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Abstract Through the confinement of gas in nanoporous
materials, it is possible to significantly increase the path
length for light—gas interaction. This enables the observa-
tion of much stronger absorption features for the confined
gas molecules. In this work, we systematically character-
ized a variety of disordered strongly scattering ZrO, and
Al,O; nanoporous ceramic materials to exploit the poten-
tial of gas in scattering media absorption spectroscopy. As
a result, we identified a material with an unprecedented
performance in terms of optical path length enhancement.
In ZrO, with thicknesses above 6 mm, the path enhance-
ment exceeds 1000. The results obtained with near-infrared
absorption spectroscopy on oxygen were validated by time-
of-flight measurements at 700 nm, thus demonstrating their
robustness. Finally, we report quantitative oxygen concen-
tration measurement using nanoporous materials as minia-
turized random-scattering multipass cell with an extremely
simple and low-cost setup.
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1 Introduction

Tunable diode laser absorption spectroscopy (TDLAS) is
a well-established technique for selective gas sensing both
in research and industrial fields. Efforts towards improv-
ing detection limits have pushed the research for long
light—sample interaction path lengths. Some of the most
widespread strategies include, for example, the use of con-
ventional multipass gas cells (White [1], Herriott [2] and
Pfund cells [3]), and circular optical cells [4]. These sam-
ple cells usually allow reaching long path lengths but have
a complex setup and alignment. Furthermore, particularly
in industrial and medical fields, there is the necessity to
minimize the sampled volume for the gas measurement. To
solve these issues, several approaches have been studied in
the last years, as the inclusion of transmissive or reflective
optical diffusers [5], filled integrating spheres [6] and gas
filled hollow core fibers [7, 8]. A relatively new approach
to achieve both long interaction path lengths, minimal sam-
ple gas volume, and extremely easy alignment is to use
porous media to increase the light—gas interaction through
strong scattering. This approach, also known as gas in scat-
tering media absorption spectroscopy (GASMAS) [9],
allows to use the porous material as a miniaturized random-
scattering multipass cell [10-14]. Mean optical path length
(MOPL) enhancements up to 750 were reported in ZrO,
[11]. In this work, we investigate, in detail, the influence of
the material properties and preparation method on the scat-
tering of light and on the MOPL in the samples to further
push the MOPL enhancement and explore the limits of this
approach.

To investigate the propagation of light in the nanoporous
ceramics, we used two measuring techniques: near-infrared
TDLAS on confined oxygen molecules and photon time-of-
flight (TOF) spectroscopy. We then compared the MOPL
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of the diffused light obtained with the two methods and
demonstrated the robustness of the results. The nanoporous
materials studied are Al,O; and ZrO,, with focus on ZrO,
because of the strongest enhancement of the MOPL.

By a systematic investigation of a large number of sam-
ples, we were able to identify a material which, to the
best of our knowledge, enables an unprecedented MOPL
enhancement. Using direct absorption spectroscopy and
a minimal setup, we demonstrate that this material can be
used as miniaturized random-scattering multipass cell for
oxygen detection by TDLAS.

2 Material preparation and characterization

To analyze the influence of the structure and of the poros-
ity on the optical properties, several samples were prepared
using different starting material and preparation methods.
An overview of the samples studied and of their properties
is shown in Table 1. All nanoporous materials were pre-
pared starting from commercially available powders: Al,O;
samples were prepared using @-alumina single crystal with
0.4 pm grain size from Sumitomo, Japan; ZrO, samples
were prepared using zirconia powders with 40 and 90 nm
grain size from Tosoh, Japan. The pore size and porosity,
defined as ratio of the total pore volume to the total sample
volume [15], were measured by mercury intrusion (Auto
Pore IIT 9410, Micromeritics).

All samples prepared by compaction of granules were
uniaxially pre-pressed at a low pressure in a steel die fol-
lowed by cold isostatic pressing (CIP) at pressures between
50 and 300 MPa, and then were sintered in air at 900 °C for
2 h. The samples of the type Z8-Z11 were prepared by heat
treatment of the powder at different temperatures between

600 and 1200 °C to increase the crystallinity and modify
the particles before compaction. The heat-treated powders
were ball milled using zirconia milling media to remove
agglomerates. An addition of 3 wt% of polyethylene glycol
(PEG) was added as binder followed by freeze granulation
and freeze drying of the prepared granules. Samples from
these modified zirconia materials were finally prepared by
compaction and sintering using the same procedure as for
the non heat-treated powders.

The changes in the morphology due to the different
material and preparation methods are clearly visible in
scanning electron microscope images, as shown in Fig. 1,
for selected materials. The material of the type Z1 (Fig. 1a)
has the smallest pore size (42 nm). The materials of the
types Z5 and Z7 differ only on the compaction pressure
which results in a slightly larger size of the pores, visible
from the picture (Fig. 1b, d). The material Z9, which was
heat treated at 900 °C before compaction, is characterized
by larger grains which agglomerate and result in lower pore
size (73 nm) (Fig. 1c).

3 Experiment

The setup for the absorption spectroscopy experiments is
shown schematically in Fig. 2. The light source is a 0.25
mW single-mode VCSEL (760nm TO5 VCSEL, Philips
Photonics) emitting at 760 nm. The laser current and tem-
perature were adjusted by a temperature controller (TEC
2000, Thorlabs) and a VCSEL laser diode controller (LDC
200C, Thorlabs). The light transmitted by the sample is
collected using a large-area Si 10 x 10 mm? photodiode
(FS1010, Thorlabs) and amplified by an adjustable-gain
photodiode amplifier (PDA200C, Thorlabs). The current

Table 1 Overview of the

. . Material ~ Powder Preparation Median pore Porosity (%) Identifier
material studied diameter (nm)
Al,04 aa04 Slipcast 142 47 Al
710, TZ3YBE CIP 300 MPa 42 49 71
Zr0, TZ3YSE Slipcast 119 49 72
Zr0, TZ3YSE CIP 300 MPa, granulated 75 47 73
Zr0, TZ-0 CIP 300 MPa 47 47 74
Zr0, TZ3YSBE  CIP 300 MPa 98 49 75
Zr0, TZ3YSBE  CIP 100 MPa 120 53 76
ZrO, TZ3YSBE  CIP 50 MPa 130 55 z1
Zr0, TZ3YSBE  ht* 600 °C, g**, CIP 300 MPa 89 48 78
7r0O, TZ3YSBE  ht* 900 °C, g**, CIP 300 MPa 73 46 79
71O, TZ3YSBE  ht* 1100 °C, g**, CIP 300 MPa 121 47 710
710, TZ3YSBE  ht* 1200 °C, g"*, CIP 300 MPa 85 47 Z11

* ht the powder was heat-treated at the indicated temperature before granulation and compaction; **g granu-
lated; CIP cold isostatic pressing at the indicated pressure
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Fig. 1 Scanning electron
microscope images of selected
nanoporous material: a type
Z1, b type Z5, ¢ type Z9, and d

sample of the type Z7
VCSEL  collimator sample
PD
Io—f—a
1 :
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processing
T I
controller || controller
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Fig. 2 Schematic diagram of the setup used for the absorption spec-
troscopy experiments. PD photodiode

ramp for the wavelength-sweep and the data acquisition
were performed by a DAQ card (USB-6361, National
Instrument) using a Labview™ software. The laser current
sweep was chosen so to be able to measure three oxygen
absorption lines, as discussed in Sect. 4. The total distance
between the laser and the detector was kept fixed at 10 cm.
It is possible to reduce this dimension to the mechanical
minimum of a few millimeters. We chose this distance to
be able to perform a sufficiently robust reference measure-
ment in air also without nanoporous sample. All the meas-
urements reported here are performed in air, at room tem-
perature and pressure (' = 296 K, p = 1 atm, 21% O,).
Figure 3 shows the setup for the TOF experiments.
The light source is a super-continuum fiber laser (SuperK

interference
filters sample X-y stage
supercontinuum
fiber laser O ( ))O . O
collimator
PMT
TCSPC
electronics

Fig. 3 Schematic diagram of the setup used for the TOF experi-
ments. PMT photomultiplier, TCSPC time-correlated single-photon
counting

Extreme, NKT Photonics) pulsed at 3.55 MHz. The light
continuum was filtered by motorized interference filters
(SuperK Varia, NKT Photonics). The excitation light was
centred at 700 nm with a 10 nm FWHM and a 50 dB out-
of-band suppression. Pulse durations at this wavelength
were typically below 100 ps. Light was delivered by a fiber
to the sample and collimated to a diameter of approximately
1 mm. The light transmitted by the sample was collected by
a fiber and detected by a photomultiplier (PMA175, Pico-
Quant) and a time-correlated single-photon counting card
(TimeHarp Pico, PicoQuant).

To characterize the light transmission through samples,
a calibrated silicon detector (918D-SL-OD3, Newport) was
used.
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Fig. 4 Typical recorded raw signal for three oxygen lines R9R9
(760.77 nm), R7Q8 (760.89 nm), and R7R7 (761.003 nm) of the O,
near-infrared A-band. The measurement is taken at atmospheric con-
ditions with a sample of the type Z5 with a thickness of 4.8 mm. The
signal is the average of 1000 single scan acquisitions

4 Data analysis

The absorption MOPL of the gas confined in the samples
was determined using the three strong lines ROR9 (760.77
nm), R7Q8 (760.89 nm), and R7R7 (761.00 nm) of the O,
near-infrared A-band. A typical spectroscopic raw transmit-
ted signal is shown in Fig. 4.

The large number of collisions against the nanoporous
material results in a significant collisional broadening of
the absorption lines compared to the free O,. This broaden-
ing depends on the pore size and, therefore, on the mate-
rial. For example, the broadening factor of the line R7Q8
ranges between 1.29, for samples of the type Al, to 1.59 for
samples of the type Z1, consistent with previously reported
values [11, 16]. Since the spectral tails of neighboring lines
overlap due to this broadening, it is important to fit the
measured signal in nanoporous material considering sev-
eral lines at the same time. In this work, three lines were
measured and simultaneously fitted by a function which is
the sum of a polynomial of the fourth order, to account for
the non-linear wavelength-dependent intensity of the laser,
and three Lorentzian, one for each line to be fitted. The fit
was performed using a non-linear squares routine.

The absorbance after the baseline subtraction is shown
in Fig. 5 together with the best fit. For all the materials
investigated in this work, the absorption lines can be fit-
ted well by a Lorentzian profile. The very good agreement
of the fit with the experimental data indicates that line
broadening due to the wall collisions [11, 17] and pressure
dominates over Doppler broadening at ambient conditions.
The use of a Voigt profile would be necessary, however, at
lower pressures or higher temperatures [18, 19].

The absorption path length in a nanoporous sample is
an unknown quantity and depends strongly on the material
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Fig. 5 Typical absorbance for the three oxygen lines R9R9 (760.77
nm), R7Q8 (760.89 nm), and R7R7 (761.003 nm) of the O, near-
infrared A-band. The measurement is taken at atmospheric conditions
with a sample of the type Z5 having a thickness of 4.8 mm. Red solid
line: fit using a Lorentzian profile. The residuals are shown in the
lower panel

properties. Being actually an average of many paths through
the material, it is more properly referred to as mean absorp-
tion path length and will be indicated here as Li,,. This
quantity is defined as the distance the light would travel in air
to experience the same fractional absorption as in the scat-
tering medium [20]. L5, = can be determined as the ratio of
the signal obtained at a reference measurement with a known
absorption length. As reference, we chose a measurement in
air at the same exact conditions. The mean absorption path

length was, therefore, calculated as

Lgma(:an = LO AS:I;ple (1)
with L, the optical absorption path length in air, A, and
A, the area of the absorption line with the sample and in
air, respectively. The choice of the area instead of the peak
maximum is motivated by the large material-dependent line
broadening discussed previously.

To compare the results of the two measuring techniques,
we have determined the MOPL L, ... in the material from the
TOF measurements as [15, 20, 21]

Lmean
where c is the speed of light in air and < ¢ > is the weighted
average of the transmitted intensity distribution 7(¢) and is
given by

/oo T(r) t dt
0

<t>="—e—— 3)

/ ) T(r) dt
0

=c <t> )
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Light propagating in a nanoporous material will be pass-
ing both through the pores, filled with the gas, and through
the matrix material, for example ZrO,. The mean path
length through the pores and through the matrix can be
denoted as Liy,, and L4 respectively. The total MOPL

mean’

in the material can be defined as [22, 23]

Liean = LE®

mean mean

+ Lsolid 4)

mean”

Absorption spectroscopy measurement leads to the deter-
mination of L%e,.. L .., can then be calculated consider-
ing the porosity of the sample. For example, for a sample
with a porosity of 50%, as most of the samples studied
in this work, the physical path in the gas and that in the
material of the matrix are the same. It follows that, writing

Lold = gy s the MOPL L. can be calculated as
Lmean = (1 + n) Lg:;an (5)

with n being the refraction index of the material.

5 Results and discussion

To use these materials as miniature multipass cell, it is nec-
essary to achieve the highest possible optical absorption
path length. On the other hand, an increased MOPL is asso-
ciated with an increased scattering. This negatively impacts
on the signal obtained from the photodiode due to the
increase in the solid angle of the transmitted light and to
the consequently lower collected light intensity. Although
a long path length is most desirable for TDLAS, the low
transmitted intensity poses a challenge for the detection.
For practical purposes, therefore, the choice of the opti-
mal material should be a compromise between these two
aspects.

The transmitted light power was first investigated to
characterize the samples systematically. The inverse of
the transmission for different materials as a function of the
sample thickness is shown in Fig. 6. According to classi-
cal diffusion theory, the inverse of the transmission should
depend linearly from the thickness of the sample [24-27].
The non-linear dependence shown in Fig. 6 can, however,
be explained with the finite detection area of the power
meter, as previously described [24]. As expected, this effect
is more pronounced for materials which exhibit stronger
scattering (type Z5 and Z7). Figure 6 also shows that ZrO,
samples with smaller pores (type Z1, 42 nm) are character-
ized by a higher transmission than samples with larger pore
sizes (types Z5 and Z7, 98 and 130 nm, respectively), indi-
cating a weaker scattering. In addition, samples of Al,O,
(type Al) which have a median pore diameter of 142 nm
are characterized by a low transmission comparable to that
of the ZrO, type Z7 with a median pore diameter of 130
nm, indicating a similarly strong scattering.
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Fig. 6 Inverse of the power transmitted through a sample as a func-
tion of the sample thickness for different materials
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Fig. 7 Absorption signal of the R7Q8 oxygen line for different thick-
nesses d of samples of type Z5. Points are measurement; solid lines
are Lorentzian fits

Using absorption spectroscopy with known oxygen con-
centration, it is possible to determine the MOPL in the gas
LEY . Being the result of many different paths, the quantity
LEY  depends on the illumination and detection geometry.
It is not a fixed, material-dependent quantity but describes
the average distance traveled in the gas.

Keeping the illumination and detection geometry iden-
tical for all the experiments, we investigated the depend-
ence of the absorption line on the material and, for a given
type, the effect of the sample thickness. A typical result is
shown in Fig. 7 for samples of type Z5 of three thicknesses.
As expected, increasing the thickness results in a stronger
absorbance indicating a longer MOPL in gas. For the sam-
ple with the greater thickness the reduction of the transmit-
ted intensity manifests itself as a noise increase (Fig. 7).
This can be quantified by the signal-to-noise (S/N) ratio
calculated as the ratio of the absorbance peak of the R7Q8
line and one ¢ of the background. In Fig. 7, the S/N ratio
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is ca. 230 for the sample with d = 4.8 and d = 5.7 mm and
decreases to ca. 120 for the sample with d = 7.1 mm.

The characterization of representative samples is sum-
marized in Fig. 8, where the equivalent mean path length
determined by absorption spectroscopy L&, for the dif-
ferent materials is shown as a function of the thickness of
the samples. For clarity, only the results of the types Al,
Z1, 75, and Z7 are shown. These materials display the
most representative behaviors. The longest MOPL in gas
was obtained with samples of the type Z7, which are char-
acterized by the highest porosity. Similar material (Z5)
with lower porosity has a much shorter effective gas—light
interaction path. Samples of the type Al, although having
slightly lower porosity than of the type Z1, perform signifi-
cantly better, showing that the pore size together with the
porosity plays an important role.

The samples of the type Z2 and Z3 exhibit a Liw,,
between the values measured for Z1 and Z5. Z4 type sam-
ples perform similarly to those of the type Z1, samples of
type Z6 to type Z7, with a slightly lower Liw,,. Finally,
the samples Z8-Z11 perform poorly due an extremely low
transmitted power.

As expected from classical diffusion theory [25], L.,
depends quadratically on the thickness of the material
(Fig. 8). This is consistent with the previous results on pol-
ystyrene foams [15], macroporous gallium phosphide [26]
and pharmaceutical tablets of microcrystalline cellulose
[20].

The effect of the thickness on the increase of the
MOPL can be best evidenced by plotting the path
enhancement in the material as a function of the sam-
ple thickness. The path enhancement is defined as the
ratio of L& and the sample thickness, and is a meas-
ure of how much the mean optical path length in the gas
is being increased due to strong scattering. As visible in
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gl o z1 Ve i
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= 77 -8
€ 6f - S
5 o4r e .
, e
A .
N I
0 2 4 6 8 10

Thickness (mm)

Fig. 8 Equivalent mean path length in gas from oxygen measure-
ments as a function of the sample thickness for various materials. The
dashed lines are second-order polynomial function
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Fig. 9, the path enhancement increases linearly with the
thickness of the sample for all the materials studied in
this work. For the material of type Z7, it was possible to
measure an enhancement of above 1000 times, which is
higher than previously reported values [11]. This enor-
mous increase is stronger than the increased noise due to
the reduced transmitted intensity and results in a S/N of
ca. 290 for sample thicknesses of d = 7.5 mm. This leads
to a rough estimate of the resolution of ca. 0.7%o O,. For
comparison, the same geometry without a nanoporous
material would allow with our setup a resolution of ca.
3% 0O,.

To validate the results obtained with absorption spec-
troscopy, the MOPL was also determined by time-of-
flight measurements. The effect of increasing thickness
for a single type of samples (Z5) is shown in Fig. 10.
With increasing thickness, the average transit time < ¢ >
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£ 800 mwz7 7 .
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Fig. 9 Absorption path enhancement from oxygen measurements as
a function of the sample thickness for different materials. The dashed
lines are a linear fit
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Fig. 10 Transmitted light intensity distribution through samples of
the type Z5 with increasing thicknesses. IRF instrument response
function
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Fig. 11 Transmitted light intensity distribution through different type
of samples. IRF instrument response function

, calculated as described in Sect. 4, becomes longer
due to the increased scattering. The noise also becomes
evidently much higher as a direct consequence of the
reduced transmitted intensity (as shown in Fig. 6).

The transmitted light intensity distribution for selected
samples materials of approximately the same thickness
is shown in Fig. 11. Consistently with the gas absorption
results, samples of the type Z1 display lower scattering
than type Z9 and Z5. In Figs. 10 and 11, the incident light
pulse is also visible as a narrow peak centred around the
time origin. Since this peak, which represents the instru-
ment response function (IRF) is shorter than 100 ps, there
was no need to perform a deconvolution between the meas-
ured intensities and the IRF.

The MOPL L., calculated as described in Sect. 4 with
the two experimental methods as a function of the thick-
ness for Z5 type samples is shown in Fig. 12. This figure
shows that there is a very good agreement between the
results obtained with the two methods, thus demonstrat-
ing the robustness of the experimentally determined MOPL
values. The small discrepancies observed can be due to the
error on the porosity value and to the slight differences in
the illumination and detection geometries. Moreover, the
TDLAS signal results from a spacial average and the TOF
one from a time average on a small spacial area.

6 Conclusions

In this work, we analyzed a large number of nanoporous
materials, particularly of ZrO,, to characterize their prop-
erties and determine the material most suited to be used
as miniaturized random-scattering multipass gas cell.
Compared to the previous works exploiting this method,
we realized an extremely simple and low-cost setup, with
no moving parts, like dithering coils, that performs well

25 T T T T
m TDLAS )

20t 5 TOF 1
. (o]
c 15 u ]
S 10f 8 ]

5F ® 1

0 1 1 1 1

0 2 4 6 8 10

Thickness (mm)

Fig. 12 Comparison of the MOPL L., for samples of the type
75 for different thicknesses. Black squares results determined from
absorption spectroscopy measurements (TDLAS), red circles results
from TOF measurements (TOF)

using simple direct absorption spectroscopy. This choice
was motivated by the interest to demonstrate that this tech-
nique can be used for a commercial sensing solution. Par-
ticularly in industrial applications costs, minimal sample
gas volumes, ease of alignment, and operation are major
requirements.

The analysis covered a large number of samples
obtained with different materials and preparation methods.
By comparing the MOPL obtained with two independent
methods, TDLAS and TOF spectroscopy, we were able to
demonstrate the robustness of the results. The best material
among those studied is the type Z7 (ZrO,, with mean pore
diameter of 130 nm and 56% porosity). For Z7 nanoporous
samples with thickness above 6 mm, the path enhancement
exceeds 1000.

From our analysis, it also emerged that both porosity and
pore size determine the scattering of light in the material:
higher porosity leads to stronger scattering and, therefore,
larger MOPLs; for similar porosity, the samples with larger
pore size showed stronger path length enhancement.

An important aspect to consider for practical applica-
tions is the adsorption of gases by the inner surface of the
nanoporous material. It is expected that changes in the sur-
face refractive index would affect the scattering and, there-
fore, the resulting MOPL. Therefore, the most appropriate
material must be chosen depending on the sensing applica-
tion. A further aspect for a sensor system is the response
time to gas changes. This is determined by the diffusion of
the gas into the material, and, therefore, depends on both
the diffusing gas and the material properties like porosity
and thickness. Since oxygen diffusion in nanoporous mate-
rial is a rapid process [28], the response time is expected to
be reasonably fast.

In conclusion, this work shows that nanoporous material
like ZrO, with porosity above 50% can be used as multipass
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gas cell of extremely reduced dimensions and with a very
simple setup for quantitative oxygen measurement.

This work was carried out under a Commission for
Technology and Innovation CTI Grant (17176.1 PFNM-
NM). The authors would like to thank Yoram de Hazan of
the Institute of Applied Mathematics and Physics, Zurich
University of Applied Sciences, Switzerland, for the SEM
images of the samples and Sven Karlsson of SWEREA
IVF, Sweden, for the porosity measurement of the samples.
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