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ABSTRACT: Hydrogen (H2) fuel cells have been developed as an
environmentally benign, low-carbon, and efficient energy option in
the current period of promoting low-carbon activities, which offer a
compelling means to reduce carbon emissions. However, the
presence of carbon monoxide (CO) impurities in H2 may
potentially damage the fuel cell’s anode. As a result, monitoring
of the CO levels in fuel cells has become a significant area of
research. In this paper, a novel photoacoustic sensor is developed
based on photoacoustic heterodyne technology. The sensor
combines a 4.61 μm mid-infrared quantum cascade laser with a
low-noise differential photoacoustic cell. This combination enables
fast, real-time online detection of CO impurity concentrations in
H2. Notably, the sensor requires no wavelength locking to monitor
CO online in real-time and produces a single effective signal with a period of only 15 ms. Furthermore, the sensor’s performance was
thoroughly evaluated in terms of detection sensitivity, linearity, and long-term stability. The minimum detection limit of 11 ppb was
obtained at an optimal time constant of 1 s.

Fuel cells, in particular hydrogen (H2) fuel cells, have drawn a
lot of interest as cost-effective and highly effective energy
sources in a variety of applications.1 While limiting their
negative effects on the environment, these electrochemical
devices efficiently transfer the chemical energy found in fuels
like H2 into electricity.2−8 Therefore, fuel cells present an
appealing way to reduce carbon emissions. However, the
presence of contaminants in the H2 fuel stream, such as carbon
monoxide (CO), can dramatically reduce fuel cell perform-
ance, jeopardizing both efficiency and safety.9 Consequently,
detecting and monitoring CO in fuel cells have become a key
focus area, driven by the necessity for clean and pure H2 fuel.
Hydrogen is typically produced through a variety of

processes, including the reforming of natural gas and the
gasification of biomass.10 Trace quantities of CO develop
accidentally during these processes, possibly polluting H2.
Furthermore, CO in H2 fuel may contaminate catalysts,
particularly at the anode of fuel cells. The electrochemical
reactions that take place during power generation are slowed
by CO molecules adhering to the catalyst surface. This
phenomenon reduces the amount of active surface area that is
accessible for H2 oxidation, which has a negative impact on the
performance of fuel cells overall.11,12 Reports indicate that
subjecting a fuel cell to an environment with a CO
concentration of 70 ppm (ppm) for 6 h can lead to an 85%
loss in voltage, the CO content at the platinum anode should
be kept below 10 ppm for platinum anodes and below 100

ppm for platinum−ruthenium anodes for the best fuel cell
performance and lifespan.13,14 Moreover, CO poisoning can
inflict irreparable damage to the catalyst and other critical
components, leading to a shortened lifespan for the fuel cell
system. Consequently, the development of effective CO
detection methods is crucial to maximizing the efficiency and
reliability of fuel cell systems. This, in turn, contributes to the
advancement of fuel cell technology and accelerates the
transition to a clean and sustainable energy future.
A variety of methods have been developed for the detection

of CO. These methods encompass electrochemical sensors,
metal oxide sensors, catalytic combustion sensors, and others.
However, these approaches have drawbacks that restrict their
ability to detect CO in H2. For instance, electrochemical
sensors exhibit poor selectivity and are highly influenced by
environmental factors.15,16 Metal oxide sensors suffer from
stability issues and necessitate regular calibration and
maintenance.17,18 Catalytic combustion sensors are susceptible
to interference from other gases and have a limited
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lifespan.19,20 Consequently, there exists an urgent need for the
development of an exceptional sensor capable of monitoring
the level of CO in H2. Such a sensor should possess high
sensitivity, high selectivity, fast response time, and good
stability, require no calibration, and offer real-time monitoring
capability.
In recent years, due to its many benefits, which include low

background, no wavelength selectivity, a broad dynamic range,
and proportionality to optical power, photoacoustic spectros-
copy has recently attracted more and more interest.20−39 The
photoacoustic heterodyne technology based on photoacoustic
cells (PAC) has emerged as a promising candidate for CO
monitoring in H2 among the numerous photoacoustic
spectroscopy approaches. Such sensors combine the benefits
of conventional photoacoustic spectroscopy, eliminate the
need for frequency calibration and wavelength locking, and
have a faster response time. In this work, a differential PAC-
based photoacoustic heterodyne sensor for real-time CO in H2
monitoring is presented. Compared to other photoacoustic
spectroscopy sensors, this one provides a faster response time
and a simpler optical setup and does away with the
requirement for frequency calibration and wavelength locking.

■ EXPERIMENTS
Photoacoustic Heterodyne Sensor. Figure 1 presents a

schematic diagram of the photoacoustic heterodyne sensor

utilized in this work. A DFB-QCL (AdTech Optics, model
HHL-17−62) instrument with a center wavelength of 4.61 μm
was employed as the excitation light source. To ensure the
laser operated within the absorption line of CO, precise control
of the laser was achieved using a current controller (ILX
Lightwave, model LDX-3220) and a temperature controller
(Thorlabs, model TED 200C). A dual-channel function
generator (Tektronix, model AFG 3022) generated sine and
trapezoidal scanning waveforms, serving as the modulation and
scanning signals for the laser, respectively. The frequency of
the sine wave was 6776 Hz, which was 273 Hz away from the
resonance frequency of the PAC under H2 carrier gas. The
experiment utilized the 1f wavelength modulation technique to
maximize the resulting beat frequency signal.40,41 The laser
current corresponding to the trapezoidal scanning waveform
ranged from 198 to 234 mA. The rising edge of the trapezoidal
scanning waveform lasted for 7 ms, with an overall duration of

15 ms. The function generator sent a synchronization signal to
a lock-in amplifier (Stanford Research Systems, model SR830),
which demodulated the electrical signals transmitted by the
microphone to the lock-in amplifier. To enhance the signal-to-
noise ratio of the sensor, a low-noise differential PAC was
employed.42 The PAC featured two high-transmittance (Ψ25.4
× mm) CaF2 windows with a transmittance exceeding 95%.
The PAC included an air inlet, an air outlet, and two high-
sensitivity microphones (model EM258 from Primo Micro-
phones, Japan) for detecting acoustic signals. The resulting
acoustic signal was converted into an electrical signal, amplified
by a preamplifier, and demodulated by a lock-in amplifier. The
demodulated signal was then transmitted to a personal
computer equipped with a data acquisition card for data
recording and analysis. Needle valves were present at both
ends of the gas line, allowing for the regulation of gas flow by
adjusting the needle valve switches. A manometer (MKS
Instrument, model 649B) and a flow meter (Alicat Scientific,
model M-2 SLPM-D/5 M) provided real-time displays of the
operating pressure and flow rate within the gas line. A vacuum
pump (Oerlikon Leybold Vacuum Inc., model D16C) was
employed to introduce the gas to be measured into the PAC.
Different concentrations of CO required for the experiments
were achieved using a gas distribution system (Environics,
model EN4000), which varied the mixing ratio of 150 ppm of
CO in H2 to obtain the desired concentration.
Frequency and Q-Value of Differential PAC. In this

work, the low-noise differential PAC utilized possesses a cavity
length of 90 mm and an inner diameter of 8 mm. Notably, the
experiment’s use of H2 as the carrier gas results in a change in
the PAC’s resonance frequency. In contrast to the case where
N2 serves as the carrier gas, the resonance frequency
experiences an increase while the quality factor (Q-value)
undergoes a decrease. This discrepancy stems from the
differing adiabatic index and molar masses between H2 and
N2 (H2: adiabatic index of 1.41, molar mass of 0.002 kg/mol;
N2: adiabatic index of 1.4, molar mass of 0.028 kg/mol).

Employing the theoretical formula f v
L2

= and v R T
M Cn

n n

0

1

= ,

where L is the effective length of the resonator and v is the
speed of sound, κ is an adiabatic index, R0 is the molar gas
constant, T is the temperature, n is the type of mixed gas, and
Mn and Cn are the molar mass and the concentration of the n-
th analyte in the mixture, respectively. The calculated
resonance frequency of the PAC stands at 7219.9 Hz, with a
Q-value of 35. During the experiment, the PAC was filled with
10 ppm of CO: H2 gas mixture, and the frequency response
curve was generated by modulating the frequency of the
excitation light source, as shown in Figure 2. The resulting
resonance frequency, with a Q-value of 31, is 7048.9 Hz. It is
important to note that the reason for the discrepancy between
the theoretically calculated value and the actual measured value
is that the calculation process assumed the medium to be an
ideal fluid, ignored the viscosity of the gas, and approximated
the propagation of sound waves as an adiabatic process.
Measurement of Photoacoustic Heterodyne Signal.

In the technique of photoacoustic heterodyne, efficient
generation of photoacoustic heterodyne signals requires setting
the modulation frequency of the excitation light source to a
nonresonant frequency f of the PAC, which has a frequency
difference Δf from f 0. The photoacoustic signals generated by
the PAC are then demodulated by 1f at f. To determine the
optimal modulation frequency, a 150 ppm of CO: H2 gas

Figure 1. Schematic of the experimental setup. QCL: quantum
cascade laser; PAC: photoacoustic cell; TA: trans-impedance
amplifier; FG: function generator; DAQ: data acquisition card; PC:
personal computer; PM: power meter.
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mixture was introduced into the photoacoustic heterodyne
sensor. The pressure and gas flow rate in the PAC was set to
atmospheric pressure and 50 sccm, respectively. By variation of
the modulation frequency, different peak photoacoustic
heterodyne signals were obtained and are recorded in Figure
3. As shown in Figure 3, the optimal modulation frequency f is

6776 Hz, which is 273 Hz away from the resonance frequency
f 0. It is noteworthy that the Δf value differs from the previously
reported Δf = 114 Hz,43 and this difference may be attributed
to the smaller Q-value of the PAC. According to the formula of
t h e p h o t o a c o u s t i c h e t e r o d y n e s i g n a l : 4 3

s f f te cos 2 ( )t1
2 0

/
0 0= [ ], where τ represents the

damping time of the sound vibration corresponding to the Q-
value of the PAC. The smaller the Q-value, the faster the
damping time of the sound vibration, resulting in a shorter
interval between the peaks and valleys of the photoacoustic
heterodyne signal, and thus a shorter Δt value. Since Δf = 1/
Δt, it causes Δf to be larger. Additionally, a faster speed of

sound would further reduce the Δt. Moreover, the observed
trend of signal variation with modulation frequency exhibits
distinct asymmetry, deviating from the findings reported in this
field previously. This discrepancy arises from the reduction in
carrier gas density, resulting in an increased resonance
frequency of the photoacoustic cell and a larger offset
frequency. Consequently, in comparison to previous reports,
the phenomenon wherein the photoacoustic signal is inversely
proportional to the modulation frequency is notably magnified.
Figure 4 illustrates the photoacoustic heterodyne signal with

a time interval of 15 ms for generating each photoacoustic

heterodyne signal. Utilizing the beat frequency algorithm,40 the
resonance frequency f 0 of the PAC, and the Q-value can be
calculated. The figure exhibits six peaks, where the steady-state
response dominates when the P1 peak is generated and the
transient response of the PAC begins with the appearance of
the P2 peak.
To fit the frequency and Q-value, an exponential decay

function is applied to the five peaks, P1, P3, P4, P5, and P6.
The time interval Δt between P3 and P1 is measured at 3.56
ms, with a decay time τ of 1.47 ms. Utilizing the beat frequency
algorithm,40,41,43 the resonant frequency of the PAC is
determined to be f 0 = 7056 Hz, and the Q-value is calculated
as Q = 32.5. In the measurement process, the insights derived
from this fitting procedure can be utilized to provide feedback
to the function generator through the LabVIEW program,
enabling the implementation of a self-calibration process.
To calculate the amplitude of the photoacoustic heterodyne

signals, the peak value of P3 is subtracted from the peak value
of P2. For 125 ppm of CO: H2 gas mixture, the maximum
signal amplitude is measured at 1132.7 μV. The standard
deviation 1σ of the background noise is determined to be 3.29
μV.
Scan Time and Lock-in Time Constant Optimization.

The rate at which the excitation light wavelength can be
adjusted by modifying the period of its scanning function. In
this work, we examined the variation in the amplitude of the
photoacoustic heterodyne signal output from the photo-
acoustic heterodyne sensor with respect to the scanning
period of the excitation light wavelength. A 150 ppm of CO:
H2 gas mixture was introduced into the sensor, and the
scanning period of the excitation light wavelength was altered

Figure 2. The frequency response curve of the PAC in an H2 carrier
gas.

Figure 3. Amplitudes of the photoacoustic heterodyne signals and
conventional PAS signals as a function of the modulation frequency.

Figure 4. Measured photoacoustic heterodyne signal.
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from 1 to 10 ms. The sensor responses were recorded and are
depicted in Figure 5. The results indicate that as the scanning
period of the excitation light wavelength increased, the
amplitude of the sensor photoacoustic heterodyne signal
exhibited a trend of initially increasing and then decreasing.
Notably, the optimal response amplitude of the sensor was
observed when the scanning period of the excitation light
wavelength was set to 7 ms. Furthermore, with the increase in
the scanning period of the excitation light wavelength, the
response mode of the PAC gradually transitioned from the
transient response mode to the steady-state response mode.
This transition is clearly observed in Figure 5, particularly in
the case of the 10 ms scanning period. In this case, the output
signal from the sensor nearly transformed into a harmonic
signal, signifying the dominance of the steady-state response
mode.
The sensor response time becomes faster as the time

constant of the lock-in amplifier decreases. This characteristic
is particularly crucial for rapid measurements. Hence, the time
constant of the lock-in amplifier in the sensor is fine-tuned for
optimization. In the experiment, 150 ppm of CO: H2 gas
mixture was introduced into the sensor, and the time constant
of the lock-in amplifier was varied to observe the resulting
sensor response signal, as depicted in Figure 6. The findings
reveal that the optimal time constant is 1 ms. It is worth noting
that while smaller time constants yield stronger signals, they
also introduce higher levels of noise. This trade-off is illustrated
in Figure 7, which displays the signal-to-noise ratio as a
function of the time constant. The signal-to-noise ratio of the
photoacoustic heterodyne signal output by the sensor exhibits
a continuous increase as the time constant extends from 30 μs
to 1 ms. Subsequently, with a further increase in the time
constant, the system’s signal-to-noise ratio declines. This is
primarily attributed to the system introducing excessive
background noise due to an overly broad detection bandwidth
at this point. When the time constant of the lock-in amplifier is

set to 1 ms, the signal-to-noise ratio of the sensor is measured
to be 420.7.
Photoacoustic Heterodyne Sensor Linearity and

Stability. The linearity of the photoacoustic heterodyne
sensor was assessed under atmospheric pressure and a gas flow
rate of 50 sccm. The CO: H2 mixtures with different
concentration levels of 0, 50, 75, 100, 125, and 150 ppm
were directed into the sensor in turn. At each concentration
level, two hundred data points were recorded, and the results
are depicted in Figure 8a. For the 50 ppm of CO
concentration, the amplitude of the photoacoustic detector
signal was measured to be 454 μV, with a background noise
level (1σ) of 3.3 μV, resulting in a signal-to-noise ratio of
137.6. The detection sensitivity was determined to be 363 ppb,
and the normalized noise equivalent absorption coefficient
(NNEA) was calculated to be 3.76 × 10−8 cm−1 W Hz−1/2.
Moreover, Figure 8b displays the average signal amplitudes at
different concentration levels, with a high R-squared value of

Figure 5. Photoacoustic heterodyne sensor output signals for different excitation wavelength scanning periods.

Figure 6. Response of the photoacoustic heterodyne sensor in the
case of different time constants of the lock-in amplifier.
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0.998 obtained from the linear fit, confirming the sensor’s
linear response to the carbon monoxide concentration in H2.
The photoacoustic heterodyne sensor presented in this

study exhibits a significantly faster response compared to that
of previously reported CO sensors, albeit with a lower
detection limit. This level of performance is satisfactory for
monitoring CO in fuel cells. The decrease in detection
sensitivity can be attributed to the substantial drop in the Q-
value of the PAC when H2 is used as the carrier gas, leading to
a higher loss of signal generated by the sensor. A

comprehensive comparison of the parameters between the
sensors reported in previous studies and the ones discussed in
this article is shown in Table 1. The response time of the
reported sensors without wavelength locking is basically more
than 10 s, whereas the sensor described in this paper has a
response time of 15 ms. Sensor response speed is improved by
3 orders of magnitude.
The long-term stability of the photoacoustic heterodyne

sensor was assessed through Allen-Werle deviation analysis. In
this evaluation, the PAC was filled with pure H2, and
measurements were conducted at room temperature and
atmospheric pressure conditions. The time constant of the
lock-in amplifier was set to 1 ms, and the resulting analytical
plot is depicted in Figure 9. Notably, the minimum detection
limit reaches 11 ppb at an optimal integration time of ∼1 s.

■ CONCLUSIONS
In this work, a photoacoustic heterodyne sensor is designed for
the measurement of the amount of CO in H2. The sensor
utilizes the photoacoustic heterodyne technique and employs a
differential PAC as a spectrophone. With an integration time of
1 ms, the sensor achieves a detection limit of 363 ppb,
corresponding to an NNEA of 3.76 × 10−8 cm−1 W Hz−1/2.
Compared with the previously reported sensors, the response
speed of the sensor has been greatly improved. Furthermore,
the sensor’s stability was evaluated using the Allan-Werle
variance method, revealing that the minimum detection limit
can be further improved to 11 ppb by increasing the
integration time to 1 s. The developed sensor offers several
advantages, including fast response, calibration-free operation,

Figure 7. Photoacoustic heterodyne sensor signal-to-noise ratio as a
function of the lock-in amplifier time constant.

Figure 8. (a) Photoacoustic heterodyne signals from the different
concentration levels of CO; (b) linearity of the photoacoustic
heterodyne sensor.

Table 1. Performance Comparison of the Developed PAH CO Sensor and Previously Reported Techniques

refs technique wavelength (μm) power time constant (ms) response time sensitivity carrier gas

44 QEPAS 4.61 21 mW 300 7 ppb N2

45 PAS 1.56 9.5 W 1000 20 s 110 ppb SF6
46 QEPAS 2.33 3.7 mW 1000 4.2 ppm N2

47 QEPAS 4.61 20 mW 1000 100 s 90 ppb SF6
48 LITES 2.33 200 31.6 ppm N2

this paper PAH 4.61 21 mW 1 15 ms 363 ppb H2

Figure 9. Allan-Werle deviation as a function of the data averaging
period measured for pure H2 samples.
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and the absence of wavelength locking. These characteristics
align well with the requirements for trace detection of CO in
H2 for fuel cell applications. As part of future work, enhancing
the sensor’s response to weak signals could be accomplished by
designing a high Q-value photoacoustic cell as a spectrophone.
This advancement would contribute to improving the
minimum detection limit of the sensor.
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