 6. The voltage–current graph recorded by Keithley: (a) MWCNTs/AuNPs, (b) MWCNTs, performed in 5 mM
3−/4−
] and 0.1 KCl (pH ≈ 7.2).
[Fe(CN)6

Figure 7. DPV curves for Ivium Potentiostat and SMU: (a) MWCNTs/AuNPs SPE and (b) MWCNTs SPE.

quasi-reversibility of the two sensors was further confirmed
by the ratio of the current oxidation to reduction at each scan
rate using equation (1) [1,19]:
 
 Ipc 
|Ipa |

= 1.

(1)

The Randles-Sevcik equation describes how the scan
rate affects the peak current (Ip ), and how it depends on
other electrochemical parameters. Equation (2) describes the
Randles-Sevcik equation for quasi-reversible and irreversible
systems [11]. In this equation, the correlation between the
square root of the scan rate, the peaks of the current and the
curve slope are fundamental parameters that characterize the
performance of an electrochemical system. In this research,
the correlation of these parameters was used to evaluate the
qualitative performance of the SMU to the Ivium Potentiostat. The current peaks were scattered with the corresponding
square root of the voltage scan rate. Then, the data were
regressed linearly to the equation (y = ax + b).

Ipirrev

1
2

= 0.496 (αn) n F AC



F Dν
RT

1/2
,

(2)

where n is the number of electrons involved in the electrochemical reduction and oxidation reactions of the redox
probe, F faradic constant in C mol−1 , A the area of WE in cm2 ,
R the gas constant in VC K−1 mol−1 , α the transfer coefficient,
D the diffusion coefficient in cm2 s−1 , T the temperature in
K, C the concentration in mol cm−3 and ν the scan rate in
V s−1 .
From figure 5, it is clear that the SMU shows qualitatively similar results to that of the potentiostat. The regression
factors of the plots in figure 5a and b) of the anodic (Ipa )
and cathodic currents (Ipc ) vs. square root of the voltage
scan rate measured by using the SMU are very similar to
that by using the Ivium Potentiostat. Furthermore, figure 5c
and d shows the plot of the reduction/oxidation potentials
separation (E pa − E pc ) against the natural log of the scan
rate, which shows similar results by using both devices
In brief, the voltammetric parameters resulted from both
devices, are qualitatively related. In addition, both devices
showed that the potential peak-to-peak difference measured
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for MWCNTs-AuNPs surface-modified SPE is lower than
that for MWCNT’s surface-modified SPE, confirming the
expected enhancements in the electric surface properties by
incorporating the AuNPs [14–16].
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3.2 DPV results
The Keithley apparatus often carries out only one measurement at the end of each signal injection. As DPV’s current
vs. voltage values are commonly recorded at the end of a
pulse subtracted from a current measured before applying
the pulse, then the voltage sweep list is the most suitable
option to perform the DPV measurements. However, a large
amount of data is generated, as shown in figure 6. Therefore,
the MATLAB code creates the well-known DPV signal waveforms. The code, primarily, splits the signal into several other
segments to represent a voltage injection and current measurement. Next, the code determines the minimum current
before applying the voltage pulse and the maximum current
after applying the pulse. Eventually, the code subtracts the
minimum current from the maximum current.
The Keithley I –V curves peak on the Potentiostat’s nearby
voltage values. Further, the current levels of both devices are
qualitatively comparable, as figure 7 demonstrates. In other
words, the current of the MWCNTs-AuNPs sensor, for both
devices, is higher than that of the MWCNTs sensor i.e., the
MWCNTs-AuNPs nanocomposite enhances more electrons
transfer. The voltage sweep list option exhibits results of
proximity to that of the Ivium Potentiostat, which indicates
that the SMU is feasible for DPV electrochemical analyses.

4. Conclusion
CV and DPV analyses were carried out by using SMUs in
comparison with a potentiostat. In this study, SPEs were utilized to study the electrochemical behaviour of SMUs. The
CV of SMUs demonstrated an excellent duck shape. Besides,
the regression factors of the scan rate square root vs. anodic,
cathodic current and shift were qualitatively comparative.
Likewise, the curves of DPV peaked on a close voltage and
current levels to that of the potentiostat. Moreover, this study
shows the ability of SMUs to perform DPV measurements.
In conclusion, SMUs can operate as an alternative tool to perform CV and DPV analyses with high precision and accuracy
above 97%.
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