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ABSTRACT: The ability to dictate the assembly of quantum dots
(QDs) is critical for their integration into solid-state electronic and
optoelectronic devices. However, assembly methods that enable
efficient electronic communication between QDs, facilitate access
to the reactive surface, and retain the native quantum confinement
characteristics of the QD are lacking. Here we introduce a universal
and facile electrochemical gelation method for assembling metal
chalcogenide QDs (as demonstrated for CdS, ZnS, and CdSe) into
macroscale 3-D connected pore-matter nanoarchitectures that
remain quantum confined and in which each QD is accessible to
the ambient. Because of the redox-active nature of the bonding
between QD building blocks in the gel network, the electrogelation
process is reversible. We further demonstrate the application of this
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electrogelation method for a one-step fabrication of CdS gel gas sensors, producing devices with exceptional performance for NO,
gas sensing at room temperature, thereby enabling the development of low-cost, sensitive, and reliable devices for air quality

monitoring.

B INTRODUCTION

Quantum dots (QDs) are prized for their unique and
functional properties, associated with both intrinsic (quantum
confinement) and extrinsic (high surface area) effects, as
dictated by their size, shape, and surface characteristics."”* As
such, they have considerable promise for diverse applications,
including energy conversion (thermoelectrics, photovoltaics),
catalysis, and sensing.””~” In the past decade, much effort has
been made to develop QD assembly methods that enable
efficient electronic communication between QDs and retain
the native quantum confinement characteristics, thus enabling
fabrication of QD-based solid-state electronic and optoelec-
tronic devices.*”'* However, these methods are typically not
suitable for fabrication of assemblies over large areas or in 3-D
accessible formats; moreover, they are sensitive to defects, and
considerable room remains for improving their electrical
transport properties. For applications in electrochemically
based sensing or catalysis, the ability to maximize available
surface area is as important as the charge transport properties
in dictating high activities.

QDs are typically prepared using solution-phase methods
because these enable exquisite control over size, shape, and
composition, in large part aided by the presence of ligands that
passivate the surface of the particles as they form from
monomer precursors.'”” However, the common long-chain
organic moieties exploited for surface ligation necessarily
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restrict interparticle interactions as well as communication with
the ambient.'® While electron mobility can be enhanced by the
exchange of the native ligands with short-chain organics
(ethanedithiol, aniline) or inorganic ions (halides, chalcogeni-
dometallates) either before or after film deposition (typically
by dip- or spin-coating), the relatively high electronic resistivity
remains a limiting factor in device performance.” Moreover,
such “hybrid composites” have heterogeneous interfaces that
moderate interparticle communication, and the techniques
involved for deposition lead to 2-D dense films that restrict
interactions of the environment with the huge surface area
intrinsic to QDs.

Here we demonstrate a new approach to QD assembly,
electrochemical gelation or electrogelation, that produces
macroscale 3-D connected pore-matter nanoarchitectures
that remain quantum confined and in which each QD is
accessible to the ambient. As shown in Figure 1a for the case of
CdS, this is achieved by electrochemical removal (oxidation)
of surface-bound thiolate ligand “protecting groups” as
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Figure 1. Electrogelation of CdS QDs. a, Schematic of reversible electrogelation of CdS QDs. QDs in solution first migrate to the anode where
oxidation results in elimination of surface-bound thioglycolate (as dithioglycolate) and solvation of surface Cd ions to reveal core sulfide. Core
sulfide is then oxidized to form disulfide bonds between QDs, yielding a gel network. Upon electrode potential reversal, the disulfide bonds are
reduced to sulfides, disassembling the gel network. b, CdS gel growth on a Pt wire electrode as a function of electrogelation time at an electrode
potential of 1.2 V vs Ag/AgCl/sat. KCl reference electrode. c—e, Low-magnification STEM and TEM images of CdS QDs, wet gel, and aerogel,
respectively. The insets show their corresponding photographs. Insets in e show a free-standing CdS aerogel under ultraviolet (top) and normal
light (bottom). f—h. High-resolution STEM images of CdS QDs, wet gel, and aerogel, respectively. Crystallites in the gel are color-coded according
to their lattice fringes, corresponding to the (110), (101), (002), and (102) planes of hexagonal CdS. Crystallites in which two sets of planes are

evident are outlined in red.

dithiolates and solvation of Cd ions, followed by oxidation of
exposed “core” chalcogenides to form interparticle dichalco-
genide bonds (e.g,, 28>~ — 2e — S,*” for CdS QDs in Figure
1a). The redox-active nature of interparticle dichalcogenide
bonds enables electrochemical disassembly of the gel network
by reducing the dichalcogenide bonds to chalcogenides at
negative potentials (Figure la). Importantly, the method is
metal and chalcogen agnostic, as revealed by successful
translation to ZnS and CdSe QDs. We further demonstrate
that such gel structures can act as highly sensitive transducers,
enabling detection of NO, with an unprecedented combina-
tion of a low limit of detection and rapid speed. The activity
originates from the unique surface structure (as probed by
DFT calculations), charge transport network, and the
integrated pore-matter architecture of the QD gel. The
approach is amenable to compositional and surface tuning

enabling optimization for device applications from sensing to
catalysis.

B RESULTS AND DISCUSSION

Electrogelation of CdS QDs. Our inspiration for the
electrogelation method is rooted in prior work from the Brock
lab demonstrating chemical oxidation as a pathway to form
monolithic gels and thin films of assembled metal chalcogenide
QDs linked by dichalcogenide bonds between particles.'” ™'
Because a key attribute for exploiting quantum dot assemblies
in microelectronic devices, solar cells, and electrochemical
sensors is the need to marry the QDs to an electrode surface,
we investigated electrooxidation as a method to gel QDs onto
an active electrode directly. As proof of principle, we report the
formation of CdS QD monolithic gels (electrogels) from Pt
electrodes and compare the attributes of the wet gel and
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Figure 2. Characterization of electrochemically synthesized CdS aerogel (electrogel), chemically synthesized CdS aerogel (chemgel), and CdS
QDs. a, Powder X-ray diffraction (PXRD) patterns. The stick diagram shows the PXRD pattern of hexagonal CdS (wurtzite) as a reference. b,
Nitrogen adsorption—desorption isotherms. ¢, Barrett—Joyner—Halenda pore size distribution plots. d, Solid-state diffuse reflectance data
(converted to absorption). e, Solution-phase UV—visible absorption spectra.

aerogel to chemically prepared gels (chemgels). We then
demonstrate electrogelation of CdS on sensor supports to
produce xerogel films for selective room-temperature sensing
of NO, with low limit-of-detection (11 ppb), fast response-
recovery times (<0.5 min), minimal variation in response
during 400 NO, exposure/removal cycles (~7%), and
exceptional reproducibility (<5% variation device-to-device).

For the electrogel formation, we first synthesized nearly
monodisperse sols of CdS QDs with an average diameter of 3.2
+ 0.4 nm (Figure I, f, and Figure S1) using a modified hot-
injection method.”” To facilitate the electron transfer between
the QDs and electrode during electrogelation, we next
performed a ligand exchange with a short-chain thiolate,
thioglycolate. Electrogelation of CdS QDs was initiated by
applying a potential of 1.2 V vs Ag/AgCl/sat. KCI at a Pt wire
anode immersed in the CdS QD solution. A layer of a pale-
yellow translucent wet gel immediately started growing around
the wire electrode upon applying the potential (Figure 1b).
Supercritical CO, drying yielded CdS aerogel monoliths with
minimal volume loss compared to the wet gel. Figure lc—e
inserts show the photographs of a representative as-synthesized
CdS QD solution, CdS wet gel, and CdS aerogel monolith; the
CdS aerogel monolith is highly emissive even when excited
with a hand-held UV lamp. Electrogelation of CdS QDs
capped with long-chain thiolates commonly employed in
chemical gelation, such as 11-mercaptoundecanoate, was not
effective under similar conditions (Figure S2), suggesting
electrogelation of QDs relies on eflicient electron transfer
between QDs and electrode, which is inhibited with a long-
chain thiolate capping agent.

Structural and Electronic Property Characterizations.
Transmission electron micrographs of a CdS wet gel and
aerogel (Figure 1d, e) produced by electrogelation show the
presence of a mesoporous network (pore size from 2 to 50
nm). CdS QD building blocks are visible in the gel network
(Figure 1g, h), having ripened modestly during the electro-
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gelation, resulting in a broader size distribution shifted to
larger average sizes (~4 nm) relative to the native quantum
dots (3.2 & 0.4 nm). These building blocks are crystalline and
randomly oriented, as evidenced by the presence of different
lattice fringes corresponding to the (110), (101), (002), and
(102) planes of hexagonal CdS. We further characterized the
crystallinity of electrochemically prepared CdS aerogel
(electrogel) using powder X-ray diffraction (PXRD). The
electrogel exhibited the characteristic peaks of hexagonal CdS
(PDF 00-001-0780, Figure 2a). The peak widths at half height
were similar for the electrogel and CdS QDs suggesting the
average crystallite size is not significantly changing in the
process, which is consistent with the electron microscopy
results. The porosity of the electrogel was analyzed by nitrogen
physisorption, which produced a type-IV isotherm, character-
istic of a mesoporous material (Figure 2b). The surface area of
the electrogel was 220 m?/ g based on the Brunauer—Emmett—
Teller model.”® Figure 2c illustrates the pore-size distribution
for electrogel, which was obtained by fitting the Barrett—
Joyner—Halenda model using the desorption branch of the
isotherm.”* The average pore diameters and cumulative pore
volumes were calculated to be 20.5 nm and 12 cm®/g,
respectively. For comparison, a CdS aerogel sample was also
synthesized using the traditional chemical gelation method
(chemgel). The chemgel shows a similar PXRD pattern as the
electrogel, but its surface area (155 m?/g), average pore
diameter (17.2 nm), and cumulative pore volume (0.68 cm®/
g) are slightly lower than that of the corresponding electrogel
(Table S1).

The bandgap values of the electrogel and chemgel were
measured by diffuse reflectance spectroscopy (Figure 2d). The
absorption onsets for electrogel and chemgel are 2.55 and 2.65
eV, respectively, both of which are greater than that for a bulk
CdS solid (2.42 €V).”> This suggests that the nanoparticle
chromophores remain quantum confined, despite the fact that
they are linked together in a 3-D network. This is attributed to
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Figure 3. Kinetics and thermodynamics of CdS electrogelation. a, Electrogel thickness (d) vs electrogelation time (t) at different electrode
potentials (E). b, Maximum electrogel thickness (d,,,,) vs electrode potential (E). d, is the average electrogel thickness between t = 20 and 30
min. Error bars are the corresponding standard deviations. ¢, Initial growth rate (v4) as a function of E. vy was estimated from the electrogel
thickness in the first 400 s of electrogelation time. Error bars are the standard deviations of the slopes from the linear fitting. d, Linear sweep
voltammograms of CdS QDs and CdS QDs supported on carbon (CdS+C). The samples were prepared by drop-casting CdS QDs or CdS+C onto
a glassy carbon electrode and then dried in a flow of N, gas before the measurements. The blank used an unmodified glassy carbon electrode.

the fractal connectivity of the network and/or the character-
istics of grain boundaries at the interfaces. On the other hand,
the slightly smaller bandgap for electrogel relative to chemgel
may be a consequence of resonance transfer between particles
of slightly different sizes and/or gradients in the fractal
dimensionality that arise from the voltage drop as the gel grows
farther from the electrode surface. A small redshift of ~10 nm
in the UV—vis spectra for the electrogel relative to the chemgel
and CdS QDs (Figure 2e) is consistent with the bandgap
results. Additionally, note that the green emission (Figure le,
inset) is consistent with previous observations of trap state
emission from CdS cherngels.19 Overall, our electrogelation
method produces CdS gels that are structurally and electroni-
cally like the chemgel but with a drastically shortened gelation
time (~30 min for electrogelation vs several hours to several
days for chemical gelation).'” "¢

Electrogelation Mechanism. To unravel the electro-
gelation mechanism, we studied the kinetics of electrogelation
by measuring the gel thickness (d) as a function of
electrogelation time (t) at various electrode potentials (E).
CdS gel formation was noticeable when E > 0.8 V (Figure S3).
At a fixed E, d increases with ¢t until it reaches a plateau value,
dpna (Figure 3a), indicating electrogelation is a self-limiting
process. The d,, arises because the semiconductive CdS gel
lowers the potential on the gel surface (Egugc.< E) as the gel
grows and, eventually, stops the gel growth when the gel
becomes sufficiently thick. The d,,,, increases nonlinearly with
E (Figure 3b). The experimental plot of d,,, vs E is in excellent
agreement with the theoretical prediction from a simple model
that assumes there is a significant iR drop in the gel (see the
model details in Figure S4), which validates the explanation.
The self-limited gel growth gives significant technological
prospects due to easier control over film thickness.

The initial gel growth rate (v4) was also extracted from the
gel growth curve in the first 400 s. The dependence of v4 on E
shows a sigmoidal curve (Figure 3c), which is the characteristic
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feature for an electrochemical reaction transitioning from a
reaction kinetics-limited process to a diffusion-limited process,
ie, from reaction-limited cluster aggregation to diffusion-
limited cluster aggregation.”” These kinetic processes also
occur upon chemical oxidation and are responsible for the
formation of the solvent-supported gel network in lieu of a
bulk precipitate (kinetic barrier too low) or a stable colloid
(kinetic barrier too high).28 The standard potential for
electrogelation of CdS QDs can be estimated from the half-
wave potential (E;/,) to be ~1.34 V.

During CdS QDs electrogelation, there are two possible
electrooxidation steps: (1) cleavage of the X-type Cd-—S
(thioglycolate) bond on the QD surface with concomitant
formation of dithioglycolate and (2) formation of S—S§
disulfide bonds between CdS QDs. The E,/, value measured
from the electrogelation kinetics study should reflect the more
challenging step between the two. To identify their
corresponding oxidation potentials, we designed and per-
formed the following experiments. First, we acquired the linear
sweep voltammogram of thioglycolate-capped CdS QDs. Two
distinct anodic peaks are present at ~0.8 and 1.2 V (Figure
3d), consistent with the two proposed oxidation steps during
gelation. Second, we prepared a CdS+C sample, where CdS
QDs were immobilized on a carbon support. In CdS+C, CdS
QDs are largely (although not exclusively) isolated from each
other (Figure SS). The physical separation between QDs
prevents the formation of S—S bonds between CdS QDs but
does not interrupt the oxidative removal of thioglycolate (as
dithioglycolate) from the CdS QD surface. The linear sweep
voltammogram of CdS+C in Figure 3d shows a similar peak at
0.8 Vas CdS QDs and a significantly diminished peak at 1.2 V.
This finding suggests the anodic peak at 0.8 V should
correspond to the thioglycolate ligand removal, and the peak at
1.2 V arises from the S—S bond formation. The S—S bond
formation is presumed to be rate-limiting for electrogelation
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Figure 4. Mechanistic studies of QD electrogelation. a, Fourier transform infrared spectroscopy (FTIR) of CdS QDs, chemgel, and electrogel. b
and ¢, X-ray photoelectron spectroscopy (XPS) showing the Cd 3d and S 2p regions of CdS QDs, chemgel, and electrogel. d, Schematic illustration
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removed by electrochemically cleaving the Cd-thioglycolate bond and eliminating dithioglycolate. 3, Next, the exposed Cd ions on the QD surface
detach (are solvated), exposing core sulfide at the surface. 4 and S, The QDs are cross-linked by electrochemically oxidizing the surface sulfide to
form disulfide bonds between particles. 4 and S are electrochemically reversible. e—g, Reversible electrogelation of CdS, CdSe, and ZnS QDs,

respectively.

based on the similarity of its corresponding potential (1.2 V)
to the E, /, value obtained above (1.34 V).

The thioglycolate ligand removal during electrogelation was
further confirmed by Fourier transform infrared spectroscopy
(FTIR). Figure 4a shows the FTIR spectra of CdS QDs,
chemgel, and electrogel. The signals were normalized by the
Cd content in these samples. In comparison to CdS QDs, the
chemgel and electrogel show attenuated intensities for the CH,
in-plane scissoring band at 1486 cm™" and the C—C stretching
band and CH, in-plane bending band at 948 cm™, all of which
are associated with thioglycolate ligands.”” We also noticed a

new band emerging at 1114 cm™!

corresponding to the
asymmetric stretching band of sulfate for gel samples (in
particular, for the chemgel), possibly due to the partial
oxidation of surface S to sulfate during gelation.”

X-ray photoelectron spectroscopy (XPS) was also performed
to investigate the surface property changes during electro-
gelation. Figure 4b, ¢ shows the XPS spectra of CdS QDs,
chemgel, and electrogel in the Cd 3d and S 2p regions. For all
Cd 3d spectra, two pairs of peaks are apparent after fitting the
spectra by a composite function (30% Lorentzian+70%
Gaussian). The pair of peaks in purple at lower binding
energies are assigned to the surface Cd atoms, and the other
pair in green at higher binding energies are assigned to the
interior Cd atoms.®’ For CdS QDs, the surface Cd peaks are
located at 403.90 and 410.60 eV. In comparison, the surface
Cd peaks for the two gel samples shift to higher binding
energies at 404.40 and 411.15 eV due to the change in surface
composition induced by the gelation process. Analysis of the
peak areas reveals that the surface Cd percentage decreases
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significantly from 28% in CdS QDs to ~8% in the gel samples
(Table S2).

Similarly, two pairs of peaks are present in the S 2p spectrum
of CdS QDs, corresponding to the surface and interior S
atoms.”’ These two pairs of peaks slightly shifted to high
binding energies for gels as well, possibly because of the
formation of S,2~ species during gelation.'® Another distinct
feature of the S 2p spectra for gels is that a pair of new peaks
(highlighted in pink, Figure 4c) appears at 167.88 and 169.08
eV, indicating the formation of S—O s.pecies.32 This
observation is consistent with the emergence of an asymmetric
stretching band of sulfate in the FTIR spectra of the gel
samples. Assuming the S—O species are on the gel surface, we
estimated the total percentage of surface S (including the
surface S and S—O species) from the peak areas to be ~25% in
the gel samples, a 2.5-fold increase relative to the CdS QDs
(Table S2). The above XPS results show the surface
percentages of Cd and S have almost completely flipped for
CdS QDs and gels (Figure S6).

Taken together, we propose the following electrogelation
mechanism, as illustrated in Figure 4d. Thioglycolate-capped
CdS QDs are originally suspended in methanol. When a QD
collides at the anode, thioglycolate is first removed by
electrochemically cleaving the Cd—S (thioglycolate) bond
(the oxidation potential is ~0.8 V) and eliminating
dithioglycolate. Next, the exposed Cd ion on the QD surface
detaches due to solvation in methanol, possibly aided by the
presence of carboxylate in the departing dithioglycolate,
producing an S-rich surface, as evidenced by the high
percentage of surface S in the gels. The QDs are then cross-
linked by electrochemically oxidizing the surface sulfide to

https://dx.doi.org/10.1021/jacs.0c03156
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Figure S. Gas sensing performances of CdS gel sensors at room temperature. a, Response-recovery curve of a CdS gel sensor to NO, at different
concentrations (11—1760 ppb). b, Sensor response (S) vs NO, concentration (Cyo,). ¢, Response-recovery curve in the presence of 220 ppb of
NO,. d, Comparison to 100 state-of-the-art room-temperature NO, gas sensors in the literature. e, Stability performance of a CdS gel sensor during
400 response—recovery cycles. f, Responses of a CdS gel sensor to different 100 ppm gases at room temperature (NO, and SO, concentrations are
1.76 ppm). g, DFT calculated NO, adsorption energy (AE,4(NO,)) and the corresponding charge transfer on a pristine CdS (100) surface (CdS,
black filled circle), with one surface Cd vacancy (CdSVcd’ black open circle), with one surface S oxidized (CdSSOX, red filled circle), and with one Cd

vacancy and one residual S oxidized (CdSVCd +so, red open circle), respectively. Insets are top views of corresponding surface structures. Cd, S, N,

and O atoms are shown as purple, yellow, blue, and red balls, respectively. The calculated surface S oxidation energy (AE

[0}
surf

of —2.02 eV indicates

that the presence of a Cd vacancy facilitates the surface S oxidation. h, Calculated differential valence-electron charge densities of NO, adsorption
on CdSy_ 450, (Ap = Prnot = P pNOz) ; charge depletion and accumulation are illustrated by orange and cyan regions, respectively (isosurfaces

are set to 0.001 e/A?). i, Calculated adsorption energies (left) and charge transfer values (right) for different gases on CCISVCd +s0,- The charge

transferred from and to the CdS surface is plotted in orange and green, respectively.

form S—S disulfide bonds (the oxidation potential is ~1.2 V7).
The presence of disulfide linkages was confirmed by the
dissolution of an electrogel upon applying a negative potential
to reduce [S—S]*~ bonds back to 28>~ (Figure 4¢)."® Because
electrogelation relies on effective electrochemical reactions of
QDs, when CdS QDs are capped by long-chain thiolates, or
when the CdS gel grows to a certain thickness, the electrode
reactions are hindered, leading to slow or no gelation.

This new electrogelation method was also found to be
universally applicable to metal chalcogenides. Figure 4f, g
shows the reversible electrogelation of CdSe and ZnS QDs.
Just as in CdS electrogelation, ZnS gelation is caused by the
electrochemical formation of S—S bonds. In the case of CdSe

12212

QD gelation, Se—Se bonds form between QDs by oxidizing
Se’” on the QD surface, analogous to the sulfide case.”

NO, Gas Sensing Performance and Mechanism. Our
electrogelation method provides a facile approach for
fabricating a mesoporous semiconducting QD network in
one step, making it well-suited for preparing QD-based
electrochemical sensing devices. While the presence of
disulfide linkages might appear to be disadvantageous for
facile electron transfer between particles, potentially serving as
an electron getter and resulting in reductive cleavage of the
network, previous experiments on chemically produced CdSe
xerogel films (micron thickness) revealed conductivities on the
order of 107 S/cm (van der Paaw),”* and related 70 nm thin
films produced stable photocurrents of ~75 uA/cm® upon
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illumination with white light (100 mW).>> Moreover, previous
work also demonstrated that 1 cm diameter monoliths of CdSe
aerogels (chemically produced) exhibit ratiometric responses
in photoluminescence emission intensity to triethylamine; the
success of this endeavor was attributed in part to the large,
accessible surface area.* Accordingly, we hypothesized that
electrogels exhibiting facile conduction pathways and high
surface areas should be ideal platforms for electrochemical
sensor development.

For our initial foray into electrochemical sensing devices, we
demonstrate the application of CdS electrogels for room-
temperature NO, gas sensing. This analyte was selected
because low-cost, sensitive, and reliable NO, sensors are
lacking for air quality monitoring by citizens and community
groups.”” We prepared CdS gel sensors by direct electro-
gelation of CdS QDs on a sensor substrate patterned with
interdigitated electrodes, followed by drying in air (Figure S7).
The sensor performance was tested at room temperature using
a home-built apparatus (Figure S8). The sensor response is
defined as § = IR, — R,|/R,, where R, and R; are the resistance
of a sensor in the presence of air and target gas, respectively.
Upon exposure to NO,, the sensor resistance decreases,
characteristic of a p-type semiconductor.”® Figure Sa shows the
response of a CdS gel sensor toward NO, at various
concentrations from 11 ppb to 1.76 ppm. The resistance
decreased rapidly when NO, was introduced and swiftly
recovered once NO, was removed. There is excellent linearity
between the sensor response and NO, concentration for ppb-
level NO, (R* = 0.998, Figure Sb). The CdS gel sensor also
shows fast response-recovery dynamics at room temperature;
for example, the response and recovery times for 220 ppb NO,
are 29 and 28 s, respectively (Figure Sc). Figure Sd summarizes
the limit of detection (LOD) and the recovery time of the CdS
gel sensor and 100 state-of-the-art room-temperature NO, gas
sensors in the literature (see Table S3). As is evident from
Figure 5d, previously reported sensors with ragid recovery
times (<30 s) suffer from high LODs (=500 ppb), 749 whereas
those with low LODs (<30 ppb) tend to have slower recovery
times (>44 s, typically 100’s of s).*'~** This is not surprising
since low LODs are favored by high analyte binding energies
that render the coordinated analyte difficult to displace.
Notably, the CdS gel sensor has the best combination of low
LOD (11 ppb) and rapid recovery time (28 s) at room
temperature.

In addition to low LOD and rapid recovery time, cycling
stability and analyte selectivity are essential for the design of
practical sensors. As shown in Figure Se and Figure S9, the
variation in response for the CdS gel sensor over 400 NO,
exposure/removal cycles is, impressively, only ~7%. The
response and recovery times are also consistent at 39 + 8 s and
37 + 6 s over the 400 cycles. Likewise, as shown in Figure 5f,
the response of CdS gel sensors to NO, is at least 3.5 times
higher than other common gases or vapors including sulfur
dioxide (electron acceptor), ammonia, hydrogen, carbon
monoxide, methanol, ethanol, acetone, and formaldehyde
(electron donors), even when the concentrations of the
electron-donating molecules are >50-fold that of NO,. Our
one-step electrogelation method not only simplifies the sensor
fabrication procedure—which will undoubtedly lower the
production cost—but also dramatically improves the reprodu-
cibility among devices. Indeed, we tested 10 independently
prepared gel sensors and found a remarkably low device-to-
device variation of <5% (Figure S10 and Table S4).

The exceptional sensing performance of the CdS gels arises
from their unique mesoporous QD network and surface
chemistry. According to the classical theory of semiconductor
gas sensing,”’ sensing performance, especially sensitivity, is
controlled by three independent factors: (1) accessibility of the
active (sensing) sites to the target gas, (2) the nature of the
interaction between the active site and the gas-phase analyte;
and (3) how the surface interactions are converted into the
electrical signal (transduction).

The nature of the CdS gel structure—specifically, the
interconnected pore-matter architecture—addresses Factor 1
by enabling efficient gas exchange throughout the gel network,
facilitating interactions between the analyte and the QD
surfaces, and thus, rapid response.”® Factors 2 and 3 are more
challenging to address experimentally, so we turned to
computational methods. Specifically, we studied NO,
adsorption on CdS surfaces using density functional theory
(DFT) calculations with van der Waals correction. As
discussed previously, the thioglycolate ligands on the surface
are removed during electrogelation, the exposed CdS gel
surface is enriched with S, and surface S is partially oxidized
(Figure 4, Figure S11, and Table SS). We evaluated the effects
of these surface features on NO, adsorption using four surface
models of CdS (100): a pristine CdS surface, a CdS surface
with a single Cd vacancy, a CdS surface with a single oxidized S
site, and a CdS surface with both a Cd vacancy and an oxidized
S site (Figure Sg and Figure S12). Note that the presence of a
Cd vacancy is used to simulate an S-enriched CdS surface.
Figure Sg shows the adsorption of NO, is strongest on the CdS
surface with both Cd vacancy and residual S oxidized (red
open circle). Also, it shows adsorption of NO, is significantly
strengthened in the presence of oxidized S sites (compare
pristine CdS, black filled circle, with oxidized CdS surface, red
filled circle). The unoxidized S-rich surface (Cd vacancy, black
open circle), however, slightly weakens the NO, adsorption
relative to the pristine surface. Intriguingly, the oxidation of S
on the S-rich (Cd-vacancy) surface is an energetically more
i = —2.02
eV, Figure Sg insert), relative to oxidation of the pristine
surface (AESSI{ = 0.05 eV). Thus, it is the S-enrichment and its
partial oxidation on the CdS gel surface that leads synergisti-
cally to enhanced NO, adsorption, addressing Factor 2. For
the third factor, NO, adsorption events are transduced to an
electrical signal by altering the charge carrier concentration in
the space charge layer of the CdS gel. According to the DFT
results in Figure S5g, the degree of charge transfer between a
CdS surface and an adsorbed NO, is positively correlated with
AE,4(NO,), suggesting the unique surface features of the CdS
gel also benefit the signal transduction. A closer look at the
differential electron density of NO, adsorption on the CdS gel
surface reveals that oxidized S sites are engaged in promoting
the electron transfer from CdS to the adsorbed NO, (Figure
Sh and Figure S12). The depletion of electrons creates more
holes in the valence band of CdS and substantially promotes its
conductivity due to the p-type semiconducting nature of the
CdS gel (Figure Sa—c). Additionally, the small crystallite size
of CdS QDs within the gel network also facilitates signal
transduction because the gas sensitivity increases steeply as the
crystallite size decreases to <2L, where L is the depth of the
space-charge layer, ~60 nm for CdS, far larger than the QDs
that make up the gel.”"*

favorable process (the O binding energy on S, AE
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DEFT calculations were also used to shed light on the origin
of the selectivity of CdS gels toward NO,. Figure Si shows the
calculated adsorption energies (AE,4) of the nine gases or
vapors tested in our experiments on a CdS surface (purple
hashes on the left), as well as the calculated charge transferred
between the CdS surface and adsorbed gas (bars on the right,
orange = charge transfer from CdS; green = charge transfer to
CdS). While the trends in absorption energies do not correlate
with activity, we recognized similar patterns between the
charge transfer values in Figure Si and the sensor responses in
Figure 5f, which suggests the high selectivity toward NO,
originates from the significant charge transfer from CdS to
NO,. We also found that adsorption and charge transfer to
NO, was enhanced by the presence of a Cd vacancy (S-rich
surface) and S oxidation, relative to other analytes (potentially
interfering gases), which also contributes to the superior
selectivity of the CdS gel toward NO, sensing (Figures S13—
S15).

B SUMMARY AND CONCLUSIONS

For the first time, we demonstrate a general and facile
electrochemical method to cross-link metal chalcogenide QDs
into a gel. Electrochemically prepared QD monolithic gels are
mesoporous with a large surface area of 220 m?/g and an
average pore diameter of 20 nm. The gel network retains the
crystalline structures of its QD building blocks, and the
monolith remains quantum-confined. Mechanistic studies
using electrochemistry and spectroscopy have revealed a
three-step electrogelation mechanism: first, electrochemical
removal of thiolate ligands; second, spontaneous metal ion
dissolution; and third, electrochemical cross-linking of QDs by
dichalcogenide bond formation. For thioglycolate-capped CdS
QDs, the thiolate ligand removal occurs at ~0.8 V, and the
subsequent cross-linking takes place at a higher potential of 1.2
V. The highly open and interconnected structure of the
semiconducting QD gel provides a large area of target—
receptor interfaces and facile charge transport, which makes
them ideal candidates for applications in gas-sensing and
catalysis. As proof of principle, we show a one-step preparation
of CdS gel sensors and their use for NO, gas sensing at room
temperature. The CdS gel exhibits exceptional NO, sensing
performance with an ultralow limit of detection of 11 ppb, a
short response and recovery time of <30 s, a small variation in
response of ~7% during 400 NO, exposure/removal cycles, a
remarkable device-to-device variation of <5%, and a superior
selectivity toward NO,. DFT calculations show that the unique
surface features of the CdS gel significantly contribute to its
outstanding sensing performance. The ability to adjust
compositional and surface characteristics of electrogels through
parametrization suggests these materials can be a flexible
platform for a range of applications exploiting the combination
of interconnected matter-pore network and robust charge
transport.
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