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ABSTRACT: The efficient detection of chemical warfare agents (CWAs), putting at stake human life and global safety, is
of paramount importance in the development of reliable sensing devices for safety applications. Herein, we present the
fabrication of Mn,O,-based nanocomposites containing noble metal particles for the gas phase detection of a simulant of
vescicant nitrogen mustard, i.e. di(propyleneglycol) monomethyl ether (DPGME). The target materials were fabricated by
chemical vapor deposition of manganese oxide on AL O, substrates and subsequent functionalization with silver or gold
via radio frequency sputtering. The obtained high purity composites, characterized by an intimate metal/oxide contact,
yielded an outstanding efficiency in the detection of DPGME. In particular, sensing of the latter analyte with an ultra-low
detection limit of 0.6 ppb could be performed selectively with respect to other CWA simulants. In addition, the tuneabil-
ity of selectivity patterns as a function of metal nanoparticle nature paves the way to the development of efficient and se-

lective devices for practical end-uses.

KEYWORDS: Mn,0,, Au, Ag, nanosystems, gas sensors, di(propyleneglycol) monomethyl ether

B INTRODUCTION

The increased threats of chemical attacks by terrorist or-
ganizations have stimulated a significant interest in the
early detection of chemical warfare agents (CWAs),™
which is imperative for security reasons.”® Since CWAs
are extremely toxic’® and require special infrastructures
for storage/manipulation,’ the activities aimed at their de-
tection are carried out on mimicking compounds compat-
ible with lab test security level.>*® In this context, the
identification of di(propyleneglycol) monomethyl ether
(DPGME), simulant of the vescicant nitrogen mustard,”
3" is of key importance for safety applications.

Among the various methods and devices adopted up to
date for CWA sensing,**7°" chemoresistive gas sensors
based on nanostructured metal oxides offer various ad-
vantages, encompassing low cost, limited power con-
sumption and good stability/sensitivity.>”"** Up to date,
DPGME detection has been performed only in a few cases
by the use of SnO,-based systems,”>™** and the develop-
ment of highly efficient sensors for its selective monitor-
ing is of paramount importance for next generation de-

vices.

Among metal oxides, p-type Mn,O,, a mixed-valence,
environmentally friendly and low-cost multi-functional
system,'**™* has been used so far for the detection of dif-
ferent analytes, thanks to the tunable Mn redox chemistry
and its inherent catalytic properties.”*>**>*° However, gas
sensors based on pure Mn,O, typically feature responses
lower than n-type systems,® as well as modest sensitivi-
ty/selectivity.””*® A valuable approach to circumvent
these drawbacks is represented by the development of
Mn,0,-based composites containing noble metals parti-
cles, like Ag and Au. The latter can in fact act as catalytic
promoters of the involved chemical reactions at the na-
noscale’*® and/or favor the formation of metal/oxide
Schottky junctions, improving charge carrier separa-
tion.**3° Nevertheless, only one previous report on
Mn,0,-Ag gas sensors is available in the literature up to
date," whereas, to the best of our knowledge, no studies
on the functional performances of Mn;O,-Au sensors
have ever been documented so far. In this regard, versa-
tile routes to the target nanomaterials with controllable
properties are highly demanded, and represent a strategic
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subject of ongoing investigation.”**®

Basing on preliminary results on the development of
pure Mn,0O, nanomaterials as gas sensors,’®” in the pre-
sent study we report for the first time on the gas sensing
performances of nanocomposite systems based on Mn,O,-

Ag and Mn,0O,-Au in DPGME detection. The target mate-
rials were obtained by the initial chemical vapor deposi-
tion (CVD) of Mn,0, on polycrystalline AL,O, substrates,
followed by silver or gold radio frequency (RF)-sputtering
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Figure 1. (a) Sketch of the synthetic approach used for the preparation of Mn,;O, nanosystems and their functionalization with
Ag or Au NPs. Plane-view and cross-sectional FE-SEM micrographs for Mn,O, (b,c), Mn,0,-Ag (d,e) and Mn;0,-Au (f,g) nano-
composites. The insets in (d) and (f) show Ag and Au NPs decorating the underlying Mn,O,.

under mild conditions (Figure 1a). In particular, we
demonstrate the impact of Mn,O, functionalization with
Ag or Au nanoparticles (NPs) in obtaining an ultrasensi-
tive DPGME detection. Moreover, the possibility of dis-
criminating between DPGME, on one side, and acetoni-
trile (CH,CN) or dimethyl methyl phosphonate (DMMP),
simulants of HCN (blood agent gas) and Sarin nerve gas,

respectively,”*7 %% demonstrates the system selectivity

towards the target warfare gas simulant. The system per-
formances are also validated as a function of metal NP na-
ture in the comparative sensing of acetone and ethanol,
whose detection is of interest for various applications.”®
193839 Beyond a systematic experimental characterization,
density functional theory (DFT)-based calculations, per-
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formed for the first time on the target nanocomposites,
provide a molecular insight into the interactions between
the target systems and DPGME. The results enabled to
elucidate a dual-site activation mechanism based on the
binding of DPGME to both manganese oxide and gold
nanoparticles.

B EXPERIMENTAL SECTION

Synthesis. Fabrication of the sensing materials was car-
ried out on polycrystalline AL O, substrates (Maruwa, purity
= 99.6%; lateral dimensions = 3 mm x 3 mm, thickness = 0.25
mm), subjected to a cleaning procedure prior to each deposi-
tion.¥ Basing on previously obtained results,*®¥ CVD of
Mn,0, was carried out for 60 min at a growth temperature of
500°C and a total pressure of 10.0 mbar. These conditions
corresponded to the obtainment of supported nanosystems
endowed with a high porosity. Functionalization of the pris-
tine Mn;O, systems with Ag or Au was carried out by RF-
sputtering at a temperature of 60°C and a pressure of 0.3
mbar. The deposition time was set at 45 min for Ag and 30
min for Au, to obtain a comparable metal loading in the re-
sulting nanocomposites. These processing parameters were
identified after a careful preliminary screening of preparative
conditions. This led us to discard the use of higher RF-
powers or longer deposition times to prevent alterations of
the underlying Mn,O, and avoid the obtainment of a too
high metal NP surface density, leading ultimately to their
coalescence and to the formation of continuous films with
reduced porosity. All the obtained Mn,O,-based composite
systems were analyzed as-prepared, avoiding any ex-situ an-
nealing in order to prevent the conversion of Mn,O, into
other Mn oxides.*’ Further details are reported in the Sup-
porting Information.

Characterization. Field emission-scanning electron mi-
croscopy (FE-SEM) and energy dispersive X-ray spectroscopy
(EDXS) analyses were performed by a Zeiss SUPRA 40 VP
instrument equipped with an Oxford INCA x-sight X-ray de-
tector, using primary beam voltages between 10 and 20 kV.

X-ray diffraction (XRD) patterns were recorded at an inci-
dence angle of 1.0° by a Bruker D8 Advance diffractometer
equipped with a Gobel mirror and a Cu Ka X-ray source op-
erated at 40 kV and 40 mA. The average crystallite size was
estimated by the Scherrer equation.’®™

X-ray photoelectron spectroscopy (XPS) analyses were per-
formed on a Perkin-Elmer ® 5600-ci spectrometer using a
non-monochromatic Al Ka radiation (1486.6 eV), at pres-
sures lower than 10® mbar. No sign of sample degradation
was observed due to X-ray irradiation. The measured binding
energy (BE) values (standard deviation = + 0.2 €V) were cor-
rected for charging effects by assigning to the Cis peak, asso-
ciated with adventitious hydrocarbons, a value of 284.8 eV.*

Secondary ion mass spectrometry (SIMS) measurements
were carried out by means of an IMS 4f mass spectrometer
using a Cs* primary ion beam (14.5 keV, 25 nA) and by nega-
tive secondary ion detection. Charge compensation was
achieved by means of an electron gun. In the abscissa of each

plot, the sputtering time was converted into depth using the
deposit thickness values measured by cross-sectional FE-SEM
measurements.

Gas sensing tests. Conductometric devices were fabricat-
ed by depositing Pt interdigited electrodes (IDEs) on top of
the Mn,O, layer and a Pt heating element on the backside of
the alumina substrates (Figure S1). Gas sensing tests were
performed in a sealed climatic chamber (20°C; relative hu-
midity level = 40%, in order to simulate real ambient condi-
tions). A constant synthetic air flow (rate = 300 SCCM) at
atmospheric pressure was used as a carrier gas, and the at-
mosphere composition was controlled using mass flow con-
trollers (MKS, Germany) to mix flows coming from certified
gas bottles (SIAD, Italy) containing a precise concentration
of target analytes diluted in synthetic air. The output signal
was measured by applying a constant bias of 1 V to the sens-
ing materials and measuring the resulting current by means
of a picoammeter (Keithley, USA). The target sensors did not
show any appreciable short-term drifts in the baseline re-
sistance over a time period up to 12 h. The reproducibility
and repeatability of the devices was investigated by perform-
ing measurements on up to 8 identical sensors under the
same experimental conditions, yielding an estimated maxi-
mum uncertainty of + 10%. The same variation was also es-
timated as the response drift over two months of tests,
demonstrating thus an appreciable stability, an important
starting point in view of eventual practical applications.”®
The lifetime of the present Mn,0O, sensors can be estimated
to be > 1 year, over which the samples are still working with-
out any evident deterioration.

The IDLH (immediately dangerous for life and health) val-
ue” and median lethal dose are defined as the threshold con-
centration producing permanent health problems for expo-
sure times > 30 min,” and the dose required to kill half the
members of a tested population,”®” respectively.

Computational details. Electron-electron interaction
was accounted by the PBE approximation,** augmented via
the Grimme D2 correction for dispersion.” Mn atoms were
treated using the Hubbard model,** adopting an U parameter
of 5 eV.** Ultrasoft pseudopotentials® were adopted for all
atoms, the planewave basis set was truncated at 30 Ry (240
Ry for the electron density), and a 2 x 2 x 1 mesh was adopted
for the Brillouin zone sampling. Calculations were performed
with the Quantum Espresso Code.*®

Additional details on chemico-physical and functional
characterization, as well as further computational details,
can be found in the Supporting information.

B RESULTS AND DISCUSSION

The morphology of the target materials was investigated
by FE-SEM. In line with previous results,”** bare Mn,O,
(Figure 1b) was characterized by an even distribution of
faceted nanoaggregates with a mean size of (110 nm x 270
nm), whose assembly yielded the formation of porous ar-
rays* [deposit thickness = (510 + 30) nm, Figure 1c]. Upon
RF-sputtering of silver (Figures 1d and 1e) and gold (Fig-



ACS Appl. Mater. Interfaces 2019, 11, 23692-23700

https://doi.org/10.1021/acsami .9b04875

ures 1f and 1g), the pristine Mn,O, morphology and thick-
ness did not undergo remarkable alterations, as also
demonstrated by atomic force microscopy (AFM) analyses
(Figure S2). Nevertheless, a careful inspection of higher
resolution FE-SEM micrographs (insets of Figures 1d and
f) enabled to discern the presence of low-sized nanoparti-
cles (O =10 and 6 nm for Ag and Au, respectively, homo-
geneously dispersed over the surface of Mn,O, grains.
EDXS line-scans (Figure S3) evidenced similar profiles for
Mn and O X-ray signals, confirming the nanodeposits
compositional homogeneity, and revealed that Ag and Au
were present even in the Mn,0, inner regions. These re-
sults were further corroborated by SIMS (see below).

The system microstructure was investigated by XRD
analyses. Beside reflections due to the alumina substrate,
the recorded patterns (Figure S4) revealed the presence of
diffraction peaks at 20 = 18.0° 28.9° 31.0° 32.3° 36.1°
37.9% and 44.5°. These signals were indexed respectively
to the (101), (112), (200), (103), (211), (004) and (220) crys-
tallographic planes of tetragonal 0-Mn,O,
(hausmannite;" space group I4,/amd; a = 5.762 A c =
9.470 A; average crystallite size =40 nm). Neither addi-
tional diffraction peaks from other Mn-containing oxides,
nor significant peak shift with respect to the powder ref-
erence pattern were observed. Nevertheless, the relative
intensity of (211) signals was higher for the present sam-
ples, suggesting a preferential exposure of (211) planes.”*?’
No appreciable variation of XRD patterns took place after
Ag or Au introduction, a phenomenon due to the use of
mild RF-sputtering conditions, which yielded a high dis-
persion and a relatively low loading of Ag and Au NPs
(see FE-SEM and XPS results).®%* This finding high-
lights that the proposed functionalization strategy is mild
enough to maintain unaltered the original oxide struc-
ture.

XPS wide-scan spectra (Figure Ssa) revealed the pres-
ence of Mn, O and, eventually, of Ag/Au, along with a C
contribution resulting from atmospheric exposure. Irre-
spective of the preparative conditions, the results unam-
biguously confirmed the formation of Mn,O, as the sole
manganese oxide (BE(Mnz2p,,) = 641.9 eV, Figure 2a;>***"
323 multiplet splitting separation of Mn3s components =
5.4 eV,”" Figure Ssb; BE difference between Mnzp,;, and
Oas lattice components = 12.0 eV,***°). After functionali-
zation, the analysis yielded similar values for Ag and Au
surface molar fractions (Xj, = 53.0%; Xa, = 58.0%). As re-
gards Ag-containing systems [BE(Ag3d,,,) = 368.6 eV, Fig-
ure 2b], calculation of silver Auger parameters (see the
Supporting Information; o, = 719.6 eV, a, = 725.6 eV) evi-
denced the co-existence of Ag(o) and Ag(I) oxide, high-
lighting a partial Ag(o) — Ag(I) surface oxidation. This
phenomenon, typically encountered in the case of silver
nanoparticles deposited by sputtering on various metal
oxide systems,*3*3° can be traced back to their high reac-

tivity with both air from the surrounding atmosphere and
the supporting Mn,O, systems. In a different way, gold,
less reactive towards oxidation, was present in its pure
metallic state [BE(Au4f,,) = 84.4 eV, SOS = 3.6 eV; BE
(Augdy,) = 335.4 €V; see Figures 2c and Ssc]. The slightly
higher BE values (=0.5 eV) with respect to the typical ones
reported for metallic Au?****>° evidenced the formation
of Schottky junctions at the Au/Mn,0, interface.® In par-
ticular, the intimate metal/oxide contact is likely to result
in an electron flow from gold to the empty states of
Mn,0, valence band, producing a gold charge density de-
crease and a corresponding upward BE shift of Au peaks.
As shown below, these phenomena have a remarkable in-
fluence on the gas sensing performances of Mn,0,-Au
systems.

For all samples, the surface O1s peak could be deconvo-
luted by means of two distinct components (Figure S6)
The low BE one (I, BE = 529.9 eV; typically 72% of the to-
tal oxygen for Mn,0, and Mn,0,-Au sample, and 56% for
Mn,0,-Ag specimen) was ascribed to lattice oxygen in
Mn,0,**"* and, for Mn,0,-Ag, resulted even from the
contribution of Ag(I) oxide.>** The second band (II), lo-
cated at BE = 531.5 eV (28% of the total oxygen signal for
Mn,0, and Mn,0,-Au sample, and 44% for Mn,O,-Ag
specimen) was attributed to the contribution of surface-
adsorbed oxygen species.”?*>® The presence of the lat-
ter, directly involved in the gas sensing process and exert-
ing a beneficial influence on gas sensing performances,
results in a O/Mn atomic ratio close to 1.5, slightly higher
than the value expected for stoichiometric Mn,O,.

To investigate the in-depth chemical composition,
SIMS analyses were carried out (Figures 2d and e). In gen-
eral, C presence (signal not displayed) was limited to the
outermost 10 nm, indicating the purity of the target na-
nomaterials. The parallel Mn and O ionic yields through-
out the whole deposits depth indicated an homogeneous
composition, and the relatively broad interface with the
Al O, substrates was traced back to the inherent rough-
ness of the latter.”® As can be noted, a higher metal con-
centration in a near-surface region of =100 nm was ob-
tained, and both Ag and Au signals underwent a progres-
sive decrease at higher
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system performances were directly affected by both the
nature and chemical state of the introduced metal
NPs.?*3* In particular, the gas sensing mechanism accept-
ed for p-type oxide chemoresistors like Mn,O, involves
the initial O, chemisorption yielding active oxygen spe-
cies, among which O™ ions are the predominant ones in
the adopted temperature interval.”>® This results in the
formation of a
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Figure 2. (a) Mn2p, (b) Ag3d and (c) Aug4f peaks for the ana-
lyzed specimens. Color codes: Mn;O,, green; Mn,O,-Ag,
blue; Mn;0O,-Au, red. SIMS depth profiles for (d) Mn;0,-Ag
and (e) Mn;O,-Au samples.

depths. In both cases, the in-depth intimate
Ag(Au)/Mn,0, contact was traced back to the synergy be-
tween the oxide nanodeposit porosity and the inherent
RF-sputtering infiltration power.

The sensing responses of bare and functionalized Mn,O,
systems were preliminarily screened towards acetone and
ethanol, whose detection is less challenging than DPGME.
The obtained dynamic response curves (Figures 3a and
3b) revealed a conductance drop-off upon gas exposure,
as expected in the case of p-type Mn,0,, due to a decrease
of majority carrier density upon analyte reaction with ad-
sorbed oxygen species.”®* The observed variations were
proportional to the concentration of both gases, without
any significant saturation, at variance with previous
Mn,0,-based sensors.”** Concomitantly, the good air
state recovery at the end of gas pulses confirmed a re-
versible analyte-sensor interaction.”>** These issues
were corroborated by the linear response vs. concentra-
tion trends (Figures 3¢ and 3d, Table S1).

The observed response order (Mn,O, < Mn,O,-Ag <
Mn,0,-Au), highlighting the beneficial influence of
Mn,0,-Ag and Mn,0,-Au interactions on the sensing be-
havior,” could be explained taking into account that the

Concentration (ppm)

Figure 3. Dynamic responses to acetone (a) and ethanol (b)
for Mn,O,, Mn,0,-Ag and Mn,0,-Au specimens. Responses
of the same samples vs. acetone (c) and ethanol (d) concen-
trations. The data were obtained at 300°C, the optimal work-
ing temperature for the detection of these analytes, regard-
less of the system chemical composition.

near-surface hole accumulation layer (HAL),'**”*® whose
width decreases upon chemisorption of reducing analytes
(like the present ones), due to electron release into the
system conduction band*® (see also reactions (S3)-(S5) in
the Supporting Information section). This phenomenon
accounts for the conductance drop observed upon gas ex-
posure, an effect which is overturned upon restoring the
original air situation.® Which is the influence of the in-
troduced noble metals in this regard? In principle, metal
NPs can catalyze the chemical reactions involved in the
sensing process and/or act as electronic sensitizers.” The
latter effect, likely to be the predominant one in the pre-
sent case, is significantly enhanced by the above discussed
Ag(Au)/Mn,O, contact.*® In particular, the formation of
Au/Mn,O, Schottky junctions,® resulting in an Au-
Mn,0, electron flow (see the above XPS data), is respon-
sible of higher HAL modulations upon analyte interaction
with respect to bare Mn,O,.”° Differently from Au, Ag
yields a lower efficiency in promoting the sensing process
due to its partial surface oxidation (see above), preventing
the effective establishment of Ag/Mn,O, Schottky junc-
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tions.”

Notably, the best response values towards acetone and
ethanol for Ag and, in particular, Au-containing systems
were higher not only than those of p- and n-type oxide
nanosystems containing metal NPs (such as CuO- TiO,-
Au® and Fe,0,-Ag®), but also than all those reported so
far for Mn,O ,-containing sensors under analogous work-
ing conditions."">'®"9?5*7* The estimated detection lim-
its decreased from bare Mn,O, (10 ppb, acetone; 1.0 ppm,
ethanol)*® to Mn,0,-Ag and, finally, Mn,0,-Au (1.5 ppb,
acetone; 0.4 ppm; ethanol). The best values obtained for
the latter systems were significantly lower than the
threshold used for screening ethanol in an intoxicated
driver (200 ppm),* inferior to those of various oxide sys-
tems®>° and favorably compared with those reported for
chemoresistors based on Mn,0,.”

The attention was subsequently focused on CWA detec-
tion, with particular regard to DPGME sensing, the main
focus of the present investigation. Since the sensor selec-
tivity is a key concern for practical applications,”*® efforts
were also dedicated to testing other CWA simulants,
namely acetonitrile and DMMP, as potential interferents
yielding false alarms. In this regard, Figure 4a reports a
general overview of response values to selected acetoni-
trile, DMMP and DPGME concentrations as a function of
the operating temperature, a critical factor in determining
sensor performances.>*® The results show that, whereas
bare Mn,0, yields relatively low responses to the various
analytes for temperatures < 250°C, a more pronounced
detection efficiency towards DPGME could be obtained at
300°C. The latter trend, indicating an enhanced reaction
between the analyte and adsorbed oxygen upon increas-
ing the thermal energy supply, was maintained even upon
Mn,O, functionalization with Ag, although the DPGME
responses underwent a systematic increase, which was
nearly two-fold at 300°C. In a different way, for the
Mn,0,-Au sensor, the maximum DPGME response, out-
performing all the other ones, was registered at an operat-

ing temperature of 200°C and underwent a progressive
decrease at higher working temperature, as previously re-
ported for DPGME sensing.”*” This phenomenon suggest-
ed that, for higher temperatures, the decreased analyte
adsorption, resulting in a less efficient interaction with
the active material, was not sufficiently compensated by
the increased extent of surface reactions.” In particular,
the downward shift of the optimal working temperature
confirmed the valuable sensitization exerted by Au nano-
particles.”® Such a result empowers the efficient and selec-
tive DPGME detection already at 200°C, a temperature
lower than those previously utilized,”* decreasing the
power consumption and broadening the scenario of pos-
sible technological applications. Taken together, the ob-
tained data reveal that the functionalization of bare
Mn,O, with Ag or Au NPs is a proficient mean to produce
not only a significant increase of the sensor response to
DPGME, but also a remarkable selectivity towards this
analyte with respect to other CWA simulants, namely ace-
tonitrile and DMMP. In fact, a careful inspection of Figure
4a evidences that, for each temperature, acetonitrile and
DMMP responses were suppressed by the introduction of
Ag and Au NPs in the pristine Mn,0, system, whereas the
responses to DPGME were significantly boosted, especial-
ly for gold-containing sensors. Figure 4b shows that the
DPGME response was significantly higher than those of
the other gases, candidating Au-Mn,0, sensors as optimal
candidates for the selective monitoring of this simulant.
These results have significant implications, taking into
account that they do not require complex sys-
tems/methods, like electronic noses/sensor arrays/data
processing,*"* and that previous Mn,O, sensors showed
no significant selectivity.*

Notably, the best response values to DPGME displayed
by the present Mn,O,-Au nanomaterials are the highest
ever reported in the literature for DPGME detection by
chemoresistive SnO,-containing gas sensors,”>"”
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Figure 4. (a) Responses of Mn,O,, Mn,0,-Ag and Mn,0,-Au sensors to selected concentrations of various CWAs at different op-
erating temperatures. (b) Responses at 200°C of Mn;O,-Au to various analytes (acetone, 100 ppm; ethanol, 50 ppm; acetonitrile,
25 ppm; DMMP, 5 ppm; DPGME, 5 ppm). Dynamic response to DPGME (c) and response vs. DPGME concentration (d) for

Mn,0,-Au at 200°C.

and even the actual bare Mn,O, outperforms some of the
previously reported tin dioxide-based systems.*> These
very attractive functional performances could be related
to the morphological organization of the target materials
and, in particular, to their inherent porosity, with voids
extending into the system structure, ensuring a high con-
tact area for the interaction with gaseous analytes.”® A
predominant key contribution for metal NP-containing
sensors arises from the intimate contact between Mn,O,
and the introduced metal particles, producing a good in-
tergranular coupling, an important issue for the success-
ful exploitation of mutual electronic interplay.””*%* In
particular, as previously discussed, whereas the partial Ag
surface oxidation hinders the effective formation of
Ag/Mn,0, Schottky junctions, the occurrence of the lat-
ter, taking place in Au/Mn,0O, sensors, is responsible for
the significantly higher gas response, especially at 200°C.

In addition, the sensitization effects exerted by noble gold
NPs is also responsible for the remarkable selectivity to-
wards DPGME of Mn,0,-Au sensors. Nevertheless, only a
limited number of works have been focused on these top-
ics, and additional investigation is undoubtedly needed to
unravel the related effects,” since the sensor selectivity is
influenced in a complex way by the sensing material mor-
phology and surface active sites.”*°

Dynamic response curves of the target sensors upon
exposure to DPGME concentration pulses at the optimal
working temperature for each system (Figures S7 and 4c¢)
confirmed that the sensor efficiency increased according
to the previously reported order, i.e. Mn,0, < Mn,0,-Ag <
Mn,0,-Au. In line with the above mentioned p-type be-
havior (see above),>*® a conductance drop-off took place
upon contact with the target analyte. The rapid signal de-
crease, followed by a slower variation up to the end of the
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pulse, as observed in the case of SnQ, sensors,’ indicated
that DPGME molecular adsorption was the rate-limiting
step of the overall process.’” The response dynamics also
showed a sluggish conductance reversal to the initial state
when air contact was restored, leading to an incomplete

baseline recovery. This behavior, that was progressively
more marked at increasing analyte concentrations, was
attributed to the slow analyte desorption and suggested
the possible

Figure 5. (a) Graphical representation of the optimized structure of bare hausmannite (211) slab. Color codes: red, oxygen; yel-
low, tetrahedral Mn®*; blue (up-spin) and green (down-spin), octahedral Mn>*. The blue lines represent the periodic cell adopted
in all calculations (cell parameters: a = 11.085 A, b =12.493 A, c = 30 A; a = 95.21° B=75.63°, y = 114.07°). (b) Graphical representa-
tion of the active-slab model (orange: Au, white: H). Hydrogen bonds are sketched as dashed red lines.

occurrence of a progressive chemical poisoning of the
sensor surface,”>”%” an issue which is usually reduced at
high working temperatures and that has to be properly
considered for further implementation. In this case, how-
ever, the poisoning effect is very low, slowing down the
recovery rate of the devices but without leading to irre-
versible surface changes.

In spite of these phenomena, the dependence of the sen-
sor responses on DPGME concentration in the log-log
scale (Figures 4d and S8) indicated an increase propor-
tional to DPGME concentration for all the analyzed sys-
tems. At variance with previous reports on DPGME detec-
tion by SnO, sensors,*” this linear behavior excluded ap-
preciable saturation phenomena,®* an important pre-
requisite for eventual end-uses. The detection limits ex-
trapolated from these curves underwent a progressive
lowering from pure Mn,O,

Figure 6. Graphical representations of the geometry-
optimized DPGME + active-slab model in different orienta-
tions. Color codes: red, oxygen, yellow, tetrahedral Mn*’;
blue (up-spin) and green (down-spin), octahedral Mn®*; or-
ange, Au; cyan, C; white, H. Hydrogen bonds are sketched as
dashed red lines.

(50 ppb) to Mn,O,-Au (0.6 ppb). Notably, these values,
and, in particular, the latter one, were much lower than
the ones previously obtained by love-wave sensors.*® In
addition, the obtained limits were six orders of magnitude
below the reported DPGME immediately dangerous for
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life and health (IDLH) value and median lethal dose.*®
7759 These results pave the way to an eventual ultra-
sensitive DPGME detection by sensor devices for safety
application.

In order to attain a deeper insight into gas molecule in-
teractions with Mn,O,-based nanocomposite systems and
improve our understanding of the interactions occurring
at atomistic level, DFT calculations were performed, by
creating a slab model of Mn,;O, (211) surfaces, which, on
the basis of XRD results (see above), are the ones prefer-
entially exposed. In particular, the attention was focused
on the best performing sensor, Mn;O,-Au, towards the
detection of DPGME and ethanol. The (211) Mn,0O, surface
(Figure 5) was simulated by cutting a periodic slab model
from a Mn,O, crystalline structure adopting previously
reported hausmannite cell parameters.*’ Herein, we most-
ly focus on structural results of the active-slab + DPGME
model system (Figures 6 and 7) in order to highlight the
main interactions responsible for the observed behavior
(see Supporting information for the Mn,0,-Au/ethanol
system).

The key findings of theoretical investigation can be
summarized as follows: i) on the active surface, the Au
cluster interacts with the Mn,O, ~oxygen anions (three
Au—Oy, short distances, ie. 2.10 A, 213 A and 2.24 A),
thus supporting at the atomic scale level the occurrence
of an intimate Au/Mn,O, contact (see above); ii) both
Mn,0, and Au NP surfaces are directly involved in the in-
teraction with DPGME (see Figure 6), revealing a dual-
site contact. Indeed, the hydroxyl DPGME oxygen is
found at a very close distance (2.18 A) from a surface Mn**
(which therefore recovers its full octahedral coordina-
tion), whereas an ethereal DPGME oxygen lies at 2.35 A
from a gold atom.

Mn;0,-Au + Ethanol

Mn30 -Au + DPGME

Au-DPGME electronic
density overlap

No Au-Ethanol electronic
density overlap

Figure 7. Graphical representations (top view) of the geome-
try-optimized (a) Mn;0,-Au-ethanol model and (b) Mn,O,
Au-DPGME model showing, as grey shaded envelope, the
electronic density (isovalue = o0.02 electrons A7). Color
codes: red, oxygen; pink, Mn**/Mn*’; orange, Au; cyan; C;
white, H

The presence of the DPGME molecule slightly perturbs
the shortest Au-surface contacts (2.11 A, 2.22 A and 2.24 A,

for the three distances reported above respectively).
Moreover, DPGME is also involved in strong hydrogen
bonds: its hydroxyl proton is at 1.68 A from a surface oxy-
gen, whereas a surface water proton is at 1.86 A from the
second ethereal oxygen. A comparison with the Mn,O,-
Au-ethanol system reveals that also ethanol is coordinat-
ed to a surface Mn®" cation located close to the Au cluster
(Figure Sg). The distance of the hydroxyl oxygen from
Mn?, 2.09 A, is shorter than that found for DPGME (2.18
A), suggesting a stronger interaction of ethanol with the
Mn center. The stabilization energy is indeed higher in
the case of ethanol absorption (-53.2 kJxmol™) than for
DPGME absorption (-33.7 kJxmol™). Note, however, that
ethanol is not in dual site contact with the active slab, be-
cause of the very weak interaction with the gold cluster
(Figure Sg). In particular, the shortest ethanol-Au dis-
tance, 2.96 A, is much greater than the closest DPGME-
Au contact (2.35 A). This indicates that, with respect to
DPGME, ethanol interacts more strongly with Mn,O,, but
much more weakly with the gold cluster. Overall, these
interactions can be visualized by inspecting the electronic
density isosurfaces of the two models (Figure 7): while
there is no significant electronic density overlap between
gold and ethanol, a net density overlap is clearly present
in the DPGME case. Hence, the remarkably higher re-
sponse and selectivity of DPGME with respect to ethanol
can be explained by the interaction of DPGME with both
the gold nanoparticle and the Mn,0O, surface.

B CONCLUSIONS

In this work we showed that Mn,O, systems functional-
ized with noble metal nanoparticles are endowed by re-
markable capabilities for gas sensing applications. Our
comprehensive theoretical and experimental characteri-
zation highlighted the occurrence of an intimate contact
between Mn,0, (haussmannite), vapor deposited on alu-
mina substrates, and highly dispersed Ag or Au nanopar-
ticles, introduced by sputtering under mild conditions.
This feature enabled to successfully boost functional per-
formances for the detection not only of standard volatile
organic compounds (acetone and ethanol), but also of
di(propyleneglycol) monomethyl ether, simulant of nitro-
gen mustard warfare agent, providing the best responses
so far for the latter analyte. The sensing of DPGME, acti-
vated at the Mn,O, interface via dual anchoring to both
oxide and metal components, was successfully accom-
plished, enabling its selective discrimination from other
possible CWA interferents. The active role of metal NPs
in DPGME sensing accounts for the improved detection
efficiency of the target nanocomposites with respect to
bare Mn,0,, as well as for the registered outstanding re-
sponses and ultra-low detection limits.

As a whole, this study represents an important step for-



ACS Appl. Mater. Interfaces 2019, 11, 23692-23700
https.//doi.org/10.1021/acsami.9b04875

ward to highly efficient sensing devices fabricated by dual
metal oxide-metal NP composites. The obtained results
pave the way to mastering next generation sensing devic-
es for real-world applications, which will be pursued by
additional investigation on the system long-term stability
and humidity influence on the resulting functional per-
formances.
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