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SUMMARY

As a key precursor for nitrogenous compounds and fertilizer, ammonia affects
our lives in numerous ways. Rapid and sensitive detection of ammonia is essential,
both in environmental monitoring and in process control for industrial produc-
tion. Here we report a novel and nonperturbative method that allows rapid
detection of ammonia at low concentrations, based on the all-optical detection
of surface-enhanced Raman signals. We show that this simple and affordable
approach enables ammonia probing at selected regions of interest with high
spatial resolution, making in situ and operando observations possible.

INTRODUCTION

Ammonia is key to many chemical technologies that drive world economies (Haber, 1905; Bosch, 1908), be-
ing the major source for fertilizers for agriculture/food production (Ampuero and Bosset, 2003) and directly
used in multitude of industrial processes (Chen et al., 2018). Ammonia analyses are critical for water quality
control (Baird and Bridgewater, 1995), exhaust gas sensing (Docquier and Candel, 2002; Riegel et al., 2002),
monitoring and process control in industries of new chemicals, plastics, and pharmaceutical. It is also crit-
ical in detection of combustibles (Kohl, 2001), detonation, and propulsion processes. Moreover, it is at
heart of our quest to find alternative routes of nitrogen fixation mechanisms for large-scale ammonia gen-
eration that are more efficient, energy saving, and carbon dioxide footprint free (Andersen et al., 2019,
Tang and Qiao, 2019; Qing et al., 2020; Cui et al., 2018). In all of these processes, rapid and sensitive detec-
tion of ammonia is critical, thus driving a need for reliable ammonia sensing technologies. Current detec-
tion concepts are based on various "wet chemistry” processes and devices—electrochemical sensor de-
vices (Chang et al., 1993; Lundstrom et al., 1993; Timmer et al., 2005), metal oxides (Clifford and Tuma,
1982; Hubner and Drost, 1991; Imawan et al., 2000; Srivastava et al., 1994; Wang et al., 2000; Xu et al.,
2000; Yamazoe, 1991; Zakrzewska, 2001), catalytic polymer (Cai et al., 2001; Chabukswar et al., 2001; Hei-
duschka et al., 1997; Kukla et al., 1996, Lahdesmaki et al., 1996, 2000; Nicolas-Debarnot and Poncin-Epail-
lard, 2003; Palmqyist et al., 1995), inkjet printing films (Lv et al., 2019), polymer hybrid framework (Ahmadi
Tabr et al., 2019). Spectroscopic methods for ammonia detection include nuclear magnetic resonance
(NMR) (Nielander et al., 2019; Andersen et al., 2019) and optical spectroscopy in almost every part of elec-
tro-magnetic spectrum, ranging from the UV (Mount et al., 2002) to the far IR branch (Giovannozzi et al.,
2015; Max and Chapados, 2013; Patton and Crouch, 1977; Tzollas et al., 2010; Li and Keppler, 2014; Ujike
and Tominaga, 2002), optoelectronic (Zilberman et al., 2014; Mahendran and Philip, 2013) and specially de-
signed fiber sensors (Guo and Tao, 2007).

Among the full arsenal of ammonia detection methods (Timmer et al., 2005), spectroscopic approaches
are of particular interest as they provide direct information on chemical content and unambiguously
identify the presence of the target molecular compound even at low concentrations. Traditionally,
NMR spectroscopy has been the method of choice for sensitive ammonia detection (Nielander
et al., 2019; Andersen et al., 2019). NMR provides chemical selectivity and high sensitivity down to
3 uM of the target and is rightfully among the most trusted approaches. However, complex instrumen-
tation and large required sampling volumes (>0.5 mL) constitute serious limitations. More importantly,
sensitive to contamination, the NMR approach relies on using isotope labeling, which renders even
routine experiments very expensive and limits applications mainly to fundamental research in labora-
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At present, the most popular and widely adopted optical methods are based on colorimetric approaches
and their experimental derivatives (Searle, 1984). A popular solution employs the Berthelot reaction be-
tween ammonia, chlorine, and phenolic compounds, resulting in blue coloration of an indophenol dye
that can be easily detected by conventional spectrometers (Patton and Crouch, 1977). This approach allows
ammonia detection with an impressive sensitivity, down to several tens of ppb (parts per billion) (Bolleter
et al., 1961; Patton and Crouch, 1977; Tzollas et al., 2010; Zhao et al., 2019). Although considered as the
"“gold standard,” the blue indophenol method requires time-consuming sample handling. An aliquot of
>1 mL has to be collected from the chemical reactor and mixed with toxic, sample-altering reagents, fol-
lowed by tens of minutes of aging prior to spectroscopic analysis.

In this context, the availability of a detection method for ammonia and its derivatives that is robust, afford-
able, and universally applicable would be highly desirable. We envision that simplicity, speed, sensitivity,
affordability, and reliability are five crucial ingredients to advance ammonia sensing and making it more
accessible for both laboratory and field use. Although it is not a simple task to compare radically different
detection concepts in terms of a single set of consistent metrics, we would like to briefly touch on a few
associated aspects. Existing spectroscopic methods do not allow tracking of small changes in the concen-
tration of ammonia and intermediate species on-site, not to mention in situ or operando observation
in situations where the reaction mechanisms are not known. Most spectroscopic techniques and sensor ap-
proaches are directly or indirectly vulnerable to external laboratory or field environment, jeopardizing reli-
ability. Although NMR and colorimetric methods excel in detection limits for overall concentration, it is
important to remember that both approaches rely on the need for relatively large sensing volumes. For
instance, strong signals are observed fora 1 mL volume at <1 ppm (parts per million) concentrations, which
contains 10"°-10" molecules of ammonia. For fundamental research, this means even greater number of
molecules has to be produced at reactor heart to fulfill volume and sensitivity requirements for further anal-
ysis. This obstacle is elegantly overcome using surface-sensitive IR absorption spectroscopy, which is based
on the principle of total attenuated reflection (ATR-FTIR) (Yao et al., 2018, 2020). This approach uniquely
probes molecules produced right on the surface of electrode. It is a relatively fast and non-perturbative
technique, requiring only tens of seconds for spectral acquisition. At the same time, the fixed experimental
geometry, the necessity to isolate the IR light from the laboratory environment and the need for additional
chemicals limit a broader implementation of the method.

In this work, we present a novel approach to ammonia detection, enabled through the use of surface-
enhanced Raman scattering (SERS). This is a simple, fast, yet sensitive method that provides chemical selec-
tivity to ammonia and does not rely on complex sensor design, specific beam path geometry, or chemical
modifications of the solution. The method allows detection of sub-1 ppm ammonia concentrations in just
under 1s, which paves the way to ultrasensitive operando electrochemical experiments. Taking into ac-
count the short spatial reach of plasmonic enhancement, the observed signals correspond to as little as
10%-10° molecules detected locally at the region of interest. SERS detection concept does not put any lim-
itations on the identity or morphology of the electrode as long as it can be put close enough to SERS struc-
ture. The following can be easily engineered per specific experimental requirements to probe ammonia
close to the electrode both on micro- and macro-scales—provide local reading of ammonia presence in
closest proximity to the reaction site.

RESULTS

Figure TAshows a representative spontaneous Raman spectrum of a concentrated ammonia solution span-
ning the molecular fingerprint region and the stretching modes of N-H, O-H, and C-H-related complexes.
To understand the signatures of this spectrum, we performed a normal mode frequency analysis for
ammonia and its aqueous formations via density functional theory (DFT) calculations, visualized in Fig-
ure 1B. These formations are addressed thoroughly in previous works and are most widely accepted con-
tributors to vibrational spectrum of ammonia aqueous solution (Buckley and Ryder, 2017; Gardiner et al.,
1973; Simonelli and Shultz, 2001; Sosa et al., 1996; Ujike and Tominaga, 2002; Yeo and Ford, 1991; Aggarwal
etal., 2016, Langseth, 1932; Liand Keppler, 2014; Mysen and Fogel, 2010)—ammonia (NHs), ammonium ion
(NH4*), ammonia dimer (NH3-NHs), ammonia-water complex (NH3-H,0), and solvated ammonia complex
(not shown in Figure 1).

Positions and relative intensities of the observed lines and their corresponding theoretical predictions are
in excellent agreement. For more details on the DFT calculations and a table of the mode frequencies, see
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Figure 1. Raman Spectrum of Ammonia in Water and Calculated Spectral Positions Based on Various Stretching
Modes

(A) Spontaneous Raman spectrum of bulk ammonia solution (0.3 wt%, 30,000 ppm). Exposure time 1s. Column bars
indicate positions of theoretically predicted bending, stretching, and rocking modes of ammonia-related formations.
(B) Main ammonia-related vibrations presented in stretching modes spectral region.

Methods and Supplementary Information. Although not very bright, several lines from monomer and dimer
complexes are clearly visible in the fingerprint spectral region (Figure 1A, inset). Theory shows that, in
contrast to the ammonia molecule, the ammonium ion should have the strongest presence in this fre-
quency range through a 1,476 cm™' contribution of an N-H deformation mode. Yet, the experimental
absence of this line is confirmed through the evaluation of the NH3/NH," mole ratio by pH measurements
(see Methods). It should be noted that even 100 ppb ammonia dissolved in neutral pH solution consists of
95% ammonia molecules compared with ammonium ions. This agrees well with spectroscopy data, where
only a broad line comprising H-N-H bending of NH3, NH3-NHj3, and NH3-H,O complexes is observed.

In contrast to the weak vibrational features in the fingerprint range, the stretching modes reveal clear sig-
natures of ammonia’s presence with intensities that are two orders of magnitude higher than fingerprint
modes, in full agreement with DFT predictions. Although these ammonia-related peaks sit atop a strong
background of water OH-stretching vibrations, we will show in this work that these signatures enable
ammonia detection even at low concentration of the target. We expect the ammonia-related signals to
remain clearly distinguishable even in other, more complex electrochemically relevant solutions. The
CH-stretching mode of organic reagents (Figure S4) or different modes associated with dissolved salts
are generally absent from the spectral region of interest.

The origin of the peaks in this spectral region and their positions has been thoroughly studied (Li and Kep-
pler, 2014; Simonelli and Shultz, 2001; Srivastava et al., 1994; Ujike and Tominaga, 2002; Yeo and Ford,
1991) with the main peaks outlined in Table 1. From the perspective of relative intensities, the highest
Raman signal corresponds to the N-H symmetric stretching mode that clearly stands out against the broad
and complex O-H stretching band of water. According to DFT calculations, the asymmetric N-H stretching
has 4 to 5 times smaller Raman intensity but strongly contributes to the broad profile of the overlapping
water signals. Ujike et al. obtained the normal mode frequencies of the ammonia molecule, ammonia-
ammonia dimer, and ammonia-water dimer by means of the GF matrix method (Ujike and Tominaga,
2002). In this method, the constants of the force matrix were determined from a direct fitting of the exper-
imental data. In contrast, our approach utilizes force derivate matrices determined from first principles and
as such relies on basic physical parameters of the compounds involved. For the ammonia monomer mole-
cule, we obtained excellent agreement between this approach and previous works (Ujike and Tominaga,
2002; Zhao and Truhlar, 2008). However, for the complex dimer formations there are significant discrep-
ancies. Although the lowest energies for ammonia and ammonia-water dimers have been determined at
3,217.4 and 3,044.1 cm™ ", respectively (Ujike and Tominaga, 2002), first principles anharmonic frequency
calculations for dimer modes of NH3-NH3 and NH3-H,O do not differ by more than 10 em™ .

Moreover, our theoretical study did not find any ammonia normal modes at the lower energy side from the
main peak at 3,260 cm™". The broad profile on which the main peak rests can be assigned to a distribution
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Formation Spectral Position Intensity Assignment

NH; 3,409.0 cm ™’ 36.8 NH asymmetric stretching
3,309.8 cm ™’ 155.8 NH symmetric stretching

NHs+ 3,380.0cm ™’ 16.8 NH asymmetric stretching
3,276.8cm ™" 101.0 NH symmetric stretching

NHs3-NH3 3,441.0cm™" 76.2 NH asymmetric stretching
3,438.0cm™’ 7.8 NH asymmetric stretching
3,402.3cm™’ 48.2 NH asymmetric stretching
3,369.5cm™’ 15.6 NH asymmetric stretching
3,315.4cm™’ 341.6 NH symmetric stretching

NHs-H,O 3,545.6 cm™’ 175.0 OH stretching (H-bonded)
3,410.9 cm™’ 35.3 NH asymmetric stretching
3,389.2cm™’ 33.0 NH asymmetric stretching
3,305.0cm ™" 155.31 NH symmetric stretching

Table 1. Main Ammonia-Related Vibrations Presented in Stretching Modes Spectral Region
For full mode list, please, see Table S1.

of additional contributions from solvated ammonia species, i.e., molecules that are engaged through mul-
tiple hydrogen bonds. At the high-energy side of the band, our predictions match previous estimates for
ammonia-water complexes with non-bonded and bonded O-H stretches at 3,989 and 3,721 em~ ' (Yeo and
Ford, 1991) (not shown in Figure 1B, see Table S1).

The strong peaks from the symmetric N-H stretch at ~3,300 cm™" provide an opportunity to employ these
spectroscopic signatures for tracing ammonia molecules or related reaction precursors. However, owing to
the presence of the substantial water background and the weak response in the fingerprint range, Raman
spectroscopy has long been considered unsuitable for ammonia detection. Indeed, regular Raman scat-
tering is blind to solutions with concentrations below 1,000 ppm (Figure S1). To heighten and discriminate
molecular signatures from the strong aqueous signals we employed surface-enhanced Raman scattering
(SERS), a well-known approach to detect analytes down to single molecule limit (Blackie et al., 2009; Yam-
polsky et al., 2014). The broadly accepted electromagnetic theory for enhancement relies on excitation of
localized surface plasmons (LSP), which provide strongly localized fields that can enhance the optical
response of molecules in their vicinity. Surprisingly, SERS has not been specifically utilized for ammonia
detection, although some basic principles of the effect in relation to ammonia has been demonstrated
in 1984 in work by Sanchez et al. (1984) Further studies on detection of ammonium nitride revealed sensitive
detection limits in fingerprint branch (Farrell et al., 2014), even though all the observed and discussed lines
are not related to NHj3, but rather NO3™. Recently the possibility of ammonia detection with excitation on
the slope of plasmonic resonance has been discussed (Nazemi et al., 2020; Nazemi, 2020). In this work, an
elegant implementation of SERS detection for live reaction monitoring was discussed with acquisition time
constants of ~10 s. Although the authors focused mainly on the fingerprint region and sidebands from
probable ammonia-water dimers, no stretching peak of the NH3 monomer has been observed in operando
experiments.

Ammonia Detection with Commercial SERS Substrates

For our first initial demonstration of ultrasensitive ammonia detection via SERS we used a conventional
confocal microscopy setup and commercially available SERS substrates (SERStrate, Silmeco, Denmark).
The substrates consist of leaning silicon nanopillars covered with silver (Schmidt et al., 2012). The structure
forms a rather dense and homogeneous distribution of metal covered clusters of 50-100 nm with corre-
sponding plasmonic resonances that closely match the excitation wavelength of 532 nm. The aqueous
ammonia solution was confined between the SERS substrate and the microscope slide, with the Raman

4 iScience 23, 101757, November 20, 2020
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Figure 2. Concept of Experimental Approach
(A-C) (A) Epi detection of Raman signal, (B) confocal detection for high spatial resolution, (C) wide-field detection
approach for large volume probing.

signal collected in the epi-geometry by a water immersion objective and coupled into a CCD-based spec-
trometer (Figure 2A, see Methods for details). The setup was used in two regimes—confocal and wide-field
approach (Figures 2B and 2C). The confocal collection geometry allows probing of fine local ammonia con-
centrations at the region of interest. For the given experimental conditions and the numerical aperture of
the collection objective, this volume corresponds to only ~1.2 um? or 1.2 fL of solution being probed. To
enable excitation within a wider region of interest, the beam was focused at the back aperture of the exci-
tation/collection objective and the imaging aperture/slit was effectively removed from the image plane.
The latter allowed for an increased focal volume by almost an order of magnitude, as well as a more effec-
tive use of the detector area without significantly losing spectral resolution (4 cm ™). Hence, this wide-field
imaging mode greatly improves detection sensitivity (Figure S2).

A typical SERS spectrum of an aqueous ammonia solution is shown in Figure 3, acquired using confocal ge-
ometry and at only 200 ppm concentration (Figure 2B). Strong ammonia SERS signals clearly overcome the
water background compared with the spontaneous Raman signal of the bulk solution. The bright line
around ~3,260 cm ™" indicates high sensitivity to the symmetric N-H stretching mode with an improvement
of the detection limit by a 1000-fold relative to regular Raman spectroscopy. The spectral shift (~50 cm™")
and line broadening are anticipated owing to the molecule-surface interaction, with the main line of the
NH3 monomer linewidth changed from 14 (for spontaneous Raman) to 30 em™" (for SERS). Overall, the
spectral shape corroborates theoretical predictions and can be closely reproduced with a simple Gaussian
broadening of the NH3 monomer and NH3-H,O dimer modes (see Table S2). Note the rather strong pres-
ence of additional spectral structures around 2,930 cm™ that were not visible in spontaneous Raman mea-
surements of bulk solution (Figure S2A) but are found at certain locations on the substrate through SERS
(Figure S3). Further experiments confirmed that these signals do not scale similarly with ammonia concen-
tration and N-H-related bands. These lines were also occasionally observed in SERS of pure Millipore wa-
ter. Additional experiments and simple line shape analysis suggest that these signals can be assigned to
the strong C-H stretching modes of occasional organic contamination on the plasmonic structure (Fig-
ure S4). These characteristic modes in the C-H stretching spectral range are well known and can be confi-
dently used for identifying organic species in bio-related environments (Faiman and Larsson, 1976; Yu et al.,
2013).

The SERS signal dependence on the ammonia concentration gives rather important insights into the actual
chemical content of the solution. As observed in Figure 4A, for higher-concentration solutions the

¢? CellPress

OPEN ACCESS

iScience 23, 101757, November 20, 2020 5




¢? CellPress

OPEN ACCESS

500
experiment
= Gaussian visualization
400 - NH; modes
NH; modes
—_— NH_-NH, modes
2 NH,-H,0 modes
c .
5 300
o
=
S,
2 200
[7]
c
[0
=
£
100
0

T T T T T T T T T T T
3100 3200 3300 3400 3500 3600 3700 3800 3900
Wavenumber [cm™]

Figure 3. Calculated Modes for Ammonia-Related Structure Overlaid with SERS Spectrum of 200 ppm Ammonia
Solution

Red curve is visualization through using Gaussian line shapes at predicted theoretical positions for NH3 and NH3-H,O
only. Exposure time 0.3 s.

ammonia-related bands dominate the bulk water background with broad and rich spectral features in the
stretching mode region. With a decrease of concentration, the spectrum evolves into a steady plateau—
the broad O-H spectrum of bulk water molecules. A detailed analysis of the integrated intensity for the
bright spectral feature around 3,260 cm~ reveals clear linear behavior as a function of ammonia concen-
tration (Figure 4B). The following means that signals in this range are dependent on complexes that contain
a single NHz molecule, i.e., the NH3 monomer and the NH3-H,O dimer, as any signal response from NHs-
NHs dimers is anticipated to be quadratic. We stress that all observations are fully reversible when concen-
tration levels are changed on the same SERS substrate, as shown in Figure S5. This points to the absence of
a strong chemical interaction with the metal surface and thus allows reversible use of the sensor over a large
dynamic range of the ammonia concentration.

Figures 4 and 5 illustrate the detection sensitivity of the approach. We note that all spectra have been ac-
quired without any signal processing, modulation or electronic filtering. Acquisition times did not exceed
2 s to reveal the true and unperturbed potential of the method.

For the given plasmonic structure, collection efficiencies, and experimental geometries, 1-ppm concentra-
tions of ammonia can be clearly observed for measurement times of 1 s or less. For longer acquisition times
of 1-2 s the detection limit of few hundreds of ppb is easily attainable (Figure Sé).

In this work, we report the method’s sensitivity in terms of molecular concentration of ammonia in bulk so-
lution. At the same time, owing to specifics of SERS-based method, i.e., sensitivity to local molecular pres-
ence, it is helpful to express sensitivity in terms of an alternative metric, namely, the estimated number of
molecules probed. This metric relies on the assumption that (1) the plasmonic enhancement is short
ranged (Bouhelier and Novotny, 2007) and (2) ammonia signals from bulk solutions are negligible at these
concentrations (Figure S1). For the confocal geometry experiments with a 1.2-fL probe volume, a 1-ppm
concentration corresponds to only 10°-10° molecules—the amount necessary for spectroscopic observa-
tion (Table S3). The local sensitivity limit, and thus the molecular detection limit, is already significantly
smaller compared with competing methods; these numbers are still conservative estimates. The estimation
relies on the total amount of molecules in the confocal volume with Rayleigh range of about ~1.5 pm. In
reality, only those molecules that are in near-field proximity (<1 nm) to the metal structure are contributing
to the signal. Thus, the actual number of sampled molecules may still be a few orders of magnitude smaller.
In the wide-field illumination approach, the surface area efficiently increases just under ten times, thus
probing a greater number of molecules contained within the detection area.

6 iScience 23, 101757, November 20, 2020
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Figure 4. Concentration Dependence Studies

(A) Spectral evolution as a function of ammonia concentration.

(B) Integrated intensity of 3,260 cm™' spectral line. Blue straight line represents linear function with slope 1. Inset: Gaussian
fit of ammonia-related line for 200 ppm solution. Exposure time 1 s. Integrated signal intensity is determined with under
10% error for the smallest concentrations and the signal fluctuations are considered negligible compared with spatial
reproducibility within the same substrate, that varies on average by the factor of 2 (error over 10 experiments for each
given concentration).

Ammonia Detection on Ag Ink

We have performed further experiments based on a similar detection concept, but that employs less so-
phisticated plasmonic structures to explore more affordable sensor alternatives. For this purpose, we
used a commercially available Ag ink (Sigma Aldrich), based on metal nanoparticles. This material is widely
used for printable conductors, antibacterial material filters, thin film electronics, etc. This particular ink is
based on silver particles (dgo = 115 nm, dsp = 70 nm) with plasmonic resonances that match our previous
experiments. When drop casted and dried on mica glass slide, the colloidal suspension forms a homoge-
neous mirror-like film. Optical microscopy and SEM images of the film are shown in Figures 6A and 6B,
respectively. Despite its simplicity, the ink-based SERS substrate permits clear observations of signals
with a sub-1 ppm detection limit for ammonia (Figure 6C). Although the enhancement, spatial distribution,
and reproducibility are on par with commercial SERS substrates, the approach can be improved by adopt-
ing better controlled and cleaner printing procedures.

DISCUSSION

The SERS method discussed in this work offers a new approach for detecting ammonia and related com-
plexes with a chemical sensitivity that is competitive with that of other spectroscopic techniques, while at
the same time being straightforward and affordable in its implementation.

For the low limit of detection, the method is on par with other spectroscopic techniques that allow detec-
tion of concentration under 1 ppm. Note that the physical principle of plasmonic enhancement does not
put any fundamental limitations on the phase of the sample, allowing trace detection in both liquid and
gaseous phases. Using basic assumptions for the spatial extent of the local fields and the size of the illumi-
nation spot, 1 ppm overall solution concentration corresponds to 10°-10° molecules in probed volume.
However, such sensitivity does not come at the expense of long acquisition time. The acquisition speed
easily allows live observations—sub-second detection of only 1 ppm concentration or a few thousands
of molecules locally at the region of interest makes in situ monitoring of chemical reaction possible.

As an optical-based approach, it allows distant, nonperturbative (non-consuming) probing, thus offering
clean and reliable experiments. Moreover, molecules do not appear to strongly bind to the surface, making
observations reversible as the molecular content is changed.

The practical implementation of the concept introduced in this work can be significantly improved, in
particular in terms of speed and sensitivity. The SERS signal enhancement factors rely on the interplay be-
tween spectral position of the plasmonic resonance, excitation source wavelength, and the intrinsic spec-
tral response of the molecule. Thus, fine-tuning of the metal particle size and the structure arrangement

iScience 23, 101757, November 20, 2020 7
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may result in a significant improvement of detection limits. Although commercially available SERS sub-
strates are excellent initial choice, they require complex production and are currently too expensive for
up-scaling. We demonstrate that simple deposition of colloidal silver ink on the substrate of choice already
gives comparable results. Hence, the method does not require special facilities and procedures to produce
affordable SERS sensors.

Lastly, the simplicity of the method is of key significance to broad implementation. With flexible beam posi-
tioning, measurements can be performed at any region of interest within a given environment or chemical
cell. Through point scanning or a wide-field imaging mode, the method allows sampling of the spatial dis-
tribution of ammonia content. This flexibility has the potential to provide important insights in underlying
reactions mechanisms, which is especially relevant for solid-liquid interfaces. In addition, in our experi-
ments with confocal signal collection we have used no more than 1.5 mW CW laser light, light doses
that are easily attained with compact and inexpensive laser diode modules. Furthermore, the method
can be adapted for use with lower numerical aperture lenses, whereby the lower collection efficiency is
offset by a larger illumination area. By probing a greater number of molecules in larger spot sizes, long
focusing approach may prove to be advantageous for sensing needs that do not require spatial confine-
ment and resolution.

As underlined in this work, the Raman spectrum in the N-H stretching region is rich in NHs-related signals.
Detection of this broadband spectral region, as opposed to the narrow NH3 monomer line alone, will result
in drastic improvements of detection limits. The large Stokes shift of this spectral window makes it possible
to use simple colored glass Schott filters, rather than expensive sharp-edge Raman dichroic mirrors. Finally,
conventional single-pixel Si detectors can be used. Although cheap and affordable, such detectors can
match standard charged-coupled devices, when using photo-multipliers and avalanche mode detectors
can even boost the sensitivity. All these potential simplifications will allow the design of a simple and robust
device to be used for field research or in-line production.

Ammonia detection method through SERS converges simplicity and affordability with speed and sensi-
tivity. It has potential to be greatly popularized and help to overcome several roadblocks that have
been slowing fundamental and applied chemical research in these areas for many decades.

Limitations of the Study

Thin Ag film is expected to easily oxidize. Although no oxidation has been observed within the time frame
of the experiments (several hours) for ink-based substrates, strong coloration, hence oxidation, of film
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Figure 6. Fast Detection of Low Amount of Ammonia Using Drop Casted Ag Ink on a Glass Slide

(A-C) (A) Optical image of dried Ag ink, (B) SEM image of dried Ag ink, (C) SERS signal on custom made SERS substrate.
Exposure time 1 s.

becomes visible if left for several days in open laboratory environment. The following put the restrictions on
substrate handling if considered for long-term use.
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Figure SF1. (a) Spontaneous Raman spectra of water and 1000 ppm ammonia solution. (b)
Zoomed part of spontaneous Raman spectra around NH3 symmetric mode ( ~3300 cm™). Exposure
time 1s. Related to Figure 1.
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Figure SF2. Direct comparison of confocal imaging and wide-field detection approach. Exposure
time 0.3 s. Related to Figure 2.



Table ST2. Parameters used for simple Gaussian visualization. No fitting has been done. Related

to Figure 3.
Formation Parameter Value
Spectral position 3409.0 cm*
NH3
Amplitude 36.8
Width 200 cm*
Spectral position 3309.8 cm?
Amplitude 155.8
Width 30 cm?
NHs-H20 Spectral position 3545.6 cm™®
Amplitude 175
Width 200 cm*
Spectral position 3410.9 cm™
Amplitude 35.3
Width 200 cm
Spectral position 3389.2cm™
Amplitude 33.0
Width 200 cm*
Spectral position 3305.0 cm?
Amplitude 155.31

Width 200 cm?
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Figure SF3. SERS spectrum of 25 ppm ammonia solution and water in different spots on substrate.

Line at ~2900 cm™ has no concentration correlation similar to line at 3260 cm™. Exposure time 1s.

related to Table 1 and Figure 3.
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Figure SF4. Normalized SERS spectrum of water, ethanol overlaid with spontaneous Raman

spectrum of ethanol. Line position and spectral structure indicates contamination of SERS
substrate with organic compound sporadically distributed on substrate. SERS spectra clearly
shows broadened lines with respect to spontaneous Raman signals, which is expected for

molecule-metal interaction. Exposure time 1s. Related to Figure 3.
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Figure SF5. SERS on Ag plasmonic structures allows detection of both increase and decrease of

the amount the ammonia. Exposure time 1s. Related to Figure 4.
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Figure SF6. Detection of 500 ppb ammonia concentration in aqueous solution on Ag plasmonic

structures. Exposure time 1s. Related to Figure 5.

Table SF3. Conversion table. Simple approximation of amount of molecule in confocal volume.
Related to Figure 4 and Figure 5.

p.p.b. p.p.m. mg/L mmol/L Number of molecules
50 0.05 2.936 5*10-6 3106
100 0.1 5.872 1*10-5 6212
500 0.5 29.358 5*10-5 31062

1000 1 58.717 1*10-4 62124

2000 2 117.433 2*10-4 124249




Transparent Methods
Solution preparation and pH measurement. Samples of ammonia solutions were prepared by
diluting 56 wt% ammonium hydroxide (NHz - H20) solution (VWR) with Millipore water. As
results, concentrations of 0.1 ppm, 0.5 ppm, 1 ppm, 3 ppm, 5 ppm, 10 ppm, 20 ppm, 50 ppm, 100
ppm, 200 ppm, 500 ppm, 1000 ppm and 0.3 wt% (30, 000 ppm) ammonia solutions were made,
based on the weight of NHs monomer and H>O molecules.
In order to estimate the ratio of ammonia molecule (NH3) and ammonium ions (NH4"), the pH
values of ammonia solutions were measured. Specifically, the pH of pure Millipore water was
measured at ~6.6 due to slight dissolving of ambient carbon dioxide. The pH values of 0.1 ppm,
10 ppm and 500 ppm solution were 10.7, 10.2 and 11.1 respectively. The NH3/ NH4* ratio was
simply estimated by the acidity of ammonium (pKa = 9.25), according to:

logyo (NH;/NHZ) = pH — pKa
As results, the ammonia molecule (NHs) content of all dilute ammonia samples were above 95 %,
as compared to ammonium ions (NH4").
Density Function Theory calculation. The calculation of vibrational modes and Raman
intensities were performed using Gaussian09 quantum chemistry program(M. J. Frisch, 2010) at
the M06-2X/aug-cc-pVTZ level of theory(Zhao and Truhlar, 2008). The structures of the ammonia
molecule, ammonium ion, ammonia-ammonia dimer and ammonia-water complex were first
optimized using tight convergence criteria and ultrafine integration grid after which the harmonic
frequencies were calculated. To account for the anharmonic effects, which influence the
frequencies of the stretching modes the most, anharmonic frequencies of the stretching modes were
calculated using numerical differentiation along corresponding vibrational modes as implemented

in the GaussianQ09 software. To study the change in the Raman spectra of the ammonia molecule



and ammonia-water dimer due to the solvation, we also tested a model of fully solvated ammonia.
The model was built by solvating ammonia-water dimmer with additional 12 water molecules after
which the system was optimized. The number of water molecules was chosen to create a cluster in
which ammonia-water dimmer would be fully surrounded by water molecules.

Plasmonic structures. Commercial SERS substrates SERStrate (Silmeco, Denmark) has been
used. Substrates are based on leaned Si nanopillars covered with Ag resulting in resonance around
550 nm. Substrates structure was leaned using depositing of drop of nanopure water and drying it.
The following procedure is done per vendor recommendation to increase interaction surface and
enhancement effect.(Schmidt et al., 2012) For custom made silver nanoparticle SERS substrate
commercially available Ag ink (Sigma Aldrich) has been used. The ink comprises silver
nanoparticles of about 100 nm size and is pre-characterized by the vendor using optical and
electron microscopy approaches. The film was deposited on a flat mica substrate, dried for 1 hour
before use. SEM images of the resultant substrate layer were taken to confirm film morphology
and particle size.

Raman microscopy. Raman experiments has been performed on custom modified Renishaw
InVia Raman microscope. 532 nm SSDP laser was used as excitation source. All excitation and
collection of Rama signal were done using 60x, 1.2NA water immersion objective (Olympus). For
wide-field imaging beam was focused on input aperture of objective and slit opened to 100 um
size, corresponding to increase of spectral resolution to 9 cm™. For confocal experiments 1.5 mwW
at 532 nm has been used at the sample. For wide-field images 30 mW has been used to compensate

change of the energy flux.
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