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Abstract
Diesel engines are the most extensively used power source in automobiles and stationary power generation. The main drawback
of using diesel engines is that it liberates a significant amount of NOx and PM emissions in the exhaust. NOx emission has a
serious effect on the environment, and it has to be controlled effectively. SCR is the most widely used after-treatment technology
to control NOx emission, but it has various disadvantages like ammonia slip and degradation of the catalyst. In this study,
electrochemical decomposition of NOx is proposed for the simultaneous control of NOx, HC, and CO emissions in a diesel
engine. In this work, ionically conducting ceramic electrochemical cells are investigated for control of diesel exhaust emissions.
The electrochemical cell consisting of yttrium stabilized zirconia (YSZ) substrate plates as electrolyte and Ag-YSZ and NiO-YZS
as an electrode material. The decomposition of NOx in an electrochemical cell is attained by passing electric current. A 2V supply
of power was sufficient for effective operation of the electrochemical cell in all load conditions. All the experiments were
conducted in a single-cylinder diesel engine. It is observed that the electrochemical cell shows high NOx decomposition rate
of 80% at the exhaust temperatures between 350 and 400 °C. The HC reduction up to 65% and CO reduction up to 45% was
observed with this technique. The power required to operate the electrochemical cell was low. The electrochemical NOx
reduction is relatively simple technology with reduced complexity. From the experiment, it is observed that this concept works
efficiently in the oxygen-rich diesel exhaust.
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Nomenclature
NOx oxides of nitrogen
HC hydrocarbon

CO carbon monoxide
PM particulate matter
YSZ yttrium stabilized zirconia
NiO nickel oxide
Ag silver
ECM electronic control module
SEM scanning electron microscopy
EDX energy-dispersive X-ray spectroscopy
ECD electrochemical cell device

Introduction

In the past few decades, humans are facing serious issues due to
the drift in the climate change occurring globally (Quevauviller.
2011; Parthiban et al. 2017). Emissions from the transportation
sector cause serious environmental pollution and climate
change (IEA 2012; Sajjad et al. 2014; Mohankumar and
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Senthilkumar, 2017). Diesel engines are considered as the most
efficient engine due to their low operating costs, energy effi-
ciency, high durability, and reliability. The major drawbacks of
the diesel engine are it liberated excessive amount of particulate
matter (PM) and nitrogen oxides (NOx) emission from the
exhaust (Subramaniam et al. 2016). Nitrogen oxides (NO and
NO2) are collectively called as NOx emissions. During com-
bustion process at higher temperature, oxidation of atmospheric
nitrogen with oxygen produces NOx emission (Sharifi et al.
2019). Due to the lean operations, diesel engines produce high
NOx emissions (Heywood, 1988). Based upon the operating
conditions, NOx can be classified as Thermal NOx, Prompt
NOx, and Fuel NOx (Zeldovich et al. 1947; Hill and Smoot,
2000; Kašpar et al., 2003; Sun et al. 2010; Hoekman and
Robbins, 2012).

The other oxides of nitrogen such as N2O, NO3, and N2O5

formations are negligible and formed through low-
temperature mechanisms (Sun et al., 2010; Hoekman and
Robbins, 2012). NOx emissions cause serious health and en-
vironmental problems. In the atmosphere, NOx reacts with
volatile organic compounds (VOCs) in the presence of heat
and sunlight to form ozone (İlkiliç and Aydin, 2012). High
levels of NOx can have a negative impact on vegetation, in-
cluding leaf damage and reduced plant growth. Therefore, it is
necessary to control the excessive liberation of NOx emissions
from diesel engines (Vallapudi et al. 2018). The excess oxy-
gen concentration in diesel exhaust makes it more difficult to
design catalytic systems to reduce NOx (Theis et al. 2015).
Selective catalytic reduction (SCR) is a conventional after
treatment technique for NOx reduction. However, SCR has
several drawbacks as it requires additional urea tank, complex
electronic, and mechanical attachments. There is also the pos-
sibility of ammonia slip as secondary pollution (Fang and
DaCosta, 2003). The lean NOx trap (LNT) is an emerging
after-treatment technology for controlling NOx emission, but
it is expensive because of the requirement of Noble metal
catalyst and requires regeneration by switching the engine
operation to lean and rich (Maurer et al. 2017). The several
demerits stated with the existing NOx control technology are
eliminated in electrochemical NOx decomposition technique.
It is a novel method to reduce NOx emission effectively in
ceramic electrochemical cells. In this technique, only a supply
of voltage is required to operate a simple electrochemical cell
to perform NOx reduction (Hansen, 2018; Kammer, 2005).

In this experimental investigation, a ceramic-based electro-
chemical cell is developed for the effective reduction of NOx
and simultaneous oxidation of HC and CO emissions. Figure 1
shows the schematic representation of an electrochemical cell
reaction. In this technique by applying a suitable potential dif-
ference over the cathode, NOx molecules are reduced to oxy-
gen ions (O2

−) and nitrogen (N2). The decomposed O2 is
ionically diffused between the electrolytes and oxidizes the soot
particles deposited on the anode (Bredikhin et al., 2001a).

Pancharatnam et al. first proposed NO decomposition using
Y-ZrO2 electrochemical cells by supplying voltage
(Pancharatnam et al. 1975). Later, electrochemical cells using
zirconia as a substrate was developed to perform NO reduction
(Gür and Huggins, 1979). The performance of electrochemical
cell was studied (Bredikhin et al., 2002; Bredikhin et al.,
2001b) for effective NO conversion. The results showed NO
conversion was improved due to the nanometer structure
formed in the NiO/YSZ layers by increasing the reactive sites.
The addition of NO adsorption layers in the electrochemical
cell exhibited higher NO reduction due to the increased adsorp-
tion sites over the surface of the electrochemical cells (Li and
Vernoux, 2005; Hamamoto et al. 2007; Xi wang, 2019).

In this work, an attempt was made to control diesel engine
emission by developing ceramic electrochemical cell. The elec-
trochemical cell consists of YSZ electrolyte and NiO-YSZ, Ag-
YSZ electrodes. The electrode coatings (anode and cathode) are
given over the electrolyte. The YSZ is an ionically conducting
ceramic which has the tendency to oxidize the soot emissions
(Hernández et al. 2013). YSZ is also most widely used as an
electrolyte in solid oxide fuel cell (SOFC) (Yoshinobu et al.
2010;18). In the electrochemical cells, by the supply of electric
current, the reduction takes place at the cathode and oxidation at
the anode (Yoshinobu et al. 2010; Awano et al. 2004; Park et al.
2004; Hamamoto et al. 2006). The voltage polarity between the
cathode and the anode is changed by the Electronic control mod-
ule (ECM) so that the continuous regeneration in soot oxidation
is achieved in this technique. In the previous work of the author
(Muthiya and Pachamuthu, 2018), a circular shape 3 to 5 mm
thickness electrochemical cell was used and its maximum NOx
reduction was 80%. In this investigation square shape, electro-
chemical cells with 1.5 mm thickness were used and the NOx
reduction was further improved in this work.

Experimental section

Electrochemical cell preparation

In the present experimental investigation, the electrolyte plate
made up of (ZrO2) (Y2O5) YSZ (CSIR NAL, India) in a

Fig. 1 Mechanism of electrochemical decomposition of NOx
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square (80 x 80 mm) with the thickness of 1.5 mm is used.
YSZ is an inherently better oxygen diffusion material (Gür
and Huggins, 1979; Yoshinobu et al. 2010). The cathode coat-
ing is given over the electrolyte with 55% of NiO and 45% of
YSZ. The NiO and YSZ are made into slurry by adding poly-
vinyl alcohol as binder and is brush coated on the YSZ plate
(Cheng et al. 2006). The anode coating is given over the elec-
trolyte with 60% of silver (Ag) and 40% of YSZ slurry, lay-
ered coated over the electrolyte. Figure 2 shows the electro-
chemical cells before and after electrode coating. The fabri-
cated electrochemical cell is tested in scanning electron mi-
croscopy (SEM). SEM shows the high-resolution images of
the size and surface texture of the electrochemical cell. It of-
fers the ability to visually inspect the other surface materials/
deposits and detection of pores (Driese and Foreman, 1991).
Figure 3 shows the SEM image of cross-section of the porous
electrolyte and electrodes. It is observed from Fig. 3 that the
electrode coating is finely dispersed over the electrolyte plate.

Experimental setup and testing

Engine setup

The experimental test bench involves a constant speed com-
pression ignition engine single cylinder of Kirloskar (KOEL)
connected to an eddy current dynamometer which is open-
loop water-cooled. Figure 4 shows the complete experimental
setup of the engine test setup. The detailed specification of the
test engine is tabulated in Table 1. In this experiment, the
engine testing was done by using diesel fuel for all load con-
ditions. Figure 5 a shows the electrochemical cell device
(ECD), and the specifications of the ECD are given in
Table 2. Figure 5 b shows a complete view of electrochemical
cell stack positioned inside the ECD. The ECDwas connected
to the tailpipe of the engine along with the external power
supply. ECD is connected to a benchtop power supply that
maintains 3.5V DC irrespective of current loading, and an
electronic control module (ECM) is used in turn to control

the power. The regulation of voltage supplied to the cell set-
ting has beenmade in the benchtop power supply. The ECM is
used to switch the polarity every 10 ms. The entire experi-
ments were carried out using diesel as fuel for all loading
conditions.

Emission measurement

In this experimental testing, a chemiluminescent type
SIGNALS 4000VM Heat vacuum NOx analyzer is used to
measure NOx emission. An AVL DiGas 444N analyzer is
used to measure the HC, CO, and CO2 emissions for different
load conditions. All the instruments were tested and warmed
up to attain thermal equilibrium at all conditions. By
connecting the emission analyzer probe at the outlet sections
of the ECD the emission measurement was carried out.

Experimental procedure

The eddy current dynamometer is observed at no-load opera-
tion to tally the readings to the loaded condition for the abso-
lute values. To reach nominal engine operating temperature 10

Fig. 3 A cross-sectional view of electrochemical cells in scanning elec-
tron microscopy

a)  Before electrode coating b) After electro coating

Fig. 2 Electrochemical cell. a
Before electrode coating. b After
electrocoating
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to 15 min lead time is provided before performing the test.
Staged loading (0%, 25%, 50%, 75%, and 100%) was done by
controlling the current supply to the eddy current dynamom-
eter. By the increase of load the rate of quantity fuel injection
increases which leads to a high concentration of emissions
such as HC, CO, CO2, NOx, and PM. The temperature of
the exhaust was measured for every set of load characteristics.
Table 3 shows the mass flow rate of exhaust with respect to
emission concentration.

Uncertainty analysis

The uncertainty analysis is carried out to maintain the accura-
cy in the measuring instruments. Uncertainties and errors may
occur in the experimentations because of the calibration, ob-
servation, selection of instruments, calibration, working con-
ditions, and environmental conditions. The main reason for
the uncertainty occurrence is due to the random or fixed errors
caused by the different manufacturing techniques of the in-
struments. The uncertainties in the measured parameters were
estimated by using analytical method. Table 4 shows the

analyzed uncertainties of the measured quantities. The uncer-
tainty is calculated based on Kline and McClintock method

a) ECD

b) Side views of the ECD

Fig. 5 Electrochemical NOx decomposition device. a ECD. b Side views
of the ECD

Fig. 4 Experimental setup

Table 1 Specifications
of the engine Make KOEL

Cylinder bore 80

Stroke 110 mm

Rated speed 1500 rpm

Compression ratio 17:1

No. of cylinder 1

Cubic capacity 552 cc

Injection system type Direct injection

Injection pressure 200 bar

Rated power 3.7 kW

Cooling system Water
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(Kline andMcClintock, 1953; Holman andWalter, 2001). The
formula used in calculating the uncertainty of measured pa-
rameter is the following:

`Δxi ¼ 2σi

xi
� 100

where xi is the average mean and σi is the standard deviation.
Before beginning the test, the following factors were noted

down: steady-state conditions, ambient pressure, ambient air
temperature, coolant temperature, lubricating oil, and fuel lev-
el. Initially, the engine is led to idle for 10–15 min to attain
steady-state conditions. Staged loading (0%, 25%, 50%, 75%,
and 100%) was done by controlling the current supply to the
eddy current dynamometer. The ECD was tested in diesel
engine exhaust for evaluating its emission characteristics.
For evaluating the ECD for better accuracy, the values taken
by conducting the experiments are averaged over five repeti-
tions at given load. Table 4 shows the standard deviation of
errors in the measured values.

Results and discussion

Electrochemical reactions

In this investigation, an electrochemical device consists of
10 individual electrochemical cells is placed in the exhaust
stream. In ECD, NOx decomposition is achieved by pass-
ing electric current. The excess oxygen concentration in
diesel exhaust initiates the ionization of oxygen molecule
and the O2 reduction over the electrolyte and is given in the
reaction (1).

O2 þ 4e−→2O2− ð1Þ

By supplying power supply to the electrochemical cells,
the polarization of the YSZ solid electrolyte takes place.

Oxygen vacancies in higher concentrations are generated in-
side the three-dimensional network of YSZ particles by pass-
ing an electric current. NOx reduction takes place in the cath-
ode layer which is indicated by the below reaction (2).
Reactions (2)–(4) are the NO decomposition reactions in elec-
trode by the supply of electric current followed by a change of
voltage polarity. During positive cycle, NO reacts with Ni to
form Ni-NO and by changing to negative polarity Ni-NO
decomposes to form 2NiO + N2. The N2 is liberated at the
end of the negative cycle. By further change in positive polar-
ity, the NiO is decomposed into Ni and oxygen. When the NO
molecules come in to contact with Ni-YSZ electrodes, the
ionization takes place near the surface regions of Ni grains
into the NiO. As an outcome, the nanosize nickel grain for-
mations take place in the near YSZ/Ni interface boundary
region (Awano et al. 2004). By switching the external voltage,
the oxidation of Ni grains to NiO grains occurs due to the
penetration of NOx and O2 gases. By switching the voltage
polarity, NiO is reduced into Ni (Awano et al. 2004). As a
result, N2 and O2 molecules are liberated out. The liberated
O2 is further ionized into 2O

2− as indicated by the reaction (5)
(Hansen, 2018).

Niþ NO→Ni−NO ð2Þ
2Ni−NO→2NiOþ N2 ð3Þ
NiO−2e−→Niþ O ð4Þ
O2 þ 4e−→2O2− ð5Þ

More oxygen vacancies are created in the YSZ lattice by
passing an electric current. This can be explained by the ten-
dency of the YSZ electrolyte to have higher ionic conductivity
with the increase in temperatures. The ionized oxygen

Table 2 Specification of ECD

Single electrochemical cell dimension (mm) 80 × 80 square plate

Area of electrochemical cells (L) 0.64

Length of ECD (mm) 300

Breath (mm) 150

Table 3 Mass flow rate with
respect of exhaust temperature
and emission

Brake power (kW) Mass flow rate (kg/s) Exhaust temperature (°C) NOx HC CO

0 0.000560789 116 83 13 0.03

0.79 0.000553735 184 157 7 0.02

1.57 0.00054659 227 264 10 0.03

2.36 0.00053935 297 429 12 0.03

3.14 0.00052457 363 634 14 0.03

Table 4 Uncertainty
percentage Parameter Uncertainty (%)

Pressure 1.0

Speed 1.0

Load 0.6

NOx 0.9

CO 0.7

HC 0.6
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molecules will travels through to the electrolyte to the elec-
trodes. The liberated oxygen further oxidizes the HC and CO
emissions in the tailpipe.

Electrochemical cell characterization

In this work, the electrochemical cell characterization is car-
ried out by means of SEM and energy-dispersive X-ray
(EDX) spectroscopy. Energy-dispersive X-ray spectroscopy
is a technique, which works based on the collection and ener-
gy dispersion of X-rays generated when electrons bombard on
the sample surface (Wei et al. 2006). The intensities of the X-
rays generated were measured in SEM, and it is coupled to an
energy-dispersive X-ray. SEM with EDX can determine the
main atomic composition of the material. The intensity of
accelerating voltage is 15.0 kV. Figure 6 shows the EDX re-
sults of the electrochemical cell before testing in the exhaust.
The existence of elements in the electrochemical cell was
identified in EDX analysis. The graph below shows the qual-
itative elemental analysis data obtained in EDX analysis.
From this analysis, elements presence is confirmed, which
was used during the fabricated electrochemical cells. This
proved that the electrochemical cell can be used in the ECD
for effective NOx decomposition.

Figure 7 shows the EDX results of the electrochemical cell
after testing in the diesel exhaust. From the EDX analysis
graph, it is observed that no change in the existing

electrochemical material takes place after testing the diesel ex-
haust. It is observed that carbon atom is newly added to the
electrochemical cells which are due to the existence of carbon
soot particles in the diesel exhaust. And it is also observed that
the presence of carbon soot was minimal in the electrochemical
cells due to the rapid oxidation process in the electrochemical
cells.

Oxides of nitrogen emissions

The high combustion temperature and residence time in the
high-temperature environment is an important factor for
higher NOx formation in a diesel engine (Aggarwal et al.
2016). Figure 8 shows the NOx emission in the electrochem-
ical cells with respect to brake power. By increasing the en-
gine load, more amount of fuel will be taking part in combus-
tion. This increases the in-cylinder temperatures and increased
NO emission, which also results in increased exhaust temper-
ature. Generally, YSZ material requires a high activation tem-
perature for the initiation of electrochemical reactions
(Hamamoto et al. 2006). In this method, thin YSZ substrate
plates are used as an electrolyte material. By increasing the
voltage, the ionic conductivity also increases with the thin

Fig. 6 Energy-dispersive X-ray spectroscopy (EDX) before testing in
diesel exhaust

Fig. 7 Energy-dispersive X-ray spectroscopy (EDX) after testing in die-
sel exhaust
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YSZ substrate. The electrochemical plates are stacked inside
the ECD to ensure maximum contact with the incoming ex-
haust gases. It is observed from Fig. 8 that the NOx emission
reduced with the increase in voltage; it is due to the increase in
ionic conductivity over the YSZ electrolyte. NOx reduction of
up to 80% was achieved with a supply of 2 V at a current of
1.2 amps. It is observed from the experiment that the electro-
chemical cells worked effectively at 2V supply of the voltage
at the temperature between 350 and 400 °C. The low voltage
activation of the electrochemical cell is due to YSZ inherent
increased ionic conductivity at high temperatures (Awano
et al. 2004; Hernández et al. 2013). Further increases in volt-
age result in a blackening of YSZ material. Blackening is
evidence of degradation of an electrochemical material
(Casselton, 1974; Janek and Korte, 1999; Schefold, et al.,
2009). Further increase in voltage reduces the emission reduc-
tion efficiency. The reduction of NOx in the ECD device is
calculated by using the following formula:

NOx Reduction ppmð Þ ¼ NOxwithout ECD−NOxwith ECD ð6Þ

where NOx without ECD and NOx with ECD are the concentra-
tions of NOx before connecting ECD and after connecting the
ECD, and the same method is followed for the calculation of
HC and CO emission. In electrochemical decomposition of
NOx, molecules like N2O and N2 are not measured. But it is
liberated in electrochemical reaction during NOx conversion
(Awano et al. 2004).

Hydrocarbon emission

The hydrocarbon (HC) emission increases in the diesel en-
gine due to the incomplete combustion of diesel fuel. At
low-engine loads, amount of fuel injected is less and HC
emission was high, which is due to the poor fuel

distribution, a large amount of excess air and low in-
cylinder temperature. At high engine load, the HC emission
decreases because of the increased in-cylinder temperature
which results in incomplete combustion. Figure 9 shows the
HC emission reduction in an electrochemical cell with re-
spect to brake power. It is observed that the HC emission
reduces with the electrochemical cell which is due to the
oxidation process inside the electrochemical cells. The rates
of oxidation of hydrocarbons are much faster in the electro-
chemical cell due to the liberated oxygen molecules inside
the sites of electrodes. NOx decomposes into N2 and O2 that
liberate O2 that can be utilized to oxidize the HC molecules.
Ag is also an oxidizing catalyst which as a good tendency to
oxides the harmful pollutants (Zhang et al. 2015). In the
electrochemical cell, Ag plays a role in the oxidation of
HC and CO molecules. HC emission reduction is observed
at the 2V supply of power at high exhaust temperatures. 2V
is found to be an optimum voltage range for the electro-
chemical cells. The temperature of the exhaust also in-
creases at maximum load; the increases in temperature ac-
tivate the YSZ substrate for electrochemical reactions.

Carbon monoxide emission

Figure 10 shows the CO emission with respect to engine
brake power. The CO emission increases in the diesel en-
gine due to the deficiency of oxygen during the combustion
of fuels. The electrochemical cell shows a reduction in CO
emission due to the oxidation of CO2. NOx decomposition
liberates O2 that can be utilized to oxidize the CO mole-
cules also. Ag in the electrochemical cell also supports in
the oxidation of CO molecules. It is observed that 2V sup-
ply of power is the optimum voltage range for the electro-
chemical cells for oxidation of CO.

Fig. 8 The decomposition of NOx with respect to brake power

Fig. 9 HC reduction with respect to brake power
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Exhaust temperature

Figure 11 shows the variation of NOx reduction with respect
to the temperature of the exhaust. The reduction percentage
was calculated using the following formula:

NOx decomposition rate in %ð Þ ¼ NOxwithout ECD−NOxwith ECDð Þ
NOxwithout ECD

� 100

ð7Þ
where NOx without ECD and NOx with ECD are the
concentrations of NOx before connecting ECD and after
connecting the ECD. The exhaust temperature was mea-
sured using a temperature sensor fixed to the exhaust line.
The temperature of the exhaust is a significant factor for
the activation of the electrochemical cells. In higher en-
gine loads, an additional amount of fuel will be taking

part in combustion. This increases the in-cylinder temper-
atures which result in increased exhaust temperature. It is
observed from the experiment that the electrochemical
cells worked effectively at 2V supply of the voltage at
the temperature between 350 and 400°C. This is due to
YSZ which has increased ionic conductivity at high tem-
peratures. It is observed that the ionic conductivity in-
creases in the YSZ electrolyte with an increase in temper-
ature and voltage.

The oxygen concentration in the exhaust increases or
decreases depends upon the rate of combustion of the fuel.
Figure 12 shows the graph of oxygen concentrations with
respect to all load conditions at the variable supply of volt-
age. It is observed that the oxygen concentration increases
in ECD by about 2% when compared with baseline. The
increase in oxygen concentration is due to the following
factors: NO decomposition to N2 and O2 and the oxidation
of CO into CO2 and O2. The future increase in oxygen is
may be due to the dilution of atmospheric oxygen inside
the ECD. It is observed that with all load condition the
oxygen concentration with ECD is increased. At 0V–
0.5V supply of power, there is no much change in the
oxygen concentration. This is because at a minimum volt-
age, the NOx decomposition is observed less and the ionic
transfer of O2 is low in the electrochemical cells. By the
supply of 1V–3V power, the oxygen concentration ob-
served increasing. The reason being is with the increase
in voltage the NOx decomposition gets increases and fur-
ther breakdown oxygen with the incoming atmospheric
oxygen inside the ECD tends to increase the O2 concentra-
tion. The current consumption in the electrochemical cell is
shown in Fig. 13. It is observed that at 2V supply, the
maximum 1.2 amps were the total current consumption
for the operation of electrochemical cells. The power con-
sumption in the ECD will be 2.4 W.

Fig. 11 Temperature of exhaust with NOx reduction Fig. 12 Oxygen concentration with respect to brake power

Fig. 10 CO reduction with respect to brake power
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Conclusion

In this work, a trial of plate type electrochemical cells is devel-
oped and tested for emission reduction in diesel engines. Based
on their experimental result, the finding is summarized as

1. The plate type YSZ electrochemical cell showed better
results in NOx decomposition in higher load conditions.
And a simultaneous reduction of HC and CO was
achieved with this system.

2. It is observed from the results that a supply of 2 V and
1.2A shows the best NOx reduction. In this investigation,
80% reduction of NOx, 65% of HC, and 45% of CO
emissions are achieved at the effective exhaust tempera-
tures of between 350 and 400 °C.

3. In this method, high NOx reduction was observed in the
oxygen-rich conditions of diesel engines which make it
much suitable to use as a retrofit for existing diesel engines.

4. The results obtained from this work shows that the elec-
trochemical decomposition of NOx and simultaneous
control of HC and CO is a preferred technique for diesel
engine emission control.

This method is a cost-effective and easier adaptation in
existing diesel engines without major modifications. By
implementing such technique, harmful pollutants from engine
can be effectively controlled.
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