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Abstract

New insights have been gained into the chemical transformations occurring in the initial stages of
aerosol-assisted sol-gel (AASG) synthesis of catalysts. This has been achieved through the combined
application of optical trapping and Raman spectroscopy. AASG is an emerging technology in catalyst
manufacture that presents numerous advantages over conventional approaches, including the ability to
access unique catalyst morphologies. However, the processes occurring during synthesis are largely inferred
from bulk-phase analyses due to challenges in conducting in situ or operando measurements on moving
aerosols within a flow tube. Herein, these obstacles are overcome through Raman spectroscopic interrogation
of a single aerosol droplet constrained within an optical trap, which acts as direct analogue for a particle
moving along a flow tube. These studies represent the first operando investigations of AASG synthesis. The
synthesis of Ni/Al,O; catalysts has been studied, with spectroscopic interrogation conducted on each
component of the precursor synthesis solution, where possible, up to and including a mixture containing all
components necessary for catalyst synthesis. Raman spectroscopy confirms the formation of stable
self-assembled macro structures within the aerosol and provides direct insights into the reaction mechanisms.
Crucially, evidence was obtained allowing alternative reaction pathways to be postulated within the confined
environment of an aerosol droplet in comparison to bulk-phase syntheses. In aerosols where nickel was not
present, but containing all other components, isothermal room temperature studies showed the formation of

stable but unreactive droplets of ~1 um which were proposed to comprise of micelle-type structures. Upon
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heating, initial gelation transformations were seen to be effected at temperatures in excess of ~56 °C.
Notably, little loss of spectral intensity corresponding to the C-H stretch (ethanol) was observed from the
heated aerosol implying that evaporation is not a prerequisite for reaction. When nickel is present in the
synthesis solution, reactive transformations occur at room temperature, proposed to result in a continuous
Al-O-Ni-NOj structure; a more rapid transformation takes place at elevated temperatures. These results
provide the first direct evidence of the processes occurring within aerosols during AASG and shed new light
on the mechanistic understanding of this technology. This therefore facilitates the design of new synthetic

approaches and hence the production of catalysts and other materials with enhanced properties.

Keywords: Optical tweezers, heterogeneous catalysis, vibrational spectroscopy, sol-gel

materials synthesis, aerosol

Abbreviations and Acronyms

AASG - aerosol-assisted sol-gel

Al-iPr — aluminium isopropoxide

CMC - critical micellisation concentration

EISA - evaporation induced self-assembly

EP — aerosol comprising ethanol and P123

EPN - aerosol comprising ethanol, P123 and nitric acid

EPNA - aerosol comprising ethanol, P123, nitric acid and aluminium isopropoxide

EPNAN - aerosol comprising ethanol, P123, nitric acid, aluminium isopropoxide and nickel
nitrate hexahydrate

FT-IR - Fourier-transform infrared

HEPNA — heated aerosol comprising ethanol, P123, nitric acid and aluminium isopropoxide
HEPNAN - heated aerosol comprising ethanol, P123, nitric acid, aluminium isopropoxide and
nickel nitrate hexahydrate

P123 - Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)

PEO — polyethylene oxide

PPO — polypropylene oxide

WGM - whispering gallery mode



1.0 Introduction

Aerosol-assisted sol-gel (AASG) synthesis is a recently established method of synthesising
nanostructured catalysts with controllable porosity and surface functionality using a continuous
method which produces a low volume of waste material.! AASG therefore has advantages over
conventional catalyst synthesis methods, however the transitions that occur during the sol-gel
process within the aerosol are complex and still not completely understood. This is in part due
to the challenges of conducting in situ or operando characterisation measurements in an aerosol
environment.> In this work, a novel approach combining optical trapping and Raman
spectroscopy is employed to directly probe these processes and hence provide insights into

AASG synthesis.

AASG combines aerosol processing with sol-gel synthesis. In conventional sol-gel synthesis
nanostructured materials are produced under acidic or basic conditions using templating agents
(e.g. block copolymers) to control the mesophase formation of the material.> The chemical
precursors react through hydrolysis and condensation reactions to form solid compounds.
Sol-gel synthesised materials have applications in adsorption, catalysis, drug delivery, and
energy storage.*’ While AASG is a relatively new approach to catalyst manufacturing, a
number of promising metallosilicate epoxidation and acetalization catalysts have been
synthesised.®> ' AASG synthesised titanium silicates were shown to be highly active for
cyclohexane epoxidation giving product yields of up to 62%.!! Additionally, AASG based
processes have no liquid by-products, offer facile cheap collection processes with no

separation, and yield high purity products with unique morphologies.

Considering the mechanism of AASG, an aerosol is created containing the same component
species as in conventional sol-gel synthesis. When the aerosol is heated it is hypothesised that
self-assembled micelles form.!'? Subsequently, multiple hydrolysis and condensation reactions
are proposed to proceed concurrently to produce a highly branched agglomerate in the sol
which ultimately becomes sufficiently cross-linked to form a gel. Both steps are either acid- or
base-catalysed (Figure S1). The formation of self-assembled micelles in AASG is referred to
as evaporation induced self-assembly (EISA). After this, thermal or chemical treatment is

performed in order to remove templating agents and expose porosity in the catalyst.



A range of techniques have been applied to the analysis of aerosol-synthesised materials post-
synthesis, characterising properties such as particle size, molecular mass, structure,
composition, etc.'> However, it is highly challenging to conduct accurate spectroscopic studies
of the aerosol while the synthesis reactions are taking place as the aerosol droplets travel
continuously along a flow tube. A single droplet cannot therefore be tracked as a function of
time. A further challenge is that chemical concentrations in a given region are typically low
due to the low density of droplets. Mechanistic insights are therefore typically inferred from
measurements on bulk syntheses. Raman spectroscopy of bulk solutions has been used to
identify micelle formation and critical micelle concentration of surfactants which can be used
in AASG.'"*!> The onset of micelle formation and aggregation can be identified by a change in
peak relative intensity, e.g. a change in the ratio of the asymmetric CHj3 stretching vibration to
the symmetric CH3 stretching vibration, or by a shift in peak position as surfactant

concentration increase.

In the present work, these limitations are overcome through conducting Raman spectroscopic
interrogation of a single aerosol droplet while it is constrained within an optical trap. Optical
tweezers use focussed light to hold either liquid or solid particles in place and can be applied
to particles ranging in size from 10 nm to 10s of um.!® This is achieved by balancing the
radiation pressure imparted by two focussed laser beams that are vertically (z-axis) opposed in
a counter-propagating geometry. Radiation pressure arises through the transfer of momentum
as photons are scattered from a surface. Here, the laser beams also have a Gaussian beam profile
creating an intensity gradient to assist stability in the horizontal x- and y-axes. The main
physical conditions that permit trapping stability are that the levitated droplet has: (i) a
refractive index greater than air; (ii) an element of symmetry to evenly scatter light; and (iii) a
low enough mass whereby the radiation pressure can offset gravitational force. Optical trapping
has previously been used for other applications in conjunction with vibrational spectroscopies
to provide information on the nature of multicomponent particles comprising both aqueous and

organic phases.!’

Monitoring a single droplet over time held in a fixed position in space provides a direct
analogue for a particle instead moving through space as happens in a flow tube, with increased
time corresponding to increased distance along the tube. A key development is the ability to
externally heat the optical trapping cell to induce reaction. Any influence of the trapping laser

on droplet heating is expected to be limited in comparison to the external heating. Boyer ef al.
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have reported minimal heating through his mechanism even at intense laser powers, while Hunt
et al. reported only a few degrees of heating at moderate laser powers (<25 mW).'®!” This
approach, applied herein, can therefore be considered an operando investigation of the AASG
synthesis process. The reaction system of specific focus in this work is the organic
transformations which occur in the initial stages of AASG synthesis of Ni/Al,Os, a catalyst
with a wide range of current and potential future industrial applications including CO>
utilization and biomass conversion. This will, for the first time, provide direct measurements

of the reactions occurring during AASG synthesis, yielding valuable insights into this process.

2.0 Experimental

2.1 Reagents/Chemicals

The catalyst precursors employed were nickel nitrate hexahydrate (Ni(NO3)2-6H20, >97%) and
aluminium isopropoxide (Al-iPr, >98%), whilst the templating agent was Pluronic® triblock
polymer (P123, My, = 5800, PEO-PPO-PEO). The catalyst synthesis reactions were conducted
in acidified solvent solution produced from mixtures of ethanol (C2HsOH, >98%) and nitric
acid (HNOs, 68%). Prior to use, ethanol was dried using molecular sieves (3 A,
Sigma-Aldrich), whereas all other chemicals were used as received. All chemicals were

purchased from Sigma-Aldrich, UK.

2.2 Sol-Gel Synthesis Procedure

The synthesis procedures were adapted from previous reports describing the bulk preparation
of Ni/Al,Os by the EISA method.? Under vigorous stirring a weighed quantity of P123 (1.21 g)
was added to ethanol (10 mL), with the mixture then sealed and gently heated (~40 °C) to assist
dissolution. Following complete dissolution of P123, a weighed quantity of Ni(NO3)2:6H20
(0.49 g) was added and the solution (hereafter called “solution A”’), which was then allowed to
cool to room temperature. Separately, a measured quantity of Al-iPr (1.72 g) was added to a
beaker, prior to addition of ethanol (10 mL). Under gentle stirring, the dropwise addition of
HNO; (1 mL) caused gradual dissolution of Al-iPr without heating, after which the solution
(hereafter “solution B”’) was allowed to cool to room temperature. Following this, solution A
was added rapidly to solution B under moderate stirring, consequently effecting final
concentrations as follows: P123 (0.01 M); Al-iPr (0.4 M); and Ni(NO3)2:6H>0 (0.13 M). These
quantities corresponded to a theoretical nickel loading of ~24.5 wt% in the final Ni/Al2O3

catalyst. All operando investigations were conducted on freshly mixed solutions (~1-3 days).



2.3 Bulk Analysis (ex situ Raman)

For bulk syntheses, freshly mixed solution was transferred to an oven and heated (~70 °C, 16 h)
to initiate EISA, which subsequently yielded a powder composed of gel particles. A sample of
this gel was retained, with the remainder transferred to a furnace for calcination (600 °C, 3 h)
to afford the final Ni/Al>O3 catalyst. These samples were then spectroscopically analysed by
ex situ Raman spectroscopy. Raman analysis was performed using a Renishaw inVia Raman
microscope equipped with a 514 nm (green) Ar laser at a power of 12 mW. Spectra were
acquired over the range 4000 — 50 cm™ employing acquisition parameters of 30 s scans and 20

accumulations.

2.4 Aerosol Analysis (operando Raman)

For AASG syntheses, the freshly mixed solution was transferred into a nebuliser (aerosonic,
combineb model 3019) that delivered a mist of aerosol droplets into a trapping cell, the precise
configuration of which is described in Section 2.5. From this aerosol, a single droplet could be
trapped and lowered into the centre of an annular ceramic heater, with the applied power then
increased incrementally (0-14 W) to raise the internal temperature of the cell (< 200 °C). The

set-up has previously been described in detail by McGrory et al.?°

The heating element in the
cell creates convection currents which apply viscous drag to the trapped aerosol as the flow
rate increases. In the present set-up, convective flow was minimised using a baffle system.
Direct temperature measurements were not possible since the positioning of thermocouples
sufficiently close to the trapped droplet would disrupt the trapping beams. Instead, the cell
temperature was inferred from calibration measurements performed on an empty cell, where a
thermocouple could be positioned directly in the centre of the annular heater to measure the
temperature over a range of powers (Figure S2). The elevated temperature in the cell initiated
EISA and the incipient formation of the Ni/Al,Os catalyst, which was spectroscopically
analysed by operando Raman. Measurements were typically taken at the onset of trapping, and
subsequently at intervals of 10 or 30 s over the spectral range 500 — 3100 cm™ until the droplet

was lost from the optical trap. In this way, the catalyst formation could be spectroscopically

interrogated under conditions representative of the AASG process.

2.5 Optical Trapping Configuration

Liquid droplets were delivered to a small trapping cell, of aluminium construction, with
approximate dimensions 10 x 2 x 1 cm. Windows made from borosilicate cover slips allowed
the passage of the laser beams through the cell. Droplets were generated using an ultrasonic

nebuliser (aerosonic, combineb model 3019) to generate a mist which flowed into the cell
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through '2” PTFE tubing. A right angle turn in the tubing is achieved using a Portex PVC

connector tube.

Droplets were trapped using counter-propagating Nd:Yag laser beams operating at 1064 nm.
The typical laser beam powers required for stable trapping were 15 mW through the top
objective and 10 mW through the lower objective. The objective lenses were Mitutoyo x50 NA
0.42 long working distance objectives. The asymmetric power balance was required to force
the particle into the optical focus plane of the lower objective thereby allowing focused images
to be acquired. The Nd:Yag beam is passed through a beam splitter (Oz Optics) to obtain two
separate fibre-coupled beams. Both beams are then expanded and collimated so that they
slightly overfill the back apertures of the objective lenses. Dichroic mirrors (CVI Melles Griot)
reflect the laser beams but allow transmission of illumination light and the Raman signals. The

LED illumination (Comar Optics) is filtered to prevent interference with the Raman signal.

Raman spectra were acquired by probing the droplet using a 514.5 nm laser. The laser was
directed through the lower objective lens and focussed onto the droplet. The backscattered
Raman signal was collected using the same lens and focussed into a spectrometer (Acton
SP2500i and Princeton Instruments Spec 10 CCD). A 600 groves/mm grating was calibrated
using spectrophotometric grade toluene as a reference. Typical laser power was 2 mW,
acquisition time was 30 s, and the 514.5 nm laser was shuttered such that the droplet was only

illuminated during collection of spectra.

3.0 Results and Discussion

Raman spectroscopic analysis of the bulk solutions and the catalyst obtained via standard
sol-gel synthesis is presented in Section 3.1; while Section 3.2 presents, for the first time, the
corresponding data for the initial stages of the AASG synthesis at isothermal conditions. The
influence of heating is then examined in Section 3.3. Finally, Section 3.4 discusses mechanistic

insights gained from these studies.

3.1 Bulk solutions

Conventional, i.e. non-aerosol, synthesis of Ni/Al>O3 via a sol-gel route was initially conducted
in order to compare the bulk solutions to the aerosol. Raman spectroscopic characterisation of
each stage of the synthesis procedure was conducted, namely: individual components;

precursor sol-gel (EISA); and the final solid catalyst. The spectrum obtained for bulk ethanol



is shown in Figure 1 and this is compared to the subsequent stages of catalyst synthesis in

Figure 2. The assignment of the peaks identified is shown in Table 1.
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Figure 1: Raman spectra for bulk ethanol (600 groove, centred at 1900 cm!, 10 s, 2 mW).

When comparing bulk ethanol spectral intensities to the sol precursor under identical
conditions a clear decrease in peak intensity is observed indicating the reduced concentration
of ethanol. There are no additional peaks present indicating that no reaction has yet taken place.
The EISA sample however shows a clear increase in peak intensity of the 1048 cm™! vibration,
indicative of the -NOj;™ symmetric stretch. This increase is ascribed to the increase in relative
concentration of the nitrate component due to evaporation of ethanol during EISA. Raman
bands present for the final calcined Ni/Al,O3 are of only very low intensity as compared to
ethanol, as well as compared to the sol and gel (EISA) phases, consistent with previous

literature.?!
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Figure 2: Raman spectra for ethanol and for Ni/Al203 sol, gel (EISA), and dried catalyst
between: (a) 700-1700 cm'; and (b) 2600-3500 cm™! acquired using Renishaw inVia
Raman microscope 514 nm (green), Ar laser, 12 mW.

Table 1: Bands identified in Raman spectra at different stages of Ni/Al2O3 synthesis. Band

assignment is based on previous studies.”> >
Av (cm™) Raman band assignment Av (cm™) Raman band assignment
1048 -NO;™ symmetric stretch ~2705 C;HsOH combinational frequencies
1051 C-O symmetric stretch 2744 (C>HsOH combinational frequencies
1096 C-O asymmetric stretch 2877 CH»z asymmetric stretch
1274 CHa torsion-rotation 2928 CHj symmetric stretch
1454 CHs3 and CH> bend 2974 CHj asymmetric stretch

3.2 Isothermal Aerosols

In order to determine the influence of each component upon the reactions taking place,
spectroscopic interrogation was performed on each component individually, where possible,
and on their mixtures up to and including that containing all components required for the AASG
synthesis of Ni/Al,Os. The composition of the aerosols studied is summarised in Table 2; the
aerosols are denoted as: EP (ethanol, P123); EPN (as EP with the addition of HNO3); EPNA
(as EPN with the addition of Al-iPr); and EPNAN (as EPNA with the addition of
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Ni(NOs3)2-6H20). Studies were first conducted at room temperature in order to provide a stable

environment in which to study the stability of the droplets and the initial stages of gelation.

Table 2: Composition of the droplets trapped and investigated with Raman spectroscopy.
Water (H20) is not added as a separate component but is present in nitric acid (HNO3)
and nickel nitrate hexahydrate (Ni(NO3)2:6H20) solutions. H20 (<2%) present in ethanol
is neglected. EP (ethanol, pluronic P123), EPN (ethanol, pluronic P123, nitric acid),
EPNA (ethanol, pluronic P123, nitric acid, aluminium alkoxide), EPNAN (ethanol,
pluronic P123, nitric acid, aluminium alkoxide, nickel nitrate).

Component
Ethanol Water Triblock Nitric Aluminium Nickel
Reference ) . . .
(CoHsOH)  (H20) Pluronic Acid  Isopropoxide Nitrate
(P123) (HNOs3) (Al-1Pr) (N1(NOs3)2)
EP v v
EPN v v v v
EPNA v v v v v
EPNAN v v v v v v

The presence of whispering gallery modes (WGMs) was observed in all Raman spectra for the
trapped droplets, indicating sphere formation (Figure S3).26 WGMs occur in the optical cavity
formed by the spherical droplets as described by Mie scattering theory.?” The resonance
positions are dependent on droplet size and refractive index. WGMs were digitally filtered
during data processing using Spectragryph (http://spectroscopy.ninja) adaptive baseline
removal (25% coarseness) in order to aid spectral analysis. The existence of WGMs allows for
the size and refractive index of the trapped particle to be estimated through Mie scattering

analysis; this is explored further in Section 3.2.3.%8

It is notable that the H>O content in each system is sufficiently low that Raman spectral bands
associated with H>O are not observed in the Raman spectra of the trapped aerosols over the
spectral range investigated. Previous studies have shown that in bulk ethanol/water mixtures
the O-H bending vibration (~1630 cm™) is of low intensity at water concentrations below
~60% v/v.% In the present work, the water content (v/v%) of EP, EPN, EPNA, EPNAN are
estimated at 2%, 3.4%, 3.2%, and 3.9% respectively based on the concentrations of the
precursor solutions. Note that the strength and wavenumber of Raman vibrations associated
with water may be influenced by disruptions to the mesoscale hydrogen-bonding network

through interaction with other components present in solution.?>?’
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3.2.1 Transformations in Metal-Free Droplets

Raman spectra for EP and EPN are shown in Figure 3. Characteristic Raman peaks for ethanol,
i.e., CHs and CH> bending vibrations at 1454 cm™' and C-H stretching vibrations at 2877, 2928
and 2974 cm’! (cf. Figure 1), are clearly visible and dominate the spectra of both aerosols. The
evaporation of ethanol from the droplets is characterised by the reduction in intensity between

the initial and final scans (Figure 3).

a) b)

- EPN start

EPN finish (x10)

EP finish (x15)

500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Raman Shift (cm'l) Raman Shift (Cm_l)

Figure 3: Offset Raman spectra for (a) EP and (b) EPN droplets. Top curves show the
averaged first 10 scans, bottom curves show the averaged final 10 scans. Time between
initial and final scans was ~250 min for EP and ~50 min for EPN. Note that to ease
comparison the intensity of the final scans has been expanded 15-fold for EP and 10-fold
for EPN. (600 groove, centred at 1900 cm!, 30 s, 2 mW).

Considering the stability of the aerosol in the optical trap, it proved relatively facile to hold EP
and monitor changes in the Raman spectra over time (analysis was conducted over a period in
excess of 4 h). However, it is notable that an aerosol comprising ethanol alone, in the absence
of P123, could only be contained in the trapping environment for less than a few seconds due
to rapid evaporation. P123 therefore exerts a stabilising influence over the aerosol, significantly
reducing evaporative losses of ethanol. Different physical mechanisms are discussed in order
to explain this observation. The bulk solution employed has a concentration of P123 40 times
larger (10 mM) than the reported critical micellisation concentration (CMC) of P123 of
0.25 mM.*® Therefore, the P123 concentration within the aerosol is expected to be above the
CMC and consequently it is suggested that micelle formation is reducing ethanol evaporation.

Deconvolution of the C-H stretch region (2800-3025 cm™) of the Raman spectra provides
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support for this hypothesis. The Raman band for each C-H stretch is blueshifted as a function
time (Table S1). Such behaviour has previously been shown to be associated with micelle
formation in block copolymers and with the formation of structured networks in ethanol-water
binary solutions.'*3! Further, the intensity of both the CH3 symmetric and CH3 asymmetric
stretches increase relative to that of the CH» asymmetric stretch as a function of time (these
ratios are denoted as /»/I1 and I5/11 respectively in Table S1). This is indicative of a reduction in
the mobility of CHz groups as a consequence of the increased structural rigidity of the extended
micelle structure.’? Additionally, as a consequence of high surface:volume ratios with respect
to the bulk solutions, surface effects may also play a role in stabilising the aerosol and reducing
evaporative losses. For instance, Kohler theory suggests increased stability in water droplets
containing salts and other dissolved compounds through a reduction in vapour pressure.>* A
similar process may take place in the aerosols in the present work whereby hygroscopic
molecules dissolved in the droplets restrict the evaporation of ethanol through intermolecular
interactions. Furthermore, P123 may preferentially segregate to the ethanol:air interface, with
the hydrophilic head group on the ethanol side and the hydrophobic tail group on the air side.>*

This could lead to the creation of a surface film, thereby retarding evaporation of ethanol.

The relative stability of EP and EPN were investigated by monitoring changes in the relative
intensity of the Raman peaks with time. The reduction in peak height relative to initial values
for the 2928 cm™! C-H stretch and the 1454 cm™! bending vibration over time is shown in Figure

4.
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Figure 4: Change in Raman spectral intensity of C-H stretching and -CH2/3 bending peak
for (a) EP and (b) EPN droplets with time (600 groove, centred at 1900 cm, 30 s, 2 mW).
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The data show an initial induction period characterised by a relatively stable peak intensity,
followed by a decrease in peak intensity which follows approximately exponential behaviour.
The time at which the transition to exponential decay occurs has been identified from the
derivative of the curves. For all aerosols, peak intensity data beyond this point were fitted to

an exponential decay function of the form:
—-X

y =41 X et +y, (1)

where yo = offset, 41 = amplitude, #1 = time constant, y = absorbance (counts), x = time
(minutes). From this, the rates of decay (1/¢#1) can be determined, thereby facilitating a
comparison of the rate at which the same peaks in different droplets reduce in intensity. All
exponential decay data have been tabulated in Table S2, and the fits to the original data are

shown in Figures S4-S6.

EPN had a five times faster rate of decay relative to EP. Specifically, the CH3/CH> bend at
1454 cm™ has decay rates of 0.075 min™! and 0.014 min™' for EPN and EP respectively. A
similar relationship exists for the CHs; symmetric stretch at 2928 cm™ which decays at
0.063 min™!' and 0.015 min™! for EPN and EP respectively. This indicates a more rapid loss of
ethanol from the aerosol in the case of EPN which can be directly correlated with the presence
of HNO:. It is proposed that HNOj3 destabilises the formation of micelles by P123, resulting in
a greater proportion of ‘free’ ethanol which rapidly evaporates. This is consistent with previous
observations on the behaviour of pure ethanol where Fourier-transform infrared (FT-IR)
spectroscopy investigations of bulk solutions showed that the addition of HCI to P123 impeded
micellization.*> The mechanism for this inhibition is attributed to increased hydrogen bonding
between the solvent and P123 due the addition of the acidic proton. This observation supports
the assumption that successful micelle formation restricts evaporation and thereby stabilises
the droplet; in contrast impeding micelle formation accelerates evaporation and lowers the

stability of the droplet.

3.2.2 Transformations in Metal-Containing Droplets

The inclusion of Al-iPr in EPNA and Ni(NO3)2:6H20 in EPNAN, the latter aerosol comprising
all components of the synthesis mixture, has a clear impact on the spectrum of the aerosol
(Figure 5). A new peak at 1048 cm™! appears in the spectra of both aerosols and is assigned to
symmetric Al-NO; and Ni-NOs stretching vibrations.”> The additional components also

influence the stability of the aerosol within the optical trap. EPNA demonstrates high stability:
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an initial period of evaporation took place over the first 200 min, after which no further changes
were observed in the spectra. During this initial evaporation period, a reduction in intensity
with time of the peaks at 1454, 2877, 2928, and 2974 cm™! — all associated with ethanol (Table
1) — was observed. In contrast, a modest increase in peak intensity was observed for the band
at 1048 cm™ (NOs stretching). That this peak does not decrease in intensity implies that the
AI-NOs species is not lost and therefore that either hydrolysis and condensation reactions

occurred instantaneously or that they do not occur under these conditions in EPNA.

a) b)

W EPNA start W EPNAN start

500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Raman Shift (cm'l) Raman Shift (cm'l)

Figure 5: Offset Raman spectra for (a) EPNA and (b) EPNAN. Top curves show the
averaged first 10 scans, bottom curves show the averaged final 10 scans. Time between
initial and final scans was ~240 min for EPNA and ~50 min for EPNAN. Note that to ease
comparison the intensity of the final scans for EPNAN (only) has been expanded 7-fold.
(600 groove, centred at 1900 cm™, 30 s, 2 mW).

EPNAN finish (x7)

Rates of decay of the bands at 1048, 1454 and 2928 cm™! were calculated for EPNA and
EPNAN in the same manner as for EP and EPN (Section 3.2.1). The variation in peak intensity
with time for these vibrations is shown in Figure 6 and the exponential decay fits are shown in
Figure S5. For EPNA the rates of decay of the ethanol C-H peaks at 1454 cm™ and 2928 cm’!
are 0.012 and 0.015 min™! respectively. This is a much slower rate of decay than observed for
EPN where the corresponding values were 0.073 and 0.063 min!. The enhanced stability of
EPNA with respect to EPN is suggestive of the formation of stable micelle-type structures,
thereby limiting ethanol evaporation. Al-iPr may interact with the hydrophilic head groups of
P123 creating a macro-structure; a similar process has previously been shown whereby

micellisation is promoted through the addition of a low concentration of ethylammonium
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nitrate to block-copolymers.*? In the present work the retardation of the loss of organic material
prevents the aerosol changing in size either significantly or rapidly, thereby contributing to its

longevity in the optical trap where it had the potential be held for a long period of time (hours).
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Figure 6: Raman absorbance of peaks at 1048, 1454 and 2928 cm™! for (a) EPNA and (b)
EPNAN fitted against time (600 groove, centred at 1900 cm!, 30 s, 2 mW).

Upon addition of the final component, Ni(NO3)2:6H20, no additional peaks were observed
when compared to EPNA, although there are some differences when comparing the relative
intensity of the peaks (Figure 5). Despite the similarity in the spectra, the behaviour of EPNAN
differs from that of EPNA. While ethanol evaporates slightly more rapidly than for EPNA
(decay rates of 0.035 and 0.044 min™! for 1454 cm™ and 2928 cm™ for EPNAN as compared to
0.012 and 0.015 min' for EPNA) more dramatic differences are observed for the peak
associated with AI-NO3 and Ni-NOs stretch (1048 cm™). In EPNAN this peak also decreases
rapidly over time with a rate of 0.029 min™!. In contrast, in EPNA the peak at 1048 cm™! peak
increases from its initial intensity, attributed to an increase in Al1-NOs bonds (Figure 6). The
decrease in peak intensity observed in EPNAN indicates that Ni(NO3)2-6H20 induces reactive
chemical transformations in the system, either through hydrolysis and condensation reactions
that are established to occur in bulk solutions (Section 1.0) or through an alternative reaction
pathway (Section 3.4), with both scenarios ultimately resulting in the formation of cross-linked
gel-phase. As with EP and EPN (Section 3.2.1), deconvolution of the C-H stretching region

(Table S1) supports the conclusion that a more structured phase forms over time, with the
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intensity of the CH3; symmetric and CH3 asymmetric stretches relative to that of the CH»

asymmetric stretch increasing over the analysis period.

Empirical observations of gelation in bulk solutions were conducted in order to inform analysis
of the changes in Raman spectra with time recorded for the aerosols. Bulk EPNA and EPNAN
solutions with the same concentration as that nebulised in the operando studies were prepared.
When kept in a sealed container over a period of >1 month, neither solution formed a gel,
indicating that cross-linking reactions did not occur to a sufficient degree. However, both
solutions successfully formed gels through passive evaporation, i.e. when stored in an open
container without heating. The EPNAN bulk solution formed a gel after only ~30 minutes of
evaporation; EPNA in contrast took over a week to form a gel. The EPNA gel formed over this
period was notably less viscous than the EPNAN gel and could be poured (Figure S7). This
behaviour is consistent with previous investigations on solutions of similar composition to
EPNA where either times in excess of a week or enhanced evaporation at temperatures above
40 °C were required for gelation to occur.>*® These observations confirm that a greater extent
of reaction, induced by evaporation, occurs within the EPNAN solution when compared to the

EPNA solution. Possible mechanistic pathways are discussed in detail in Section 3.4.

3.2.3 Droplet Size

In AASG synthesis, aerosol droplet size is directly correlated with the particle size of the final
solid catalyst. Particle size can influence activity, selectivity, and stability.>*** The size of
particles constrained by optical tweezers, typically 0.01-10 um, renders them unsuitable for
size determination using imaging optics (for which they are too small) or using Rayleigh
scattering calculations (for which they are too large).*! The presence of WGMs (Section 3.2)
however allows the size of the trapped particles to be estimated using Mie theory. The high
stability and strong Raman intensity exhibited by the EPNA droplet presents this as the optimal
candidate for calculation of droplet size. The Mie scattering peak positions across the spectral
range were compared to a theoretical model for Mie scattering assuming a homogeneous sphere
and an initial refractive index approximating to the original components (n = 1.430). The initial
radius of the droplet upon trapping was 1.32 um. It then slowly reduced in size over the trapping
period at a rate ~0.15 um h! to a radius of 0.96 + 0.1 um whilst refractive index increased
slightly to n = 1.437. This radius was maintained until the end of the trapping period beyond
200 min, at which point the aerosol is believed to comprise P123 an Al-NOs in a stabilised

extended structure (Figure 7). The observed reduction in droplet size and increase in refractive
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index is ascribed to the evaporation of ethanol, based on the changes on the Raman spectra
presented in Figure 6, where ethanol peaks at 1454 and 2928 cm™ decreased before somewhat

stabilising after 150 minutes.
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Figure 7: Droplet size in microns for EPNA against time in minutes.

3.3 Heated Aerosols

In order to gain further insights into reactions in the early stages of catalyst synthesis the
influence of heating was examined, focusing on EPNA and EPNAN. These are denoted as
HeEPNA and HeEPNAN; the He- prefix indicating heating. HEEPNAN contains all chemical
components necessary for catalyst synthesis and is an accurate representation of the aerosols
applied in AASG synthesis; HeEPNA contains all components bar Ni(NO3)2:6H20 — the
absence of which was observed to prevent reactions inducing cross-linking occurring at room
temperature (Section 3.2). While some AASG syntheses apply temperatures of 100s °C, this
study applies lower temperatures as the focus is on the initial reactions leading to formation of
the gel. Furthermore, morphological changes in the droplet as it transitions from the liquid
precursor to a solid gel intermediate and then to the final solid product mean that it would be
experimentally challenging to retain the droplet in the optical trap during the latter stages of
catalyst synthesis. The temperature at the droplet position was determined via calibration

(Section 2.4).
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Figure 8: Offset Raman spectra for (a) HeEPNA and (b) HeEPNAN. Top curves show the
averaged first 10 scans, bottom curves show the averaged final 10 scans. Time between
initial and final scans was ~30 min for HeEPNA and ~15 min for HeEPNAN. Note that to
ease comparison the intensity of the final scan for HeEPNAN been expanded 2-fold. (600
groove, centred at 1900 cm™!, HeEPNA 30 s, HeEPNAN 10 s, 2 mW).

HeEPNA was heated to 120 °C at 4 °C min™!. Above this temperature the trapping of the
aerosol became unstable. This instability can be caused by a combination of factors including
decreasing aerosol mass, and changes in aerosol morphology and physical state. The initial
(room temperature) and final (120 °C) Raman spectra for HeEPNA are compared in Figure 8.
Despite the elevated temperature, there is relatively little change in the spectra with time, the
most significant change being a reduction in peak intensity of ~60% between the initial and
final scans for the AI-NOs peak at 1048 cm™. This contrasts starkly with the room temperature
behaviour of EPNA where: (i) the 1048 cm™! stretch increased slightly over the 4 h period; and
(i) ethanol evaporation was inferred from the reduction in the 1454 & 2928 cm! peaks (Section
3.2). The rate of the decrease in intensity of the 1048 cm™ peak increases significantly when
the temperature exceeds 56 °C, as shown in Figure 9. After reaching this temperature the peak
intensity falls by ~46% after 10 min, as compared to a decrease of only ~13% in the 10 min
prior to reaching the temperature. This suggests that reactive transformations are initiated at

~56 °C or above.

Counterintuitively, heating inhibits the evaporation of ethanol from the droplet as indicated by

the stability of the bands arising from ethanol in the Raman spectra (1454 cm™ CHsz and CH»

18



bend, 2877 cm™ CHz symmetric stretch, 2928 cm™ CH3 symmetric stretch, and 2974 cm™ CHj
asymmetric stretch). A likely contributing factor to this phenomenon is the fact that the CMC
of P123 decreases as temperature is increased. At 25 °C the CMC of P123 is 0.03 w/v%; this
decreases to 0.001 w/v% at 35 °C.** Therefore, even a relatively modest rise in temperature
increases the strength and interconnectivity of the micelles formed by P123, thereby preventing

evaporation of ethanol.*

A second possible factor which may retard ethanol evaporation is that
heating may induce an interaction between the precursors and the block copolymer P123 via
an encapsulation-type mechanism.** This would inhibit evaporation of ethanol through the
formation of a physical barrier around the droplet. The reduction in intensity over time of the
peaks arising from components other than ethanol in HeEPNA suggests that the preliminary
gelation reactions which occur in EPNA (Section 3.4) are initiated through the increase in the

concentration of precursors in solution as a consequence of ethanol evaporation.
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Figure 9: Raman spectral intensity of significant peaks for (a) HeEPNA and (b)
HeEPNAN fitted against time with an additional temperature axis to display the
temperature of the heated cell at that given point in time (600 groove, centred at
1900 cm™!, HeEPNA 10 s, HeEPNAN 30 s, 2 mW).

HeEPNAN showed lower stability in the optical trap as compared to HeEPNA. This is
consistent with room temperature studies (Section 3.2) where the same trend was observed
when comparing EPNA and EPNAN. HeEPNAN was heated to 50 °C at 1.5 °C min’!, above
which temperature it became unstable. Raman spectra at room temperature and 40 °C are
compared in Figure 8. Exponential decay analysis showed that all peaks decreased at a faster
rate for HEEPNAN than EPNAN, although the extent of the increase varies for different peaks
(Figure S6). The 2928 cm™! CH3 symmetric stretch exhibits decay rates of 0.074 min™' and

0.044 cm™! for the heated and non-heated aerosols respectively, a relative increase of ~50%.
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The 1454 cm™ CH3/CH; bend, associated with both ethanol and P123, has an even greater
proportionate increase in decay rate, from 0.035 min! for EPNAN to 0.18 min™! for HREPNAN
(Figure S6). The higher rates of decay for the non-ethanol derived peaks suggests that the loss
of peak intensity is not simply associated with increased evaporation but is instead indicative

of increased reactivity and faster gelation upon the application of heating.

3.4 Mechanistic Insights

Previously proposed mechanisms for AASG syntheses involve hydrolysis and condensation
reactions, similar to bulk syntheses.***7 (Figure S1). Chemical equations for these processes
are given in Equations 2 & 3. EPNA aerosol, which does not contain Ni, does not show
evidence for hydrolysis and condensation reactions (Section 3.2.2). This is consistent with
investigations on bulk samples where gelation only occurs at room temperature on long
timescales (>1 week). In contrast, HEEPNA aerosol shows a reduction in the intensity of
Al-NO; stretch (1048 cm™) over time during heating. This is indicative of chemical reactivity,
and suggests that a necessary minimum activation energy is achieved upon heating. As
previously stated in Section 3.2, the water content of each droplet is estimated at <4%; this is
sufficiently low that no water spectral bands are observed in acquired Raman spectra. However,
it has previously been observed that only a minimal amount of water is necessary to effect
hydrolysis during bulk synthesis, with reaction occurring at an Al:P123:solvent:water molar
ratio of 1:0.015:40.5:0.8.3° The corresponding ratio in the present work is 0.47:0.012:19:1. It
is therefore likely that there is sufficient water for hydrolysis reactions to proceed; this however
only occurs upon the application of external heating. In contrast to aecrosol EPNA and to bulk-
phase systems, significant retardation of ethanol evaporation is observed for HeEPNA —
postulated to be associated with enhanced micelle formation. These data therefore controvert
the hypothesis that the reactive hydrolysis-polycondensation transformations that occur during

synthesis (Section 1.0) are contingent on evaporation.

AI(OCH(CH3),)5 + 3H,0 — Al(OH); + 3HO — CH(CH3), )

Al(OH); + AlI(OH); —» (OH),AlIO0AI(OH), + H,0 — Al — (OAI(OH);); + 2H,0 3)
In contrast to EPNA, and similarly to HeEPNA, EPNAN shows evidence for chemical
reactivity from the reduction in the AI-NO; and Ni-NOj associated stretch (1048 cm™). The
additional component added to EPNA to form EPNAN is Ni(NO3)2-6H>O. This increases the

water content of the precursor mixture by 57%. It is possible that this additional water induces
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hydrolysis, with the water molecules avoiding rapid evaporation in the aerosol due to their
association to the nickel species. In this case, water within the micelles would facilitate the
processes shown in Figure S1.

A postulated alternative reaction mechanism is shown in Figure 10. An initial hydrolysis
reaction (a) occurs forming aluminium hydroxide (Al-OH) as takes place in bulk solutions.
This reaction requires water to proceed. AI-OH then reacts with HNO3 (b) to form AI-NOs in
solution. Elsewhere, this process is known from the dissolution of gibbsite (Al(OH)3) in
HNOs.*® This would therefore regenerate the water previously consumed in the hydrolysis
reaction, allowing a cascade whereby further sequential hydrolysis (a) and neutralisation (b)
reactions could occur. This mechanism is supported by the observation of increasing AlI-NOs
in EPNA over time. It is then proposed that there is insufficient energy available in the
isothermal EPNA system to proceed with condensation reactions. When heat is applied, from
observations of HeEPNA, sufficient energy is available to induce reactions forming Al-O-Al.
For EPNAN however, the application of heat is not a perquisite to induce reaction. A similar
final transition to that occurring in HeEPNA is inferred to occur at room temperature in the
presence of Ni; where an alternative pathway (c) of lower activation energy is available. This
reaction involves rearrangement of the nickel nitrate aluminium complex to form a continuous

AI-O-Ni-NOs structure, contrasting to the proposed Al-O-Al structure derived from HeEPNA.
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Figure 10: Postulated mechanism for the initial reactions in the AASG synthesis of

Ni/Al203 based upon the Raman spectroscopy observations. Initial hydrolysis reaction of
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Al-iPr (a), followed by neutralisation reaction between HNO3 and Al-OH (b), and a final

proposed cross linking (gelation) reaction caused by presence of the NiZ* (c).

Changes in the stability of the aerosol within the optical trap upon the inclusion of
Ni(NO3)2:6H20 in the precursor solution are also indicative of chemical and physical
transformations. In contrast to the exceptional stability of EPNA, EPNAN is held in the trap
for only ~50 min. This relative instability is assigned to morphological changes induced by
chemical reaction, specifically gelation within the aerosol resulting in changes to its size and
shape. Figure 10 c) shows the postulated reaction mechanism leading to the formation of an
extended aluminium nickel bonded complex within the aerosol, i.e. gelation (Equation 5).
Spectroscopic support for this process comes from the reduction in intensity of aluminium
nitrate (1048 cm™). This proposed reaction mechanism is consistent with previous studies of
the bulk phase sol-gel synthesis of nickel aluminide (NizAl) from Al-iPr, Ni(NO3)2, and HNO3
in ethanol by Madon et al.* The balanced chemical equation for the proposed reaction pathway

1s therefore:

AI(OCH(CH3),)3 + 3H,0 — AI(OH); + 3HO — CH(CH;), @)
AI(NO5)3 + 3Ni(NO3),6H,0 — AI(ONiNO;); + 3NO, 6)

Which of these mechanisms, shown schematically in Figure S1 and Figure 10 , is operating
could be determined by synthesising the final Ni/Al,O3 catalysts in a flow tube reactor
operating at high temperature using the same precursors described in Section 2.2. Full structural
analysis of the final nanostructured catalyst using electron microscopy and X-ray/neutron
diffraction would elicit if the catalyst were highly ordered as Ni-Al-Ni-Al or exhibited
structural and compositional heterogeneity, suggesting either the nickel induced reaction

pathway or the condensation reaction observed in bulk solutions respectively.>

4.0 Conclusions

Optical trapping combined with Raman spectroscopy has been demonstrated to be a successful
approach to facilitate the interrogation of processes occurring during AASG catalyst synthesis.
Droplets of ~1 ym in radius, based on analysis of EPNA, have been trapped and held for
extended periods of up to 4 h depending on composition. The influence of each component
within the Ni/Al,O3 precursor solution has been investigated. P123 stabilises the aerosol
against ethanol evaporation, postulated to be a consequence of micelle formation, while HNO3
acts to destabilise the formed micelles. The latter effect is overcome through the addition of

Al-iPr, which is proposed to interact with the hydrophilic head groups of P123, thereby creating
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a stable macro structure. No further transitions, such as gelation, are however inferred to occur
at room temperature in the absence of nickel. Heating can however effect reactive
transformations, seen to be initiated above ~56 °C. This is not accompanied by evaporation,
hence suggesting a different mechanism than that reported from observations of bulk-phase
systems. The addition of nickel induces reactivity at room temperature, with the rate of reaction
enhanced upon heating. That reaction occurs even in the absence of external heating, suggests
that a lower activation energy pathway exists in this system. Reaction mechanisms have been
proposed for both routes which may result in final materials of differing long-range structure.
The ability to successfully interrogate AASG syntheses spectroscopically during reaction can
therefore bring new understanding to this emerging technology which can in turn support the
design of improved processes and the synthesis of materials with specific targeted properties
such as structure or morphology.
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