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Relative to conventional chemical approaches, electrochemical assembly of metal chalcogenide nano-
particles enables the use of two additional levers for tuning the assembly process: electrode material and
potential. In our prior work, oxidative and metal-mediated pathways for electrochemical assembly of
metal chalcogenide quantum dots (QDs) into three-dimensional gel architectures were investigated inde-
pendently by employing a noble-metal (Pt) electrode at relatively high potentials and a non-noble metal
electrode at relatively low potentials, respectively. In the present work, we reveal competition between
the two electrogelation pathways under the condition of high oxidation potentials and non-noble metal
electrodes (including Ni, Co, Zn, and Ag), where both pathways are active. We found that the electrogel
structure formed under this condition is electrode material-dependent. For Ni, the major phase is oxi-
dative electrogel, not a potential-dependent mixture of oxidative and metal-mediated electrogel that one
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would expect. A mechanistic study reveals that the metal-mediated electrogelation is suppressed by
dithiolates, a side product from the oxidative electrogelation, which block the Ni electrode surface and
terminate metal ion release. In contrast, for Co, Ag, and Zn, the electrode surface blockage by dithiolates
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Introduction

Nanoparticle (NP)-based gels are macroscopic porous struc-
tures consisting of interconnected matter (NP building blocks)
and pore networks in which the pores may be filled with
solvent (i.e., wet gels) or air (ie., aerogels). Among various
3-dimensionally connected NP assemblies, NP-based gels are
unique because they can achieve macroscopic sizes while fully
retaining the size-specific properties of the initial nanobuild-
ing blocks." The extensive porosity also ensures that each NP
in the gel network is accessible to the ambient, leading to high
performance in applications that require high surface areas,
including electrocatalysis,”'° (photo)catalysis,'"'* surface-
enhanced Raman scattering sensing,"” photo-electrochemical
sensing,’* and chemiresistive gas sensing.">'® Furthermore,
the structural features of NP-based gels on different length
scales, including the shape and size of NP building blocks, the
fractal dimension of the NP network, and the pore size and
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is less effective than for Ni, such that metal-mediated electrogelation is the primary gelation pathway.

shape, can be controlled synthetically, offering unprecedented
tunability for functional materials."”

Synthesis of NP-based gels by assembly requires fine
control over the repulsive and attractive forces between col-
loidal NPs in solution to progressively reduce the repulsive
forces (e.g., steric or electrostatic) until they are overcome by
the attractive ones (e.g., van der Waals forces, hydrophobic/
hydrophilic interactions, and permanent covalent bonding)."®
Such control has been previously achieved by slowly
stripping ligands off the NP surface through chemical or
photooxidation;'®*° adding destabilizers such as alcohol,
H,0,, NaBH,, and dopamine;’ or crosslinkers such as metal
ions,>' polymers,>>** and dihydrazide/aldehyde pairs;'® or
simply freeze-drying a colloidal NP solution.""**

Recently, we demonstrated that the controlled assembly
of NPs into an NP-based gel was also feasible using
electrochemistry."?® Scheme 1 illustrates two electrochemical
gelation or electrogelation mechanisms for metal chalcogenide
quantum dots (QDs). In the first mechanism, a positive poten-
tial is applied at an inert electrode such as Pt to drive the
electrochemical removal (oxidation) of surface-bound thiolate
ligand “protecting groups” as dithiolates, exposing the metal
ions on the surface of the metal chalcogenide QDs (e.g., Cd on
CdS QDs). Following the solvation of these metal ions, the
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“core” chalcogenides are further electrochemically oxidized to
form interparticle dichalcogenide bonds (e.g., 28>~ — 2e —
S,>~ for CdS QDs in Scheme 1(i)). To initiate this oxidative elec-
trogelation or OE-gelation, the electrode potential (E) should be
more positive than the oxidation potentials of thiolate ligands
and the core chalcogenide (Eqg). The QDs in the formed electro-
gel (OE-gel) are electrically wired by the dichalcogenide bonds.

In the second mechanism, a non-noble metal electrode
with a relatively low oxidation potential (Ey), such as Ni, Co,
Ag, and Zn, is used to in situ electrogenerate metal ion cross-
linkers (Ni**, Co®", Ag* or Zn**) within a colloidal solution of
QDs capped with ligands featuring pendant carboxylate
groups, forming a metal-mediated electrogel (ME-gel). Unlike
the OE-gel, the QDs in a ME-gel are connected by redox-inac-
tive coordinate bonds between Lewis acidic metal cationic
linkers and Lewis basic carboxylate terminals of surface-
capping ligands (Scheme 1(ii)). To form ME-gels, E should be
set between Ey; and Eog (i.e., Em < E < Egg) so that only the
active electrode dissolves to provide metal ions, and QDs
cannot be oxidized to trigger the OE-gelation mechanism.

In this work, we studied a special scenario where E is posi-
tive enough to electrodissolve the electrode itself, remove the
thiolate ligands on QDs, and form dichalcogenide bonds
between QDs (i.e., E > Eog, Ey in Scheme 1(iii)). We found, sur-
prisingly, that the structure of electrogel formed under this
scenario depends on the specific non-noble metal electrode
material. Thus, for Ni, the electrogel is dominated by OE-gel
rather than the mixture of OE-gel and ME-gel that one would
expect. A mechanistic study reveals that the ME-gelation is sig-
nificantly suppressed by dithiolates, which are produced as a
side product from the OE-gelation. The dithiolates block the
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Ni electrode surface, thereby preventing continued electrodis-
solution of the electrode. However, for other non-noble metals
studied: Co, Ag, and Zn, the electrode surface blockage by
dithiolates is less effective than Ni, making ME-gelation the
primary gelation pathway.

Results and discussion
Synthesis and characterization of CdS QD electrogels

According to our previous findings, ME-gelation of CdS QDs
capped with 11-mercaptoundecanoic acid (MUA) was observed
at E > ~0.5 V vs. Ag/AgCl using a Ni electrode®® and the OE-
gelation of these QDs required E > 1.6 V using a Pt electrode."”
Therefore, to conduct a comparative study of QD gelation in
regimes governed by ME-gelation only vs. ME- + OE-gelation
(i.e., corresponding to the scenarios defined Scheme 1(ii) and
(iii), respectively), we used a Ni electrode at two different
potentials: 1.0 Vand 2.0 V.

Fig. 1a shows the QD ME-gel formation on a Ni wire elec-
trode at £ = 1 V in a nearly monodisperse CdS QD solution
(QD diameter = 2.9 + 0.4 nm, Fig. S1 and S2at). A thin layer of
gel started appearing on the electrode surface after applying
the electrode potential for 10 min and grew thicker with time.
The presence of an induction time for gelation arises from the
need for a critical stoichiometry of 0.5 metal ions: 1 QD in
solution to initiate ME-gelation.® Under high-magnification
scanning transmission electron microscopy (STEM), ~1-2 nm
gaps between CdS QDs are noticeable in the three-dimensional
mesoporous gel network, which is characteristic of ME-gels
that form by ligand-Ni*"-ligand linkages between QDs
(Fig. 1b). The coordination bonds between the MUA ligand
and Ni** were confirmed by dispersion of the 1 V gel in an
aqueous solution of ethylenediaminetetraacetic acid (EDTA),
which competes with the carboxylate-terminated thiolate
ligands for binding with Ni** and disrupts the gel network
(Fig. S3b and e). No dissolution was observed for 1 V gels in
pure water (control experiment, Fig. S4b and e). To confirm
that only Ni oxidation is active at 1 V, we carried out linear
sweep voltammetry of MUA-capped QDs and Ni wire
(Fig. S5at). The voltammogram of CdS QDs shows two anodic
peaks at 1.5 V and 1.9 V, which correspond to the thiolate
ligand oxidation and oxidative crosslinking of QDs, respect-
ively.'> In comparison, the oxidation of Ni wire started at as
low as ~0.4 V (Fig. S5bt), confirming our premise.

When E was increased to 2 V, the QD gel appeared on the
Ni electrode within a couple of min. The gel rapidly grew in
the first 10 min, but its growth slowed down afterward
(Fig. 1c). As shown in the high-resolution STEM images
(Fig. 1d), the QDs in the 2 V gel are directly connected without
the obvious gaps found in the 1 V gel. We also tested the stabi-
lity of the 2 V gel in an EDTA solution and found that it did
not disperse (Fig. S3c, f and S4c, f}). Both results suggest the 2
V gel structurally resembles an OE-gel where QDs are cross-
linked via short interparticle covalent dichalcogenide bonds.
This conclusion is supported by inductively coupled plasma

This journal is © The Royal Society of Chemistry 2021
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Scheme 1 Electrochemical gelation of metal chalcogenide QDs by different mechanisms. (i) Oxidative electrogelation (OE-gelation): the potential
of an inert electrode (e.g., Pt) is sufficiently positive to oxidatively remove the thiolate ligands and form dichalcogenides bonds between QDs. (ii)
Metal-mediated electrogelation (ME-gelation): an active electrode (e.g., Ni) undergoes electrodissolution due to its low oxidation potential, releasing
metal ions to crosslink ligand-capped QDs bearing pendant carboxylates by forming coordination bonds between metal ions and QD-bound car-
boxylates. (iii) The focus of this study: the potential of an active electrode is positive enough to drive both OE- and ME-gelation. E: electrode poten-
tial; Eqg: the potential required for OE-gelation; and Ey: the electrode oxidation potential.

mass spectrometry (ICP-MS) analysis revealing a significantly
lower Ni**/QD ratio in the 2 V gel (ca. 8) vs. the 1 V gel (ca.
150), as shown in Fig. 2a. Elemental mapping of the 1 V and
2 V gels using STEM energy-dispersive X-ray spectroscopy are
consistent with the localization of Ni at the particle interfaces
for the 1 V gel, whereas the Ni signal of the 2 V gel is both
much weaker (consistent with the low Ni-content obtained
from ICP-MS) and more uniform (Fig. S61). This finding
further confirms that QDs in the 1 V gel are mainly connected
via ligand-Ni**-ligand linkages, and those in the 2 V gel are not.

The infrared (IR) spectra were collected to further identify
the ligand-metal interaction in the gels (Fig. S7t). For identi-
cal mass loading, we observed much weaker C-H and carboxy-
late stretching peaks for the 2 V gel relative to the 1 V gel, con-
sistent with oxidative removal of a portion of the MUA ligands
during 2 V gelation. In addition, we found a wavenumber
difference of 145 cm™" between asymmetric and symmetric
stretching vibrations of the carboxylate groups, indicating the
presence of bridging bidentate coordination between Ni** and
ligands in both gels.”®

We also characterized the crystallinity of electrochemically
prepared CdS aerogels using powder X-ray diffraction (PXRD).
Both 1 Vand 2 V gels exhibited the characteristic peaks of hex-
agonal CdS (PDF 00-001-0780, Fig. 2b). In addition, their
PXRD peak widths were similar, suggesting the average crystal-
lite size does not significantly differ under different electrode

This journal is © The Royal Society of Chemistry 2021

potentials, consistent with the electron microscopic result that
the QD building blocks in both gels are ~3 nm in diameter
(Fig. S2b¥). The surface area of the gels was analyzed by nitro-
gen physisorption, which exhibited a type-IV isotherm, charac-
teristic of a mesoporous material (Fig. 2c). The 1 V and 2 V
gels had surface areas of 200 and 142 m® g, respectively,
based on the Brunauer-Emmett-Teller model.”® The bandgap
values of the electrogel and chemgel were measured by diffuse
reflectance spectroscopy (Fig. 2d). The absorption onsets for
1 Vand 2 V gels are nearly identical: 2.53 and 2.55 €V, despite
the chemically distinct interfacial connectivity between QD
building blocks in the gels produced at 1 V and 2 V. The UV/
Vis spectra of the two gels also show a peak at 413 nm
(Fig. S8af), but their photoluminescence (PL) spectra
(Fig. S8bt) are significantly different. We observed two PL
peaks for both samples: a narrow one at ~470 nm for the
characteristic band edge emission and a broad one at
~545 nm for the trap state emission. However, the 1 V gel
shows overall much weaker PL intensity than the 2 V one
because thiolate ligands on the 1 V gel effectively scavenge the
photogenerated holes in QD gel, quenching its lumine-
scence.”” The 2 V gel is partially denuded of thiolate ligands
and Cd ions, with interparticle bonds achieved largely by di-
sulfide linkages. The transformation of the surface results in a
large change in the emission intensity of the trap-state.
Augmentation of trap-state emission relative to band-edge
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Fig. 1 Electrogelation of MUA-capped CdS QDs using a Ni electrode at £ = 1V and 2 VAg/AgCl/sat. KCl reference electrode. (a and b) photographs
and STEM images of a QD gel grown at 1 V. (c and d) photographs and STEM images of a QD gel grown at 2 V. The yellow dashed lines in the high-
magnification STEM images highlight the boundaries of individual QDs in the gel.

emission is common for oxidative gelation; recovery of band-
edge emission intensity can be achieved by annealing the
gels®® or washing with pyridine.*®

Electrochemical impedance spectroscopy (EIS) was further
used to evaluate the electrochemical processes in a QD solu-
tion at 1 V and 2 V. The EIS results shown in Nyquist plots
(Fig. S9T) have two semicircles for each potential, characteristic
of the behavior of redox-active electrodes.’® The redox-active
material on the glassy carbon electrode should be a QD gel
thin film formed during the EIS measurement. The first semi-
circle at high frequency is independent of the bias potential
(i.e., 1 Vor 2 V) and thus assigned to the electrolyte resistance,
and the second one to the electron transfer resistance of QDs,
which shrunk significantly at 2 V relative to 1 V due to the
facile oxidation of QDs at 2 V, further confirming the different
electrogelation mechanisms at 1 Vand 2 V.

20628 | Nanoscale, 2021,13, 20625-20636

Electrogelation mechanism

Based on the facile electrooxidation of Ni to Ni*" at 2 V, we
expected gelation conducted at 2 V to proceed by a combi-
nation of OE- and ME-mechanisms. However, the ultralow Ni
content (Ni**/QD ratio = 8) in the 2 V gel suggests little-to-no
ME-gelation is occurring.

We initially considered whether oxidative removal of the
MUA/Ni**/MUA linkers from the 2 V gel could be responsible
for the low Ni content. To test this premise, we prepared a
metal-mediated gel with a similar Ni**/QD ratio as the 1 V gel
by mixing Ni** and QDs at a molar ratio of 150: 1 (green bar,
Fig. 3a), then added 150 equivalents of tetranitromethane
(TNM), a commonly used oxidant for chemically induced oxi-
dative QD gelation. We found that the Ni**/QD ratio in the gel
decreased from 164 to 128 (orange bar, Fig. 3a), suggesting

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Compositional and structural characterization of QD electrogels
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that the oxidative removal of the MUA/Ni**/MUA linkers occurs
but is a minor contributor to any Ni** losses. Indeed, to repro-
duce the ultralow Ni*/QD ratio in the 2 V gel by chemical
means, we had to significantly decrease the equivalents of Ni**
relative to the oxidant; for example, a mixture of 15 Ni*": 150
TNM:1 QD produced a Ni**/QD ratio of 7 (red bar, Fig. 3a).
This finding suggests the low Ni content in the 2 V gel is due
to the limited Ni*" supply at 2 V. However, control experiments
in Fig. 3b indicate that the average current values ({ayerage) fOr
Ni electrooxidation in the absence of QDs (green bar) is com-
parable to that for QD electrogelation at 2 V with a Pt or Ni
wire electrode (red and orange bars). That is, in the absence of
QDs, the ratio of Ni** ions to oxidizing equivalents produced
at 2V should be roughly equivalent.

To verify that the QDs are involved in suppressing Ni oxi-
dation at 2 V, we analyzed the total released Ni** during QD
gelation. We found that only ~6% of the total current (ie.,
0.01 mA) was used to generate Ni*" at 2 V, whereas nearly all
the current (0.15 mA out of 0.17 mA) was used for Ni oxidation
at 1 V (the green portion in the two-color bars in Fig. 3a rep-
resents the specific current for Ni oxidation). Note that the
specific current for Ni oxidation at 2 V is only ~6% of that at 1

This journal is © The Royal Society of Chemistry 2021

V, confirming Ni electrooxidation to Ni*" was drastically sup-
pressed at 2 V relative to 1 V.

To elucidate the mechanism behind the suppressed Ni**
release during QD electrogelation at 2 V, we tested the follow-
ing two hypotheses, as illustrated in Fig. 3c and d.

Hypothesis 1. The formation of QD gel around the Ni elec-
trode during QD gelation partially blocks the ion transport
from the bulk solution to the electrode surface, thereby raising
the solution resistance (i.e., iR drop) and reducing the effective
electrode potential for Ni oxidation to Ni**,

Hypothesis 2. During OE-gelation, the MUA capping agents
on the QDs are oxidized to bis(10-carboxydecyl) disulfide
(BCD), which spontaneously attaches to the Ni electrode
surface as thiols and sulfur and inhibit the Ni oxidation.

To test Hypothesis 1, we monitored the solution resistance
(R) during electrogelation at 2 V to see if R gradually increased
as the gel grew thicker over time, as predicted. However, the
value of R stayed relatively constant at ~400 Q during electroge-
lation (Fig. 4a). In addition, we measured the percentage of
the total current used to generate Ni*>'during electrogelation
(QOni%), which should decrease with time as well, according to
Hypothesis 1. However, Qy;% did not show the predicted

Nanoscale, 2021, 13, 20625-20636 | 20629
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during electrogelation. (c and d) Two hypotheses that explain the suppressed Ni?* release during QD electrogelation at 2 V.

decrease and stayed below ~10% (Fig. 4b). These data confirm
that the suppressed Ni** release at 2 V is not arising from a
QD-gel-induced iR drop.

To test hypothesis 2, we first evaluated the inhibition effect
of BCD on Ni electrooxidation. Specifically, we performed Ni
electrooxidation in a QD-free solution containing 5 mM BCD.
The concentration of 5 mM was estimated from the experi-
mentally measured CdS QD concentration of 36 pM and the
theoretical maximum MUA coverage on a 3.5 nm-diameter
CdS QD of ~270 MUA assuming the MUA/surface Cd ratio = 1,
yielding an equivalent MUA concentration of ~10 mM, or BCD
concentration of 5 mM. Fig. 4c shows the current during Ni
electrooxidation in the presence of BCD (green line) decreases
rapidly after ~5 min and is nearly completely suppressed by
10 min. A higher BCD concentration further accelerated the
inhibition process (Fig. S10%). Similar inhibition was also
observed when 10 mM MUA was present, which is not surpris-
ing because MUA is oxidized in situ to BCD. The initial BCD
formation step extended the time needed to shut down the
current to ~20 min (orange line, Fig. 4c). In comparison, the
current during Ni electrooxidation in the absence of BCD or
MUA (pink line) and the current during OE-gelation (grey line)
only a gradual decrease in current over time. Collectively, these

20630 | Nanoscale, 2021,13, 20625-20636

data suggest that the presence of BCD is responsible for
the suppressed Ni oxidation at 2 V, lending support to hypoth-
esis 2.

Hypothesis 2 further supposes that the BCD species formed
in solution, or a byproduct thereof, are depositing on exposed
surfaces of the Ni electrode (i.e., those areas that are not inter-
facially bound to the colloidal gel network) and suppressing
nickel oxidation. Accordingly, we used X-ray photoelectron
spectroscopy (XPS) to analyze the surface species on the Ni
electrodes after performing electrooxidation at 2 V in a QD
solution, a BCD solution, and an MUA solution, each for
30 min. Fig. 4d and Table S1{ show the XPS spectra and the
results of peak fitting. Three S species were identified in all
samples: atomic S at ~162 eV, thiolate (R-S) at ~163 eV, and
oxidized S (S-0) at 168 eV.>'** The relative ratios of these S
species varied by the electrooxidation condition. Prior studies
on the adsorption of thiols and disulfides on a Ni surface from
the gas phase have shown that the S-S bond in disulfides and
the sulfhydryl (S-H) bond in thiols break below room tempera-
ture, forming a self-assembled thiolate (R-S-) monolayer.*'**7
Similar self-assembly of thiols and disulfides also occurs on Ni
surfaces in solution.>® The C-S bonds in the surface bonded
thiolates can undergo spontaneous scission to form atomic S

This journal is © The Royal Society of Chemistry 2021
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and release hydrocarbon at room temperature. The Ni surface
promotes the C-S bond scission because its d-band is popu-
lated near the Fermi level, resulting in a significant electron
density transfer from the Ni d-band to the antibonding mole-
cular orbitals of thiolate molecules, thus weakening, elonga-
ting, and ultimately cleaving the S-C bond.*® After S for-
mation, the center of the d-band of Ni is lowered in energy
with respect to the clean surface, i.e., the surface is “passi-
vated”, allowing adsorption of intact thiolates.*® Meanwhile,
under the electrooxidation conditions, thiolates can also be
transformed into sulfinates (SO,~, XPS binding energy = 165.5
eV) and sulfonates (SO3;~, XPS binding energy = 168 eV) poss-
ibly via a chemical reaction between electrogenerated nickel
oxides and thiolates.>® All the chemical and electrochemical
processes discussed above lead to the formation of an electri-
cally insulating layer of atomic S, R-S, and S-O species on the
Ni electrode surface, inhibiting the Ni electrodissolution and
suppressing the ME-gelation pathway. However, OE-gelation is
not significantly affected by these processes because the OE-
gel can itself serve as the electrode to support the continued
growth of OE-gel from its attachment points on the Ni surface.

This journal is © The Royal Society of Chemistry 2021

As a result, the 2 V gel formed at a Ni electrode is a de facto
OE-gel.

Electrogelation using other non-noble metal electrodes

Thiolates are also known to self-assemble on the surface of
other non-noble metals such as Co, Ag, and Zn.**™** Like Ni,
Co, Ag, and Zn can be conveniently converted to their ionic
forms under mild oxidation potentials (<1 V vs. Ag/AgCl), so
we carried out QD electrogelation using these metals as elec-
trodes for comparison. QD gel formation was observed for Co,
Ag, and Zn at both 1 V and 2 V (Fig. 5a-f). The darkened hue
of the gel prepared using an Ag electrode is attributed to some
degree of cation exchange of the CdS QDs with Ag’, which is
known to be facile, to produce Ag,S.*>** In contrast to the Ni
case, the distances between QDs in these 1 V and 2 V gels did
not show any apparent differences according to their TEM
images. Indeed, noticeable gaps exist between QDs in all
samples, suggesting the presence of ligand-metal ion-ligand
linkage. The analysis of metal content in these gels is consist-
ent with this observation. As shown in Fig. 5g, the metal ion/
QD ratios (M""/QD, purple bars) are comparable for gels pre-
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Fig. 5 Electrogelation of CdS QDs using Co, Ag, and Zn electrodes. (a—f) Photographs and STEM micrographs of the gels produced using Co, Ag,
and Zn electrodes at 1 V and 2 V after 6 min gelation time. (g) Metal ions to QD ratios in the gels (M"*/QD, purple) and the percentage of charge
used for generating metal ions during electrogelation (Qu%, red) using Co, Ag, and Zn electrodes at 1 V or 2 V. (h) i—t traces for electrooxidation of
Co (purple), Ag (green), Zn (blue), and Ni (red) electrodes in a 10 mM MUA solution at 2 V.

pared at 1 V and 2 V using a Co, Ag, or Zn electrode (Co: 64 vs.
81; Zn: 155 vs. 200; and Ag: 191 vs. 263, respectively). In
addition, the Q% values for all three electrodes at 2 V are
close to 90% or above. These results indicate that the ME-gela-
tion remains the primary gelation pathway even at 2 V for Co,
Ag, and Zn electrodes, in direct contradiction to the above Ni
results.

As previously discussed, the adsorption and reaction of
BCD electrogenerated by OE-gelation on the Ni electrode inhi-
bits Ni** release, shutting down the ME-gelation pathway. To
assess the inhibition effect of BCD on the Co, Ag, and Zn elec-
trodes, we conducted the same electrooxidation experiment in
an MUA solution at 2 V for 30 min as in Fig. 4c. Although Co,
Ag, and Zn electrodes all exhibited a current drop, their
current levels stayed around ~0.1-0.3 mA, rather than dimin-
ishing to ~1 pA as for Ni (Fig. 5h), suggesting the sulfur
species only partially block the Co, Ag, and Zn surfaces.
The origin of the unique behavior of Ni is likely attributable
to its higher activity relative to Co, Ag, and Zn in promoting
C-S bond scission of the adsorbed thiolates at room

20632 | Nanoscale, 2021,13, 20625-20636

temperature,®>”%*>* producing a dense insulating layer that

is not formed with the other metals.

Conclusion

We have studied the electrochemical gelation of QDs using
non-noble metal electrodes including Ni, Co, Ag, and Zn at
high oxidation potentials. We found that the electrogelation
mechanism shifted from ME-gelation at 1 V to OE-gelation at 2
V when a Ni electrode was used. The mechanism switch is
caused by the inhibition effect of BCD, a product from OE-
gelation, on the electrodissolution of Ni to Ni** at 2 V, which
suppresses the ME-gelation pathway due to the limited avail-
ability of the Ni*" crosslinkers. However, for Co, Ag, and
Zn electrodes, ME-gelation remains the dominant gelation
pathway at 2 V because the electrogenerated BCD cannot
inhibit the electrooxidation of these electrodes as effectively as
Ni, possibly due to their low activity in promoting C-S bond
breakage of the adsorbed thiolates at room temperature.

This journal is © The Royal Society of Chemistry 2021
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Experimental section
Chemicals and materials

Tetrabutylammonium hexafluorophosphate (TBAPF-6),
OmniTrace nitric acid [HNO;, 67-71%], tetranitromethane
(TNM), bis(trimethylsilyl)sulfide (TMS), 1-tetradecylphospho-
nic acid (TDPA), trioctylphosphine oxide [TOPO, 99%], 11-mer-
captoundecanoic acid (MUA), and tetramethylammonium
hydroxide (TMAH) were purchased from Millipore Sigma; Ag
wire [0.010” diameter, 99.99%] was purchased from A-M
Systems; Co wire [0.25 mm diameter, 99.995%], Ni wire
[0.25 mm diameter, 99.98%], and Pt wire [0.25 mm diameter,
99.99%] were purchased from Alfa-Aesar; Ni(i) chloride hexa-
hydrate [NiCl,-6H,0, 99%] was purchased from Avantor chemi-
cals; ethylenediamine tetra-acetic acid, disodium salt dihy-
drate [Na,EDTA, >99%] was purchased from Fisher Scientific
chemicals; cadmium oxide [CdO, 99.99%], and trioctylpho-
sphine [TOP >85%)] were purchased from Strem chemicals;
and the deionized [DI, 18.2 MQ cm, TOC <3 ppb] water was
used for washing electrodes and aqueous solution preparation.

Synthesis of QDs

A modified hot injection method was used for CdS QD
synthesis.*®*” The synthesis procedure and the purification
steps are described in the ESL{

QD ligand exchange

After the synthesis, the trioctylphosphine oxide (TOPO) ligand
shell on QDs was exchanged with MUA by following the
method explained in ESI.f MUA-capped QDs were dispersed in
methanol, and the concentration was determined using litera-
ture-reported absorptivity values.*® Before gelation, the QD
concentration was adjusted to 40 uM by serial dilution.

QD OE-gelation using a Pt electrode

A CHI 650E potentiostat was used to apply the potentials (bulk
electrolysis technique) for the gelation. The iR drop was manu-
ally compensated before every run.

The gelation mixture was prepared by mixing 900 pL of
40 uM QD solution with 100 pL of 0.1 M TBAPF-6 in methanol.
TBAPF-6 was added as the electrolyte to reduce the solution re-
sistance during electrochemical reactions. TBAPF-6 was
selected because it was found to be the optimal electrolyte that
provides a good ionic conductivity without sacrificing the
stability of the colloidal QDs. Other electrolytes such as
LiClO4, KC], tetrabutylammonium chloride, and tetrabutyl-
ammonium bromide easily destabilize the QD solution, result-
ing in precipitation. An Ag/AgCl/sat. KCI electrode was used as
the reference electrode. Two Pt wires (d = 0.25 mm) were used
as the working and counter electrodes. Pt electrodes were
cleaned before the gelation by running 50 cyclic voltammo-
grams between 1.1 and —0.23 V in a 0.1 M H,SO, aqueous
solution at a scan rate of 0.1 V s~". Then the Pt electrodes were
washed with plenty of DI water and methanol, dried, and used
for electrogelation. The counter electrode was made into a

This journal is © The Royal Society of Chemistry 2021
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shape of a loop to enhance its surface area. OE-gelation was
carried out by applying a potential of 2 V.

QD electrogelation using Ni, Co, Zn, and Ag electrodes

Like OE-gelation using a Pt electrode, QD electrogelation using
Ni, Co, Zn, and Ag electrodes was carried out by first cleaning
the electrode. These metal wires (d = 0.25 mm) were polished
with a 400-grit 3 M sandpaper to remove the surface oxide
layer. The wires were then dipped in DI water and sonicated
for 1 minute. Next, the wire electrodes were washed with
plenty of DI water and methanol, dried, and used for the elec-
trogelation by applying an electrode potential of1 V or 2 V. The
gelation mixture was also prepared by mixing 900 pL of 40 uM
QD solution with 100 pL of 0.1 M TBAPF, in methanol. An Ag/
AgCl/sat. KCl electrode was used as the reference electrode and
the Pt wire electrode as the counter electrode. Current-time
traces of these wires electrodes were collected by dipping the
clean metal wires in corresponding electrolyte solutions. The
pH of all MUA- and BCD-containing electrolyte solutions was
adjusted to 10 using TMAH.

Chemical gelation of QDs

The preparation of metal-ion crosslinked gels was performed
by direct addition of Ni** ions (from NiCl,) to a colloidal MUA-
capped CdS QD dispersion to form a metal-mediated chemical
gel (MC-gel). First, the Ni** ion solution (0.05 M) was prepared
by dissolving 0.30 g of NiCl,-6H,O in 25.0 mL of absolute
ethanol. 54 pL of freshly prepared 0.05 M Ni*" ion solution was
added to 0.5 mL of MUA-capped CdS QD solution (36 pM) dis-
persed in methanol (CdS QDs:Ni*" = 1:150) in a glass vial.
The mixture was shaken vigorously for 2 seconds, and gel for-
mation occurred within 60 seconds. The wet gel was kept in
the dark in a desiccator to prevent photooxidative gelation for
24 h before solvent exchange.

The preparation of oxidatively assembled chemical gel (OC-
gel) was performed by adding 10.8 pL of freshly prepared 3%
TNM (in acetone) to 0.5 mL of MUA-capped CdS QD solution
(36 uM) dispersed in methanol (CdS QDs:TNM = 1:150) in a
glass vial. The mixture was shaken vigorously for 2 seconds,
and gel formation occurred within 30 minutes. The wet gel
was kept in the dark in a desiccator to prevent photooxidative
gelation for 24 h before solvent exchange.

To assess the possible oxidative removal of ligand-metal
ion-ligands from a MC-gel, we first added 54 uL of 0.05 M Ni**
solution to a 0.5 mL of MUA-capped CdS QD solution (36 pM)
dispersed in methanol (CdS QDs: Ni*" = 1:150) in a glass vial
to form the MC-gel. After 10 min, 10.8 pL of 3% TNM was
added to the gel solution and the mixture was shaken vigor-
ously for 2 seconds. The low Ni content gel with a Ni**/QD
ratio of 7 was prepared by adding 10.8 pL of 3% TNM and
2.5 pL of Ni*" solutions simultaneously to a 0.5 mL of 36 pM
MUA-capped CdS QD solution.

EDTA test

A 0.01 M EDTA solution was prepared by dissolving 0.093 g of
Na,EDTA in 25.0 mL of DI water, and the pH was adjusted to
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12 using 1 M NaOH solution. 0.9 mL of EDTA solution was
added to a vial containing gel and mixed gently (Ni*": EDTA =
~1:1). As a control, H,O was added to a separate set of vials
containing the gels.

Aerogel preparation

The supernatant QD dispersion in the gelation vial was
removed carefully without completely drying the gel. The vial
was then filled with acetone without breaking the gel into
pieces. Next, to wash any excess QDs and remaining methanol,
the supernatant was replaced with another new portion of
acetone. The vial was stored in the dark, and the acetone
washing was continued twice a day for four days. Next, the wet
gel was placed in a Tousimis Autosamdri-931 critical point
dryer to replace acetone in the sample with liquid CO, comple-
tely. Finally, the sample was dried by bringing the CO, to a
supercritical state.

Inductively coupled plasma mass spectrometry (ICP-MS)
analysis

Samples for ICP-MS analysis were prepared by digesting the
QD gels in conc. HNO; for 6 hours and diluting with a 2%
HNO; solution to get the concentration into the calibration
range of 1 ppb to 200 ppb. The M"/QD ratio in the gel (M =
Ni, Co, Ag, and Zn, and n is the charge of the corresponding
ion) was calculated as below. First, the Cd>" and M"" concen-
trations obtained in ppb were converted into the number of
atoms using their molecular weight and the Avogadro number.
Then, the volume of a QD was calculated using the particle
radius determined from the UV-vis peak absorbance.*® Next,
the number of Cd atoms present in a QD was calculated using
the volume of a QD, CdS density (4.8 g cm™>), and molecular
weight. The number of QDs present in the sample was found
after dividing Cd** by Cd atoms per QD. Finally, the number
of M"" ions was divided by the number of QDs.

The percentage of the total current used to generate M™"
during electrogelation (Qy%) was calculated using the follow-
ing equation.

Moles of M™" in the sample determined by ICP-MSxnxF
Q

Qm% =

x 100%,

where F is the Faraday constant, and Q is the total charge con-
sumed during the gelation.

Transmission electron microscopy

QD dispersion and gels were diluted and drop cast onto the
Formvar/Carbon-coated 200 mesh Cu grids (Ted Pella, USA) to
collect TEM and STEM images using JEOL 3100R05 electron
microscope. Image] 1.51j8 software was used to analyze the
particle size distributions in QD dispersion and the gel.

Powder X-ray diffraction

Aerogel samples were mounted on a Bruker D2 Phaser X-ray
diffractometer to collect the PXRD data. The powder diffrac-
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tion file (PDF) database of the International Center for
Diffraction Data was used to confirm the collected data by
comparison.

Nitrogen physisorption isotherms

The aerogel surface areas were measured by fitting nitrogen
physisorption isotherm data to a Brunauer-Emmett-Teller
(BET) model. Data was collected using a Micrometrics 3Flex
Version 5.02 analyzer at 77 K. Samples were degassed for
14 hours at 150 °C before collecting the data.

Diffuse reflectance and UV/Vis

A JASCO V-570 UV/VIS/NIR spectrometer with an integrating
sphere was used to collect the reflectance and UV/Vis data. In
the diffuse reflectance measurements, aerogel samples were
diluted with BaSO,. In the UV/Vis measurements, aerogel
samples were prepared by sonication in methanol to obtain a
uniform dispersion.

X-ray photoelectron spectroscopy

The electrode samples were washed with methanol and dried
in ambient for 24 hours before collecting the spectra using
an Al K-alpha X-ray Photoelectron Spectrometer (Thermo
Scientific, K-alpha). Data were analyzed using Thermo
Avantage v5.9921 software, and all the spectra were calibrated
according to the C 1s peak at 284.8 eV.

Photoluminescence (PL)

PL data were collected using a JASCO FP-6500 spectrofluorom-
eter. MUA-capped CdS aerogel samples were dispersed in
methanol by sonication in the dark inside a vial filled with Ar.
The UV/Vis spectra were obtained for both CdS QDs and gel
samples before the PL measurements. Both samples were
diluted to get a maximum absorbance around 0.5 using
methanol. Samples were excited at the wavelength of
maximum absorbance (413 nm).

Fourier-transform infrared (FTIR) Spectroscopy

FTIR data of on the aerogels (1 V and 2 V) were collected in
transmission mode using a KBr pellet prepared with a mass
ratio of 1 mg of sample to 500 mg of KBr using a Bruker
Tensor 27 FTIR spectrophotometer.

Linear sweep voltammetry (LSV)

LSV data of QDs was collected using a CHI 650E potentiostat,
with a 3 mm-diameter glassy carbon electrode as the working
electrode, a Pt wire as the counter electrode, and an Ag/AgCl/
sat. KCI as the reference electrode. The glassy carbon electrode
was first polished with a series of alumina powders (1, 0.3, and
0.01 pm) and then sonicated and washed with a large amount
of DI water and methanol. A blank run was performed using
the cleaned glassy carbon electrode dipped in the electrolyte.
The CdS QD-coated carbon electrode was prepared by drop-
casting 12 pL of ~400 pM CdS QD solution onto a clean
carbon electrode, followed by drying in air. The electrolyte
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solution was 10 mM TBAPF-6 in methanol solution. The scan

rate was 0.1 Vs~

Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS). EIS data were
collected at a bias potential of 1 Vand 2 V in MUA-capped CdS
QD dispersion (40 pM) at room temperature using a CHI 650E
potentiostat. A Pt wire and an Ag/AgCl electrode were used as
the counter and the reference electrodes. The frequency range
was set from 100 kHz to 1 Hz with an excitation amplitude of
+5 mV. Data were collected at 12 points per decade.
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