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Environmental formaldehyde sensing at room
temperature by smartphone-assisted and wearable
plasmonic nanohybrids†

Andreas T. Güntner *‡a,b and Florian M. Schenk‡c

Formaldehyde is a toxic and carcinogenic indoor air pollutant. Promising for its routine detection are gas

sensors based on localized surface plasmon resonance (LSPR). Such sensors trace analytes by converting

tiny changes in the local dielectric environment into easily readable, optical signals. Yet, this mechanism is

inherently non-selective to volatile organic compounds (like formaldehyde) and yields rarely detection

limits below parts-per-million concentrations. Here, we reveal that chemical reaction-mediated LSPR

with nanohybrids of Ag/AgOx core–shell clusters on TiO2 enables highly selective formaldehyde sensing

down to 5 parts-per-billion (ppb). Therein, AgOx is reduced by the formaldehyde to metallic Ag resulting

in strong plasmonic signal changes, as measured by UV/Vis spectroscopy and confirmed by X-ray diffrac-

tion. This interaction is highly selective to formaldehyde over other aldehydes, alcohols, ketones, aromatic

compounds (as confirmed by high-resolution mass spectrometry), inorganics, and quite robust to relative

humidity changes. Since this sensor works at room temperature, such LSPR nanohybrids are directly de-

posited onto flexible wristbands to quantify formaldehyde between 40–500 ppb at 50% RH, even with a

widely available smartphone camera (Pearson correlation coefficient r = 0.998). Such chemoresponsive

coatings open new avenues for wearable devices in environmental, food, health and occupational safety

applications, as demonstrated by an early field test in the pathology of a local hospital.

Introduction

Nanoplasmonic materials feature distinct advantages for the
design of inexpensive, low-power and wearable gas sensing
devices, namely an optical read-out that can be realized some-
times even by naked eye and stable operation at room tempera-
ture.1 To date, localized surface plasmon resonance (LSPR)
sensors have been employed successfully for small inorganic
molecules like H2,

2 CO and NO2
3 owing to their typically high

concentration (i.e. 0.1–10 vol% for H2) and sometimes strong
interaction with the corresponding nanoparticle surfaces (e.g.
H2 and Pd clusters form PdxHy

4) yielding sufficient sensitivity5

and selectivity.
Yet, the sensing of volatile organic compounds (VOC) by

LSRP remains challenging and less established, despite their

high relevance for environmental monitoring,6 non-invasive
medical diagnostics7 or food quality assessment.8 The VOC are
usually detected with conventional LSPR sensors by recogniz-
ing variations of the dielectric environment (i.e. refractive
index changes) in the vicinity of the plasmonic nanoparticles.9

However, this sensing mechanism is typically unable to (1)
detect relevant parts-per-billion (ppb, by volume) concen-
trations and (2) hardly distinguishes individual VOC, due to
their narrow range of refractive index variation.10 For instance,
Au metasurfaces decorated with TiO2 nanoparticles enabled
the LSPR detection of 1 vol% toluene at room temperature, but
this sensor responded to other analytes (e.g. ethanol, acetone)
quite similarly, resulting in rather low VOC selectivity.11

Here, we show that a chemical reaction between analyte
and plasmonic surface strongly enhances the sensitivity and
selectivity of LSPR sensors for individual VOC. This is investi-
gated exemplarily with nanohybrids of Ag/AgOx core–shell
structures on TiO2 (Fig. 1a) together with formaldehyde, a car-
cinogenic air pollutant12 emitted, for instance, from wood-
based products,13 coatings or insultation materials with strict
exposure limits (e.g. 80 ppb by WHO14). Therein, the AgOx

shells (yellow) undergo a redox reaction with formaldehyde
vapor at room temperature.15 This reduces the AgOx shells to
metallic Ag (black) that exhibits strong plasmonic resonance,16

unlike AgOx, resulting in a detectable optical signal. Note that
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the redox interaction of Ag+ and aldehydes is known as the
Tollens reaction,17 that is established for the detection of alde-
hydes in liquids.18

Results and discussion
Ag/AgOx–TiO2 nanohybrid design

The LSPR sensing nanoparticles are prepared by single-step
flame-spray pyrolysis (FSP)19 that had yielded already well-dis-
persed Ag/AgOx core–shell structures on nanostructured TiO2

due to strong metal support interactions for photocatalytic
and antimicrobial16 applications. In Fig. 1b, the morphology
of such flame-made and annealed 4 wt% Ag/AgOx on TiO2

nanohybrids is shown by scanning transmission electron
microscopy with a high-angle annular dark-field detector
(STEM-HAADF). Note that throughout the text, wt% refers to
the nominal Ag content in the precursor (see Methods). Most
importantly, Ag/AgOx clusters (some yellow-encircled in
Fig. 1b) are clearly distinguished from the TiO2 by their
brighter appearance due to the higher scattering potential of

Ag over Ti atoms. This was confirmed also by scanning trans-
mission electron microscopy with energy-dispersive X-ray spec-
troscopy (STEM-EDX) in Fig. 1c, where the elemental distri-
bution of Ag (yellow) and Ti (white) is shown. Therein, most
Ag/AgOx clusters 1–8 nm in diameter are well dispersed over
the TiO2 particle surfaces (Fig. 1b and ESI Fig. 1†). Also sub-
nanometer-sized Ag/AgOx clusters and few larger particles
(>10 nm, ESI Fig. 2†) are present, while very small clusters
(<1 nm) might not be visible. Similarly flame-made Ag/AgOx–

SiO2 had AgOx shell thickness of 1–2 atomic layers, as quanti-
fied by dissolving the AgOx in water and measuring the dis-
solved Ag+ ions by an ion-selective electrode.20

Fig. 1d shows the X-ray diffraction (XRD) patterns of such
powders. Most importantly, neither Ag (diamonds) nor Ag2O
(stars) crystals were detected for up to 10 wt% Ag/AgOx. This
confirms the small crystal sizes of Ag, as suggested by
STEM-HAADF (Fig. 1b), and thin layer thicknesses of AgOx,

20

as well as their amorphous structure. Only above 20 wt% Ag/
AgOx, new XRD peaks (e.g. at 2θ = 44.5°) emerge that indicate
larger Ag crystals. Note that the characterization of the TiO2

support is provided in the ESI.†

Fig. 1 Material design and characterization of Ag/AgOx–TiO2 nanohybrids. (a) Sensing concept and (b) HAADF-STEM (Z-contrast) image of 4 wt%
Ag/AgOx on TiO2 nanohybrids. (c) STEM-EDX mapping showing the elemental distribution of Ag (yellow) and Ti (white) atoms. (d) XRD patterns of
annealed (500 °C for 5 h) TiO2 with 0–100 wt% nominal Ag content. Reference peak positions of anatase TiO2 (circles), rutile TiO2 (squares), Ti3O5

(downward triangles), Ti4O7 (upward triangles), metallic Ag (diamonds) and Ag2O (stars) are indicated.
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Plasmonic formaldehyde gas sensing at room temperature
with Ag/AgOx–TiO2

Next, these 4 wt% Ag/AgOx core–shell structures on TiO2 are
exposed to 0–500 ppb formaldehyde at room temperature in air
under realistic 50% relative humidity (RH). Fig. 2a shows the UV/
Vis reflectance spectra before exposure (black line), where no dis-
tinct LSPR peak is observed. Most importantly, a plasmonic peak/
hump emerges between 400 and 700 nm (with a maximum at
λLSPR = 565 nm, dashed vertical line) when increasing the formal-
dehyde concentration up to 500 ppb, indicating reduced reflec-
tance (or increased absorption, according to Kubelka–Munk
theory21). Note that the small peak at 530 nm when exposed to 80
ppb formaldehyde is a measurement artifact (ESI Fig. 3a†).

The observed LSPR peak suggests the formation of surface
metallic Ag through the reduction of AgOx by formaldehyde
(Fig. 1a). While isolated Ag nanoparticles exhibit LSPR peaks
between 400–450 nm (depending on size22), the red-shift here
should be associated9 to the TiO2 support featuring high
refractive index (e.g. anatase TiO2 n = 2.54 (ref. 23)). A similar
observation had been made also when exposing AgOx/Ag clus-
ters on TiO2 to strong UV irradiation16 with application as mul-
ticolor photochromic material for smart buildings or dis-
plays.24 Consistently, AgOx/Ag on SiO2 with lower refractive
index (i.e. n = 1.55 (ref. 23)) featured similar LSPR peak to iso-
lated Ag (i.e. 405 nm, ESI Fig. 4†).

By quantifying the reflectance change at λLSPR (i.e. response
ΔR), formaldehyde concentrations are detected over the entire

Fig. 2 LSPR formaldehyde sensing and mechanism at room temperature. (a) UV/Vis reflectance spectra (solid lines) of 4 wt% Ag/AgOx–TiO2 nano-
hybrids when exposed to 0–500 ppb formaldehyde at room temperature and 50% RH in air as well as after reducing the nanohybrids in 5 vol% H2 in
Ar at 300 °C for 30 min (red, solid line) and subsequent 500 ppb formaldehyde exposure (turquoise, broken line) that overlap. (b) LSPR response (ΔR
at λLSPR = 565 nm) as a function of formaldehyde concentration (0–500 ppb). (c) Corresponding XRD patterns before (black), after exposure to
50 ppm formaldehyde (green) in air and after reduction with a H2/Ar mixture at 300 °C (red). Reference peaks for metallic Ag (diamond and dashed
line), rutile (squares) and anatase (circles) TiO2 are indicated. Extended XRD patterns for 2θ = 22–44° are provided in ESI Fig. 5.† (d) LSPR response (at
λLSPR = 565 nm) of TiO2 with nominal 0–100 wt% Ag to 500 ppb fomaldehyde. Symbols and error bars for 3, 4 and 5 wt% Ag indicate the averages
and standard deviations of three identically produced sensors.
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relevant range between 0 and 500 ppb (Fig. 2b), covering
typical levels in homes (usually <50 ppb),25 freshly renovated
buildings (e.g. 149 ppb for 6000 homes, in China26) and even
mobile homes, where formaldehyde concentrations can be
above 1000 ppb.27 Such sensors are also quite reproducible
(<5% response deviation), as assessed from three identically
produced sensors at 500 ppb (error bar in Fig. 2b). Note that
these responses are obtained from the UV/Vis spectra after
60 min of formaldehyde exposure. When faster analysis times
are required, the time transients for the different concen-
trations (ESI Fig. 3b†) can be used, as established for chemore-
sistive sensors.28 In both cases, however, exposure time needs
to be known to determine concentration.

Most remarkably, the plasmonic Ag/AgOx core–shell on
TiO2 sensor is capable to detect formaldehyde even down to 5
ppb (signal-to-noise ratio >50) with clear discrimination from 0
and 10 ppb. This is sufficiently low to satisfy the WHO guideline
(80 ppb (ref. 14)) in residential buildings and meets even strictest
limits of 7 and 8 ppb in California29 and France30 (beginning in
2023), respectively. This demonstrates the immediate impact of
chemical reaction-mediated LSPR sensing materials, since several
orders of magnitude lower detection limits are achieved than
those yielded by conventional LSPR based only on refractive index
sensing. In fact, similarly prepared flame-made Au-TiO2

11 detected
other volatile organic compounds (i.e., ethanol, acetone, toluene)
only down to 1 vol% while Au–CuO sensed CO down to
50 ppm.31 The present detector outperforms even other nano-
particle-based sensor types (e.g. electrochemical, chemoresistive,
fluorescence, Table 1) that detected formaldehyde down to 10
ppb, but at unrealistic dry conditions.32 In fact, comparable for-
maldehyde concentrations at relevant RH were only detected
when heating the chemoresistive nanoparticles (e.g. 20 ppb with
In4Sn3O12 at 250 °C with 50% RH,33 3 ppb with Si/Pd/Pt or
Ti-doped SnO2 at 400 °C with 90% RH34) rendering them less
suitable for wearable applications.

This superior LSPR sensitivity of Ag/AgOx clusters with for-
maldehyde at room temperature should be attributed to their
redox interaction, as shown in Fig. 1a. This is verified by redu-
cing first all surface AgOx to metallic Ag with 5 vol% H2 in Ar
at 300 °C (ref. 20) (Fig. 2a, red line) yielding a similar plasmo-
nic hump to Ag/AgOx under formaldehyde exposure (e.g. 500
ppb, dark green line), just more pronounced. Remarkably, this
plasmonic hump does not change when exposing it sub-
sequently to 500 ppb formaldehyde (dashed turquoise line
that is on top of the red line), due to the already completed
reduction to metallic Ag. Therefore, the redox interaction of
formaldehyde with Ag/AgOx is indeed responsible for its highly
sensitive LSPR sensing.

We investigated this further by XRD of untreated Ag/AgOx–

TiO2 (Fig. 2c, black line) and in situ upon exposure to 50 ppm
formaldehyde at room temperature (green line). Most impor-
tantly, the Ag peak (diamond) at 2θ = 38.1° increases upon
exposure to 50 ppm formaldehyde, suggesting the growth of
Ag crystals from the AgOx reduction and further verifying our
concept (Fig. 1a). Note that this Ag peak overlaps with peaks of
anatase TiO2 (i.e., 2θ = 37.7°, circles). However, the TiO2 is not
affected by the formaldehyde exposure, as shown in ESI Fig. 5†
where neither the anatase (e.g. at 2θ = 25.2°) nor the rutile
peaks (2θ = 27.4°) were affected. An even stronger increase in
peak intensity at 38.1° (Fig. 2c, red line) was observed after H2

reduction at 300 °C, in agreement with the UV/Vis spectra in
Fig. 2a.

Finally, also the effect of Ag/AgOx content on the response
to 500 ppb of formaldehyde at room temperature and 50% RH
is investigated (Fig. 2d). Thereby, flame-made pure TiO2 fea-
tures no detectable optical response, as expected. When
increasing the Ag/AgOx content to 4 wt%, a response optimum
of 0.69 is observed, as expected from the Beer–Lambert law
due to stronger plasmonic light absorption with higher Ag/
AgOx surface loading. Above 4 wt%, however, the response

Table 1 Nanoparticle-based formaldehyde sensors that work at room temperature

Material sensor type

LOQe

(RH)
[ppb]

RH
range

Formaldehyde selectivity

Ref.Acetaldehyde Ethanol Methanol Acetone Benzene NH3 CO H2 NO2

Cr-Pdene/C
electrochemical

200 (dry) Dry — High — — — High — — — 57

ZIF-7/TiO2
a

chemoresistive
25 (dry) Dry — 57 — — >1000 — >2000 — >1000 58

MXene/Co3O4
chemoresistive

10 (dry) 0–97% — 11 — 6 13 6 — — — 32

Ag—In2O3
b

chemoresistive
50 (16%) 16–75% — 4 6 >100 50 40 — — — 63

Ag-FAUYc colori-
metric/fluorescence

80 d — 7 — — 3.5 — — — — 64

CdSe/ZnS fluorescence 500 (dry) 0–85% — High — High — — — — — 65
Ni–In2O3/WS2
chemoresistive

50 (dry) 0–97% — 2 2.5 3 6 2 – – 3 66

Ag/AgOx–TiO2
plasmonic

5 (50%) 0–90% 9.2 600 550 140 >1000 130 950 140 90 This
work

a Requires UV illumination. b Evaluated at nominal 5 wt% Ag. c Zeolite faujasite Y-type. dMeasured at low (but unspecified) RH. Formaldehyde
vapor generated through evaporating aqueous solution. e Limit of quantification, i.e. lowest quantified concentration.
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deteriorates progressively. This can be due to increasing size of
Ag/AgOx clusters at higher Ag contents (as with flame-made
Ag/AgOx–SiO2

16) featuring reduced catalytic activity,35 a trend
observed also for other plasmonic noble metal-based gas
sensors (e.g. Au for O2 detection

36).

Formaldehyde selectivity and robustness to RH

To assess the formaldehyde selectivity of the Ag/AgOx–TiO2

sensor, it was exposed to acetaldehyde, ethanol, methanol,
acetone, benzene, NH3, CO, H2 and NO2 at 500 ppb and 50%
RH in air (Fig. 3a), covering a wide range of chemical families
relevant for air quality monitoring.14 Most remarkably, formal-
dehyde is detected with the highest response (0.69) compared
to acetaldehyde (0.075) while all other analytes are hardly
detected (≤0.016). This results in outstanding selectivities
ranging from over 9 for acetaldehyde to 1300 for benzene.

Noteworthy, this also includes NO2 and H2 (140), that are pro-
minent analytes for noble metal LSPR sensors (e.g. Au–CeO2

3

for NO2 or Pd70Au30
2 for H2). The sensor’s performance is also

competitive, if not significantly better, than other nano-
particle-based formaldehyde sensor types that work at room
temperature (Table 1). For instance, most of these sensors
suffered from rather weak ethanol selectivity (<60), that is par-
ticularly problematic given ethanol’s omnipresence in cleaning
agents or disinfectants,37 requiring their combination, for
example, with filters (e.g. molecular sieves38 or sorption
columns39).

This formaldehyde selectivity is related to the selective
redox interaction of the formaldehyde with the Ag/AgOx clus-
ters (Fig. 2a and c), that is supported further by chemical con-
version measurements with high resolution proton transfer
reaction time-of-flight mass spectrometry (PTR-TOF-MS,

Fig. 3 Selectivity to formaldehyde and humidity robustness at room temperature. (a) LSPR response of 4 wt% Ag/AgOx on TiO2 nanohybrids to 500
ppb of various indoor air-relevant gases and vapors at 50% RH in air. (b) Chemical conversion of 1 ppm formaldehyde (circles), methanol (diamonds),
ethanol (squares), acetone (triangles) and benzene (stars) at 50% RH over 20 mg of these nanohybrids as a function of temperature. (c) LSPR
response to 10 000, 50 000 and 100 000 ppb of methanol, ethanol, CO and H2. The response to 80 ppb formaldehyde (i.e. current WHO guideline14)
is shown as dashed line for reference. (d) LSPR response to 500 ppb formaldehyde at various RH.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2023 Nanoscale, 2023, 15, 3967–3977 | 3971

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 5
/7

/2
02

6 
8:

24
:3

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr06599a


Fig. 3b). In fact, formaldehyde (circles) is fully converted
already at room temperature at 50% RH in air, in agreement
with literature.15 This confirms the chemical reaction for the
sensor–analyte interaction. In contrast, ethanol (squares)
requires 60 °C for full conversion while acetone and benzene
are not even converted completely at 150 °C, in agreement
with the sensor results (Fig. 3a). Note that NH3, CO, H2 and
NO2 are not analyzed, as these can hardly be detected by
PTR-TOF-MS with H3O

+ primary ions.
To challenge the sensor even further, it is exposed to much

higher confounder concentrations (10 000–100 000 ppb) of
methanol, ethanol, CO, and H2 (Fig. 3c), that can be present in
indoor air from cleaning agents,37 combustion sources40 or
emitted from humans.41 Remarkably, the sensor is hardly
affected and features, at least, three times lower response to
these confounders compared to more than three orders of
magnitude lower formaldehyde concentrations (i.e. 80 ppb, the
WHO limit,14 horizontal dashed line). Thus, the Ag/AgOx–TiO2

sensor is quite robust even to such extreme conditions, where
low-cost air quality sensors often fail, as frequently identified
as a major challenge by environmental scientists.42 These
results highlight the impact of reaction-mediation to render
LSPR sensors highly selective and thereby overcome a long-
standing limitation for their application to VOC.

Humidity is another challenge for portable formaldehyde
sensors that can vary during air quality monitoring. Most
importantly, the formaldehyde redox reaction with Ag/AgOx is
largely humidity-independent (response variation ± 11%) in
the relevant43 range, 25–90% RH, as shown in Fig. 3d.
Noteworthy, the Ag/AgOx–TiO2 sensor response nearly doubles

from dry to 25% RH suggesting that water vapor plays a signifi-
cant role in the redox reaction of formaldehyde with Ag/AgOx.
This is in agreement with formaldehyde oxidation catalysts
(Ag–TiO2

15 and Pt–TiO2
44) at room temperature that increased

conversion efficiencies at elevated RH. This was attributed
there to increased density of hydroxyl reaction sites.

Wearable device

To demonstrate the immediate practical impact of the formal-
dehyde sensor, a white fabric (diameter 15 mm, serving also as
white balance reference) is coated with these LSPR nano-
particles and mounted onto a wearable wristband (Fig. 4a).
The film morphology evaluated by scanning electron
microscopy is shown in ESI Fig. 6.† Such films are highly
accessible to analytes due to their high porosity, a distinct
advantage of flame aerosol deposited sensing films.45 A smart-
phone camera is applied for formaldehyde quantification by
evaluating the color change upon formaldehyde exposure.
Thereby, the color difference (ΔE) is indicated in the L*a*b*
color space,46 according to ISO 11664-4. This method is more
objective than an assessment by human eye and user-friendly,
given the large availability of smartphones (global penetration
rate: 67% in 2020).47 Most importantly, neither bulky UV/vis
spectrometers nor other auxiliary systems are required, such as
batteries8 or pumps48 that are quite standard in handheld
devices with other sensor types (e.g. heated chemoresistors).

Fig. 4b shows images of the sensor after exposure to 0, 80
and 500 ppb formaldehyde at 50% RH and room temperature.
Remarkably, a color change from beige to brownish is visible
even by naked eye already at the WHO limit of 80 ppb that

Fig. 4 Sensor integration into wearable device and smartphone read-out. (a) Image of the plasmonic sensing film coated onto a white glass fiber
substrate and mounted onto a flexible wristband. The ambient formaldehyde concentration is quantified by a smartphone camera and visualized on
a smartphone. (b) Images of these films when exposed to 0, 80 and 500 ppb of formaldehyde at room temperature and 50% RH in air, as well as to
the emissions of a dilute formalin solution bath for tissue fixation in the pathology of a local hospital. (c) Color change as quantified by the image
processing algorithm in response to 0–500 ppb formaldehyde. The corresponding ideal line (dashed black) and the Pearson correlation coefficient
(r) are indicated. The formaldehyde guidelines set by France (8 ppb),30 Canada (40 ppb),67 the WHO (80 ppb),14 the EU workplace limit (300 ppb)68

and the OSHA action level (500 ppb)69 are shown as well.
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turns to brownish/purple at 500 ppb. This is in agreement with
the increasing plasmonic peak between 400 and 700 nm, as
observed by UV/Vis reflectance in Fig. 2a. With a smartphone
camera, the entire range of relevant formaldehyde concen-
trations between 40 to 500 ppb is recognized accurately
(Fig. 4c). Thereby, the color change ΔE correlates rather line-
arly (Pearson correlation coefficient r = 0.998) with the formal-
dehyde concentration. Also, this method is quite reproducible
(i.e. ±25% at 80 ppb), that is remarkable considering the appli-
cation of an ordinary smartphone here.

This sensor can be worn as patch to indicate formaldehyde
concentration (and possibly also exposure, if applied as dosi-
meter) in critical workplaces (e.g. textile and furniture industry,
mortuaries, pathology rooms25) to mitigate health risks and
improve occupational safety. In fact, an early field test in the
pathology of a local hospital demonstrates the recognition of a
harmful event under real condition. After 30 min of exposure
to the emissions of a diluted formalin solution bath (as typical
for tissue fixation), the sensor turned brownish/purple
(Fig. 4b). The color change is quite identical to that of 500 ppb
of formaldehyde from laboratory standards, that corresponds
to the maximum detectable concentration (ESI Fig. 3b†) of this
sensor. Simultaneous sampling and off-site analysis measure-
ments by high-resolution proton transfer time-of-flight mass
spectrometry quantified the formaldehyde concentration as
10.3 ppm. Note, however, that more validation will be required
and we observed some loss of sensing film close to the rim of
the glass fiber substrate when the tester moved it to the pathol-
ogy. While this did not compromise sensor performance, it
indicates poor coating stability that needs to be improved.

We envision the use of these Ag/AgOx–TiO2 nanoparticle
films also as inexpensive, chemoresponsive paints or coatings,
for instance, in “smart” buildings where they can serve as indi-
cators when threshold limits are exceeded (Fig. 4c). Finally,
such LPSR sensors are promising also for outdoor appli-
cations, where formaldehyde is an increasing concern when
emitted at elevated concentrations from “green” fuels49 or
wildfires.

Conclusions

A wearable plasmonic gas sensor for formaldehyde detection
was presented that challenges existing sensing technologies
for this important air pollutant (Table 1). Most attractive are
the detector’s room temperature operation, low cost and
simple application by smartphone read-out. This was achieved
by tailoring Ag/AgOx core–shell clusters on TiO2 nanoparticles
that interact selectively with formaldehyde through a redox
reaction. That way, even the lowest formaldehyde concen-
trations were detected, covering a wide range of current and
upcoming national exposure thresholds. This sensor was also
highly selective, as demonstrated on various classes of air
quality-relevant chemicals including other aldehydes, alcohols,
ketones, aromatics, inorganics, and quite robust to RH
changes.

In a wider perspective, this work described the next gene-
ration of high-performance LSPR sensors that utilize chemical
reaction mediation. To date, this concept has been applied
only for few inorganic analytes (e.g. H2 with Pd, NO2 with Au).
Here, it was shown for a highly relevant VOC that opens new
avenues for highly selective and sensitive LSPR sensing in
emerging applications like air quality control, health monitor-
ing7 and food safety.6

Methods
Sensing nanoparticle preparation

Ag/AgOx–TiO2 nanohybrids with nominal 0–100 wt% Ag were
made with a flame spray pyrolysis reactor, described in detail
elsewhere.50 The precursor consisted19 of titanium(IV) isoprop-
oxide (Sigma Aldrich, 97%) and silver acetate (Sigma Aldrich,
>99%), that were diluted in a 1 : 1 (v/v) mixture of acetonitrile
(Sigma Aldrich, 99.8%) and 2-ethylhexanoic acid (Sigma
Aldrich, 99%) to a total metal content (Ag + Ti) of 0.2 M. For
comparison, also Ag/AgOx–SiO2 nanohybrids were made with
nominal 4 wt% Ag following the same method. This precursor
contained hexamethyldisiloxane (Sigma Aldrich, ≥98%)
instead of titanium(IV) isopropoxide, while the rest remained
the same.20 These precursor solutions were fed through a
capillary at 5 mL min−1 and dispersed with 5 L min−1 oxygen
(pressure drop across the nozzle: 1.6 bar). A ring-shaped51 pre-
mixed flame of CH4 (1.25 L min−1) and O2 (3.25 L min−1) sur-
rounding the nozzle ignited and sustained the spray flame.
Additional 5 L min−1 of sheath O2 supplied through an
annulus surrounding the flame ensured excess oxidant.

The particles were deposited for 16 min onto a water-cooled
glass fiber filter50 (GF6, Hahnemühle Fineart, 257 mm dia-
meter) at a height of 57 cm above the nozzle aided by a
vacuum pump (Seco SV 1025 C, Busch). Sensors were obtained
by cutting out 6 mm (diameter) circles of that particle-laden
filter with a punching iron (Brütsch, Rüegger & Co.). For some
analyses, as specified in the text, powders were obtained by
scraping off particles from the filter with a spatula and sub-
sequent sieving (mesh 300 µm, stainless steel) to remove filter
fibers. For thermal stabilization and removal of uncombusted
precursor, both sensors and powders were annealed at 500 °C
for 5 h in an oven (CWF 1300, Carbolite Gero).

Powder and film characterization

STEM of powders was performed on an aberration-corrected
HD-2700CS (Hitachi) operated at 200 kV. STEM images were
obtained with a HAADF detector with bright Z contrast.
EDX-STEM was performed on a Talos F200X (Super-X EDX, 4
detector configuration, FEI) operated at 200 kV. The data were
processed using the software Velox 3.0.0.815 (ThermoFisher/
FEI).

The XRD patterns of powders were acquired with a Bruker
AXS D8 Advance diffractometer operated at 40 kV and 30 mA
(Fig. 1c) or a Bruker D2 Phaser operated at 30 kV and 10 mA
(Fig. 2c and ESI Fig. 5†) at 2Θ (Cu Kα) between 20 to 70°. The
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scanning step size and time were 0.012° and 2.25 s, respect-
ively. Crystal phases were identified by comparison to struc-
tural parameters of cubic Ag (PDF 4-784), cubic Ag2O (PDF 75-
1532), anatase TiO2 (PDF 21-1272), rutile TiO2 (PDF 21-1276),
monoclinic Ti3O5 (PDF 82-1138) and triclinic Ti4O7 (PDF 77-
1391). Crystal sizes and weight fractions were approximated by
Rietveld refinement with the software Topas 4.2 (Bruker).

The XRD analyses were carried out also immediately after
reduction in formaldehyde or H2. Therefore, 20 mg of 4 wt%
Ag/AgOx–TiO2 powder was placed in a quartz glass tube and
fixed as a packed bed with quartz wool plugs. The formal-
dehyde reduction was achieved by bubbling 100 ml min−1 dry
synthetic air (PanGas 99.999%, CnHm ≤ 0.1 ppm, NOx ≤
0.1 ppm) through an aqueous formaldehyde solution (0.265
M, yielding a formaldehyde concentration of 50 ppm in its
headspace52) and guiding the off-gas through the packed bed
for 2 h at room temperature (i.e. 23 °C). The solution was pre-
pared by depolymerizing 0.596 g paraformaldehyde (97%,
Sigma Aldrich) in 75 ml H2O, aided by addition of 250 µl KOH
(0.1 M, Sigma Aldrich) at 50 °C for 15 min. Reduction by H2

20

was carried out by heating the powder in the quartz glass tube
to 300 °C under N2 at 100 ml min−1 and exposing it sub-
sequently to 5 vol% H2 in Ar for 30 min.

The specific surface area (SSA) of powders was determined
by nitrogen absorption (Tristar II Plus, Micromeritics) with a
Brunauer–Emmett–Teller (BET) five-point method. Prior to
measurement, samples were degassed under vacuum for 1 h to
remove surface-adsorbed species. Sphere-equivalent diameters
were determined from the XRD-derived phase composition
using the densities of anatase (3.8 g cm−3), rutile (4.2 g cm−3)
and with its nominal content of silver (10.49 g cm−3).

Microscopy was carried out with a FE-SEM 4000 (Hitachi)
operated at 12 kV to determine the film morphology and thick-
ness. The film thickness was measured at 16 points around
the cut out sensor using the software ImageJ.

LSPR characterization

Gas mixtures were prepared with a mixing set-up described in
detail elsewhere.53 Briefly, analyte gases were supplied from
calibrated standards (all PanGas): acetone (15 ppm), benzene
(15 ppm), CO (500 ppm), ethanol (15 and 500 ppm), formal-
dehyde (15 ppm), H2 (50 and 1000 ppm) and NO2 (10 ppm), all
in synthetic air except for the formaldehyde that was in N2

(due to its limited stability in air). These were diluted with
hydrocarbon-free synthetic air (PanGas 99.999%, CnHm ≤
0.1 ppm, NOx ≤ 0.1 ppm) with high-resolution and calibrated
mass flow controllers (EL-FLOW Select, Bronkhorst). Humidity
was added by bubbling synthetic air through distilled water
and admixed to the analyte stream to achieve the desired RH.
Thereby, the RH (e.g. 50.5 ± 0.3% during 48 h, ESI Fig. 7†) and
temperature (22 ± 0.2 °C) of the resulting gas stream were
closely maintained at set values, as continuously checked with
a SHT2x sensor (Sensirion AG) and in good agreement to lit-
erature.54 The total flow rate was 300 mL min−1.

For UV/vis experiments, a diffuse reflectance set-up was
used, as standard55 for the measurement of such optical pro-

perties. Therefore, the sensors were placed inside a Praying
Mantis diffuse reflection accessory equipped with a reaction
chamber (both Harrick Sci.) and connected to the above gas
mixing set-up. The sensors were operated at 31 °C, as
measured by a K-type thermocouple. Diffuse reflectance
spectra were obtained with a Varian Cary 500 UV/Vis-NIR
spectrophotometer (Bruker) between 350 to 700 nm using an
averaging time of 2 s and step size of 1 nm. A particle-free
glass fibre substrate served as the background. The reflectance
difference (ΔR) served as sensor response:56

ΔR ¼ Ranalyte � Rair

with Rair and Ranalyte being the reflectances in air and with
analyte exposure, respectively. The formaldehyde selectivity
was defined as the ratio of the formaldehyde response
Rformaldehyde to the response of another analyte Ranalyte, in
agreement with literature.57,58

Catalytic conversion

The catalytic conversion was assessed with a custom-built59

set-up. In brief, 20 mg of 4 wt% Ag/AgOx–TiO2 powder was
filled into a glass tube and fixed as a packed bed with quartz
wool. The glass tube was placed inside a horizontal oven
(Carbolite EZS 12/450) and connected to the aforementioned
gas mixing set-up at a total flow rate of 150 mL min−1 and 50%
RH. The off-gas was monitored in real-time using a
PTR-ToF-MS (Ionicon PTR-ToF-MS 1000) operated with a drift
voltage, temperature, and pressure of 600 V, 60 °C and
2.3 mbar, respectively. In the drift tube, the reduced electric
field (E/N) was 130 Td. H3O

+ was used as primary ion. The
respective analyte concentrations were observed at a mass-to-
charge (m/z) ratio of 31.018 (ref. 60) (formaldehyde), 47.049
(ref. 60) (ethanol), 59.045 (ref. 61) (acetone) and 79.051 (ref.
61) (benzene). Before every measurement, the PTR-ToF-MS was
five-point calibrated over the range of 0 and 1000 ppb using
the aforementioned gas standards. The gas conversion was cal-
culated using

C ¼ 1� outlet conc:
inlet conc:

:

Wearable integration and smartphone read-out

The wearable wristband was fabricated by attaching the
sensing film with double-sided Kapton tape onto white paper
(15 mm diameter) that served as white balance. This was then
mounted on a paper wristband. Images of the sensor films
were taken with flashlight in the beginning and after 60 min
of formaldehyde exposure with a smartphone camera (OnePlus
7T). The images were evaluated using a tailor-made MatLab
code. Essentially, the algorithm applies a white balance for
each image with respect to the white paper background to
mitigate effects of varying lighting conditions. The image is
converted into the L*a*b* color space, as defined by the
International Commission on Illumination. A region of inter-
est is chosen on the sensing film where the mean values of L*,
a*, and b* are calculated. Following the norm EN ISO 11664-4,
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the color difference (ΔE, i.e. sensor response) is calculated as
the Euclidean distance between the image before and with
analyte exposure:

ΔE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Lair � Lanalyte
� �2þ aair � aanalyte

� �2þ bair � banalyte
� �2q

:

Early field tests were carried out in the pathology of a local
hospital. Before the test, a sensor was stored in synthetic air
and at 50% RH. In the pathology, the sensor was placed on a
workbench at 20 cm distance from a 4 vol% formalin solution
bath for tissue fixation and exposed for 30 min to the sur-
rounding air. For benchmarking, air was sampled simul-
taneously into Tedlar bags (3 L, SKC Inc.) co-located to the
sensor using a pump and analyzed within 2 h by PTR-ToF-MS
to prevent analyte loss through the bag wall. Gas samples were
diluted with synthetic air at 50% RH to avoid instrument satur-
ation. Note that the Tedlar bags had been cleaned before use
by pulling vacuum and filling them with nitrogen (PanGas
99.999%) for three times.62
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