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the case. Moreover, robust Re-Os age constraints
on peridotitic diamonds from the harzburgitic
layer suggest that the central Slave’s lithospheric
mantle down to 150 km was formed and stabi-
lized by 3.5 Ga (22). Therefore, the central Slave
seismic discontinuity is likely caused by meta-
somatized mantle from a Paleoarchean subduc-
tion zone.

The presence of a Paleoarchean cratonic lith-
osphere in the Slave does not conflict with the
occurrence of craton-wide arc volcanism and
plutonism during later Neoarchean time (21);
rather, it suggests that the blocks that aggre-
gated in the final stage of cratonic assembly may
themselves have been fragments of older, thick
proto-cratonic entities. This is consistent with the
limited lateral extent of the discontinuity, which
may mark the outline of a broken block (fig. S4),
and is supported by the unique geochemical sig-
nature and high concentration of diamondiferous
kimberlites found in the same region (2).

If subduction has been active since the Paleo-
archean, similar or related structures with lim-
ited lateral extent should be expected in other
parts of the craton and in other cratons world-
wide. Indeed, anisotropic seismic discontinuities
have been detected below the southwest edge of
the Slave craton (4) and the adjacent Wopmay
orogen (23). These have been inferred to mark
Proterozoic collision-subduction events asso-
ciated with the final assembly and stabilization
of a large part of the Laurentian continent (24).
Away from cratonic edges, similar seismic dis-
continuities have been detected in the Kaapvaal
craton of South Africa (25). Moreover, a global
compilation of long-aperture seismic refraction
data indicates the existence of a widespread

(albeit not ubiquitous) negative discontinuity in
the 90- to 120-km depth range beneath several
Archean cratons (26). The character of the dis-
continuities (i.e., their spatial extent, depth, dip,
and physical properties) depends on the details
of each subduction event, including the amount
of metasomatism, the subduction geometry, and
history of much younger events of accretion and
magmatism. Given the limited detailed geophys-
ical sampling of cratons and the nonuniform
nature of these subduction-related discontinu-
ities, it is thus not surprising that not many of
them have been observed to date.
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Nanoplasmonic Probes of
Catalytic Reactions
Elin M. Larsson,* Christoph Langhammer, Igor Zorić, Bengt Kasemo

Optical probes of heterogeneous catalytic reactions can be valuable tools for optimization and
process control because they can operate under realistic conditions, but often probes lack sensitivity.
We have developed a plasmonic sensing method for such reactions based on arrays of nanofabricated
gold disks, covered by a thin (~10 nanometer) coating (catalyst support) on which the catalyst
nanoparticles are deposited. The sensing particles monitor changes in surface coverage of reactants
during catalytic reaction through peak shifts in the optical extinction spectrum. Sensitivities to below
10−3 monolayers are estimated. The capacity of the method is demonstrated for three catalytic reactions,
CO and H2 oxidation on Pt, and NOx conversion to N2 on Pt/BaO.

In heterogeneous catalysis, reactants in gas or
liquid phase are converted to desired product
molecules on the surface of a solid catalyst,

which is usually composed of catalytically active

nanoparticles (1 to 10 nm) dispersed on a porous,
high-surface-area support material. In order to
understand and improve these systems, it is
important to be able to monitor the catalyst’s
state and to follow the reaction in real time. An
important quantity is the surface coverage of
reactants. However, experimental difficulties
arise from the complexity of the catalyst and the
atmospheric or higher pressures in which the
reactions occur. Model systems (commonly

single-crystal surfaces) and model reactions are
frequently investigated at idealized ultrahigh
vacuum (UHV) conditions, allowing use of
powerful experimental probes (such as electrons,
photons, or ions). A major challenge is to
correlate results obtained by using the idealized
and thoroughly scrutinizedmodel catalysts in UHV
with those of the less characterized real nano-
structured catalysts at real reaction conditions (1–3).

We describe a method that, with a simple op-
tical transmission (or reflection) measurement
(Fig. 1A), can follow catalytic reactions in real
time for both model and real supported catalysts.
The principle is “nanoplasmonic” [localized
surface plasmon resonance (LSPR)] sensing, cur-
rently intensely explored for biosensing, down
toward single-molecule sensitivity (4). We show
that LSPR can monitor changes in adsorbate
coverages on “realistic” supported catalysts (Fig.
2) with a sensitivity corresponding to much less
than 0.1 monolayer (ML).

For demonstrators, we used two types of Pt
catalysts (Fig. 1, B to G) and three well-known
catalytic reactions: oxidation of hydrogen (H2 +
1/2O2 → H2O), oxidation of carbon monoxide
(CO + 1/2O2 → CO2), and NOx storage and
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reduction over Pt/BaO catalysts. The first reaction
is a common model reaction (5) relevant for hy-
drogen fuel cells, whereas the latter two are of key
importance in automotive emission cleaning (1, 6).

An optical transmissionmeasurement (Fig. 1A)
is made through a quartz reactor in which a trans-
parent sample is mounted (alternatively, measure-
ments can be made in reflection). The sample
consists of the LSPR sensing structure and the
catalyst, deposited on a glass substrate by using
nanofabrication techniques and evaporation (Fig. 1,
B to G). The transmission of white light through
the sample, via the reactor walls, was detected as
a function of wavelength by use of an array
spectrometer (7). In some cases, scanning the
spectral region of interest with monochromatic
light or measuring the extinction at a particular
wavelength may be preferable. This technique is
suitable for use in either harsh environments, a
remote sensing setup, or both.

The LSPR sensing structures are, in the present
work, nanoscale disks of gold or platinum. The
light transmitted through the sample has an
intensity minimum (maximum extinction) at the
wavelength at which the LSPR excitation in the
sensing particles is strongest (Fig. 1A, bottom).
The excitation creates a strongly enhanced electro-
magnetic near field, which acts as a probe of the
nanoparticle’s surrounding (8). The wavelength of
maximum extinction, lmax, is very sensitive to
changes of the dielectric properties near the sens-
ing nanoparticles [within a few tens of nano-
meters; see discussion below and in (7)]. It is the
shift of lmax, measured with a resolution of 0.01
nm, that provides the sensing function (Fig. 1A,
bottom) and allows sub-monolayer changes in
surface coverage to be monitored.

For the Pt-catalyzed oxidation of hydrogen,
we used a sample (Fig. 1, B to D) consisting of an
array of nanofabricated (9) plasmonic gold disks
(lmax ≈ 570 nm, 76 nm diameter, and 30 nm
high) that were covered by a 10-nm-thick film of
SiO2, on which a nanogranular Pt catalyst was
deposited by means of electron-beam evapora-
tion. The amount of Pt is small enough so that
individual Pt nanoparticles of sizes in the range of
5 to 20 nm are formed (see Fig. 1D) (7), which
mimics the size range of real supported Pt cata-
lysts.Wecall this sensingmethod “indirect sensing”
(10) because in this case the LSPR sensing structure
is not the catalyst, contrary to the case in a pre-
vious demonstration by Novo et al., of using gold
nanocrystals as both catalysts and LSPR sensor to
follow a liquid-phase charge-transfer reaction (11).

The experiment was performed by slowly
varying the relative H2 concentration, aH2 =
[H2]/([H2] + [O2]), from hydrogen-rich to oxygen-
rich and back again while continuously record-
ing Dlmax (Fig. 2A) (7). The H2 scan rate was
slow enough so that steady state was established
at each concentration, except possibly for very
slow structural or chemical changes of the cat-
alyst. The sample temperature was measured
with a thermocouple in contact with the sample
surface. The reactant (H2 + O2) concentration was

kept constant at 4% in Ar carrier gas at atmo-
spheric pressure by means of a gas flow of 16.7
ml/s (3.4 cm/s plug flow velocity). The sample
temperature (T), without reaction, was 509 K.

We observed discontinuous steps up and
down in Dlmax at a critical reactant mixture of
aH2cr = 0.5 (Fig. 2A, blue curves), depending on
whether the H2 fraction was increasing or
decreasing. This step is completely absent in
control measurements on an identical structure
without Pt particles. The step in Dlmax coincides
with a peak (∆Tmax = 16 K) in the simultaneously
measured sample temperature (Fig. 2A, red and
brown curves), which is caused by the exother-
micity of the reaction. Dlmax varies only slowly
above and below aH2cr. All data measured with
the sample structure in Fig. 1B were corrected for a
small background signal, which was caused by the
interaction of reactant gases with the SiO2 surface
(7, 12). This correction slightly affects the slopes
of Dlmax on both sides of a

H2
cr but does not affect

the position or magnitude of the step in Dlmax.
The Dlmax step is assigned to the well-known

kinetic phase transition in the H2 + O2 reaction,
occurring at a critical gasmixture,aH2cr, at which a
sudden transition occurs from an oxygen-covered
surface at low aH2 to a partially hydrogen-covered
surface at highaH2 (13). This transition occurswhere
the overall exothermic reaction has a rate maximum,
which is the reason for the peak in temperature.

Because the kinetic phase transition at aH2 =
aH2cr involves a transition from an essentially
oxygen-saturated to a partially hydrogen-covered
surface, this example shows that LSPR can (i) de-
tect surface coverage changes at the sub-monolayer
level on small supported Pt nanoparticles and (ii)
follow the kinetics of a catalytic reaction. The slopes
of the LSPR peak position versus aH2, on both sides
of the kinetic phase transition, are not primarily
due to coverage changes but are the result of the
reaction-induced temperature variation (14). This
effect can, if needed, be subtracted by separate cal-
ibration measurements of Dlmax versus tempera-
ture with a non-reactive gas. The fact that the LSPR
resonance position is also sensitive to temperature
has, however, no influence on the measured ∆lmax

step at aH2cr. The temperature variation over the
region of the step is minor and estimated to be less
than 1K. Raw data of the LSPR resonance position
versus time (as a was changed), and the accom-
panying temperature change, is shown in fig. S3.
According to these data, the ∆lmax step at the ki-
netic phase transition point is not compromised by
temperature (see also the next example), which es-
sentially is constant over that narrow a regime.

Further proof that the temperature sensitivity of
∆lmax does not affect the step in∆lmax at the kinetic
phase transition was obtained from measurements
with diluted reactant concentrations of H2 +O2, from
6 to 1% (fig. S5). Such dilution did not change the
magnitude of the ∆lmax step at all (as expected, if it
is due to a coverage change from or to a saturated
oxygen adlayer) but changed the maximum temper-
ature rise from 4K to 24K because of the increasing
chemical power generation at higher concentrations.
The temperature sensitivity of the LSPR, which at
first sight might seem as a complication, can be
used for an independent LSPR-based temperature
measurement, as discussed in (7).

In the above measurements, there was potential-
ly a difference in the temperature measured by the
thermocouple and the actual catalyst particle tem-
perature because of very local temperature gradients.
However, this does not change the general analysis
or conclusions above because such a gradient if at all
present would not change the analysis at the kinetic
phase transition (which is the most important part).

Qualitatively similar results with larger Pt par-
ticles were also obtained for “direct sensing,” in
which Pt disks were simultaneously acting as the
catalyst and theLSPR-sensing particles (7). Pt nano-
particles have previously been found to exhibit op-
tical excitations similar to those of Au nanoparticles
(15). In some cases, this type of sensing—which
is somewhat similar to the results by Novo et al.
(11)—may be preferred because, for example, the
Pt disks can be converted to well-defined single
crystals (16) and thus can represent model cat-
alysts. However, here our focus and emphasis is
on the indirect sensing, in which the sensing par-
ticles are not the catalyst, because this is a much
more versatile and entirely new approach.

Fig. 1. Experimental setup and sensing structures (7). (A) Flow reactor arrangement and (bottom) optical
readout. (B) Catalyst and sensing structure used to monitor changes in adsorbate coverage. (C) Scanning
electronmicroscopy image of the sensing structure in (B). (D) TEM image of Pt catalyst clusters identical to
those on the sensing structure in (B). (E) Sensing structure used to monitor the NO2 storage/release from
BaO. (F and G) Top-view (F) and 70° tilt (G) SEM images of the sensing structure in (E).
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We next explored the practically important and
most-studied catalytic model reaction CO + O2

(17) in the same way as for H2 + O2, using the
same Pt catalyst sample. A representative exam-
ple is shown in Fig. 2B (8% reactants, 506 K, and
16.7 ml/min). As in the H2 + O2 reaction, an almost
discontinuous step in Dlmax occurs of nearly the
same amplitude but for a mixing ratio of aCO =
[CO]/([CO] + [O2]) around 0.07. This is the ki-
netic phase transition in the CO + O2 reaction from
an oxygen- to a CO-covered surface, which is
known to occur at very low relative CO concentra-
tion (18), much lower than for theH2 +O2 reaction,
which explains the small aCOcr value. The kinetic
phase transition and the associated coverage change
can be sensitively detected with LSPR sensing.

A difference from the H2 + O2 reaction is that
the temperature versus a profile is asymmetric
around aCOcr. This asymmetry arises from the
strong blocking (poisoning) effect of CO for oxy-
gen adsorption, preventing O2 from dissociating
and reacting when the surface is CO-saturated.
Thus, the temperature profile is flat at aCO > aCOcr,
and there is no temperature-induced slope of the
wing of Dlmax, such as for H2 + O2 in Fig. 2A,
because there is no reaction and no chemical ener-
gy dissipated, and the coverage is fixed at 1 ML
CO. Similar behavior (an asymmetric T versus a
peak) was seen also for the H2 + O2 reaction, but
at lower temperatures [supporting online material
(SOM) text]. The latter is caused by hydrogen
poisoning (13) of the reaction at low temperature,
similar to CO poisoning for the CO reaction. This
occurs at lower temperature for the hydrogen re-
action because the chemisorption energy is much
smaller for hydrogen as compared with CO.

As seen in Fig. 2B, there is an irreversibility
in closing the cycle going from oxygen-rich to
CO-rich and back to oxygen-rich conditions. The
origin of this is probably some irreversibility in
the oxidation-reduction cycle. This minor effect
does not change the main analysis of the ∆lmax
step at the kinetic phase transition point. Carbonyls
or other similar poisoning effects were ruled out
because they would have monotonically reduced
the activity of the samples, which was not the case.

We now turn to a more complex but practically
important reaction in automotive emission cleaning
for diesel and so-called “lean burn” engines (en-
gines operated at oxygen excess) in which the con-
ventional three-way catalyst cannot reduce NOx

efficiently. The latter has led to the development of
so-called NOx storage/reduction catalysts, in which
NOx is temporarily (~1 min) accumulated in the
catalyst, whereas the engine operates at O2 excess
[typically 30 to 600 parts per million (ppm) levels
of NO + NO2], and then the stored NOx is re-
duced to N2 by switching the air/fuel mixture to
excess fuel, HC (or H2), for a few seconds. A key
to this solution is the NOx storage material, usually
barium oxide (BaO), which upon NOx storage is
converted to Ba(NO3)2 or related compounds (6).
Pt (and in practice usually also Rh) is needed for
the reduction step and also for oxidation of NO
(when present) to NO2 during the storage phase.

To test whether LSPR detection can monitor
these reactions, we used a similar catalyst and
sensing structure as above but with the passive
SiO2 layer replaced by an evaporated, ~30-nm-
thick NOx-active BaO layer (Fig. 1, E to G)
deposited over the Au LSPR-sensing particles
(140 nmdiameter, 30 nmhigh, andlmax≈ 660 nm).
A similar nanogranular Pt film as above was
then deposited on the BaO film (7). To mimic
the NOx storage period, the sample was exposed
for 30 min to a gas mixture of 30 to 1000 ppm
NO2 + 6% O2. It was subsequently exposed to
2%H2 to mimic the reduction period, in which the
catalyst is restored to be able to store NOX again.

The results of both the storage period (t = 8
to 38 min in Fig. 3) and the reduction step are
shown in Fig. 3A. For all curves, there is an initial
rapid upward shift of Dlmax within 20 s after ex-
posure to NO2 and O2 and then a slowly con-
tinuing increase, which is greater for higher NO2

concentrations. We interpret this as LSPR detec-
tion of the BaO + NO2 storage reaction, convert-
ing a thin surface layer of BaO to Ba(NO3)2,
which changes the effective refractive index that
is sensed by the LSPR sensor (see below). The
larger signals for larger NO2 concentrations (quan-
tified in Fig. 3B) are caused by a combination of

reversible and irreversible NOx storage, both in-
creasing with increasing NOx concentration. Expos-
ing the sample to H2 (at 38 min in Fig. 3A) results
as expected in a shift of Dlmax back to the original
value before the NO2 exposure because of the hy-
drogen reduction of stored NOx to N2 and concerted
Ba(NO3)2 → BaO conversion (creating partly re-
duced BaO). The immediate shift also at 0 ppmNO2

is due to the oxidation of the partially reduced BaO
in the presence of O2 after the hydrogen treatment.

Regarding the sensingmechanisms, in the sens-
ing of the kinetic phase transitions for the CO and
H2 reactions (Fig. 2) the major change is a conver-
sion of the adsorbate layer on the Pt nanoparticles
from (or to) an oxygen-saturated to (or from) a CO-
or (partially) hydrogen-covered surface. Oxygen
adsorption/removal on Pt involves charge rearrange-
ment in the surface layer manifested, for example,
in a change of work function (19, 20). In the stan-
dard treatment of LSPR sensing (4), this charge re-
arrangement can be associated with a change in the
dielectric properties of the surface layer. Based on
the collected data for the indirect sensing examples,
including calibration data (SOM text) (7), we con-
clude that the oxygen-coverage change is the main
contributor to themeasured shift in Dlmax, whereas
the CO and H coverages have less influence (al-
though they create a measurable signal, at least for
CO). From the observed Dlmax shifts of ~1 nm
(Fig. 2) and the spectral resolution in the experi-
mental setup, we estimate a lower sensitivity limit
for the current measurements with the same type of
sample to be 0.02 monolayer of oxygen. For a
more detailed discussion on sensitivity and how it
compares with other studies (21–25), see the SOM
text. We estimate that this sensitivity can be im-
proved down to around 0.001monolayer by use of
improved optical measurements (26) and even fur-
ther by optimizing the sensing structure (SOM text).
This estimate is for a Pt coverage of only ~20% on
the sample surface. This sensitivity is high enough
to detect similar coverage changes with a real sup-
ported catalyst, which in addition can be a three-
dimensional (3D) porous structure with more catalytic
material within the LSPR sensing range. The sens-
ing volume is estimated to extend to at least 20 nm
away from the Au sensing particles. With a nano-
porous support with supported particles in the <5-to-
10-nm range, several monolayers of nanoparticles
would thus be sensed. Such a structure would also
represent a very typical catalyst structure.Work is in
progress tomakemeasurements with such structures.

In theNOx sensing, the Pt/BaO/Au–LSPR struc-
ture senses changes in the dielectric constant near
the Au particles, which is caused by incorporation
of NOx in the BaO layer. The corresponding LSPR
signal is approximately an order of magnitude
greater than for the CO and H2 reactions; this is a
very sensitive (and fast) method for NOx sensing.
We attribute the larger signal to a combination of
three effects: (i) the involved surface area is greater,
close to 80 to 90% as compared with 20%, because
only a minor part of the BaO is covered by Pt; (ii)
there is most likely a 3D rather than 2D NOx layer
involved in the storage (27); and (iii) the volume

Fig. 2. Plasmon peak shift (blue) and temperature variation (red) during aH2 and aCO sweeps. The
indirect sensing structure in Fig. 1, B to D, was used. Triangles pointing up and down represent a sweeps
up and down, respectively. (A) aH2 sweeps at 509 K, 4% H2 + O2 reactant, and 16.7 ml/s. The pictures to
the left and right of the step in Dlmax illustrate the change in surface coverage upon passing the kinetic
phase transition. (B) aCO sweeps at 506 K, 8% CO + O2 reactant, and 16.7 ml/s.
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expansion upon NOx storage is very large, causing
a large change in overall dielectric response.

Although demonstrated here for only two
materials, one metal and one nonmetal (Pt and
BaO), there is in principle no limitation with
respect to the catalytic materials for which the
indirect sensing can be applied because the basic
principle is that a change in surface coverage—in
the composition of the chemisorption or thin surface
layer—causes a change in the polarizibility/dielectric
properties of that layer, which is sensed by the
LSPR. This statement is generic and applicable to
all catalytic materials. What may vary is the
absolute sensitivity to different combinations of
materials and chemisorbed molecules, which in
turn will influence the sensitivity and degree of
applicability of the method. Also, the material in
the separating layer imposes no restriction, ex-
cept possibly from a technical point of view, be-
cause any dielectric of interest as a catalyst support
such as alumina, titania, zirconia, iron oxides, or
various carbides, will work similarly well as SiO2.
This lack of limitation regarding the support ma-
terial derives from the ability of the LSPR-induced
electromagnetic field to penetrate through the sepa-
rating layer and sense changes in the coverage of
the actual catalyst particles, which in turn induces
a LSPR frequency shift that is measured. It is in
practice therefore the ability to make thin separating
layers of various materials, rather than their dielec-
tric properties, that may impose some limitations.

We are not claiming that the method is appli-
cable to every situation; fewmethods are. However,
we claim to have demonstrated a method with high
potential for many important situations in catalysis.
Regarding limitations, they may occur for reactions
with mixtures of several reactants that have sub-
stantial coverage simultaneously or very low total
coverage. However, the opposite cases are abundant
in catalysis. For example, many catalytic reactions
are, even under practical conditions, dominated by
the coverage of one species, and the coverage fre-
quently changes from dominance of one species to
dominance of a second species at the rate max-
imum. For more complex situations, multiplexing
approaches (as discussed below and in the SOM
text) may be used.

The very high sensitivity of the LSPR sensing
as demonstrated here is mainly a virtue but poten-

tially also a cause of interpretation problems in
some cases. For example, catalyst restructuring and
changes of the support may interfere with the de-
tection of the actual coverage changes of interest
(in other situations, it might be these side effects
that are of interest to measure). However, there are
several ways of dealing with these and similar ef-
fects, if at hand. (i) Irreversible restructuring can be
detected by returning to an identical reaction situa-
tion (such as temperature or coverage) and noting
the corresponding LSPR shifts. (ii) Such effects can,
as was done in the present measurements, be elim-
inated by using the common “running in” approach
in catalysis, in which the catalyst is cycled through
the reaction conditions several times before the
actual measurements are done in order to stabilize
the catalyst structurally and chemically. (iii) Tem-
perature effects can be calibrated away (see above).
(iv) Support effects can be calibrated away (see
above and SOM text). (v) However, for the future,
a more elegant approach would be to build in such
eliminations by means of multiplexing—by using
different areas on a single sample, with each area
optimized to detect one change or correction of in-
terest. The parameters at hand for suchmultiplexing
are, for example, the size and shape of the sensing
Au (or other material) LSPR particles and the thick-
ness of the separating layer while keeping the actual
catalyst particles the same everywhere. LSPR is ideal
for such an approach because very small areas are
required for each measurement area (such as 10 by
10 mm) and because parallel detection is possible
through spectroscopic imaging. For example, one
area of the multiplexing structure could then be op-
timized for coverage monitoring, another for tem-
perature measurement, and yet another to monitor
support interactions. Some such functionsmay even
be achieved by using elongated sensing particles
and two light polarizations, as demonstrated in (28),
because the short and long particle directions have
different spectral sensing regions and probably also
different relative sensitivity factors for, for exam-
ple, adsorbates and temperature.

The sensing structures we used have not been
optimizedwith respect to shape, size, andmaterial
of the LSPR-sensing particles or of the separating
layer. For example, it is possible to improve the
sensitivity by optimizing the thickness of the SiO2

(or other oxide) layer (29) between the sensing

particles and the actual catalyst. The same type of
structures as described here can also be combined
with simultaneous, LSPR-enhanced Fourier trans-
form infrared (30) or Raman spectroscopy (31),
which would provide simultaneous spectroscopic
information about specific adsorbates or adsorbate-
substrate bonds.
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Fig. 3. NOx storage and
release (as N2) from BaO
measured with the cata-
lyst structure in Fig. 1, E
to G. (A) Plasmon peak
shift during 30 min NO2
storage (at t = 8 to 38
min), at seven different
concentrations (0, 30, 50,
100, 250, 500, and 1000
ppm), and subsequent
release by exposure to
2% H2 (at t = 38 min).
(B) Total plasmon peak
shift after 30 min of NO2 exposure as a function of NO2 concentration [same concentrations as in (A)].
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