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Metal-organic frameworks (MOFs) have emerged as promising candidate materials for proton exchange mem-
branes (PEMs), due to the control of proton transport enabled by functional groups and the structural order
within the MOFs. In this work, we report a millifluidic approach for the synthesis of a MOF incorporating both
sulfonate and amine groups, termed Cu-SAT, which exhibits a high proton conductivity. The fouling-free
multiphase flow reactor synthesis was operated for more than 5 h with no reduction in yield or change in the
particle size distribution, demonstrating a sustained space-time yield up to 131.7 kg m~3 day ™! with consistent
particle quality. Reaction yield and particle size were controllably tuned by the adjustment of reaction param-
eters, such as residence/reaction time, temperature, and reagent concentration. The reaction yields from the flow
reactor were 10-20% higher than those of corresponding batch syntheses, indicating improved mass and heat
transfer in flow. A systematic exploration of synthetic parameters using a factorial design of experiments
approach revealed the key correlations between the process parameters and yields and particle size distributions.
The proton conductivity of the synthesized Cu-SAT MOF was evaluated in a mixed matrix membrane model PEM
with polyvinylpyrrolidone and polyvinylidene fluoride polymers, exhibiting a promising composite conductivity
of 1.34 + 0.05 mS ecm ™! at 353 K and 95% relative humidity (RH).

1. Introduction chemistry controlled by linker selection in MOFs [12].
Sulfonate MOFs are considered to be promising materials for proton
conduction, as sulfonic acid groups can provide proton hopping sites

which promote proton transfer within the material [13]. Sulfonates are

Metal-organic frameworks (MOFs), a class of coordination polymers,
are composed of metal ions or clusters interconnected by organic linker

molecules in extended three-dimensional networks [1,2]. The wide va-
riety of both the organic and inorganic components in these structures
demonstrated to date, and particularly the range of functional groups
that can be incorporated to coordinate metal sites or modify interior
pore structures, endow MOF materials with versatile functions from gas
storage [3,4], chemical separations [5], and catalysis [6,7] to proton
conduction [8-11]. Proton exchange and ion transport membranes for
fuel cells and energy conversion and storage applications benefit from
the well-defined crystal structures and diverse functional group

typically weakly coordinating moieties, favoring the formation of well-
defined metal-sulfonate coordination motifs with soft metal ions (e.g.
cu®*, Ag™, Cd**, Ba®") [14]. Cu-based sulfonate MOFs incorporating N-
donor ligands to form 3D frameworks have been reported [15], where N-
donor ligands appear to serve a structure-directing role to promote 3D
network formation in sulfonate MOFs [14,16]. Sulfonate MOFs with
triazolate ligands present elevated proton conductivity, attributed to the
complementary acid — base and hydrogen bonding interactions of the
sulfonate and amine groups [17,18]. However, compared with other
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MOF families (e.g. carboxylate and imidazolate MOFs), much remains
unknown about the crystallization processes of sulfonate MOFs and their
dependence on synthesis parameters.

The breadth of MOF research has inspired the development of
different synthetic methodologies. Hydrothermal synthesis [19-21] and
solvothermal synthesis [22-24] are two common methods for MOF
production. Both methods, however, often require reaction times of
hours or days and suffer from batch-to-batch variability due to non-
uniform reagent concentrations and low heat transfer in batch re-
actors. Recently, synthetic procedures for MOFs utilizing ultrasound
[25,26], microwave radiation [27-29], mechanochemistry [30,31] and
electrochemistry [32,33] have also been reported. Compared with these
emerging alternatives to batch syntheses, continuous reactors preserve
the crystal growth process as in batch reactions with improved mass and
heat transfer, offering scalability through reduced reaction time and
parallelizable, continuously operable flow reactors with improved uni-
formity of the target product.

Continuous synthesis methods such as microfluidic and millifluidic
technologies, in which a chemical reaction occurs in a flowing stream
rather than in a fixed batch vessel [34], can offer tight control over
synthetic conditions and are favored in applications ranging from
nanomaterials fabrication [35-37] to drug delivery [38,39]. Continuous
synthesis allows for faster reactions because high surface area to volume
ratios can enhance higher heat transfer in microreactors, and reagents
undergo rapid mixing when flowing through reactor tubing [40,41].
Applied to MOFs, microfluidic synthesis has been shown to enable the
continuous production of MOFs in several minutes at lower tempera-
tures than those used in traditional solvothermal syntheses, with
simultaneous control of the reaction parameters to synthesize MOFs
with targeted properties [42].

Reaction yields and MOF particle sizes are particularly irreproduc-
ible in scaled-up batch reactions, as the depletion of metal ions and
linkers in batch processes affects the kinetics of the oligomerization
reaction and the nucleation and growth rates [43,44]. Two-phase
droplet flow systems, including slug flow, offer a promising route to
fabricate MOF particles whilst simultaneously inhibiting channel clog-
ging and enhancing particle size control [45]. Because each droplet is
essentially a miniature batch reactor, this ensures a narrow residence
time distribution, which is difficult to achieve in a single phase micro-
reactor. In addition, vortices within the droplets further enhance the
mixing and the heat and mass transfer [46]. This results in droplets
which are highly uniform in terms of chemical composition and reaction
temperature, providing a highly controlled environment for chemical
reactions to take place. The droplets are isolated from the reaction
channel walls by using a second phase as an inert ‘carrier’, which can
eliminate reactor fouling due to the precipitation of reactants or prod-
ucts, providing a stable reaction environment during continuous syn-
thesis [47]. The development of continuous syntheses for a number of
carboxylate and imidazolate MOFs [48-53] now prompts the explora-
tion of such techniques for the distinct coordination chemistry of sul-
fonate MOFs.

Despite promising proton conductivity characteristics, the brittleness
and poor mechanical strength of MOFs [54,55] often precludes their
direct use in membranes for PEM fuel cell applications. Nafion polymer
membranes are the most commonly used membranes in fuel cells
because of their good proton conductivity [56]. However, Nafion
manufacturing depends on toxic precursors and highly reactive in-
termediates, presenting hazards as well as contributing to high pro-
duction costs [57,58]. As an alternative to Nafion, mixed-matrix
membranes (MMMs) are fabricated by mixing inorganic/inorga-
nic-organic materials and a polymer matrix and are also promising for
PEM applications [59]. A key strategy for MMMs is to improve the
properties of polymers with intrinsically poor proton conductivity. One
such polymer system is the polyvinylpyrrolidone (PVP)/polyvinylidene
fluoride (PVDF) polymer blend. PVDF exhibits excellent mechanical
strength and good stability [60,61], whilst PVP imparts hydrophilic
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properties to compensate for the native hydrophobicity of PVDF for PEM
applications [62]. However, the PVP/PVDF blends do not exhibit sub-
stantial proton conductivity.

Here we evaluate a sulfonate MOF prepared by millifluidic synthesis
incorporated into a PVP/PVDF MMM as a candidate composite mem-
brane for fuel cell applications. We focus on Cu-SAT, a MOF consisting of
Cu?* centers coordinated with sulfonate and triazolate groups, a known
candidate material for proton conducting MMMs [15]. In order to
fabricate this MOF with consistent properties, a self-designed droplet-
based microreactor delivering a stable slug flow pattern was employed
to continuously synthesize Cu-SAT with controlled reaction yields and
sample particle size. We have carried out single crystal and powder X-
ray diffraction as well as electron diffraction and spectroscopic analyses
to confirm the structure and composition of Cu-SAT. Using a factorial
design of experiments (DoE) approach, we reveal the trade-offs between
continuous synthesis process parameters (residence time, temperature
and reagent concentrations) and the reaction yield, MOF particle size,
and the particle size distribution. Finally, we report the proton con-
ductivities of Cu-SAT MOF-based membranes fabricated by incorpo-
rating the synthesized material within PVP and PVDF polymers to
highlight the PEM performance properties.

2. Experimental
2.1. Materials

1,5-Naphthalenedisulfonic acid tetrahydrate (HyNDS, Molecular
Weight: 360.36 g/mol), 1,2,4-triazol-4-amine (T4A, Molecular Weight:
84.08 g/mol), copper nitrate hemi(pentahydrate) (Molecular
Weight:232.59 g/mol), N, N-dimethylformamide (DMF, > 99.9%), 2-
propanol (IPA, > 99.9%), silicone oil (viscosity: 150 CST, density:
1.075 g/mL, employed as the continuous phase in continuous synthesis),
polyvinylpyrrolidone (PVP) [My 360,000], and polyvinylidene fluoride
(PVDF) [My 534,000] were purchased from Sigma Aldrich and used as
received.

2.2. Batch synthesis of the Cu-SAT MOF

The batch reaction was adapted from the procedure reported by Moi
et al. [15]. First, 8.4 mg (0.1 mmol) T4A was dissolved in deionized
water in a 20 mL glass vial, then 23.2 mg (0.1 mmol) of copper nitrate
and 36 mg (0.1 mmol) of HoNDS were dissolved in this solution suc-
cessively. Next, DMF was added to the initial aqueous solution of the
precursors. The volume ratio of the DMF-water solvent was 10:3, and the
total volume of solvent for the reaction was fixed between 2.6 and 3.9
mL. The prepared chemical solutions were heated by immersing reaction
vials in an oil bath at temperatures ranging from 80 to 110 °C for re-
action times between 60 and 300 min. At the end of the set reaction time,
blue solids were recovered by vacuum filtration and washed with 5 mL
DMF three times. Samples were then dried in an oven at 80 °C for 10 h.
For the scaled-up batch reaction, the reagents and solvents were scaled
up by a factor of 3.3. Reaction procedures were otherwise the same as for
the small-scale batch reactions. To examine the effect of stirring on
batch reactions, a stir bar with a length of 10 mm was placed in the
reaction vial with a stirring speed of 500 revolutions/min during the
reaction, and identical reaction procedures were followed as for the
unstirred batch reaction. Based on the identified crystal structure (single
crystal XRD, this work), the molecular weight of Cu-SAT is 688.64 g
mol L. The synthetic yields were calculated using recovered sample
weight (the weight of the dried sample on the filter paper minus the
weight of the filter paper) divided by the weight expected for complete
conversion of the precursors to Cu-SAT.

2.3. Continuous synthesis of Cu-SAT MOF

As T4A and H,NDS ligands undergo a side reaction with copper
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nitrate at room temperature, in order to achieve better mixing of pre-
cursors and form stable droplets for continuous synthesis of Cu-SAT
MOF, the two ligands (combined) and the Cu?t nitrate precursor were
introduced via two different syringes. In the droplet-based millifluidic
setup, glass syringes (25 mL, SGE) were used to carry chemical pre-
cursors and silicone oil, a cross connector (P-723, IDEX) was used to mix
all precursors simultaneously and form stable slugs within the contin-
uous silicone oil phase, with each slug containing the same volume and
concentration of reagents. For stable slug flow, we found a 1:1 ratio to be
optimal, with variations producing shorter and longer slugs that were,
however, unstable. Before carrying out a reaction, the silicone oil and
the reagent solutions were degassed in a sonicator at 60 °C for 1 h. All
reagents used for continuous synthesis were prepared with a ratio of
DMF to water equal to 10:3. A preheating step was used to ensure all
solutions reached a well-defined temperature prior to mixing and
droplet segmentation. The preheating system consisted of three PFA
inlet tubings (1/32 in. ID, Adtech) with a 50 cm length immersed in the
oil bath ahead of the cross connector. The reactor tubing (PFA, 1/16 in.
ID, 10 m, Adtech) was coiled around a circular metal mesh cylinder
(diameter ~ 10 cm) and the reaction started after the oil bath reached
the set temperature.

The flow rates of the reagent solutions and the silicone oil were set to
be equal. The residence time was taken as the volume of the reactor
divided by total flow rate, a suitable estimate for segmented flow. Flow
rates and oil bath temperatures were controlled to give residence times
and reaction temperatures from 60 to 120 min and from 80 to 90 °C,
respectively. After the reaction, synthesized particles together with
unreacted reagents and silicone oil were collected in a vial and separated
via centrifugation at 6800 rpm for 10 min. The solvent was then dec-
anted to recover reusable silicone oil, and the product (a blue powder)
was washed with 10 mL IPA three times and recovered by vacuum
filtration. The recovered solid powder was then dried in an oven at 80 °C
for 10 h.

2.4. Computational fluid dynamics (CFD) simulation methods

Simulations were performed using ANSYS Fluent software (ANSYS
2022R2). In this work, incompressible two-phase (silicone o0il-DMF/
water mixture) flow is considered, where the silicone oil and the DMF/
water mixed solvent are the continuous and dispersed phases, respec-
tively. The interface is tracked by the volume of fluid method, which
solves a single set of conservation equations for both phases. This set of
equations comprises an equation of continuity:

Ve(pu)=0 @
and an equation of motion:

d(pu)
ot

+Ve(puu) = —VP+Ve [u(Vu+Vu') ] +pg+Fs 2)

where p is the volume-averaged density, u is the velocity vector, tis time,
P is the pressure, y is the dynamic viscosity, g is the gravitational ac-
celeration, and F is the continuum surface tension.

The volume-averaged properties are defined as:

p=ap,+(1—ay)p, 3

where @, and p, represent the volume fraction and density of the silicone
oil, &y, and p,, are the volume fraction and density of the DMF/water
mixture. The dynamic viscosity is further defined as:

H= o, + (1 —a)u,, C))

where subscripts likewise refer to the silicone oil (0) and DMF/water
mixture (w), respectively. The volume fraction of each liquid phase is
calculated by solving the equation:
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The geometric model used in the simulation is shown in Fig. S1. The
system has one inlet (the horizontal one) for the continuous phase and
two inlets (the vertical ones) for the dispersed phases. The velocity-flow
inlet boundary condition was used at all three inlets. The outlet was
defined as a pressure outlet, and the no-slip boundary condition was
used at the walls. The values of the density and viscosity of the two
phases and the interfacial tension are listed in Table S1. The analysis to
evaluate the sensitivity of mesh size on the droplet length was conducted
as shown in Table S2. After the grid independence test, a mesh consisting
of 87,172 cells was adopted to ensure a reasonable trade-off between
simulation accuracy and computational cost. The numerical simulation
was verified by comparing the simulated droplet length (Vipet.1 = 0.002
ms, Vintet-2 = Vinlet.3 = 0.001 m s~ with photographs of the exper-
imental system (Fig. 2). The relative difference in the length of the
droplets observed in the experimental system and the simulations was
<5%.

2.5. Linear response surface modelling of continuous synthesis

A minimal factorial DoE approach was carried out using the milli-
fluidic reactor for three reaction parameters: temperature, time, and
reagent concentration. The response variables were selected as yield,
particle size, and particle size interquartile range (IQR). In total, a two-
level, three factor design was set up to give 11 experiments (two levels
for each reaction parameter with three repeats at the center of the
resulting parameter cube, see also Fig. S2). Linear response modelling
was performed using Minitab (version 21.2). An analysis of variance was
carried out to identify statistically significant terms for linear response
model fitting. Terms associated with low probability values (p-values)
were excluded from model fitting. The p-values together with an in-
spection of the distribution of contributions of all terms were used to
select retained terms, targeting the minimum number of terms to
describe the response. For yield and mean particle size, a clear separa-
tion between significant terms and terms with low p-values (<0.05) was
observed. For particle size IQR, all terms showed effects and were
retained in the model fitting.

2.6. Membrane fabrication

The MMMs were fabricated using 60% by weight (wt%) of Cu-SAT
incorporated into PVP and PVDF (denoted as MMM-60 wt%). Typi-
cally, 180 mg of continuously synthesized Cu-SAT were ground in a
mortar and pestle and dispersed in 1.8 mL DMF by sonication for 20 min.
Then, 30 mg PVDF and 90 mg PVP were added successively and dis-
solved in the Cu-SAT suspension in DMF while stirring at room tem-
perature for 300 min to obtain a homogeneous gel. This gel was poured
onto a high-temperature resistant glass and cast using a BGO 209/2
adjustable applicator (Biuged Laboratory Instruments Co., Ltd). The
thickness of membrane was adjusted by changing the gap between the
glass and the casting blade; in this study the gap value in the adjustable
applicator was set to 100 pm. The membrane was then dried at 70 °C for
1 h in a vacuum oven to remove excess DMF. The solidified membrane
was finally washed with deionized water three times and then dried at
room temperature.

2.7. Materials characterization

Powder X-ray diffraction patterns were recorded using a Bruker D2
diffractometer (Cu Ka A = 1.54 A, 20 scan range = 5° — 50°). Single
crystal X-ray diffraction measurements were carried out at 100 K on a
Rigaku SuperNova diffractometer equipped with an Atlas CCD detector
and connected to an Oxford Cryostream low temperature device using
mirror monochromated Cu Ko radiation (A = 1.54184 A) from a
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microfocus X-ray source. The structure was solved by intrinsic phasing
using SHELXT [63] and refined by a full matrix least squares technique
based on F> using SHELX1.2014 [64]. Vesta software (version 3.5.7) was
employed to produce calculated XRD patterns of Cu-SAT from the single
crystal structure.

The morphologies of the MOF samples were characterized by light
microscopy (LM, Olympus, BX51) and scanning electron microscopy
(SEM, Hitachi/TM-3030Plus, equipped with a backscattered electron
detector and operated at 15 kV accelerating voltage). Particle sizes were
measured from light micrographs using ImageJ, determined as the
average of (a) the length taken as the longest dimension of the particle
and (b) the width perpendicular to the length. More than 100 particles
were measured for each sample. Cryo-SEM was carried out using an FEI
Helios G4 CX cryo-FIBSEM, operated at 10 kV and equipped with a
Quorum Technologies PP3010 cryo-stage and an Oxford instruments
150 X-Max energy dispersive X-ray spectroscopy (EDS) detector, to
check the thickness, surface morphology, and elemental composition of
the hydrated membrane.

FTIR spectra of the MOF samples and membranes were obtained
using a Bruker Vertex 80 V Fourier Transform Infrared (FTIR) spec-
trometer with a diamond prism Attenuated Total Reflection (ATR)
crystal. Using a 6 mm aperture, data were collected for wavenumbers
between 500 and 4000 cm™! and averaged over 16 scans. Cu-SAT
crystals were ground to a fine powder before FTIR measurements.
Thermogravimetric analyses (TGA) were carried out using a Netzsch
STA 449F3 instrument with a heating rate of 10 °C min™"! in a nitrogen
atmosphere (40 mL min~'). Ny adsorption-desorption measurements
were attempted but showed generally low adsorption and did not offer
physically interpretable isotherms. We infer Cu-SAT has very low if any
accessible porosity for N».

A Thermo Scientific Flash EA2000 elemental analyser was used to
detect carbon, hydrogen, nitrogen and sulphur (CHNS) in Cu-SAT
samples. Briefly, this analysis entailed dropping samples into a furnace
at 900 °C in a continual flow of helium. Pure oxygen was added for a few
seconds to facilitate combustion. The combustion products pass through
an oxidation/reduction reactor to convert them to CO2, Hy0, N5 and SO,
which are then separated by gas chromatography and detected using
thermal conductivity. X-ray photoelectron spectroscopy (XPS) was used
to characterize the surface chemistry of the materials. The sample
powder was pressed lightly onto carbon tape and adhered to a standard
omicron plate. Excess powder was knocked off to obtain a uniform flat
sample. The experiment was carried out in UHV (<1 x 10" mbar) on a
Specs FlexMod system. The illuminating X-ray source was a mono-
chromatic Al Ka (hv = 1486.7 eV) anode at a power of 100 W and 15 kV.
A Specs Phoibos 150 hemispherical analyzer with 1D delay line de-
tectors was used to detect the photoelectrons. The powder is insulating
so to reduce any differential charging at the surface which could distort
the spectra, an electron flood gun (energy 1 keV and current 75 pA) was
used to charge neutralize the sample. Survey spectra were obtained with
a pass energy of 50 eV, a step width of 1 eV and a dwell time of 0.1 s.
High resolution spectra were collected with a pass energy of 30 eV, a
step width of 0.1 eV and a dwell time of 0.1 s. After collecting the
spectra, the data was analyzed using CasaXPS software. Binding energies
were calibrated using the C-C C1s peak at 285 eV and the intensity was
calibrated using a previously calculated transmission function for the
specific instrument settings. All spectra were fitted with a Shirley
background and the peak areas were determined. We quantified the
relative atomic percentages using these peak areas and the respective
relative sensitivity functions for each peak.

Analytical scanning transmission electron microscopy (STEM) was
employed to analyze individual microscopic crystals using scanning
electron diffraction (SED). Data was acquired using a JEOL ARM300CF
transmission electron microscope at the Diamond Light Source, fitted
with a high-resolution pole piece, cold field emitter, and JEOL spherical
aberration correctors in both the probe forming and image forming
optics. The instrument was operated at 300 kV with a gun lens setting
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calibrated to give a probe current of 1.9 pA. The diffraction-limited
probe diameter was taken as 1.22)\/a where A is the electron wave-
length at 300 kV (1.97 A) and the convergence angle « is 0.8 millira-
dians, defined by a 10 pm condenser aperture. A Merlin-medipix direct
electron detector was used to record the electron diffraction pattern at
each probe position (step size ca. 5.2 nm) with an exposure time of 1 ms
per probe position. Assuming a circular probe with a diffraction-limited
diameter (3 nm), the total fluence was approximately 17 electrons A2
SED data was acquired over a raster scan comprising 256 x 256 probe
positions and each diffraction pattern comprised 512 x 512 pixels.
Following SED acquisition, EDS maps were acquired from the same re-
gions using a larger probe current (obtained with a 100 pm condenser
aperture) to generate sufficient X-ray counts. SED data were processed
using pyXem, an open source Python library [65]. Images and diffrac-
tion patterns were calibrated using a standard gold cross-grating with a
period of 500 nm. Relative rotation of the diffraction pattern and the
raster image was calibrated using a MoOj3 standard.

The three-dimensional microstructure of a representative Cu-SAT
and PVP/PVDF membrane was investigated using X-ray micro-
computed tomography (Zeiss Xradia 620 Versa operated at 50 kV and
90 mA). 1,101 radiographs were acquired over a 360° sample rotation
range with an exposure time of 10 s per radiograph. The sample was
mounted on a steel pin and placed between the X-ray source and a 2 k x
2 k detector providing a voxel resolution of 364 nm using a 40 x
objective magnification. Raw transmission images were reconstructed
using a commercial image reconstruction software package (Zeiss
XMReconstructor, Carl Zeiss X-ray Microscopy Inc., Pleasanton, CA),
which employs a filtered back-projection algorithm. The 3D recon-
structed volume of the sample was analyzed with the Zeiss proprietary
software, TXM3DViewer.

2.8. Proton conductivity

An important parameter to evaluate PEM performance is the proton
conductivity (o, S cm™!) defined as:

L
0=-3 (6)
where L is the length between the two electrodes (cm), A is the mem-
brane area (cm2, equal to the width x thickness of the hydrated
membrane, as measured by Cryo-SEM), and R is the resistance of
membrane (Q). R is often measured by electrochemical impedance
spectroscopy (EIS) and the intercept at the axis corresponding to the real
part of the complex impedance (Z) is taken as the resistance [56] or by
Cyclic Voltammetry (CV) using the slope of the voltage versus current
response. A BT-110 conductivity clamp (L = 0.425 nm) was used to
measure the in-plane resistance and hence ionic conductivity of fabri-
cated membrane samples using a Gamry 1010E electrochemical work-
station. A four electrode setup was used for the CV test with a scan rate of
10 mV/s between —0.1 V and 0.1 V. EIS was measured between fre-
quencies of 1 Hz and 1 MHz using a two electrode setup in order to
minimize artifacts, such as additional inductive and capacitive features
arising from the testing coaxial cables [66].

All EIS and CV measurements were performed 30 min after the
testing temperature reached the set value. Before resistance testing, the
membrane was placed in a 95% relative humidity (RH) chamber
(Memmert HCP150) at room temperature for 12 h to fully hydrate the
membrane, matching commonly applied RH equilibration conditions
prior to testing [67,68]. Fig. S17a and b present the EIS and CV results of
MMM-60 wt% measured at different times when the temperature
reached 70 °C in 95% RH, indicating the highest proton conductivity
was reproducibly achieved 30 min after the testing temperature reached
the set value. The subsequent reduction in the observed proton con-
ductivity was attributed to the finite stability of Cu-SAT at elevated
temperatures (see also Results and Discussion) or gradual dehydration of
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Fig. 1. Single-crystal structure of Cu-SAT and results of batch synthesis under different reaction parameters: (a) Depiction of the crystal structure of Cu-SAT MOF (S,
yellow; Cu, blue; O, red; N, lavender; H, pink; C, gray), (b) XRD patterns of batch samples synthesized under different temperatures with 120 min reaction time
compared with single crystal simulated pattern, (c) percentage yield of Cu-SAT achieved for different synthesis times and temperatures, (d) light micrograph of Cu-
SAT synthesized at 80 °C for 120 min and (e) associated histogram of the particle size distribution. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

the polymer matrix at elevated temperatures; signs of dehydration were
visible on removal of membranes from the testing chamber. We there-
fore report the membrane conductivity at this reproducible 30 min point
in order to determine the achievable conductivity, RH, and temperature
response, without further optimization of the polymer composition or
Cu-SAT stability.
The activation energy (E;) for membrane proton conduction was
determined via the Arrhenius relationship [69]:
Ea

In(To) = In(e0) ~ ()(

1000

T (7)

where T is testing temperature (K), ¢ is the proton conductivity (S cm’l),
o is the pre-exponential factor (S (K cm)') and R is the ideal gas con-
stant (8.314 J (mol K)'l). E, was determined from the slope of this
Arrhenius plot.

3. Results and discussion
3.1. Batch synthesis of Cu-SAT MOF

Cu-SAT synthesis has been previously reported by Moi et al. using a
180-min batch synthesis at 80 °C [15]. In order to resolve a discrepancy
between the experimental powder XRD and the reported Cu-SAT crystal
structure [15], we carried out a single crystal XRD (SC-XRD) structure
determination for our own replicate batch synthesis at 80 °C (Fig. 1a).
We found that Cu-SAT can be described by a monoclinic unit cell (C 2/
m) with lattice parameters a = 15.2535(7) 10\, b = 6.7877(2) 1°\, c =
14.1582(6) A and p =125.469(7)° (denoted ‘this work’, deposited at the

CCDC, reference number 2247539). The crystallographic parameters of
Cu-SAT are listed in Table S3 in the Supporting Information (SI). This
structure is similar to the previously reported structure for Cu-SAT
(CCDC reference number 1995454) in terms of the coordination and
molecular packing with Cu?* octahedrally coordinated by trans-coor-
dinated pairs of hydroxyl, T4A, and NDS ligands. The Cu?* centers form
quasi-1D chains which are linked along the chain by two of the sulfonate
oxygens and two of the T4A N-donor sites at the base of the triazolate
ring. The NDS ligands bridge between the Cu?* chains, positioned with
aromatic ring faces aligned and interleaved by residual DMF molecules.
The third un-coordinated oxygen on each of the sulfonate SO3 groups
and the R-NH, groups of T4A align parallel with the Cu?" chains (b-
axis). As shown in Fig. 1b, XRD patterns of Cu-SAT made in batch at
different temperatures match all peak positions observed in the single
crystal simulated result, and samples prepared at 80 °C with different
reaction times also presented consistent XRD patterns (Fig. S3).

We have further varied reaction time, reaction temperature, and
concentration of reagents to map their effects on the reaction yield and
particle size and to establish suitable parameters for continuous syn-
thesis. Fig. 1c presents yields for Cu-SAT solvothermal batch syntheses at
reaction temperatures ranging between 80 and 110 °C and for reaction
times ranging between 120 and 300 min. Gravimetric yields were
justified to track reaction yield, given the apparent phase-purity of the
XRD patterns and the recovery of consistent faceted blue particles as
observed by light microscopy (Fig. 1b and d). For 80 °C, the yield
continued to increase up to 300 min, with a plateau in the yield observed
after 240 min at 90 °C, indicating faster reaction kinetics with increased
temperature. Maximum yields of approximately 90% were recorded at
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Fig. 2. Transferring batch synthesis of Cu-SAT to continuous synthesis: (a) schematic diagram of the setup for two phase continuous synthesis of Cu-SAT MOFs,
digital pictures of (b) slug formation at the inlet, (c) particle formation in the flow reactor and (d) sample collection at the reactor outlet.

90 °C. Above 90 °C, however, yields decreased. At 110 °C, a change in
the solvent color from transparent blue to opaque black indicated
decomposition of reagents over the course of reactions at elevated
temperatures. The effect of solution concentration on yield was also
studied by adjusting the total volume of the reaction mixture (2.6, 3.25
and 3.9 mL of solvents, fixed precursor quantities, SI Table S4), and
exhibited a consistent decrease in yield for reduced reagent
concentrations.

Fig. 1d and e presents a light micrograph and an associated histo-
gram of the particle size distribution of Cu-SAT prepared at 80 °C and for
a 120 min reaction time. The particles exhibit a characteristic blue color
and possess a blocky morphology with a wide and skewed size distri-
bution up to ~ 200 pm. Figs. S4 and S5 in the SI present additional light
micrographs and box plots of particle size from different batch samples.
For small-scale batch syntheses at 80 °C, an increase in reaction time
from 180 min to 300 min resulted in an increase in the median particle
size from 74 pm to 156 pm as well as an increase in the particle size
interquartile range (IQR, a direct measure of the width of skew and non-
skew distributions) from 62 pm to 83 pm. At 90 °C, both the median
particle size and particle size dispersity (as recorded in the IQR)
increased with longer reaction times as well. These results indicate batch
synthesis is consistent with a crystal growth process comprising het-
erogeneous nucleation and growth as well as additional homogeneous
nucleation events occurring over the course of the batch reaction. In
batch reactions scaled up by a factor of 3.3 (8.6 mL of reagents rather

than 2.6 mL), the yield decreased and the sample particle size and
particle size IQR increased relative to small-scale reactions, which we
attribute to the poor heat and mass transfer in these batch reactions.

3.2. Continuous synthesis of Cu-SAT MOFs

In order to establish a reproducible method for Cu-SAT synthesis
with higher space-time yield and particle size control, we developed a
continuous synthesis for Cu-SAT using a millifluidic flow reactor. A
schematic diagram of the two-phase continuous synthesis setup with a
preheating system is shown in Fig. 2a. Slug flow was achieved in one
step by mixing the preheated reagents (dispersed phase) with silicone oil
(continuous phase) using a cross connector. This setup allowed for the
simultaneous mixing and segmentation of the reagents and the forma-
tion of stable slugs (Fig. 2b). Fig. 2c shows reagent slugs all with a
consistent size and with slug diameters approximately equal to the
diameter of the reaction tubing, and the slug length is approximately
twice the diameter of the reaction tubing; these features reflect the
stable slug pattern achieved in this reactor.

CFD simulations were used to understand formation mechanism of
slugs in the cross connector (Fig. 3). In the double T-junction microtube
(cross connector), as the dispersed phase continuously flowed into the
main channel, the front of the two dispersed phases began to meet in the
main channel, ultimately resulting in the head of the dispersed phase
blocking the main channel. At 7 s, the dispersed phase had completely
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Fig. 3. The simulations of the droplet generation and pressure plots on the XZ plane when generating a droplet: Generation of droplet at (a) 7 s, (b) 7.5 s, (c) 8 s, and

(d) 9.5s.

blocked the main channel (Fig. 3a). Due to the viscous force and inter-
facial tension, the pressure in the main channel reached its maximum,
indicating that the slug was growing, and its volume was increasing
while continuing to move downstream (Fig. 3b and c). Finally, at 9.5 s,
the neck of the slug detached from the dispersed phase (Fig. 3d). This
process of slug generation is continuously repeated, and the slug size
varies depending on the flow rate and flow rate ratio of the two phases.

At experimentally applied flow rates, the variation in slug size
remained small. At flow rates giving a 120 min residence time, the slug
length was approximately 3 mm or 5-10% longer than slugs at flow rates
giving a 60 min residence time (Fig. S6a and b). Furthermore, changes in
flow rates with different reactor lengths (7 m or 10 m), produced similar
samples (Fig. 6¢ and d). Here, we used a 10 m reactor for stable,
reproducible results within the range of flow rates used for Cu-SAT
synthesis.

In experimental operation, blue crystals began to appear in each slug
after one third of the residence time (40 min at 80 °C, and 20 min at
90 °C), with particles growing larger with increased reaction time. The
slug pattern remained stable even as the product particles formed in the
slugs and remained stable on leaving the reactor and moving to the
collection vessel (Fig. 2d). Supplementary Video 1 presents a recording
of the reaction process in the flow reactor.

XRD patterns from Cu-SAT samples made in flow with a residence
time of 120 min under different reaction temperatures match with
powder XRD patterns calculated from our single crystal structure (this
work) and with samples made at 80 °C for different residence times
(Fig. 4a and Fig. S7a), confirming the successful continuous synthesis of
Cu-SAT. Fig. 4b presents a light micrograph of a continuously synthe-
sized Cu-SAT sample made with 120 min residence time at 80 °C. As for
batch reactions, continuously synthesized Cu-SAT appeared as uni-
formly blue crystals. Fig. 4c presents the particle size distribution of this
sample, with sizes ranging between 20 and 120 pm, which is half of the
full range of the corresponding batch samples synthesized with the same
reaction temperature and matched reaction time (Fig. 1e). A continuous
synthesis of Cu-SAT with 120 min residence time at 80 °C was operated
for more than 5 h (equipped with syringe pumps with three syringes at a
total flow rate of 0.16 mL/min, 0.08 mL/min for silicone oil and 0.04
mL/min for each of the aqueous phases using 24 mL silicone oil and 12
mL each of the aqueous phases from three 25 mL syringes) with no

reduction in yield or change in particle size, as well as no evidence of
reactor fouling (Fig. 4d), demonstrating a sustained production rate of
59 mg h™! with 78.6 kg m~> day ! space-time yield and consistent
particle quality. The uniformity of particles collected for different re-
action times is highlighted in the inset light micrographs.

The reaction yields of the batch and continuous reactions for
different conditions are summarized in Table 1. The yields in continuous
syntheses were typically 10-20% higher than those of the corresponding
batch reactions under the same reaction parameters, indicating that the
improved mass and heat transfer increase the rate of Cu-SAT formation
in millifluidic synthesis. Batch synthesis with stirring was used to in-
crease the heat and mass transfer in the batch process artificially. Using
this method, an identical Cu-SAT crystal structure was observed
(Fig. S7b), with higher yields for the stirred batch reactions than was
achieved in both unstirred batch and continuous syntheses. The stirring
in batch synthesis further verified that the yield increases with better
heat and mass transfer during the reaction, but without any particle size
control in the case of stirred batch reactions. Extended unstirred re-
actions (Fig. 1) and these stirred reactions (Table 1) suggested an upper
limit of approximately 90% yield for Cu-SAT synthesis. The continuous
synthesis approached this limit in the continuous reactor (greater than
80% yield at 90 °C and 120 min residence time). Further enhancing mass
transfer by refinements in the reactor design may offer improvements at
shorter residence times and lower temperatures.

As shown in Table 1, the production rate and space-time yield of
continuous syntheses are much higher than those of batch reactions. We
interpret these results as evidence that the chemical composition and
reaction temperature are much more consistent in droplet based
continuous synthesis, which provides a highly controlled environment
for crystal nucleation and growth rates. The production rate and
space—time yield of this reactor can reach up to 99 mg h~* and 131.7 kg
m > day ! at 90 °C with 60 min residence time, respectively. Although a
much higher production rate and space-time yield of the continuous
synthesis of HKUST-1 MOF has been reported [70], our approach is an
initial development of a continuous synthesis for sulfonate MOFs
through the use of a small scale of reactor which is easy to control for the
preliminary exploration of continuous synthesis parameters.

The stability of Cu-SAT prepared in the millifluidic reactor in
aqueous solutions was tested by soaking this sample in deionized water
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for 3 days at 25 °C and for 10 h at 80 °C, as well as in aqueous HCl (pH
2.5) for 10 h at 25 °C. XRD patterns obtained after each treatment
presented similar profiles to the as-synthesized material (Fig. S7c), with
new peaks emerging at low pH or high temperature after extended
exposure. These peaks, likely arising from degradation phases, match
those reported under similar conditions for batch-synthesized Cu-SAT
[15]. ATR-FTIR spectra of samples made by both batch and continuous
syntheses present similar peaks and intensities (Fig. S7d). There are
strong absorption peaks at 1190, 1068, 620 and 530 em !, which can be
assigned to the main characteristic peaks of the sulfonate group [71].
The band around 1190 cm ™! is also attributed to the stretching vibration
of the C-N bond [72]. The peak around 3300 cm™ ! indicates amino
groups in these samples [73]. Multiple absorption peaks in the range
1450 to 1650 cm™! can be attributed to the skeleton vibration of the
benzene rings [74], and absorption peaks in the range 650 to 900 cm ™!
are assigned to the out-of-plane C-H bending vibration of the aromatic
ring [75] in these materials. TGA for Cu-SAT prepared in the millifluidic
reactor indicated no mass loss below 200 °C (Fig. S7e) followed by a
series of mass losses, likely attributed to the initial release of DMF
molecules between 218 and 254 °C followed by ligand decomposition.

To examine the elemental composition and chemical states in
continuously synthesized Cu-SAT, CHNS and XPS analysis were carried
out. Tables S5-S6 present CHNS analysis results of batch and millifluidic
synthesis products, confirming agreement with the molecular formula of
Cu-SAT from SC-XRD (C;4H;6NgOgSoCusy including an additional
retained DMF, C3H;NO, per formula unit). The ratio of N to S was 3.97
+ 0.18 compared to a ratio of 4 expected for Cu-SAT without any re-
sidual DMF. As shown in Fig. S8a, the high resolution XPS spectra of this
sample shows the presence of the elements Cu, O, N, C and S. The XPS
analysis gave an elemental composition of 3% copper, 21.4% oxygen,
17.2% nitrogen, 54.5% carbon and 3.9% sulfur with a relative 5% un-
certainty. These results match with the molecular formula of Cu-SAT.
High resolution XPS spectra indicates the presence of Cu*" in the Cu
2p spectra, SO% in the S 2p spectra and C-N bonds in the N 1 s spectra
(Fig. S8). Minor features were attributed to either surface degradation,
residual solvent or adventitious sources. Individual crystalline Cu-SAT
particles prepared in flow were further characterized by SED and
STEM-EDS. Fig. S9 presents annular dark field STEM and corresponding
electron diffraction patterns indexed to our reported Cu-SAT structure.
Elemental mapping by STEM-EDS confirmed a homogeneous distribu-
tion of constituent elements Cu, S, O, N and C across individual single
crystals (Fig. S10).

We next turned to a systematic exploration of the response of the
millifluidic synthesis platform for Cu-SAT. Factorial experimental design
enabled examination of all possible combinations of reaction parame-
ters. The growth of MOF crystals is usually affected by reaction tem-
perature, time, and concentration of reagents, with reaction yield and
sample size being determined by these parameters. In our flow reactor,
we can run continuous synthesis with reaction temperatures ranging
between 80 and 90 °C, residences time from 60 to 120 min and reagent
concentrations between 0.026 and 0.038 mmol mL L. In order to un-
derstand the trade-off between the continuous reaction parameters and
the results, a factorial DoE with 8 experiments was created by varying
each parameter between the lower and upper bounds and with 3 repeats
at intermediate values. The standard deviations for yield, particle size,
and particle size IQR in these 3 repeated experiments were 0.58%, 1.5
pm, and 1.4 pm, respectively. Fig. S2 shows a visualization of this
design. The designed experiments with the different reaction parameters
and the corresponding results for reaction yield, particle size, and par-
ticle size IQR are listed in Table 2.

Fig. 5 presents light micrographs of continuously synthesized sam-
ples together with box plots of particle size. Keeping the temperature
constant at 80 °C but increasing the reaction time from 60 to 120 min
resulted in an increased yield from 13 to 50%. Particle sizes likewise
increased with reaction time (Fig. 5a and b) with the median particle
size increasing from 35 to 81 pm but with an increase in the spread of
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Chemical Engineering Journal 474 (2023) 145892

Comparison of the yield (Y), production rate (PR), and space-time yield (STY) for batch and continuous millifluidic syntheses of Cu-SAT across selected temperature
(T), reaction (or residence) time (RT), and concentration of reagents (COR). The standard deviation of the yield in continuous synthesis is 1%, and in batch reaction
with or without stirring is 3%. Yields of batch reaction at 80 and 90 °C with 60 min reaction time were too low to provide a precise value.

Parameters Batch Batch (stirred) Continuous
T(C) RT(min) COR(mmol/mL) Y (%) PR(mg/h) STY (kg/m’/day) Y (%) PR (mg/h)  STY (kg/m®/day) Y (%) PR (mg/h)  STY (kg/m>/day)
80 60 0.038 - - - 64 22 26.5 13 31 41.3
90 60 0.038 - - - 67 23 27.7 41.5 99 131.7
80 120 0.038 36 7.45 82 14 16.9 49.5 59 78.6
90 120 0.038 62 11 12.8 92 16 19.0 81.5 97 129.3
85 90 0.032 39 10.8 67 15 18.5 58 92 122.7
85 90 0.032 41 9 11.3 73 17 20.1 58 92 122.7
particle size distribution (particle size IQR 32 pm).
Table 2

Reaction parameters of 11 separate experiments used in a factorial design
approach and the corresponding reaction results. Abbreviations in this table:
Reaction temperature (T), Residence time (RT), Concentration of reagents
(COR), Particle size (PS), Particle size interquartile range (PSIQR).

Experiments T RT COR PS PSIQR Yield
(O] (min) (mmol/ (mmol/ (pm) (%)
mL) mL)

1 80 60 0.026 32 23 10.5
2 90 60 0.026 89 48 38.5
3 80 120 0.026 73 32 38

4 90 120 0.026 223 89 78

5 80 60 0.038 35 13 13

6 90 60 0.038 101 51 41.5
7 80 120 0.038 81 21 49.5
8 90 120 0.038 282 120 81.5
9 85 920 0.032 90 48 58
10 85 90 0.032 92 49 58
11 85 90 0.032 93 50 59

particles sizes reflected in an increased particle size IQR from 13 to 21
pm. Reducing the reagent concentrations (from 0.038 to 0.026 mmol/
mL) resulted in a reduced yield of 38% (Fig. 5¢) with a moderate
reduction in median particle size (73 pm) and a substantially broadened

Yield: 13%

1

Increase reaction time

Yield: 42%

L == I

Similar trends were observed at 90 °C (Fig. 5e-h) with a doubling of
the reaction time giving rise to an increased yield from 42% to 82%.
Much larger particles were produced with median particle sizes at 90 °C
recorded at 101 and 282 pm (particle size IQR 51 and 120 pm),
respectively. As for the lower temperature synthesis, a small reduction in
particle size (223 pm) and yield was observed when using a reduced
concentration of reagents (Fig. 5g). Notably, a change in the response of
the particle size dispersity (particle size IQR) was observed when
reducing reagent concentrations at 90 °C. Whereas at lower tempera-
ture, the spread of sizes increased for reduced concentrations, the par-
ticle size IQR instead decreased at higher temperature for the more dilute
reaction conditions.

Fig. S11 presents SEM micrographs of samples made using the mil-
lifluidic reactor across a range of operating parameters. The crystals
consistently presented smooth surfaces with sharp faceting. To aid in
additional visualization, Figs. S12 and S13 show histograms and box
plots of particle size for millifluidic reaction products. Together, the
observations on particle size consistently show that larger crystals were
produced for longer reaction times and higher reaction temperatures.

Using the results from the 11 experiments of the DoE, linear response
surface modelling was used to identify the trade-offs between the re-
action parameters and the reaction yield and particle size dispersity. The
fitted regression equations for yield, particle size and particle size IQR
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Fig. 5. Cu-SAT particle size results for different continuous reaction conditions. Light micrographs of Cu-SAT made at 80 °C in flow: (a) 60 min residence time, (b)
120 min residence time, (c) 120 min residence time with a lower concentration of reagents, together with (d) a Box plot of the particle size in the three samples. Light
Micrographs of Cu-SAT made at 90 °C in flow, (e) 60 min residence time, (f) 120 min residence time, (g) 120 min residence time with a lower concentration of

reagents, together with (h) a Box plot of the particle size in the three samples.
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Fig. 6. Linear response surface modelling results based on DoE. Contour plots of: (a) reaction yield (b) particle size and (c) particle size IQR as a function of synthesis
temperature and time with concentration of reagents all equal to 0.032 mmol/ml.

are given in Table S7, here we focus on the key terms and trends. Fig. 6a
depicts the contour plot of the fitted response for reaction yield. The
response is primarily affected by synthesis temperature and time in
linear terms. The response of particle size was similarly found to depend
on reaction time and temperature as well as one further statistically
significant cross-term between time and temperature (Fig. 6b). A more
complex response was determined for particle size IQR (Fig. 6¢). The
response of particle size IQR included significant contributions from
reaction temperature, time, concentration of reagents and their cross
terms. In these three equations, a minimal set of terms was used, keeping
only terms that showed strong effects in an analysis of variance. The
limited number of conditions constrains the model complexity, and
there is potential for overfitting for a large number of coefficients as
retained for the particle size IQR analysis. Nevertheless, our main
finding in particle size IQR is that the response incorporates a more
complex dependence.

The linear response modelling approach here is largely phenome-
nological, requiring wider refinement of MOF crystallization and growth
models to gain additional mechanistic insights. However, this approach
outlines a route for using a small number of experiments to rapidly
identify characteristics of synthetic response. The contour plots exhibit a
striking resemblance to a factorial DoE approach applied to the hydro-
thermal synthesis of MIL-88A(Fe), requiring the use of two-variable
terms (cross-terms or quadratic terms) for particle size response char-
acteristics [76]. Wider application to other systems will support the
development of a library of similar and distinctive response
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and experimental response (blue). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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characteristics for different MOF chemistries or reactors.

The shape of these response surfaces, nevertheless, do provide a
qualitative method to assess prevailing MOF crystal growth theories.
The dominant mechanism controlling crystal growth, whether deter-
mined by the rate of nucleation events (and whether homogeneous or
autocatalytic [76-78]) or the rate of crystal growth, has often been a
goal in MOF kinetics studies, whether applying Avrami- or Gualtieri-
type kinetic models [79]. Many carboxylate-based MOFs including
HKUST-1 [80], MIL-101(Al) [81], and MIL-88A(Fe) [76] show a domi-
nant effect of the faster nucleation rate (i.e. a lower activation energy for
nucleation than for growth). Similar characteristics are also seen in
polymers, cast instead in terms of initiation and propagation rates [82],
integral steps also identified in modelling MOF kinetics [78]. As for
polymers, MOFs exhibiting a lower activation energy for nucleation
(initiation) will see a broadened particle size (molecular weight) dis-
tribution or polydispersity at increased temperature. This is likewise the
characteristic behavior observed in millifluidic synthesis of Cu-SAT,
with more dilute conditions additionally reducing the driving force for
nucleation and thereby reducing the dispersity (particle size IQR). We
therefore infer that Cu-SAT exhibits the predominant characteristics of
nucleation-dominated crystallization. Further kinetic studies exploring
short-timescale crystallization in Cu-SAT may offer additional testing of
this hypothesis, but this is beyond the focus of the millifluidic reactor
parameter optimization for Cu-SAT production.

Instead, we apply the linear response modelling to a Pareto front
determination. Controlled MOF crystal growth offers a route to the
maximization of yield, but simultaneously supports minimization of
particle size dispersity, outlining a multi-objective challenge. Fig. 7
presents a plot highlighting the results in terms of these two objective
axes, yield and particle size IQR. Light grey points are generated from
the simulated equations for yield and particle size IQR, showing the
linear response model values, and blue points mark the experimental
data points. This plot further validates the model fit, with the distribu-
tion of the experimental data points captured by the shape of the pre-
dictions made by the response surface. Deviations between the
experiment and model values reflects the precision offered in the anal-
ysis. The root mean square error (RMSE) of yield and particle size IQR
comparing model and experimental DoE values were 4.9% and 2.5 pm,
respectively. The Pareto front was, in turn, extracted from discrete
evaluation of the linear response surface model, with the maximum
yield and minimum particle size IQR highlighted in red. These points
establish the set of optima possible within the constraints of the reactor
operating parameters, highlighting the trade-off between increasing
yield and sacrificing a narrow particle size distribution. Alternative
reactor designs supporting smaller slug sizes while retaining a stable
slug flow pattern may present routes to modifying this trade-off.

To further establish the predictive value of the linear response model
within the existing operating parameters, we selected a model value
(Fig. 7) on the Pareto front for reaction conditions of 90 min residence
time at 80 °C with reagent concentration of 0.038 mmol mL™!. The
experimental reaction at these conditions exhibited matched yield and
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Fig. 8. Results of proton conduction membrane fabrication using continuously synthesized Cu-SAT: (a) Digital and (b) SEM images of MMM-60 wt%, and cryo SEM
micrographs of cross section of (c) the dry membrane and (d) the fully hydrated MMM-60 wt%, (e) Nyquist plots depicting the complex impedance as measured by
electrochemical impedance spectroscopy and (f) Arrhenius plots of MMM-60 wt% conductivities for different temperatures at 95 % RH.

particle size IQR. The experimental yield differed from the model by 2%
(34% for experimental yield compared to a 32% predicted yield), a small
difference in the context of yields spanning approximately 15 to 85%.
The experimental particle size IQR differed from the model by 3 pm (20
pm for experimental particle size IQR as compared with a 17 pm pre-
dicted IQR), likewise small relative to the range of particle size IQR
values recorded from approximately 10 to 120 pm. The results of this
validation experiment were also consistent with the variation expected
from the RMSE for yield and particle size IQR (4.9% and 2.5 pm,
respectively). This minimal, systematic DoE approach with robust
interpolation across significant variation in yield and particle size dis-
tribution characteristics provides a step toward benchmarking and
comparison of the multi-parameter response of MOF growth between
other sulfonate and non-sulfonate MOFs.

3.3. Membrane fabrication and proton conductivity measurements

MMMs were fabricated using Cu-SAT prepared by millifluidic syn-
thesis in order to demonstrate the proton-conducting properties and

11

potential use in fuel cell applications. MMMs were prepared using 60 wt
% Cu-SAT and a blend of PVP and PVDF, matching previous MMM de-
signs for Cu-SAT [15]. Fig. 8a shows a digital photograph of MMM-60 wt
%, exhibiting a similar blue color to Cu-SAT. The Cu-SAT particles were
incorporated throughout the polymer matrix (Fig. 8b). Cryo-SEM was
used to determine the hydrated membrane thickness, as the polymer
membrane swells during water uptake. As shown in Fig. 8c and d, the
thickness of dry membrane was approximately 62 pm and increased to
approximately 219 pm when fully hydrated, attributed to the hydro-
philic behavior of PVP. Figs. S14 and S15 in the SI show EDS mapping of
the membrane both in plan view and in cross section, further confirming
the dispersion of the MOF particles throughout the membrane. Fig. S16
shows X-ray computed tomography of MMM-60 wt%, presented in
orthogonal slices through the tomographic volume as well as in a vol-
ume rendering. 3D analysis indicated some asymmetry in the distribu-
tion of the largest particles but corroborates the distribution of Cu-SAT
throughout the composite membrane. Further refinements of particle
size control and membrane casting may enhance overall membrane
performance further.
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Fig. 8e shows the EIS results of MMM-60 wt% tested under different
temperatures at 95% RH. The resistance decreased from 4.29 x 103 Qto
1.45 x 10° Q as the temperature increased from 50 to 80 °C, enabling
determination of the activation energy E, (Fig. 8f). The activation en-
ergy of MMM-60 wt% was determined to be 37 + 3 kJ mol™! or 0.39 +
0.04 eV (uncertainties given as the standard error), a value consistent
with a predominantly Grotthuss mechanism, which ranges from 14 to
40 kJ mol™! (Eq < 0.4 eV) [83]. The proton conductivity results of
MMM-60 wt% determined using CV showed results similar to those by
EIS, the highest proton conductivity recorded by CV as 1.26 mS cm ™! at
80 °C in 95% RH, and the E, determined from CV (Fig. S17c and d) was
35 + 4 kJ mol ! or 0.36 + 0.04 eV (uncertainties given as the standard
error).

The best proton conductivity of MMM-60 wt% determined by EIS
was 1.34 £ 0.05 mS cm™! at 80 °C and 95% RH, surpassing previous
reports for Cu-SAT PVP/PVDF membranes of 0.8 mS cm™! at 80 °C and
98% RH [15]. A full set of proton conductivities for MMM-60 wt%
determined by EIS and CV in 95% RH and at different temperatures is
given in Table S8 and S9. The MMM-60 wt% membrane reported here
compares favorably to recently reported MOFs or MOF-based PEMs,
such as phosphonate-based MOFs with a proton conductivity of 0.05 mS
cm ! at 90 °C and 98% RH [84], phenyl acyl thiourea carboxylate-based
MOFs with a proton conductivity of 0.18 mS cm ™! at 100 °C and 98% RH
[68], Ni-MOFs in a polyacrylonitrile nanofiber membrane with a proton
conductivity of 0.06 mS cm ! at 90 °C and 90% RH [85], and Cu-MOF/
PVP/PVDF composite membrane with a proton conductivity up to 0.44
mS cm~ ! at 80 °C and 98% RH [86]. While these comparisons are not
exhaustive and encompass many complex variables, millifluidic-
synthesized Cu-SAT represents a competitive candidate material for
further development of MMMs for fuel cell applications. Extending the
stability of Cu-SAT and optimization of the interplay of mechanical and
chemical properties of the Cu-SAT-polymer membrane offer routes to
further improvements in composite performance. MOFs developed for
these applications tend to be tested as pellets or as MMMs without re-
ported particle size optimization [11,15,87,88], and work on controlled
particle size is underway to pursue this route to further advances in
MMM design.

4. Conclusions

We have synthesized Cu-SAT, a mixed linker MOF incorporating
both sulfonate and amine groups and carried out single crystal structure
determination, significant materials characterization, and evaluation of
synthetic parameters. Cu-SAT synthesis was transferred from batch
solvothermal synthesis to a continuous synthesis using a millifluidic
flow reactor, demonstrating more than five hours sustained production
rate and consistent sample quality. The reactor parameters enable facile
control of Cu-SAT particle size and particle size dispersity by adjusting
residence time, temperature, and reagent concentration. We have
employed a factorial DoE approach to quantify these trends, extracting a
predictive linear response model indicating nucleation driven-growth
processes. The reaction yields in the flow reactor were 10 to 20 %
higher than corresponding batch reactions using the same reaction pa-
rameters, indicating improved mass and heat transfer in flow synthesis.
These findings establish a new mode of sulfonate MOF synthesis in a
generalizable, fouling-free slug-flow reactor.

Finally, the continuously synthesized Cu-SAT MOF was incorporated
with PVP and PVDF polymers for PEMs application, and this membrane
presented a proton conductivity of 1.34 + 0.05 mS cm ™! at 80 °C and
95% RH. Further engineering of the membrane internal interfaces,
mixed membrane composition, and optimization of particle size for
MMNMs, offer routes to the implementation of composite MOF materials
for fuel cell applications, underpinned by reproducible sulfonate MOF
crystal growth in continuous flow synthesis.
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