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Abstract
An advanced smart sensor network is essential to a combustion system, which favors in situ, locally placed, and low-cost 
gas sensors. However, most chemical/electrochemical sensors fail to work in a combustion boiler, due to demanding opera-
tion temperatures (> 1000 °C). This work, for the first time, reports a well-functioning mixed-potential type CO sensor at 
1000–1200 °C using nickel oxide (NiO) as the sensing material on the yttrium-stabilized zirconium (YSZ) oxide electrolyte. 
The influences of feed flow rate, electrode thickness, and porosity on the sensor behavior were investigated and the devel-
oped mixed potential gas sensor delivered notable and fast responses to 1000 ppm CO in 3%  O2: 109 mV @1000 °C, 40 mV 
@1100 °C, and 7 mV @1200 °C. The sensing mechanism was identified different from the common theory based on CO 
oxidation coupled with oxygen reduction. A new mechanism is attributed to the inverse reactions: CO reduction coupled 
with oxygen evolution. For the first time, an inversion temperature was found for the CO-NiO reaction. Below the inversion 
temperature, CO oxidation occurs as commonly presented. Above the inversion temperature, CO is electrochemically reduced 
over NiO into carbon and oxygen ions, evidenced by electrochemical and compositional characterizations. The results can 
complement CO sensing mechanisms for mixed potential sensors and further trigger more research efforts to expand the 
working temperature limit of mixed potential sensors for practical application in combustion control systems.
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1 Introduction

Among the global endeavors to achieve carbon neutral-
ity, fossil fuel (coal, oil, and natural gas)-based combus-
tion processes still play a significant role in energy supply 
for the foreseeable future [1]. Sectors responsible for the 
largest carbon and pollutant emissions, such as electricity, 

industry, and transportation [2, 3], should optimize their fos-
sil fuel utilization efficiency and reduce their environmental 
footprints and accompanied pollution [4–10]. An advanced 
combustion monitor and control system can contribute to an 
improved combustion process and overall efficiency. With 
the installation of a digital optimization network, heat and 
boiler efficiency increased by 1.08% and 0.93%, respectively, 
for the JK Spruce Station Unit Number 1 (566 MW) at Cala-
veras Power [11]. This installation is capable of reducing 
12 kilotons of  CO2 emissions a year (assuming a 5000-h 
full-load operation).

Diverse sensors based on multifunctional metal oxides, 
polymers, and composites have been widely applied in 
many fields [12–24]. Gas sensors are core components 
for combustion feedback control networks since some 
specific gases are the direct indicators of a firing process. 
For example, the gas compositions of an optimum operat-
ing condition of a coal-fired power plant boiler are around 
1–2%  O2 and 100–200 ppm CO depending on coal types 
[25]. Therefore, a superior gas sensor network to ensure 
a high-efficiency combustion process would require the 
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utilization of multiple robust, in situ gas sensors (opera-
tion temperature > 1000 °C) [26]. In this case, burners in 
the boiler could be individually controlled to adjust the 
fuel/air ratio, targeting the locally deviated firing process, 
based on the real-time feedback of on-site sensors [26]. 
Current commonly implemented sensor and control sys-
tems utilize extraction techniques to analyze the composi-
tion of flue gases, which presents average feedback with an 
obvious delay [27, 28]. Chemical resistive sensors, which 
are widely utilized at lower temperatures (<500 °C) [12, 
13, 29–37], cannot maintain chemical stability in combus-
tion boilers. Optical sensing methods, e.g., tunable diode 
or quantum cascade laser spectroscopies, can give fast 
responses to varied gases. However, the challenges are that 
the large amounts of substances impede light transmission 
and the measured value is not local, but an average value 
among the light path [38]. Mixed potential sensors based 
on oxygen ion-conducting yttrium-stabilized zirconium 
oxide (YSZ) are suitable for high temperatures [26]. How-
ever, those YSZ-based mixed potential sensors do not show 
good performances in temperatures higher than 900 °C, 
because the chemical durability and sensitivity of sensing 
materials cannot sustain [39–49].

Since CO concentration, in addition to  O2 content, is a 
direct indicator of a combustion process, an in situ high-
temperature CO sensor is of interest. Our previous work 
reported the use of NiO as the sensing electrode, achieving 
a 36 mV sensing response to 1000 ppm CO at 1000 °C, and 
for the first time proposed a CO reduction-based sensing 
mechanism [26]. However, the mechanism needed more 
thorough investigation since CO reduction is not thermody-
namically favorable, and the performance can be improved 
upon further.

In the present work, multiple electrochemical and micro-
scopic measurements are used to unveil the particular CO 
sensing mechanism on NiO. CO electrochemically reduces 
over NiO into carbon and oxygen ions with the produced 
carbon dissolving into the NiO lattice at 1000–1200 °C. 
CO reduction couples with an oxygen evolution reaction 
to form the mixed potential (sensing signal). An intrigu-
ing inversion temperature is found for the CO-NiO reac-
tion for the first time, which integrates the commonly 
reported CO oxidation mechanism and the proposed CO 
reduction mechanism. In the end, NiO as the sensing 
electrode is notably optimized via a more comprehensive 
investigation on the factors affecting sensitivity, such as 
feed flow rate, electrode thickness, porosity, and oxygen 
content. Marked and fast responses of the mixed potential 
sensor to 1000 ppm CO in 3%  O2 of improved NiO are 
achieved: 109 mV @1000 °C, 40 mV @1100 °C, and 7 mV 
@1200 °C.

2  Experimental section

2.1  Sensor fabrication

The mixed potential-type sensor structure is shown in 
Fig. 1a, which consists of an 8YSZ electrolyte, a porous 
NiO electrode on the sensing side, and a porous Pt elec-
trode on the reference side. A dense circle YSZ pellet with a 
diameter of 13 mm and thickness of 2 mm was fabricated at 
first by mechanical pressing of YSZ powder (Tosoh, yttria-
stabilized zirconia, TZ-8YSB, 8 mol%  Y2O3 in zirconia) 
followed by 1400 °C sintering in air for 2 h. Then, each cir-
cular electrode was made one by one by screen-printing the 
electrode material slurries onto the electrolyte followed by 
2 h 1400 °C annealing in air. The Pt electrode on the refer-
ence side was 6.5 mm in diameter, while the NiO electrode 
was 6 mm in diameter. NiO slurry was made by mixing 
the commercial NiO powders (fuel cell materials, NiO-F 
fine grade, 99%, particle size 0.5–1.5 µm, surface area 2–5 
 m2  g−1) in an ink solution of 3.5 wt.% ethyl cellulose (Fisher 
Scientific, viscosity 100 cP, 5% in toluene/ethanol 80:20 v/v, 
extent of labeling: 48% ethoxyl) in α-terpineol (Fisher Scien-
tific, > 97%). Pt slurry was supplied by ESL ElectroScience 
Inc. (firing residue > 99.3%). Platinum wires were bought 
from Surepure Chemetals Inc. with the purity of 99.99%.

2.2  Sensor packaging and lab‑test station

As shown in Fig. 1f, a two-compartment configuration is 
used for sensor packaging and testing. NiO acts as the sens-
ing electrode (SE) and is exposed to flowing sample gas 
or base gas, while Pt acts as the reference electrode (RE) 
and is always exposed to flowing air. Sample gases, base 
gases, and air were transported via alumina tubes (Advalue 
Techonolgy. LLC, > 99.0%). The base gases and sample 
gases were adjusted via controlling the flowrate of gases 
from a cylinder of 2000 ppm CO gas (balanced by  N2), a 
cylinder of air, and a cylinder of  N2. All gas cylinders were 
bought from Matheson Tri-Gas, Inc. with purity >99.9%. 
Digital mass controllers (Alicat) controlled mass flow rates. 
A ceramic bond (Aremco Products Inc. 552-VFG-1222) was 
used for mounting and sealing the sensor pellet on the top 
of the alumina tube.

2.3  Gas sensing measurements

The sensor signal is measured via recording the electro-
motive force (EMF) between the SE and RE. NiO SE con-
nected to the working probe (also the positive probe) of the  

2479Advanced Composites and Hybrid Materials  (2022) 5:2478–2490

1 3



potentiostat and Pt RE connected to the reference probe 
and counter probe (the negative probe). The potentiostat of 
Gamry Interface 5000E was used to record the electrochemi-
cal data. The sensor signal was measured in the atmosphere 
of 0–1000 ppm CO and 1–3%  O2 balanced by  N2 with a 
total 200 sccm (standard  cm3min−1) flowrate at temperature 
of 1000–1200 °C. This testing arrangement also applies to 
other electrochemical characterizations in this work such as  
polarization curve and electrochemical impedance spectros-
copy (EIS). EIS was carried out on sensor samples at open 
circuit condition (without polarization) over  105 to  10–1 Hz  
frequency range with 10 mV perturbation. The potentiody-

namic polarization curve measurements were carried out  
from 150 to −150 mV at a scan rate of 1 mV  s−1.

2.4  Microscopic, structural, and compositional 
characterizations

X-ray diffraction (XRD, PANALYTICAL X'Pert Pro) with 
a 0.02° step size was used to characterize crystal structures 
of materials. A scanning electron microscope (SEM Hitachi 
S-4700) was used to characterize the micro-morphologies of 
each electrode. Thermogravimetric analysis (TGA, SDT650 
TA Instruments) was conducted to measure the mass 

Fig. 1  Schematics of a cross-sectional view and b top view of the 
sensor structure. Photographic images of c NiO side and d Pt side of 
an as-prepared sensor sample. e XRD result of NiO side of the sensor 
sample and standard XRD cards of NiO and YSZ. f Sensor packaging 
and testing configuration for electrochemical measurements such as 

EMF, polarization curve, and EIS. NiO sensing electrode (SE) con-
nects to the working probe and Pt reference electrode (RE) connects 
to the reference probe and counter probe of the potentiostat/galva-
nostat equipment
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change of NiO powders under the atmosphere of 1500 ppm 
CO + 2%O2, bal.  N2 with a heating rate of 10 °C  min−1. 
X-ray photoelectron spectroscopy (XPS) using a Physical 
Electronics PHI 5000 Versa Probe spectrometer equipped 
with a monochromatic Al Kα source was applied to analyze 
the elemental composition and valence states on the surface.

3  Results and discussion

3.1  Sensor structure and lab‑test configuration

Figure 1a, b show the schematic cross-sectional view and 
top view of the sensor structure, respectively. YSZ (2 mm 
thick) is used as the support and electrolyte. NiO electrode 
(6 mm diameter) is sintered on the YSZ surface with a 
thin platinum wire embedded to transmit electrical signals 
(Fig. 1c). Pt electrode (6.5 mm diameter) is sintered on the 
counter surface of the YSZ pellet with a Pt wire as the lead 
wire (Fig. 1d). Figure 1e demonstrates the X-ray diffrac-
tion (XRD) result of the NiO side of the as-prepared sen-
sor sample. The XRD pattern of the sintered pellet of NiO 
electrode on YSZ electrolyte is consistent with the standard 
XRD cards of NiO (JCPDS #48–0224) and YSZ (JCPDS 
#47–1049), where clear and clean peaks of NiO and YSZ 
confirm their crystal structure and show no chemical reac-
tions between them. Figure 1f presents the sensor packaging 
and testing configuration. A two-compartment configuration 
is used, where the NiO sensing electrode (SE) is exposed 
to flowing sample and base gases, while Pt, the reference 
electrode (RE), is always exposed to flowing air. The sen-
sor signal is measured via recording the electromotive force 
(EMF) between the SE and RE, with the NiO SE connected 
to the working probe of the potentiostat and the Pt RE con-
nected to the reference probe and counter probe. Therefore, 
the measured sensor signal is obtained as follows:

where USE is the potential of SE, and URE is the potential of 
RE. The sensor response can be calculated as follows:

(1)EMF = USE − URE

where EMFs is the EMF in the sample gas, and EMFb is 
the EMF in the base gas (also known as the baseline). This 
testing arrangement also applies to other electrochemical 
characterizations in this work such as polarization curve and 
electrochemical impedance spectroscopy (EIS).

3.2  CO Sensing behavior of NiO at 1000–1200 °C

3.2.1  Influence of feed gas flow rate, NiO electrode 
thickness, and porosity

Mixed potential is generated from the kinetic balance 
between chemical and electrochemical reactions occurring 
over the sensing electrode and electrode/electrolyte inter-
face [50]. Factors that affect the kinetics, such as feed gas 
flow rate, SE thickness, and porosity, are systematically 
investigated. Flow rate varies from 100 standard cubic 
centimeters per minute (sccm) to 300 sccm. Thickness is 
varied by 21 μm, 45 μm, and 60 μm, designated as T1, T2, 
and T3. SE porosity is adjusted by adding different content 
of pore former (PF) by weight ratio in the NiO slurries: 
10% PF, 20% PF, and 30% PF. The SEM images of cross 
sections of NiO/YSZ interfaces are shown in Fig. S1, dem-
onstrating the presence of macropores in the NiO layer. 
Baseline values are hardly altered by gas transport-related 
variables, as demonstrated in Figs. S3 and S4. They are 
linearly fitted and presented in Table 1.

Figure 2a−c demonstrate the sensing behavior to CO of 
NiO electrodes affected by the three gas transport-related 
factors: feed gas flow rate, SE thickness, and SE porosity, 
with baseline values presented via dash lines. In general, a 
better transport facilitates the sensor sensitivity, as shown 
in Fig. 2d, e where a higher flow rate and thinner electrode 
lead to higher responses. This is reasonable since a lower 
CO amount would be consumed by chemical reactions 
due to faster gas transport and more CO would reach the 
tripe-phase boundary (TPB) to form the mixed potential. 
However, Fig. 2f shows that the 20% PF sensor sample 
exhibits a higher response than the 30% PF sample does. 
This might be because the NiO electrode of the 30% PF 
sample has elevated activity due to the smaller particle 
size, since pore former inhibits particle growth during 
the sintering process. The 30% PF sample might consume 
more CO than the 20% PF sample by chemical reactions 
that do not generate electrical signals. In addition, in the 
higher CO content region, responses are linear to the loga-
rithm of CO concentration, indicating that electrochemical 
reaction is probably the rate-limiting step for CO sensing 
of NiO at 1000 °C. Figure 2g−i display that response  t90 
(time to achieve 90% final signal magnitude) is generally 

(2)Sensor Resposne = EMFs − EMFb

Table 1  Baseline values of NiO electrode to varied oxygen content 
under 1000, 1100, and 1200 °C

Oxygen content Baseline 
@1000 °C / mV

Baseline 
@1100 °C/ mV

Baseline 
@1200 °C/ 
mV

1%  O2, bal.  N2 −67.8 −72.6 −79.2
3%  O2, bal.  N2 −43.7 −46.7 −51.5
5%  O2, bal.  N2 −32.5 −34.6 −38.6
10%  O2, bal.  N2 −17.3 −18.3 −21.0
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smaller than recovery  T90, suggesting that CO adsorption 
is faster than CO desorption.

3.2.2  Influence of oxygen content and temperature 
on behavior and stability

Figure 3a demonstrates at 1100 °C the influence of oxy-
gen content on the CO sensing property of NiO electrode, 
with detailed chrono EMF results displayed in Fig. S5a−d. 
Since responses are clearly neither linear to the logarithm 
of oxygen concentration (Fig. 3a) nor linear to oxygen con-
centration (Fig. S5f), weak chemical adsorption of oxygen 
over NiO surface is possibly the rate-limiting step of the 
oxygen-NiO reaction, rather than electrochemical reaction 
or gas diffusion. This is reasonable because at such a high 
temperature, the sticking probability of oxygen would be 

notably decreased [51]. Figure 3b shows that NiO’s CO sen-
sitivity is clearly weakened by temperature increase. The 
sensor response to 1000 ppm CO decreases from 109 mV @ 
1000 °C to 7 mV @ 1200 °C. This is possibly because ele-
vated temperatures significantly increase the CO consump-
tion within the NiO electrode before CO reaches the TPB. 
Figure 3c exhibits a 180 h stability measurement, showing 
that despite a small drop on the first day, the response is 
restored after 24 h and remains stable after 48 h. Figure 3d 
displays the comparison of the initial and final sensing 
behavior, verifying the robustness of the NiO electrode. 
Figure 3e and Table S1 present a comparison of sensing 
performances in this work and reported literature [26, 40, 
41, 43, 44, 46, 48, 49]. This work for the first time achieves 
a notable sensing performance for a mixed potential sen-
sor working at temperatures above 1000 °C to 1000 ppm in 
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3%  O2: 109 mV @1000 °C, 40 mV @1100 °C, and 7 mV 
@1200 °C. After comparing the temperature effect on sens-
ing responses and  T90, the optimal working temperature for 
this proposed NiO electrode is 1100 °C due to the acceptable 
sensitivity and fast response and recovery (<25 s, as seen 
in Fig. S7).

3.3  CO sensing mechanism of NiO at 1000–1200 °C

For most mixed potential CO sensors reported in the litera-
ture, the generated mixed potential of the electrode is nega-
tively related to CO content during the CO sensing process 
[39–44]. This is because, as shown in the left color block 

in Fig. 4a, the potential of CO electrochemical oxidation is 
more negative than the potential of oxygen reaction (baseline 
potential). This leads to a negative shift of the formed mixed 
potential relative to the baseline when the two reactions are 
equally coupled. Thus, a higher CO content causes a more 
negative potential and higher response, as demonstrated in 
Fig. 4a showing  Emix2 <  Emix1.

However, in our previously reported work [26] and this 
work, the mixed potential of NiO is surprisingly higher than 
the baseline and further positively related to CO content 
in sample gas at 1000–1200 °C. This inverse phenomenon 
induces the idea that it is a CO-related reduction reaction, 
instead of CO oxidation, that couples with the oxygen 

Fig. 4  a Proposed mechanism for the inversion phenomenon and pos-
itive relationship between sensor response and CO content. b Steady 
EMF vs. temperature of NiO at CO containing and non-containing 
conditions; the temperature scan rate is 1 °C/10 min to ensure steady 
state. EIS results of NiO electrode to feed gas containing 0  ppm, 

400 ppm, and 800 ppm CO at c 800 °C and d 1000 °C. Polarization 
curve of NiO electrode to 3%  O2 base gas, and modified polarization 
curve to 400 ppm CO and 800 ppm CO at e 800 °C and f 1000 °C. 
Sensing behavior of NiO to  CO2 containing atmosphere compared to 
non-containing CO atmosphere at g 800 °C and h 1000 °C
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evolution reaction to form the mixed potential, as shown in 
the right block in Fig. 4a. Detailed evidence and reasoning 
for this mechanism is presented as follows.

3.3.1  Electrochemical methods

Figure 4b shows the dependence of the steady EMF values 
of NiO on temperatures with and without CO in the feed gas. 
A 1 °C/10 min temperature increase rate is applied to ensure 
a steady state. It is surprising that the EMF curve of NiO in 
CO-containing atmosphere intersects the EMF curve in zero 
CO condition (namely sensing baseline curve) at 870 °C. 
This phenomenon is particular to the NiO sensor and is not 
found on Pt electrode. As seen in Fig. S8, the potential of 
the Pt electrode in the CO-containing sample gas is very 
closely parallel to the baseline after 600 °C with no intersec-
tion observed. To our best knowledge, it is for the first time 
that an inversion temperature (the intersection 870 °C) is 
observed for CO sensing. This important inversion tempera-
ture discovery could expand the current CO sensing theory 
by integrating CO oxidation and CO reduction.

To further explore what the specific CO reaction is over 
NiO above the inversion temperature, the open circuit poten-
tial EIS of the NiO electrode is performed in a feed gas of 
3%O2 and varied contents of CO at 800 °C and 1000 °C, as 
shown in Fig. 4c, d. At 800 °C, the addition of CO slightly 
increases the reaction resistance, as presented in Fig. 4c. 
This could be ascribed to the decreased coverage of adsorbed 
oxygen over NiO since the reaction of oxygen redox pair is 
the main contributor to the EIS signal and a small amount 
of adsorbed oxygen is consumed by CO oxidation. However, 
an evident contrast is that at 1000 °C, the addition of CO 
significantly reduces the polarization resistance, suggesting 
that a markable amount of adsorbed oxygen species is gen-
erated, as observed in Fig. 4d. This is further supported by 
the minor effect of pure oxygen content on the polarization 
resistance as shown in Fig. S9. Figure S9 displays the open 
circuit potential EIS for NiO electrode in base gas with var-
ied oxygen contents at 1000 °C. The oxygen content increase 
only marginally reduces the reaction resistance. This sug-
gests that oxygen molecule dissociation and adsorption over 
NiO surface at high temperatures is weak, in agreement with 
the result of Fig. 3a. Therefore, the following half-reaction 
(Eq. 3) is proposed concerning CO reduction, coupling the 
oxygen evolution reaction (Eq. 4) to form a positively shifted 
mixed potential regarding the baseline, as explicitly demon-
strated in Fig. 4a.

(3)CO + 2e → C + O
2−

(4)O
2−

→ 2e +
1

2
O

2

A modified polarization curve is obtained by subtract-
ing the polarization curve of SE in baseline gas from that 
in the sample gas. It exclusively elucidates the polarized 
behavior of SE due to CO. In agreement with the proposed 
mechanism in Fig. 4a, the modified polarization curves of 
400 ppm and 800 ppm CO at 800 °C exhibit anodic currents 
(Fig. 4e) indicating CO oxidation, while at 1000 °C, they 
display cathodic currents (Fig. 4f) indicating CO reduction.

The results of  CO2 effects on sensing behavior of NiO 
under different temperatures can further justify the proposed 
mechanism, as shown in Fig. 4g, h. At 800 °C, the existence 
of  CO2 clearly lowers the measured EMF values, indicating 
an enhanced sensing response of the NiO electrode to CO. 
This might be because the adsorption of  CO2 is competing 
with  O2 adsorption, leading to a lowered oxygen coverage 
and thus a compromised oxygen reduction activity and a 
promoted CO sensitivity [39]. In contrast, at 1000 °C, there 
is essentially no difference between the sensing signal to CO 
of NiO for conditions with or without  CO2 (Fig. 4h), which 
is in agreement with the proposed mechanism that  CO2 is 
not participating the CO reduction reaction. The detailed 
chrono-EMF measurement results of NiO with and without 
 CO2 at 1000 °C is demonstrated in Fig. S10.

3.3.2  Microscopic, structural, and compositional 
characterizations

Since the proposed mechanism also claims the generation 
of C over NiO in addition to oxygen ions (Eq. 3), this mech-
anism would be strongly supported if carbon is detected. 
Therefore, to amplify the outcome of CO-NiO interaction 
above the inversion temperature, a 3-day atmospheric treat-
ment at 1000 °C was applied to two NiO sensor samples, 
with one annealed in base gas (2%  O2, bal.  N2) and the other 
one annealed in the corresponding sample gas containing 
1000 ppm CO. Constant gas compositions are maintained 
by flowing the gases.

Figure 5a shows the color change of treated NiO elec-
trodes when CO exists in the atmosphere. NiO becomes 
darker when the treatment gas contains 1000 ppm CO, while 
the color of NiO treated in the base gas is nearly identical 
with the as-prepared sample as shown in Fig. 1c. Accord-
ing to literature [52], excessive oxygen in the NiO structure 
would cause the color of NiO to become darker. Although 
Fig. 5a does not suggest the production of carbon, it supports 
the mechanism since more oxygen is possibly generated.

XRD and thermal gravimetric analysis (TGA) meas-
urements do not detect any obvious difference for the two 
treated NiO electrodes, as shown in Figs. 5b and S11. How-
ever, SEM images of the two treated NiO electrodes dem-
onstrate significant nanoscale morphological differences. 
Compared to base gas treatment, the particles of CO-treated 
NiO are more sharpened, with a large number of defects and 
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Fig. 5  a Photographic images of sensor samples after 3-day atmos-
pheric treatments at 1000  °C with CO and without CO. b XRD 
results of NiO electrodes before and after 3-day atmospheric treat-
ments at 1000 °C with CO. SEM images of NiO electrodes after the 

3-day atmospheric treatments at 1000  °C c without CO and d with 
CO. XPS results of carbon peak of NiO electrodes after the 3-day 
atmospheric treatments at 1000 °C e without CO and f with CO
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clear stairs observed on some specific facets. Combined 
with the XRD and TGA results, the CO-NiO interactions 
above the inversion temperatures are believed to focus on 
the surface region. Therefore, depth-resolved X-ray photo-
electron spectroscopy (XPS) measurements were performed 
on the two treated sensor samples, as shown in Figs. 5e, 
f and S12. For the baseline gas-treated NiO, the carbon 
peak is diminished after the first 1-min  Ar+ sputtering (cor-
responding to ~2 nm Fig. 5e). In contrast, carbon has not 
disappeared until the 10th sputtering for the NiO treated 
in a CO-containing atmosphere (Fig. 5f). While the ini-
tial carbon signal can be attributed to the contamination of 
residue carbons, the clear carbon peaks after each sputter 
process, although small, prove the generation of carbon and 
further justify the proposed mechanism. The result also sug-
gests that the produced C by CO reduction dissolves into 
NiO phase. Figure S12 shows the XPS results of oxygen 
and nickel of CO-treated NiO. Although  Ni2O3 peaks are 
observed, the results are not believed as strong evidence 
since the valence of Ni can be altered by  Ar+ sputtering 
[53–56], which also affects oxygen’s coordination. The XPS 
results of carbon are very convincing as carbon is barely 
affected by  Ni2+ reduction during sputtering.

Thus, since the CO decomposition is of particularity 
(occurs over NiO not over Pt), it is preferential to examine 

the thermodynamics of adsorbed species, such as  COad, 
 Oad

2−,  CO2,ad, and  Cad. Therefore, we propose the mecha-
nism as shown in Fig. 6. When temperature is lower than the 
inversion temperature, the coverage of oxygen adsorbed spe-
cies  (Oad

2−) on NiO would be much higher than the absorbed 
CO  (COad), as shown in Fig. 6a step 1. This leads to a higher 
driving force of CO oxidation forming  CO2 (steps 2 and 
3 in Fig. 6a). In contrast, when temperature is above the 
inversion temperature, the adsorption of oxygen over NiO 
is weak, while the adsorption of CO is more energetically 
favorable. Thus, the coverage of CO  (COad) is much higher 
than  Oad

2− (step 1, Fig. 6b), resulting in favorable energy 
for CO decomposition (step 2, Fig. 6b). Therefore, CO is 
decomposed over these surfaces with a portion of carbon 
diffusing into the NiO (step 3, Fig. 6b).

4  Conclusions

This work presents a well-functioning mixed poten-
tial CO gas sensor using NiO as the sensing electrode at 
1000–1200 °C, demonstrating its potential to be used as 
an in situ gas sensor in a utility boiler. A larger flow rate 
and thinner thickness facilitate the sensitivity, suggesting 
that better gas transport promotes an improved sensitivity. 

Fig. 6  Proposed mechanisms of CO sensing over NiO surfaces a below and b above the inversion temperature
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However, the 20% PF sample exhibits better responses 
than the 30% PF sample, indicating the importance of the 
chemical/electrochemical reaction balance. Notable and 
fast responses to 1000 ppm in 3%  O2 are reported: 109 mV 
@1000 °C, 40 mV @1100 °C, and 7 mV @1200 °C. Differ-
ences of EIS results of NiO at 800 °C and 1000 °C in CO-
containing atmosphere demonstrate that CO releases oxygen 
ions over NiO surface considerably at 1000 °C because the 
resistance reaction is significantly reduced when CO exists. 
The depth-resolved XPS results of carbon in NiO electrodes 
treated at 800 °C and 1000 °C prove that the carbon is pro-
duced via CO-NiO reaction and dissolves into NiO lattice. 
These observations justify a mechanism that CO is electro-
chemically reduced over NiO into carbon and oxygen ions. 
The CO reduction reaction coupled with the oxygen evolu-
tion reaction leads to the positive relationship between the 
NiO electrode’s mixed potential and CO content. Further-
more, an inversion temperature is found for the CO-NiO 
reaction for the first time, showing the union of the com-
monly reported CO oxidation-based and the proposed CO 
reduction-based mechanism.
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