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We report on a photoacoustic sensor system based on a differential photoacoustic cell to detect the concentration
of CO impurities in hydrogen. A DFB-QCL laser with a central wavelength of 4.61 um was employed as an
exciting source with an optical power of 21 mW. Different concentrations of CO gas mixed with pure hydrogen
were injected into the photoacoustic cell to test the linear response of the photoacoustic signal to the CO con-

centration. The stability of the long-term operation was verified by Allan-Werle deviation analysis. The minimum
detection limit (MDL, SNR=1) results 8 ppb at 1 s and reaches a sub-ppb level at 100 s of integration time.
Dynamic response of the system is linear and has been tested up to the concentration of 6 ppm. Saturation
conditions are expected to be reached for CO concentration larger than 100 ppm.

1. Introduction

To address global climate change, 192 countries, almost every nation
in earth, had signed a legally binding climate agreement “The Paris
Agreement” [1,2]. In September 2020, China announced its goal vision
of peaking carbon emissions before 2030 and achieving carbon
neutrality by 2060 ("3060 target") [3]. To reduce carbon emissions, from
the technical perspective, reducing the use of high carbon emitting en-
ergy sources such as oil and coal will be an impact strategy. Therefore,
hydrogen energy, as a pollution-free and efficient energy source, is
gradually receiving widespread attention [4]. In this context, fuel cells,
as a type of hydrogen energy cell, have significant prospects for
development.

Fuel cells mainly utilize hydrogen to operate, and large-scale pure
hydrogen preparation and storage costs are relatively high. Currently,
most hydrogen energy for fuel cells mainly comes from hydrocarbons
reforming, which uses catalytic reactions to convert hydrocarbons into
hydrogen [5-12]. Each year, around 6% of the world’s natural gas and
2% of its coal is used to make grey hydrogen [13]. In the process of

reforming hydrogen, there are inevitably the production of impurities,
such as CO, NHs, H,S, etc. and any impurities present in hydrogen gas
may result in substantial degradation of fuel cells. Indeed, the presence
of these impurities can cause damage even when they are present at very
low concentration levels (parts per billion (ppb)). Among impurities, CO
has the most severe impact [14]. Platinum, recognized as the best
catalyst for hydrogen oxidation reactions (HORs) and oxygen reduction
reactions (ORRs) in acidic environments, is widely used in fuel cells. CO
will closely bind to the Pt anodes, resulting in a decrease in active sites
for hydrogen absorption and oxidation, which greatly reduces the per-
formance of the fuel cell [5,9,15,16]. The voltage lose in the fuel cell will
reach 85% when the cell is exposed to a CO content of 70
part-per-million (ppm) for 6 h [17]. It has been demonstrated that the
CO concentration for Pt anodes needs to be less than 10 ppm, and for
Pt-Ru anodes the CO concentration needs to be below 100 ppm to ensure
good performance and long lifetime of fuel cells [5,18,19]. Therefore,
there is a huge request for sensitive techniques for the detection of CO in
hydrogen.

Existing analytical methods suitable for measuring ISO 14687
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impurities in fuel cell graded hydrogen mainly involve techniques based
on gas chromatography and spectroscopy [20,21]. Cavity-enhanced
Raman spectroscopy has been proposed as approach for detection of
gaseous impurities in hydrogen and sub-ppm CO detection limit with
measurement time of 60 s has been achieved [22]. Continuous wave
cavity ring-down spectroscopy (CRDS) is also employed for detection of
CO impurities in hydrogen and a commercial system provided by Tiger
Optics (HALO 3 CO) reached a detection limit of 50 ppb with response
time less than 1 min [23], in the range 0-2500 ppm. A more sensitive
systems is also available from Tiger Optics (HALO MAX QCL CO)
capable to reach 200 ppt detection limit with response time less than 1
min, but the response saturates for CO concentration larger than 500
ppb.

In recent years, photoacoustic spectroscopy (PAS) has received more
and more attention among the optical gas sensing techniques. PAS ex-
ploits the photoacoustic effect occurring in gas enclosed within a reso-
nant acoustic cell. The laser beam passes through the acoustic cell:
photons are absorbed by the molecules via a resonant optical transition
from the ground state to the excited state. Due to the instability of the
excited state, the gas molecules will return to the ground state again
through non-radiative transitions, with a consequent release of energy.
If the laser beam is intensity-modulated, the gas molecules exhibit pe-
riodic expansions and contractions, resulting in the generation of sound
waves. The concentration of the analyte can be retrieved by analyzing
the acoustic signal. PAS technology in 2f configuration provides zero
background and the signal results proportional to the laser power. In
addition, PAS does not require an optical detector, moreover a sound
detector is wavelength insensitive [24-28]. In 2015, a 2.3 um contin-
uous wave laser was employed to build a quartz enhanced photoacoustic
spectroscopy (QEPAS) system to measure CO gas, and the final detection
sensitivity was 43.3 ppm [29]. In 2020, Bo Sun achieved a 10 ppb CO
detection at 10 s of integration time by using a T-shaped tuning fork, but
only detected CO in sulfur hexafluoride (SFg) [30], while in 2022,
Hayden and co-authors demonstrated a CO sensor capable to reach
part-per-trillion detection limit using an intracavity QEPAS approach
[31]. Also in 2022, Sgobba et al. realized a very compact CO sensor for
environmental monitoring exploiting the QEPAS approach and
demonstrated its operation in a real urban environment [32].

In this work, a photoacoustic sensor with a resonant photoacoustic
cell was demonstrated for the detection of CO in hydrogen. A CO ab-
sorption line located at 4.61 um was selected. The working pressure and
modulation depth of the sensor were optimized to maximize the sensi-
tivity. The linearity of the response was demonstrated by calibrating the
sensor with different concentrations of CO in hydrogen. We demon-
strated the achievement of a minimum detection limit of 8 ppb at 600
torr, for an integration time of 1 s. The stability of the sensor during
long-term operation was verified by Allan-Werle deviation analysis.

2. Experiment system

To roughly estimate the resonance frequency of the PAS cell when
filled with Hy or Ny, the resonance frequency f of the first-order longi-
tudinal resonant mode of a photoacoustic cell can be simply expressed as
[33]:

v

_ v 1
f=3 @
where L is the effective length of the resonator and v is the speed of
sound. The propagation speed of sound is related to the medium. When

the sound propagates in a gas mixture, the speed of sound can be
described as:

y= BT @
Z[Mn Cn

where « is an adiabatic index, Ry is the molar gas constant, T is the
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temperature, n is the type of mixed gas, M, and c,, are the molar mass and
the concentration of the n-th analyte in the mixture, respectively. By
substituting Eq. 2 in Eq. 1, the explicit dependence of the resonance
frequency on the properties of analytes contained in a gas mixture can be
retrieved:

.| KRT 1
T\, @

The estimated resonance frequency of the photoacoustic cell when
filled with pure nitrogen or pure hydrogen can be easily calculated by
using in Eq. 3 for the molar gas constant Ry = 8.314 J/mol-K and or Hj
and N the parameters listed in Table 1.

With a resonator length of 90 mm, the calculated resonance fre-
quencies are 1922.8 Hz and 7219.9 Hz for pure nitrogen and pure
hydrogen, respectively.

According to the HITRAN database [35], the strongest CO absorption
band falls in the mid infrared region between 4.5 um and 5.1 pym, as
shown in Fig. 1.

Being the photoacoustic signal proportional to the intensity of the
gas absorption line, the concentration of the gas to be measured, and the
power of the laser, the strongest absorption feature free from any
interference effect must be selected within the absorption bands. The
absorption line with a central wavenumber of 2169.2 cm ™! and a line-
strength of 4.5 x 107!° em/mol was selected because spectrally free
from the main atmospheric interferents, such as water and carbon di-
oxide. The sketch of the PAS sensor setup is shown in Fig. 2.

A DFB-QCL (AdTech Optics, Model HHL-17-62) with a central
wavelength of 4.61 um was selected as the excitation light source. A
current controller (ILX Light wave, Model LDX-3220) and a temperature
controller (Thorlabs, Model TED 200 C) was used to regulate the
wavelength of the laser, ensuring that the wavelength of the laser can
target the selected CO gas absorption line. At a working temperature of
38.5 °C and a laser current of 210 mA, the laser wavelength matched the
CO selected absorption resonance peak with an optical power of 21 mW.
A sine wave and a triangular wave were generated through a dual
channel function generator (Tektronix, Model AFG 3022) as the modu-
lation signal and scanning signal of the laser, respectively. The fre-
quency of the sine wave was set to half of the resonance frequency of the
photoacoustic cell when filled with pure hydrogen, in second harmonic
(2 f) and wavelength modulation approach. The triangular wave has a
high and low level of 223 mA and 197 mA, respectively, with a scanning
frequency of 10 mHz, which can ensure that the laser can fully scan the
selected CO gas absorption line. At the same time, the function generator
will trigger the lock-in amplifier (Stanford Research Systems, Model
SR830), which is used to demodulate the electrical signal transmitted
from the microphone to the lock-in amplifier. The differential photo-
acoustic cell had two identical cylindrical acoustic resonators, with a
length of 90 mm and a diameter of 8 mm. At both ends of the acoustic
resonator, there were two buffer volumes to suppressed flow velocity
noise and window noise. Two electret condenser microphones (Primo
Microphones Inc., Japan, model EM258) were placed at the center of the
acoustic resonators, corresponding to its antinode location, where the
sound pressure was highest. The sound wave signal generated by the
photoacoustic effect was detected by the microphone and converted into
an electrical signal, then amplified and transmitted to the lock-in
amplifier. The demodulated signal was finally sent to the computer
and further processed in a LabView program to retrieve the gas

Table 1
Adiabatic index k and Molar mass M of pure nitrogen and pure hydrogen at
atmospheric pressure and room temperature as reported on NIST database [34].

Buffer gas Adiabatic index molar mass of the gas M (Kg/mol)
Ny 1.4 0.028
Hy 1.41 0.002
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Fig. 1. The main absorption bands of CO molecules in the infrared region.

concentration. The power meter was used to monitor the output power
of the laser in real time and for alignment purposes.

The gas handling system, composed by two needle valves, a pressure
meter (MKS Instrument, Model 649B), a flow meter (Alicat Scientific,
Model M-2SLPM-D/5 M) and a vacuum pump (Oerlikon Leybold Vac-
uum Inc., Model D16C), was used to measure and fix the pressure and
the gas flow rate inside the PAS cell. Starting from a certified concen-
tration of 10 ppm CO gas in Hy and a cylinder with pure hydrogen,
different concentrations of CO were obtained by using a gas dilution
system (Environics, Model EN4000).

To measure the resonance frequency of the first-order longitudinal
resonant mode of the photoacoustic cell when filled with nitrogen and
hydrogen, 10 ppm CO in N3 and in pure Hy were injected into the
photoacoustic cell, respectively. The laser output wavelength was
locked at the peak of the targeted absorption line of CO gas at 4.61 um,
and the frequency of the QCL modulation signal was scanned nearby
1922.8 Hz and 7219.9 Hz, namely the predicted resonance frequencies
in Ny and Hj, respectively. To lock the laser wavelength on the CO

Pressure
Meter

.
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absorption peak we implemented a 3 f wavelength locking technology,
by using a gas reference cell positioned after the PAS cell in the system
(not shown in Fig. 2). The two measured resonance curves are shown in
Fig. 3.

From the resonance curves, the peak frequencies of 1779.8 Hz and
7048.9 Hz can be extracted when the cell is filled with nitrogen and
hydrogen, respectively. Both values differ of less than 8% from the
calculation predictions. These discrepancies can be ascribed to rough
approximations in the model proposed in Eq. 3, which it does not take
into account of the gas viscosity, the roughness of the internal walls of
the cell and deviations in geometry between the modeled and the real
cell. From both resonance curves, Q factor can be calculated as the ratio
between the peak frequency and the full-width half-maximum value of
the resonance curve, resulting 47 and 31 for nitrogen and hydrogen,
respectively.

3. Results and discussion

A certified concentration 10 ppm of CO in Hy (CO:Hy) gas was
injected into the photoacoustic cell to optimize the operating conditions.
The photoacoustic signal depends on the current modulation depth: the
photoacoustic signal is maximized when the wavelength modulation
depth is equal to linewidth of the absorption feature. Since the linewidth
is pressure-dependent, the modulation depth that maximizes the PAS
signal is expected to be related to the operating pressure. Fig. 4 reports
the PAS signal as a function of modulation depth, for seven different
pressure values spanning from 100 Torr to 670 Torr.

The highest PAS signal was obtained with a modulation depth of
70 mV at an operating pressure of 600 torr. All following measurements
were performed at these operating conditions.

As representative, the PAS spectrum achieved for 10 ppm of CO:H,
under the optimized operating conditions is shown in Fig. 5. The ac-
quired signal exhibits a second harmonic derivative line-shape with a
residual amplitude modulation contribution [36], arising from the direct
intensity modulation of the laser, leading to an asymmetry of the two
negative lobes.

The peak signal results 364 pV. Considering the 16 noise level of 0.29
KV, a signal-to-noise ratio (SNR) of ~1255 can be estimated at 10 ppm,
giving a minimum detection limit of ~8 ppb at SNR = 1.

To verify the linearity of the PAS sensor, different concentrations of

[ Flow 1 V ( P )
ump
Meter )

~ v )
M

Power Meter

BE

e >

amplifier

Fig. 2. Schematic of the CO sensor setup based on a differential resonance photoacoustic cell with a DFB-QCL exciting source. PC: personal computer; I-Control:

current controller; T-Control: temperature controller.
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Fig. 5. PAS Spectral scan measured for 10 ppm of CO:H, with a modulation
depth of 70 mV at an operating pressure of 600 torr.
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CO:H;, (from 200 ppb to 6 ppm) were generated by mixing the certified
mixture of 10 ppm of CO:Hy with pure hydrogen in different pro-
portions, using the gas dilution system. With the emission wavelength of
the QCL locked at the peak of the CO gas absorption line, we performed
step scan measurements and 200 datapoints were collected for each CO
concentration and plotted as a function of time in Fig. 6a. For each
concentration, the average value was estimated and plotted as a function
of CO concentration in Fig. 6b, together with the best linear fit of the
experimental data. An R-square value of the linear fitting of 0.999
confirms a very good correlation between the observed outcomes and
the observed predictor values. A sensitivity of 27.5 pV/ppm, i.e., the
slope of the linear fit, was achieved and a mean PAS signal of 5.47 pV
was obtained with a CO concentration of 200 ppb. Considering the 16
noise level of 0.22 pV (standard deviation over 200 data points), a
signal-to-noise ratio (SNR) of ~25 can be estimated at 200 ppb, giving a
minimum detection limit of ~8 ppb at SNR = 1.

The long-term stability of the PAS sensor was verified by performing
an Allan-Werle deviation analysis at 600 torr. Pure hydrogen was
injected into the photoacoustic cell while the wavelength of the laser
was locked at the peak of the CO absorption line, and the lock-in
amplifier integration time was set to 1 s. The Allan deviation plot in
ppb-unit is reported in Fig. 7. The behavior in the first part of the Allan
Plot can be attributed to laser instability. After 100 s the signal decreases
asl/ \/ (t) and the white noise remains the dominant noise source. With
an integration time of 100 s, the ultimate detection limit reaches a value
of ~ 0.7 ppb.

4. Conclusion

A photoacoustic sensor for measuring CO gas in Hy was demon-
strated in this work. The sensor used a differential photoacoustic cell as a
detection element. A strong absorption line located at 4.61 pm was
selected to enhance the detection sensitivity. The operating pressure and
modulation depth were optimized, and the optimal values resulted 600
torr and 70 mV, respectively. The linear response of the sensor was
investigated by generating different concentrations of CO in Hy using the
gas dilution system. The experimental results showed that the sensor can
reach the minimum detection limit of 8 ppb at an integration time of 1 s,
which reduces below 1 ppb at integration time larger than 1 min. Dy-
namic response of the system is linear and has been tested up to the
concentration of 6 ppm and saturation conditions are expected for
concentration larger than 100 ppm. Based on the fuel quality re-
quirements specified by ISO/DIS 14687-2 and ISO/WD 14687-3
(August 2011), maximum impurity concentrations of CO are 0.2 ppm
(Types I & II Grade D) and 10 ppm (Type I Grade E), respectively.
Thereby, our sensor could represent an efficient tool to monitor the
quality of the Hj fuel in real world applications.
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