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Herein, we report a micro-mix strategy for the continuous and large-scale synthesis of Ni—Co PBA
nanoparticles. The technique presented in this study allows the particle size to be controlled in the
165 nm to 350 nm range while maintaining a high specific surface area (250 m? g~% and cubic structure.
Furthermore, the particles exhibit superior dispersity and have a more homogeneous particle size than
those prepared using the conventional stirring-mix method due to the drastic collisions that occur in the
microchannel during the precipitation process. The present study demonstrates that the concentration
of raw materials and feed flow rates in the microreactor effectively control the particle size during
mixing. The high concentration of raw materials could decrease the particle size, and the particle size is
decreased with the increasing feed flow rates when Re (Reynolds number) <783. Particularly, when
783 < Re < 1567, the particle size remains stable (about 165 + 10 nm). Additionally, the space-time
yield (STY) of Ni—Co PBA is 471 kg m~> d~%. Finally, the continuous flow microreactor can continuously
fabricate large-scale and high-quality Ni-Co PBA crystals with distinct morphological features in a
short period of time, providing an effective alternative to the time-consuming and multi-step MOF
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1. Introduction

In recent years, metal-organic frameworks (MOFs) have become
a temporal requirement due to the constant demand for novel
porous materials. They have attracted much attention due to
their extremely diverse structural topologies and tunable
chemical properties." Prussian blue analogues (PBAs) have broad
application prospects as a kind of MOF with special structures
and unique physicochemical properties.>® Recently, Ni-Co PBA
nanocubes have been used as self-sacrificial precursors to synthe-
size composites with excellent electrochemical performance,
electrocatalytic activity, and microwave absorption. For example,
Yi et al.* reported a simple template-intercalation strategy to
synthesize well-defined cubic quasi-hollow nickel-cobalt phos-
phides using Ni-Co PBA nanocubes as self-sacrificial precur-
sors. Among the metal phosphides synthesized with different
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+ Electronic supplementary information (ESI) available: Detailed parameters for
the preparation of Ni-Co PBA particles via the conventional stirring-mix method
(Table S1) and microreactor technology (Table S2). Physical pore parameters of
Ni-Co PBA particles produced at different feed flow rates (Table S3-S5). See DOI:
https://doi.org/10.1039/d2nj04385h
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compositions, the almost hollow Ni-Co nano-cubic phosphide
exhibits the best electrocatalytic activity. Yu et al® reported
Ni-Co-doped MoS, nanoboxes synthesized by the reaction of
Ni-Co PBA nanobatteries with ammonium thiomolybdate. The
well-defined Ni-doped and Co-doped MoS, nanoboxes exhibit
excellent electrochemical activity as electrocatalysts for the
hydrogen evolution reaction. Gao et al.® described the construc-
tion of MnO,/Mn;0,@Ni-Co/GC nanocubes with porous struc-
tures and ultrathin nanosheets by self-modeling and in situ
synthesis strategies, which exhibited excellent electromagnetic
absorption properties. Controlling of agglomeration of PBAs is
fundamental to be exploited in diverse application-based fields
such as catalysis,” energy storage,®'° chemical sensing,"* gas
storage, separation,'? etc. Traditional methods such as hydro-
thermal, solvothermal or stirring-mix methods for synthesizing
MOFs are time-consuming.'® These methods take hours or days
to crystallize and form a porous network. In addition, the
samples prepared by traditional methods have inferior disper-
sion and are low-yielding, causing inconvenience to subsequent
applications.*™® Conventional techniques cannot meet the
requirements of large-scale production due to batch-to-batch
variability.'”2°

Recently, the continuous flow microreactor technology has
been shown to be an efficient synthesis method.>*>* Compared
with the traditional stirring-mix method, microreactors have
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higher surface area-to-volume ratios and shorter characteristic
transport paths, which ensure efficient heat and mass transfer
rates and excellent mixing capabilities.?*® These are key factors
for the nucleation and growth of nanoparticles. Furthermore, the
small volume of the reactor means safer operation and less waste
compared to the traditional stirring-mix method.>**° Since it is a
continuous flow reaction, it paves the way for possible large-scale
production. For example, Tai et al.** reported a facile method for
producing size-tunable UiO-66 nanoparticles in a continuous
flow microreactor. Zhang et al.>* synthesized ZIF-67 at ambient
temperature and pressure with the microfluidic strategy. Poly-
zoidis et al** synthesized UiO-66 continuously by employing
microreactors and the concept of flow chemistry. Ayumi et al.**
designed a combinatorial system for the synthesis of CdSe
nanoparticles using the parallel operation of microreactors.
These explorations demonstrate the synthetic efficiency of micro-
reactor systems.

A microreactor provides a uniform reaction field for solution
mixing and realizes rapid and uniform mixing of the solution.
During the experiment, the diffusion of molecules plays a
dominant role in microspace. In addition, rapid heat control
is achieved due to the increased heat transfer area.>® Theore-
tically, the molecular diffusion time scale (¢) is proportional to
the square of the characteristic heat conduction distance (L), ie.
tocL®. The synthesis of particles consists of three steps:
(1) increasing the product concentration, (2) rapid nucleation,
and (3) particle growth. The microreactor has good mixing and
heat transfer properties, which can control the nucleation
process and particle growth process.

In this work, we propose a strategy for the production of
Ni-Co PBA particles in a microreactor, which can be regarded
as an important platform for the production of size-tunable
Ni-Co PBA particles. The experimental setup for the continuous
synthesis of Ni-Co PBA is shown in Scheme 1. We examine the
consequences of different concentrations of raw materials and
feed flow rates on particle size and crystal morphology via
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varying the process parameters. Furthermore, the impacts of
the conventional stirring-mix method and continuous flow
microreactor technology on the particle size, crystallization status
and dispersion of Ni-Co PBA are also compared. Finally, the
particle size of Ni-Co PBA can be controlled between 165 nm and
350 nm by simply controlling the reaction conditions.

2. Methods and experiments
2.1 Materials

Ni(NO3),-6H,0, NazCeHs0,2H,0 and Kz[Co(CN)g](m) were
acquired from Shanghai Aladdin Reagent Corporation. All
reagents were of analytical grade and can be used without
factitious treatment.

2.2 Synthesis of Ni-Co PBA

Synthesis of Ni-Co PBA nanoparticles using the conventional
stirring-mix method:*®

A mixed solution of 1.8/3.6/5.4 mmoL Ni(NO;),-6H,0, 2.7/
5.4/8.1 mmoL NazCsH50,-2H,0 and 60 mL deionized (DI) water
was added to another solution containing 1.2/2.4/3.6 mmoL
K;3[Co(CN)g](um) and 60 mL of DI water. The obtained solution was
magnetically stirred for 1 minute and left at room temperature for
24 hours. After washing with DI water and absolute ethanol, Ni-Co
PBA was obtained. The particles prepared at various concentra-
tions were named Ni-Co PBA-1#, Ni-Co PBA-2# and Ni-Co PBA-3#.
The detailed parameters for the preparation of Ni-Co PBA
particles via the conventional stirring-mix method are listed in
Table S1 (ESIt).

Synthesis of Ni-Co PBA nanoparticles in a continuous flow
microreactor: Solution A was made up of 1.8/3.6/5.4 mmoL
Ni(NO;),-6H,0 and 2.7/5.4/8.1 mmoL sodium citrate with
60 mL of DI water. Solution B was made up of 1.2/2.4/3.6 mmoL
K;3[Co(CN)e](1r) with 60 mL of DI water. Solution A and solution
B were pumped into a microreactor at room temperature by two

Microchannel

Micr:)flow Pump
Ks[Co(CN)e](III)

Microreactor &
Ni-Co PBA nanoparticles

Microchannel
cross section

%,

Scheme 1 Schematic diagram of the experimental set-up for the continuous synthesis of Ni-Co PBA.
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microfluidic pumps at the same feed rate, and the suspension was
collected at the outlet of the microchannel. The obtained suspen-
sion was washed with DI water and absolute ethanol, respectively,
and dried in a vacuum drying oven to obtain the solid powder,
named Ni-Co PBA-1#-X, Ni-Co PBA-2#-X and Ni-Co PBA-3#-X (X =
2,4,6,8,10,12, 14 and 16 mL min~'). The symbol ‘X’ represented
different feed flow rates. The feed flow rates for the overall reaction
ranged from 2 to 40 mL min ", and the experimental temperature
and pressure ranges were 25 °C and 0-10 MPa, respectively. The
detailed parameters for the preparation of Ni-Co PBA particles in a
microreactor are listed in Table S2 (ESIt).

2.3 Characterization

The scanning electron microscopy (SEM) images are obtained
using a HITACHI SU8010 SEM. The composition of the product
is recorded by X-ray powder analysis (XRD) (Rigaku MiniFlex600).
Fourier transform infrared spectroscopy (FTIR) is recorded using a
Nicolet iS50 FT-IR spectrometer at a wavelength of 400-4000 cm ™.,
The surface area is calculated according to the Brunauer-Emmett-
Teller (BET) method using N, adsorption data at 77 K. The particle
size distribution of the resultant Ni-Co PBA dispersed in DI water
is measured by dynamic light scattering (DLS) using a Laser
particle sizer (LPS, Brookhaven Instruments Ltd., US).

3. Results and discussion

Continuous synthesis of Ni-Co PBA nanoparticles is first inves-
tigated. The experiments begin with an in-depth investigation
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of the consequences of different reaction parameters in the
continuous flow microreactor. At room temperature, Ni-Co PBA
is synthesized by the conventional stirring-mix method and
continuous flow microreactor technology, respectively. In the
first set of experiments, the amounts of the substance of
Ni(NOj3),-6H,0, sodium citrate and K;[Co(CN)g](mn) are 1.8 mmol,
2.7 mmol and 1.2 mmol, respectively. As shown in Scheme 1,
Ni(NO3),-6H,0, sodium citrate and Ks[Co(CN)g](u1) aqueous solu-
tions are transported to the microreactors in the same feed flow
rate through a microflow pump. The two aqueous solutions are
mixed in an umbrella-type mixer and then seed aggregates are
formed in microchannels. These seeds agglomerate to form
small-sized Ni-Co PBA particles that further grow in the process
of static precipitation. Fig. 1 exhibits the SEM images of Ni-Co
PBA particles synthesized at different feed flow rates (2, 4, 6, 8, 10,
12, 14, 16 mL min'). According to SEM images (Fig. 1(a)), the
particle size of Ni-Co PBA prepared by the conventional stirring-
mix method is about 250 + 15 nm. As shown in Fig. 1(b)-(i),
Ni-Co PBA particles synthesized at different feed flow rates have
excellent quality and stable regular tetrahedron morphology.
When the feed flow rate is 2, 4, 6, 8, 10, 12, 14 and 16 mL min*,
the particle size of Ni-Co PBA is 193 + 12, 249 + 14, 226 + 12,
259 + 16, 262 + 13, 316 + 14, 312 + 11 and 305 + 14 nm,
respectively. That is to say, the particle size of Ni-Co PBA shows a
tendency to first increase and then decrease with the increased
feed flow rate.

In the second set of experiments, the impact of different raw
material concentrations on particle size and dispersion is

2 mL min™

4mL mi'r‘i”’

8mL min’

Fig.1 SEM images of Ni-Co PBA-1# nanoparticles. (a) Ni-Co PBA nanoparticles prepared by the conventional stirring-mix method; Ni-Co PBA
nanoparticles obtained at feed flow rates of (b) 2 mL min~%, (c) 4 mL min~% (d) 6 mL min™%, (e) 8 mL min~% (f) 10 mL min~?% (g) 12 mL min?,

(h) 14 mL min~ and (i) 16 mL min~* in a microreactor.
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8 mL min™

16 mL min®

Fig. 2 SEM images of Ni—-Co PBA-2# nanoparticles. (a) Ni-Co PBA nanoparticles prepared by the conventional stirring-mix method; Ni-Co PBA

nanoparticles obtained at feed flow rates of (b) 2 mL min™%, (c) 4 mL min~2% (d) 6 mL min~%, (e) 8 mL min~% (/ 10 mL min~%, (g) 12 mL min™%,

(h) 14 mL min~* and (i) 16 mL min~! in a microreactor.

investigated. The amount of substance of Ni(NO;),-6H,0,
sodium citrate and K3[Co(CN)g](mr) is varied as 3.6 mmol,
5.4 mmol and 2.4 mmol, respectively. According to SEM images
(Fig. 2(a)), the particle size of Ni-Co PBA prepared by the
conventional stirring-mix method is about 185 £+ 10 nm. Com-
pared with the first set of experiments, the particle size
decreases when the concentration of raw materials increases.
Fig. 2(b)—(i) show the SEM images in the cases of feed flow rates
of 2, 4, 6, 8, 10, 12, 14 and 16 mL min ™", respectively. As the
feed flow rate increases, the particle size becomes small and
still maintains the shape of a regular tetrahedron shape.
Particularly, with shorter reaction times (aging times), less time
is given for crystal growth and thus smaller crystals are pro-
duced. Meanwhile, the particle size of Ni-Co PBA becomes
homogeneous with the increase of feed flow rates. The experi-
mental result further indicates that the particle size and
uniformity of Ni-Co PBA particles can be regulated by changing
the feed flow rate.

In the third set of experiments, the amount of substance of
Ni(NO3),-6H,0, sodium citrate and K;[Co(CN)e]() is varied as
5.4 mmol, 8.1 mmol and 3.6 mmol, respectively. It should be
noted that the concentration of raw materials has only little
impact on the morphology of Ni-Co PBA particles. Meanwhile,
it has a great impact on particle size and uniformity. Moreover,
at low feed flow rates (2, 4 mL min "), a bit of small-sized Ni-Co
PBA particles exist on the surface of the largest ones. On the
other hand, under the condition of high raw material con-
centrations, more nuclei are formed due to the high degree of

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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supersaturation, so the particle size of Ni-Co PBA is small*”**

(Fig. (3)). Most of the samples are composed of particles with
uneven sizes, and larger particles co-exist with much smaller
ones. This probably originates from a heterogeneous nucleation
of crystals at the surface of existing ones. This phenomenon is
particularly evident in the fourth set of experiments (Fig. S1,
ESIT). In summatry, the four sets of experiments demonstrate that
the particle size can be readily controlled by moving the feed flow
rate and the concentration of raw materials in microreactors.

Fig. 4 exhibits the XRD patterns of Ni-Co PBA particles
synthesized by the conventional stirring-mix method and con-
tinuous flow microreactor technology. It can be clearly seen
that the diffraction peak of Ni-Co PBA (JCPDS card No. 89-3738)
at 17.5°, 24.8° 35.4°, and 39.7° is attributed to the (200), (220),
(400) and (420) plane, respectively. Besides, the shrill peak
shape indicates that Ni-Co PBA has a complete nanocubes
structure. Meanwhile, the XRD patterns of Ni-Co PBA synthe-
sized at various feed flow rates agree fairly well with the XRD
pattern of Ni-Co PBA synthesized by the conventional stirring-
mix method, proving the successful formation of Ni-Co PBA
particles. The well-defined peaks indicate that the microreactor
technology produces particles with high crystallinity and no
detectable impurities.

The FT-IR spectroscopy is conducted and the results are
shown in Fig. 5(a)-(c). According to the infrared absorption
frequency table, the peaks at 1417.2 and 2187.8 cm ™' could be
corresponding to the stretching vibration of -CH, and -CN of
Ni-Co PBA. Moreover, the peak at 3647.7 cm ™ is assigned to

New J. Chem., 2023, 47,192-202 | 195
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Fig. 3 SEM images of Ni-Co PBA-3# nanoparticles. (a) Ni-Co PBA nanoparticles prepared at the conventional stirring-mix method; Ni-Co PBA

nanoparticles obtained at feed flow rates of (b) 2 mL min~% (c) 4 mL min~% (d) 6 mL min™%, (e) 8 mL min~% (f) 10 mL min~?, (g) 12 mL min™?,

(h) 14 mL min~ and (i) 16 mL min~* in a microreactor.

the O-H stretching and bending modes of water. The peaks are
consistent with the peaks of Ni-Co PBA crystals produced using
the conventional stirring-mix method, indicating that Ni-Co
PBA synthesized in a microreactor does not affect particle
crystallinity. The clear peaks indicate that the particles fabri-
cated using a microreactor have a high degree of crystallinity
with no detectable impurities. Therefore, the FT-IR spectra
further confirm the formation of the product.

Fig. 6 shows the consequences of raw materials concen-
tration and feed flow rates on the particle size of Ni-Co PBA
particles. It can be clearly seen that particle size is significantly
correlated with feed flow rates and raw material concentration.
As shown in Fig. 6(a-c), the particle size of Ni-Co PBA-1#-X, Ni-
Co PBA-2#-X, and Ni-Co PBA-3#-X shows a tendency of increas-
ing first and then decreasing with the increase in the feed flow
rate. Additionally, when the feed flow rate keeps consistent, the
higher the concentration of raw materials, the more obvious
the trend of particle size reduction.

The light-intensity distributions of the Ni-Co PBA particles
prepared in a microreactor further demonstrate the above
conclusion. At the same feed flow rate, Ni-Co PBA synthesized
using a microreactor has a narrow size distribution with the
increase in the concentration of raw materials as shown in
Fig. 7. In addition, Ni-Co PBA particles also have a narrow size
distribution with the increase of feed flow rate under the same
concentration of raw materials. This may be due to transient
nucleation during mixing, leading to particle growth during rapid
and uniform mixing in the microreactor.’**' These results

196 | New J. Chem., 2023, 47,192-202
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demonstrate that the synergistic effect of raw materials concen-
tration and feed flow rates have a certain degree of influence on
the particle size distribution of Ni-Co PBA.

Furthermore, the N, adsorption/desorption isotherms of
Ni-Co PBA synthesized under different conditions at 77.3 K
are shown in Fig. 8. The pore size distributions are determined
using the Horvath-Kawazoe method.*>** Fig. 8(a) shows the N,
adsorption/desorption isotherms of Ni-Co PBA-1#/21/3# parti-
cles synthesized via the conventional stirring-mix method. As
shown in Table 1, the BET surface area of Ni-Co PBA-1#/2#/31 is
77.36, 95.04 and 93.33 m? g~ *, respectively. In addition, Ni-Co
PBA particles synthesized through the continuous flow micro-
reactor technology with large differences in particle size are
also selected for BET measurements. Fig. 8(b)-(d) shows the N,
adsorption/desorption isotherms of Ni-Co PBA particles when
the feed flow rate is 2, 6, 10 and 14 mL min ' for the three
reaction concentrations. It is obvious that the specific surface
area gradually increases and the adsorption behavior is
improved in the region of P/P, > 0.95. The BET surface area
of Ni-Co PBA-3# particles prepared in a continuous flow
microreactor is 113.76, 139.34, 226.32 and 250.05 m® g %,
respectively, which are much higher than that of Ni-Co PBA
prepared by the stirring-mix method reported in the literature
(32.90 m* g ").** It is worthy of note that the Ni-Co PBA
particles synthesized through a continuous flow microreactor
technology exhibit excellent specific surface areas and micro-
pore volumes compared to the particles produced by the
conventional stirring-mix method, further highlighting their

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 4 Measured XRD patterns (a—c) of Ni—-Co PBA particles with various feed flow rates and compared with the XRD pattern of Ni-Co PBA prepared by
the conventional stirring-mix method.
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Fig. 5 Measured FT-IR spectra (a—c) of Ni-Co PBA particles with various feed flow rates and compared with the FT-IR spectra of Ni-Co PBA prepared
by the conventional stirring-mix reaction.
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Fig. 6 The particle sizes of (a) Ni—-Co PBA-1#-X, (b) Ni-Co PBA-2#-X, and (c) Ni-Co PBA-3#-X (X = 2, 4, 6, 8, 10, 12, 14 and 16 mL min~Y) at different
feed flow rates. Error bars indicate the standard deviation of the data.
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Fig. 7 Light-intensity distributions of the Ni-Co PBA particles prepared in the microreactor. Measurements are conducted using the DLS principle.
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Fig. 8 Nitrogen sorption isotherms of (a) Ni-Co PBA-1#, 2#, 3#; (b) Ni-Co PBA-1#-X, (c) Ni-Co PBA-2#-X and (d) Ni—-Co PBA-3#-X crystals
(X =2, 6,10, 14 mL min™Y).
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Table 1 Physical pore parameters of Ni-Co PBA particles produced with
the conventional stirring-mix method and continuous flow microreactor
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20 mL min™

SBET Median pore Pore volume®?

Samples (m*>g ") width® (A) (em® g™ Ref.
NiCoP Cubes 32.90 — — 44

Ni-Co PBA 11.09 13.8 0.014 45

Ni-Co PBA 114 — 0.038 46

Ni-Co PBA-1# 77.36 7.24 0.20 This work
Ni-Co PBA-1#t-2 210.54 7.4 0.26 This work
Ni-Co PBA-1#-6 223.5 6.52 0.27 This work
Ni-Co PBA-1#-10 85.12 8.72 0.25 This work
Ni-Co PBA-1#-14 74.19 9.24 0.20 This work
Ni-Co PBA-2# 95.04 7.28 0.24 This work
Ni-Co PBA-2{t-2 106.1 8.83 0.76 This work
Ni-Co PBA-2{#-6 111.47 7.26 0.24 This work
Ni-Co PBA-2#-10 208.93 8.84 1.25 This work
Ni-Co PBA-2#-14 245.68 7.03 0.73 This work
Ni-Co PBA-3# 93.33 7.55 0.41 This work
Ni-Co PBA-3{-2 113.76 8.14 0.77 This work
Ni-Co PBA-3{#-6 139.34 8.15 0.41 This work
Ni-Co PBA-3#-10 226.32 7.09 0.71 This work
Ni-Co PBA-3#-14 250.05 7.09 1.13 This work

“ Obtained by the Horvath-Kawazoe method. ? Total pore volume
calculated from nitrogen adsorption at saturated pressure.

outstanding quality. It should be noted that there is a certain
correlation between the specific surface area and particle
size.”’"*° There is a negative correlation between particle size
and specific surface area. The particles with smaller sizes are
more effective in enhancing the specific surface area. The above
characterizations demonstrate that Ni-Co PBA can be expedi-
tiously produced in a continuous flow microreactor and the
particle size can be efficiently controlled by adjusting feed flow
rates and concentration of raw materials.

In order to achieve mass production, three times concen-
tration of the raw materials is used to synthesize Ni-Co PBA in a
microreactor. Meanwhile, we continue to adjust the feed flow rate
of the microreactor for further experiments to obtain Ni-Co PBA
with stable particle size. As presented in SEM images of Fig. 9, the
particle size of the Ni-Co PBA is 195, 172, 168, 175, 166 and
169 nm at feed flow rates of 10, 20, 25, 30, 35 and 40 mL min %,
respectively. Notably, the particle size of Ni-Co PBA particles is
constant (165 + 10 nm) at feed flow rates >20 mL min ™.

The relationship between feed flow rates and particle size is
investigated to study mixing performance in a continuous flow
microreactor. The Reynolds number (Re) is calculated accord-
ing to the following formula:

Re =—— (1)

p is the density of the fluid (1.03 g cm ™), U is the velocity of
the liquid, L is the characteristic distance (pipe diameter =
940 um), and p is the dynamic viscosity of the fluid. The
dynamic viscosity of the Ni-Co PBA suspension is measured
to be 1.24 x 107° Pa s at room temperature.

U is calculated as follows:

_ 4 Vtotal

U= nl? )

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

25 mL min’

40 mL min™

Fig. 9 The SEM images of Ni-Co PBA nanoparticles obtained at feed flow
rates of (a) 10 mL min™, (b) 20 mL min~%, (c) 25 mL min™, (d) 30 mL min~%,
(e) 35 mL min~ and (f) 40 mL min~t in the continuous flow microreactor
technology. (The same experiment was carried out 30 times under the
same conditions.)

Viotal 1S the total flow rate of the raw materials (Viota1 = 2V). As
shown in Fig. 10, when Re < 783, the particle size decreases
with increasing flow rates. It demonstrates that increasing the
shear force between the fluids of raw materials improves the
mixing performance. The mixing in microchannels provides
optimum mixing performance in the Re range. The higher
the Re, the stronger the effect. The particle size at 783 < Re <
1567 remained unchanged, proving adequately high mixing

Re

78 235 392 627 783 1175 1567

240}
[ *
220} *

200f

Particle Size (nm)
v - v
* :1»’/;*
l’ »

\‘ *
180} £
L : ‘*
160} *\
0 10 20 30 40 50

Feed flow rates (mL min™)

Fig. 10 Relationship between feed flow rates and particle size of resultant
Ni—Co PBA-3#-X (X = 2, 4, 6, 8, 10, 12, 14 and 16 mL min~?) particles. Re
was calculated from flow rates.
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Synthesis of Ni-Co PBA nanoparticles

Ni(NO:s):2 - 6H20
Sodium citrate

—>

w Mixing process
Ks[Co(CN)e](I1I)

2)

Ly

Nucleation process
Low Concentration High
= Number of nuclei R
Less More

Particle growth process
Slow Feed flow rate Fast
... Particle size .S
Big Small

Fig. 11 Schematic control of nucleation process and particle growth
process of Ni—Co PBA nanoparticle synthesis process.

performance for mixing raw materials. The result is consistent
with the SEM images (Fig. 9). The particle size of Ni-Co PBA
nanoparticles at feed flow rates of 20 mL min~* to 40 mL min "
is 165 £ 10 nm among the trials.

Furthermore, the space-time yield (STY) and production rate
of Ni-Co PBA synthesized in a microreactor are greatly improved
compared with the conventional stirring-mix method. We cal-
culate the space-time yield (STY) and production rate of Ni-Co
PBA synthesized by the two methods. The STY calculation
formula for flow and batch synthesis is as follows:>°

MNi-Co PBA

STY = x 1.44 x 108 (3)

VsolutionT
Mni-co pea 1S the weight of the product (g), Vsolution 1S the total
volume of the mixture (mL), and t is the reaction time (min)
plus the crystallization time. When the feed flow rate is
30 mL min ", the STY of Ni-Co PBA-3#-30 is up to 471 kg m *>d ¥,
which is much higher than conventional stirring-mix method
values of 4.42 kg m—> d~'. And the corresponding production
rates are 518.4 and 0.53 g d ™', respectively.
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Based on these results, the mechanism for the synthesis of
Ni-Co PBA through a fast-mixing reaction is proposed (Fig. 11).
Ni(NO3),-6H,0, sodium citrate and K;[Co(CN)e](m) are mixed at
room temperature after being pumped into the microreactor
system. Initially, Ni-Co PBA seed complexes are formed. As the
increasing concentration of raw materials accelerates the nuclea-
tion rate, more seed nanoparticles are formed which is expected
to lead to a smaller final nanoparticle size. These formed nuclei
can grow for a further period of time until the reaction reaches
equilibrium. Once the reaction has reached equilibrium crystal
growth can no longer be sustained. Therefore, the nucleation
process can be controlled by changing the concentration of raw
materials, that is, a higher concentration produces more nuclei,
leading to smaller particles. At the same time, the feed flow rates
have an influence on the particle growth process, and the feed
flow rate increases to a certain extent, and the particle grows
steadily. We can control the particle size of Ni-Co PBA by varying
the mixing performance, concentration and feed flow rates. An
excellent procedure for the preparation of small particle size
Ni-Co PBA is rapid mixing with a suitable concentration at a high
feed flow rate. We look forward that the microreactor can be used
for the rapid synthesis of other MOFs, because it can effectively
control the mixing performance.

4. Conclusions

In this paper, Ni-Co PBA nanoparticles were synthesized via a
microreactor and the effect of the feed flow rate and the
concentration of raw materials on their mixing performance
was investigated. Remarkably, the microreactor exhibited pro-
minent mixing performance and synthesized Ni-Co PBA with a
narrow size distribution. The nucleation process and the particle
growth process are controlled by adjusting feed flow rates and the
concentration of raw materials. On the one hand, the particle size
of Ni-Co PBA can be easily tuned by simply controlling the feed
flow rates. The particle size decreases with increasing flow
rates at Re < 783. When the feed flow rate is 20 mL min™ " to
40 mL min~" (783 < Re < 1567), the particle size is kept as small
as 165 + 10 nm. On the other hand, the high concentration of
raw materials could decrease the particle size in the particle
growth process. Ultimately, the experimental phenomenon
demonstrates that the changes in experimental conditions only
affect the particle size and size distributions. Owing to the
continuous flow microreactor strategy, the preparation of Ni-Co
PBA particles in the microreactor helps achieve the goal of large-
scale production, and the space-time yield is up to 471 kg m?
d~". These results will attract more attention to the development
of simple methods to fabricate MOFs with tunable particle sizes
and application-specific functionalities.
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