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ABSTRACT: Alkali sulfide nanocrystals (Li,S and Na,S) are
critical materials used to make solid-state electrolytes and
cathodes for advanced battery technologies. We have recently
developed a green chemistry for the synthesis of these
10 materials through reactive precipitation by contacting organic
11 solutions with hydrogen sulfide at ambient temperature. In
12 this work, the use of bubble columns was developed as a
13 platform for scalable manufacturing of these nanomaterials.
14 Initial attempts to reproduce the batch reactor synthesis were
15 complicated by nanoparticles clogging the sparger. This was
16  resolved through the introduction of an inert column of fluid
17 between the sparger and the solution. Using this 4-phase
18 bubble column, anhydrous, phase-pure Li,S and Na,S
19 nanocrystals were synthesized across the full range of

O o N

7Li,S NCs
+H,

20 conditions explored. X-ray characterization showed that the primary crystallite size was 20—40 nm, assembling into aggregates
21 of hundreds of nanometers in size. This work validates the potential of bubble columns for large-scale manufacturing of

22 nanocrystals by reactive precipitation in gas—liquid systems.

1. INTRODUCTION

23 The high specific surface area of nanocrystals (NCs) has been
24 demonstrated to be advantageous to numerous technologles,
25 including lubricants," catalysts, sensors,” and batteries.” The
26 materials of interest in this work are alkali metal sulfides (M,S,
27 M = Li, Na), which are of great 1nterest for use as cathodes™®
28 or to form solid-state electrolytes” for use in next generation
29 batterles Li,S is of interest for high performance applica-
30 tions”” while the low cost and abundance of sodium makes
31 Na,$ a candidate for stationary storage.”” In battery electrode
32 applications, the high surface area/volume ratio of NCs
33 facilitates efficient insertion/extraction of lithium ions.
34 Cathodes fabricated using NCs demonstrate higher cycling
35 stability, ipeaﬁc capacity, and rate capability relative to bulk
36 materials.”” Nanostructure is also critical for advanced solid-
37 state electrolytes, which are produced by sintering Li,S with
38 other constituents to make sulfide glasses. It has been shown
39 that reducing the particle size of Li,S increases the reversible
40 capacity of solid-state cells through improvements in electro-
41 lyte conductivity and a reduction of resistance at the
42 electrolyte—electrode interface.'”'" At present, anhydrous
43 Li,S and Na,S materials are only available commercially as
44 micropowders, produced through high temperature carbother-
45 mal reduction processes. To create nanoparticles, time- and
46 energy-intensive ball milling processes are typically used, which
47 provide limited control over the final size or morphology.'*"*
48 Sodium sulfide is a commodity chemical produced through
49 aqueous precipitation and used extensively in pulp and paper
so production. However, this technique produces the hydrate
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form Na,S-xH,O that contains ~35% water, which is s1
unsuitable for battery applications. 52

There has been a significant expansion in the number of s3
methods available for environmentally benign synthesis of s4
nanostructures over the past decade.'* Vapor-phase ap- ss
proaches can offer unique capabilities'> but are almost always s
inferior to solution-based techniques from an economic s7
perspective.'® Reactive precipitation of metal sulfides has ss
long been used to purify hydrometallurgical effluents. In these s9
systems, ammonium sulfate is commonly added to aqueous 60
solutions to induce the precipitation of species such as NiS, 61
ZnS, and CuS."” For battery applications, anhydrous metal 62
sulfides are required, precluding the use of aqueous solutions. 63
A common route for the synthesis of metal sulfide NCs is the 64
hot injection method using organic solvents,"® which produces 6s
hig}ll9 quality crystals but faces challenges with respect to scale 66
up. 67

Our group has recently developed green chemistries for the 68
direct synthesis of M,S NPs through reactive precipitation by 69
bubbling H,S throu§h organic solutions containing metal— 70
organic compounds. One chemistry for this process 71
employs metal alkoxides as the precursor, which are produced 72
by the dissolution of the alkali metal in alcohol and 73
concomitant release of hydrogen: 74
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ZROH(SOI) + ZM(S) g ZROM(SOI) + Hl(g) (1)
Solvent is then added and synthesis of nanoparticles is
accomplished by bubbling hydrogen sulfide (H,S) through the

resulting solution:

ZROM(sol) + HZS(g) il MZS(S) + ZROH(SOI) (2)

In this reaction, M,S NCs precipitate in solution and the
alkoxide is converted back into its parent alcohol. The net
result of these two reactions is the conversion of a hazardous
waste into two high value-added products:

M) + HySig) = MaSg) + Hygg (3)

The individual reactions are both thermodynamically
favorable, proceeding rapidly to completion at room temper-
ature, resulting in the complete abatement of H,S, recovery of
H,, and M,S NCs synthesis with atom economies approaching
unity. This reaction strategy was successfully demonstrated for
both Li,S and Na,$ synthesis.”” Moreover, it was shown that
the NC size and morphology may be tuned through
appropriate selection of alcohol and solvent combinations,
which may be recycled and reused. The use of lithium as a
reagent may give one pause, but Li is required in all advanced
battery technologies; in addition, its elemental form provides
the highest purity and lowest cost. The economic rationale
behind this approach is illustrated by contrasting the cost of
the product with the reagent. A 100 g Li foil from Sigma-
Aldrich currently costs $301 but can yield 303 g of Li,S worth
>$4000. Previously, these reactions have been demonstrated in
a small Parr reactor.”” This work focuses on developing a
scalable process for NC manufacturing.

Synthesis of nanoparticles through reactive precipitation
typically involves mixing two liquid solutions to create
supersaturation, and these systems are often controlled by
mixing at the microscale.”® As such, a number of innovative
reactor designs have been used to extend the degree of control
over these parameters including T-junctions,”” confined
impinging jets,25‘26 laminar microfluidic devices,”” and
turbulent micromixers." However, these techniques are not
easily scaled nor appropriate for the gas—liquid—solid
chemistry involved in this work. Batch or continuous stirred
tank reactors are often used for the precipitation process but
suffer from broad particle size distributions (PSDs) in systems
characterized by fast reactions.”*

Bubble columns are widely used in the chemical process
industry as gas—liquid—solid contactors, because of their
simple construction and operation.”® The bubble column can
be run in continuous or semibatch mode, scaled to various
dimensions and, in its simplest form, does not contain sensitive
mechanical devices such as stirrers. A classic example is
production of sodium bicarbonate (NaHCO;) by bubbling
CO, through sodium hydroxide solutions.”” More pertinent to
this work, bubble columns have been used to remove heavy
metal ions such as Zn and Cu from wastewater by precipitating
CuS and ZnS when contacted with H,S."” Bubble columns
have also been used to remove H,S from waste effluents.”
Bubble columns allow for systematic variation of mass transfer,
which is anticipated to be important for controlling NC size
and aggregation. Critical mass transfer parameters including
gas holdup and the bubble diameter may be manipulated
through both fluid and §eometrical properties using well-
established correlations.”"”

In this work, we demonstrate the use of bubble columns as a
platform for scalable production of anhydrous alkali sulfide
(M,S) nanocrystals. First, the fabrication and characterization
of the bubble column is described. Next, its use for synthesis of
M,S NCs is described. It was found that the resulting NCs can
clog the pores of the sparger, creating operational problems
and compromising the product purity. This challenge was
successfully overcome by using fluorinated pump oil as an inert
column of fluid between the sparger and the reactive solution.
Using this innovative 4-phase bubble column, phase-pure,
anhydrous nanocrystals of both Li,S and Na,S were
successfully produced.

2. METHODS AND MATERIALS

2.1. Reagents. Sodium (Na, ACS reagent, stick dry),
ethanol (EtOH, CH;CH,OH, anhydrous, containing 0.25%
isopropyl alcohol and 0.25% methyl alcohol), the solvent
dimethoxyethane (DME, CH;OCH,CH,0OCHj, anhydrous,
99.3%), and the solvent dibutyl ether (DBE, (CH;(CH,);),0,
anhydrous, 99.3%) were purchased from Sigma-Aldrich.
Lithium foil (Li, 99.9% trace metals basis, 0.75 mm thick X
19 mm wide) was purchased from Alfa Aesar. Solution
preparation and washing/recovery of the resulting NPs were
conducted in an Ar-filled glovebox (MBraun LABstar MB10
compact). Fluorinated pump oil (Fomblin Y LVAC 14/6,
Specialty Fluids) was used to separate the sparger from
solution. Gases employed included a specialty mixture of 10%
of H,S in Ar (Scott Specialty Gases) as well as UHP grade
argon.

2.2. Experimental Setup. A schematic of the apparatus
used for this work is shown in Figure 1. The column design

Bypass
Apparatus in

Fume Hood —@
}' Control
Valve
c
RS
5
3 g
a
=
rel
€
2 Pump
Sparger Treatment
/Exhaust

Figure 1. Schematic of the experimental apparatus.

was adapted from the work of Kazakis et al,’’ who studied
bubble formation on porous metal spargers. A 1 in. OD glass
tube that was 12 in. in length was secured to the gas handling
system with compression seals that were adapted to a 1/4 in.
stainless steel tube and terminated with on/off valves. The
sparger consisted of a 1/8 in. thick sintered stainless steel disc
(McMaster-Carr) that was sealed at the base of the glass tube.
Spargers with nominal pore sizes of 2, 10, and 40 ym were
employed. Gasses were delivered through electronic mass flow
controllers and mixed, and a pair of 3-way valves was used to
direct the gas mixture either through the bubble column or
through a bypass. A needle valve was used to control the
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175 reactor pressure, which was adjusted to operate the reactor just
176 below atmospheric pressure (P, ~ —30 Torr gauge). The
177 effluent was evacuated using a vacuum pump, and the
178 composition was measured in line using a differentially
179 pumped quadrupole mass spectrometer (QMS, Stanford
180 Research Systems RGA300).

181 2.3. M,S NP Synthesis. The metal alkoxide reagent was
182 prepared in the glovebox by first dissolving the alkali metal in
183 EtOH using a 1:8 molar ratio. An appropriate amount of
184 solvent (DME, DBE) was added to make a 0.05 M metal
185 alkoxide (ROM) solution. Approximately S0 mL of solution
186 was transferred to the bubble column and sealed. When
187 employed, an additional 10 mL of Fomblin was added to the
188 column. The column was then transferred to a fume hood and
189 connected to the gas delivery/handling system. Before gas
190 introduction, the gas lines were evacuated to the base pressure
191 of the mechanical pump (<30 mTorr) and the leak rate was
192 tested to ensure the vacuum integrity of the system. During a
193 synthesis experiment, the desired flow/pressure conditions
194 were first established by flowing just Ar. To start an
195 experiment, 40 sccm of the H,S/Ar mixture was initiated
196 and the diluent Ar flow rate was simultaneously reduced by 40
197 sccm to ensure minimal disruption to the flow dynamics. H,S
198 was delivered to the reactor for the amount of time required to
199 make the total molar ratio of ROM to H,S fixed at the
200 stoichiometric 2:1 ratio (M/S). At this time, the H,S flow rate
201 was turned off and UHP Ar continued to flow for a couple of
202 minutes, at which time the reactor inlet and outlet valves were
203 closed simultaneously. With the valves closed and sealed, the
204 bubble column was transferred into the Ar-filled glovebox. The
205 column was inverted and allowed to phase separate. The
206 Fomblin was removed first using a separatory funnel and saved
207 for reuse. The reaction solution was centrifuged (15 min, 3100
208 rpm) to separate the liquid phase and the solid phase. The
209 solid phase was washed several times with solvent from the
210 respective reaction and dried on a hot plate at 80 °C overnight
211 in the glovebox.

212 2.4. Product Characterization. X-ray diffraction (XRD)
213 patterns were collected on a Philips X’Pert X-ray diffractometer
214 using Cu Ko radiation (A = 0.15405 nm). The samples were
215 prepared in the Ar-filled glovebox by spreading sample
216 powders onto glass substrates. A drop of mineral oil was
217 used to cover the sample to prevent detrimental reactions with
218 moisture in air when the samples are removed from the
219 glovebox to conduct XRD measurements. The background
220 contributed from the mineral oil (a smooth and broad peak
221 centered at 17.2° spanning from 10° to 25°) was subtracted.
222 Field emission scanning electron microscopy (FE-SEM)
223 images were collected on JEOL JSM-7000F FESEM. FE-
224 SEM samples were prepared by immobilizing the synthesized
225 solid product on a silicon wafer substrate which connects onto
226 an aluminum stub using a double-sided carbon tape.

—

—

—_
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3. RESULTS AND DISCUSSION

227 3.1. Bubble Column Characterization. Flow regime is
228 critical to operation and performance of bubble columns. The
220 homogeneous, or bubbly flow regime, is characterized by
230 relatively uniform bubbles well dispersed throughout the
231 column, and this condition is generally observed at superficial
232 velocities U < § cm/s.2® In this work, U < 1 cm/s and the
233 aspect ratio H/D was between S and 10 to ensure good
234 mixing.”® A key parameter governing mass transport in bubble

—

columns is the specific interfacial area, A, and this quantity is 235

well estimated for spherical bubbles using™’ 236
4= S
dy (4) 237

where &g is the gas holdup and dy is the mean bubble diameter. 238
To assess these parameters, the bubble column dynamics were 239
evaluated by flowing Ar through ethanol/solvent mixtures at 240
atmospheric pressure at total flow rates ranging from 40 to 200 241
sccm. Photographs of the bubble column as a function of 242
sparger pore size and gas flow rate are summarized in Figure 2. 2432

40 sccm 160 sccm 40 sccm 160 sccm 40 sccm 160 sccm

2 micron 10 micron 40 micron

Figure 2. Photographs of the bubble column (OD = 25 mm) as a
function of flow rate and sparger pore size without (top row) and with
(bottom panel) Fomblin present.

In the absence of Fomblin (top row), the photographs confirm 244
that the column was operated in the homogeneous flow 245
regime. The gas holdup is simply the fraction of the column 246
occupied by gas, and this quantity was determined by 247
measuring the column height with and without gas flow. 248
Figure 3a displays the measured holdup as a function of 2493
superficial velocity for different spargers. It is observed that gas 250
holdup increases linearly with superficial velocity, consistent 251
with literature for the bubbly flow regime.”*** The pore size of s
the sparger had a minor impact, with slightly higher holdup 2s3
values observed with increased pore size. 254
Bubble size is a complex function of both fluid and 255
geometrical properties that has been well correlated for porous 256

spargers using the following equation®’ 257
1/5
d d
=2 = 7.35|We "Re™'FrY| 2
d d
s s (5) 2ss

where d; and d, are the sparger diameter and pore size, 259
respectively. The key dimensionless groups include the Weber 260
(We), Reynolds (Re), and Froude (Fr) numbers defined as 261

_ pUd
c (6) 262

We
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Figure 3. (a) Gas holdup (&¢) as a function of superficial velocity (U) for spargers with varying pore size. Line is a linear fit to their average values.
(b) Comparison of bubble diameter predicted by eq S (cross) and experimentally observed range (boxes) for the pore size/flow rate combinations

displayed in Figure 2.
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Figure 4. Photographs of the bubble column (a) before introduction of H,S and (b) near the completion of the run and (c) XRD pattern of the

resulting NPs. Conditions: sparger = 10 um; total flow rate = 80 sccm.

Ud
Re = pYa
263 H (7)
2
Fr = l
264 dg (8)

265 where U is the superficial velocity and p, u, and o are the
266 density, viscosity, and surface tension of the liquid phase. The
267 photographs in Figure 2 were digitized and analyzed using
268 Image]. Figure 3b compares the predictions of eq 5 with the
260 range observed experimentally (boxes). In contrast to gas
270 holdup, bubble size is controlled primarily by the pore size and
271 is relatively insensitive to the superficial velocity. Experimen-
272 tally, the bubble size distribution is observed to broaden with
273 flow rate, but there is good qualitative agreement with the
274 correlation.

275 The addition of an ~2.5 cm column of Fomblin dramatically
276 altered the bubble column characteristics (Figure 2). Bubbly
277 flow was maintained within the Fomblin phase, and the bubble
278 size was reduced as expected on the basis of its unique physical
279 properties (SG = 1.9, u ~ 280 cP). Equation S suggests that
280 the bubble diameter in Fomblin should be ~70% of the value
281 in DME/DBE solvents. Despite low superficial velocities,
282 significant bubble coalescence is observed upon the transition
283 from Fomblin into the solvent phase which leads to a much
284 broader bubble size distribution. In the terminology of Bouaifi
285 et al,*” this flow regime would be described most accurately as
286 “bad bubbly”, in contrast with “perfect bubbly” behavior

observed without Fomblin present. When bubbles are formed 287
exiting the sparger, the critical dimension is the pore size as 283
discussed above. During the transition from Fomblin to 289
solvent, the critical dimension is the bubble diameter in the 290
Fomblin phase, which is consistent with the significantly larger 201
bubble sizes observed in the solvent phase at equivalent flow 292
rates. As discussed below, the use of Fomblin was required to 293
prevent clogging of the sparger. Unfortunately, the systematic 294
control over mass transfer demonstrated without Fomblin is 295
lost and the ability to vary mass transfer is limited. 296

3.2. Nanoparticle Synthesis without Fomblin. Figure 4 297 14
displays photographs of the bubble column during the 298
synthesis of sodium sulfide NC and an XRD pattern from 299
the resulting nanomaterials. Before H,S introduction, the 300
solution is transparent, and the first photograph introduction 301
shows the original bubble size distribution in this experiment. 302
Over the course of the 10 min experiment, the solution 303
becomes increasingly turbid as the NCs precipitate out of 304
solution. Though difficult to see clearly, the bubble dynamics 3os
do not appear to be substantially changed by the presence of 306
the NCs. Unfortunately, the material produced was not pure 307
Na,S but a mixture of materials that was dominated by the 308
NaHS phase. In addition, operational challenges were 309
encountered. The downstream pressure (P,) remained 310
nominally unchanged, meaning that the flow was continuous 311
throughout the experiment. However, as the experiment 312
proceeded, the upstream pressure (P;) steadily increased, 313
which was attributed to the NCs clogging the pores and 314
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315 increasing the pressure drop across the sparger. This suspicion
316 was confirmed by inspection after the reaction where the
317 sparger plate was observed to be clogged with yellow solid.
318 This perhaps was not surprising as the reaction is nearly
319 instantaneous and the Na,S NCs also have a propensity to
320 settle as their density (SG = 1.86) is much greater than the
321 DME solvent (SG = 0.87).

322 The clogging of the sparger provides an explanation for the
323 predominance of the NaHS phase. In our previous experience
324 using a small Parr reactor, phase pure Na,S was obtained as
325 long as the M/H,S ratio was less than or equal to the
326 stoichiometric value of 2. Once excess H,S was supplied,
327 NaHS was immediately formed which was attributed to the
328 sequential reaction:””

129 NaZS(S) + HZS(g) - 2NaHS(S) (9)
330 When NCs clog the sparger, they are no longer circulated
331 uniformly throughout the reactor but are exposed to excess
332 H,S at the inlet, leading to the formation of the NaHS phase.
333 3.3. M,S Nanocrystal Synthesis with Fomblin. Several
334 possibilities were considered to overcome the problems
335 encountered with clogging the sparger. One option was to
336 increase the superficial velocity to a sufficient value to prevent
337 this from occurring. However, it was found that this could not
338 be accomplished while maintaining well controlled, homoge-
339 neous fluid dynamics within the column. The second thought
340 was to introduce an immiscible column of fluid to separate the
341 sparger from the reactive solution. This intermediate fluid must
342 satisfy a number of requirements. First, it is desirable for the
343 fluid to have a density greater than both the M,S NCs (SG =
344 1.66, 1.86) and the organic solvents employed (SG < 1).
345 Second, the fluid needs to be chemically inert with respect to
346 both H,S and the organic solutions employed. Good thermal
347 stability and low volatility would also be beneficial. A fluid that
348 was found to satisfy all these requirements was fluorinated
349 pump oil, sold commercially under the trade name Fomblin.
350 Commonly used to pump corrosive and reactive gases, this
351 fluid behaves essentially like liquid Teflon: it is dense (SG ~
352 1.9), possesses low volatility (<1077 Torr), is chemically inert,
353 and is completely immiscible with the solutions employed.
354 Fomblin was added to the column, where it naturally settled
355 to the base, and the resulting 4-phase bubble column (2 fluids
356 + gas + solid) was evaluated for the production of anhydrous
357 M,S nanocrystals. Figure S displays photographs of the bubble
358 column in operation during nanocrystal synthesis. The
359 immiscible nature of the two fluids is confirmed by the
360 distinct interface shown in each picture. The first photograph
361 displays the bubble distribution at the start of the experiment.
362 As expected from physical properties, the bubbles are much
363 smaller in the Fomblin phase. They coalesce into larger
364 bubbles at the interface but generally remain spherical and
365 isolated as they ascend through the solution. The bubble
366 dynamics remain substantially unchanged upon H,S introduc-
367 tion and NC precipitation. In-line QMS monitoring of the
368 effluent confirmed complete H,S abatement throughout these
369 experiments. H,S is about 20X more soluble in organic
370 solutions than water,>° so issues related to limited absoroption
371 observed in aqueous systems are not encountered here.”’ The
372 effectiveness of Fomblin at separating NCs is shown by the fact
373 that this phase remains clear even late into the reaction.
374 Moreover, no change in pressure drop was observed
375 throughout the course of these experiments, and postreaction
376 inspection found no solids on the sparger. The last photograph

—

=

—_

Figure S. Photographs of the 4-phase bubble column during NC
synthesis. From left to right: near the start of the reaction, near
completion, and after the reaction was complete and the gas flow was
stopped. Reaction conditions were with NaOEt/DBE with 40 sccm of
H,S/Ar mix and 40 sccm diluent Ar.

was taken a few minutes after the gas flow was turned off. The 377
NCs rapidly settle out of the solution, forming a dense layer at 378
the interface. After settling, a separatory funnel was used to 379
separate and dispense the individual phases (Fomblin, NCs, 3s0
and solution). 381

The NCs were rinsed with solvent and dried, and Figure 6 382 f6
displays XRD patterns obtained from the NCs produced in the 383
4-phase column. Anhydrous, phase-pure Na,S and Li,S NCs 384
were synthesized across the full range of flow rates examined. 385
No evidence of the NaHS phase or any other impurities are 386
observed. In addition, no deposition was observed on the 387
sparger. The flow rate did not appear to have a significant 388
impact on the properties of the NCs over the range examined. 389
A Scherrer analysis was used to estimate the size of the 3%
resulting NCs, which was found to be 37 + 5 and 23 + S nm 391
for Na,S and Li,S, respectively. The yield of NCs relative to 392
the amount expected on the basis of the mass of alkali metal 393
dissolved was consistently around 87%. Both Li,S and Na,S 394
have some solubility in ethanol,’” which is generated as the 395
reaction proceeds, and this accounts for the majority of the 396
material that is lost. Additional amounts are lost through 397
handling process. It should be noted that the solution may be 398
recycled and reused as demonstrated previously,” enabling 399
recovery of soluble M,S. 400

Finally, the morphology of the NCs was evaluated using FE- 401
SEM imaging as shown in Figure 7, which compares NCs 402 f7
obtained in a batch reactor with those obtained using the 403
bubble column. For both materials, the primary NCs aggregate 404
into larger particles. In the case of Na,S, the aggregates formed 4o0s
in the bubble column (200—500 nm) are significantly larger 406
than those in the batch reactor (~50 nm). In contrast, the Li,S 407
NCs produced in the bubble column appear smaller and more 408
homogeneous than what was produced in the batch reactor. 409
The Li,S NCs have the form of flakes or platelets that assemble 410
into porous aggregates. For both materials, the bubble column 411
produced highly uniform particles. As demonstrated pre- 412
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Figure 6. XRD patterns of the (a) Na,S and (b) Li,S NCs produced in the 4-phase bubble column.

Na,S - Batch

MINES

Li,S - Batch

Figure 7. Comparison of FE-SEM images of Na,$S (top) and Li,S
(bottom) NCs synthesized in a batch reactor (left) and the 4-phase
bubble column (right).

413 viously, the size and morphology of the M,S NCs can be tuned
414 by choice of solvent, alcohol, and composition. Having
415 established a robust platform for NC synthesis, work is
416 underway to further refine the materials produced using this
417 technique and evaluate their electrochemical performance.

4. CONCLUSIONS

418 In this work, we have demonstrated the potential of bubble
419 columns for the production of alkali sulfide nanocrystals
420 through reactive precipitation. One challenge caused by the
421 fast reaction kinetics and the large density of the M,S was
422 blockage of the sparger by the NCs, creating operational
423 problems and producing undesired phases such as NaHS. This
424 challenge was overcome by the insertion of a column of
425 Fomblin pump oil to separate the reactive solution from the
426 sparger. The use of the secondary fluid attenuates the degree of
427 control over bubble size but results in the production
428 anhydrous, phase-pure Li,S and Na,S nanocrystals across the
429 range of conditions explored. X-ray characterization showed
430 that the primary particle size was 20—40 nm, assembling into
431 submicron aggregates. This work validates the promise of
432 bubble columns for large scale manufacturing of nanocrystals
433 by reactive precipitation in gas—liquid systems. The 4-phase
434 bubble column provides an innovative platform for reactive
435 precipitation processes where blockage of the sparger is a
436 potential concern.
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