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The size and dispersity of nanoparticles (NPs) determine the properties that such particles display. In this study, synthesis
of silver nanoparticles in a coaxial flow reactor (CFR) was investigated by confining the reaction and subsequent nucleation
to an interface away from the channel wall. Silver NPs were formed at room temperature by reducing silver nitrate with
sodium borohydride in the presence of sodium hydroxide, while trisodium citrate was used as the surfactant. The main
parameters investigated were flow rate of reagents through the CFR and concentrations of trisodium citrate and silver
nitrate. Decreasing the total flow rate resulted in the NP size and dispersity reducing from 5.4 ± 3.4 nm to 3.1 ± 1.6 nm.
Increasing surfactant concentration reduced size and dispersity from 8.5 ± 6.9 nm to 4.1 ± 1.1 nm. By tuning the precursor
concentration the size and dispersity could be reduced from 9.3 ± 3 nm to 3.7 ± 0.8 nm.

Introduction
Silver nanoparticles (NPs) are used in many applications, such
as gas sensors,1, 2 optics,3-5 electronics,6, 7 catalysis8, 9 and
biomedicine.10, 11 The properties relevant for these applications
depend strongly on the size of the particles. Therefore,
monodispersity of synthesized NPs is of paramount
importance. Microfluidic devices have been employed to
synthesize NPs because of the various benefits that they
offer,12, 13 including improved heat and mass transfer,
increased efficiency and safety.14 Another benefit of using
microfluidic processes, as opposed to conventional batch
reactors, is the spatiotemporal separation of the various stages
of the synthesis including reaction, nucleation and growth,
which enables a greater control over size, shape, composition
and size distribution of the NPs.15-17 It also allows for an
increased flexibility in analysing the mechanisms of each of
these stages.18-20 These benefits arise from small channel
widths, high surface area to volume ratios and small overall
volumes. The disadvantage of using reactors with a high
surface area to volume ratio is that there is a higher chance of
fouling and accumulation of material on the walls of the
channel. Hence, microreactors which are not easily susceptible
to accumulation of material on their walls are desirable. There
are various studies which implemented different strategies to
avoid fouling, such as the segmented-flow approach and the

reduction of wall interactions through pH alteration and
21-23
surface silanization of the channel walls.
One type of
design that alleviates the occurrence of fouling is the coaxial
flow reactor (CFR) which allows an inner stream of reagent to
be surrounded by an outer stream, creating a reaction
15, 16, 24-26
interface between the streams.
The CFR is less
susceptible to fouling because the reduction of precursor ions
and nucleation of metal NPs occur at the interface between
the inner and outer streams, rather than near the channel
walls. This reduction in fouling relies on the flow profile of the
channel remaining in a stable laminar regime. This has adverse
effects with regards to mixing efficiency, unless a reduction of
diffusion distances or sufficient contact time is applied.
Examples of CFRs are found in the studies by Takagi et al.
who produced titania NPs using an axial dual-pipe
24
microdevice. Using various flow conditions and tuning of
solvent properties such as viscosity and surface tension, the
flow characteristics in their device were tuned and led to
increased control over mass transfer. The mass transfer of the
reagents in the microdevice determined the size and
monodispersity of the NPs which was demonstrated by using
different solvent types, tube diameters and precursor
concentrations. Maki et al. employed a concentric-axle dual24, 25
pipe microreactor to synthesise zirconia NPs,
and showed
that increasing residence time resulted in larger NPs. AbouHassan et al. used a coaxial flow device operated under
laminar flow conditions to synthesise iron oxide, goethite and
15, 16, 26
Fe2O3@SiO2 core/shell NPs.
7 nm iron oxide NPs were
synthesized in the coaxial flow device and polydispersity
decreased from 35% in a typical batch synthesis to ca. 20% in
26
the coaxial flow device. Goethite NPs were synthesized using
the coaxial flow device as a nucleation section before a long
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residence loop in a temperature controlled bath. The goethite
NPs were produced with a residence time of around 15 min as
opposed to several hours using traditional batch methods, and
15
were also smaller than those made in batch vessels. Similarly,
a multistep approach using the coaxial flow devices was used
to synthesise Fe2O3@SiO2 core/shell NPs within a much
16
shorter timescale as compared to batch. Lim et al. operated a
CFR in the turbulent regime to produce various NPs such as
iron oxide with an ability to tune the size through changing the
27
flow conditions. Schülein et al. used a micro coaxial-injection
flow mixer for the synthesis of nickel NPs. The process for
synthesising nickel NPs quickly blocked commercially available
microstructured mixers and the coaxial-injection mixer was
used in a pilot plant scale process mainly because it could
28
avoid fouling and blockage issues.
Synthesis of silver NPs using silver nitrate, sodium
borohydride (with sodium hydroxide) and trisodium citrate in a
coaxial flow reactor in this study has not been reported in the
literature. Shirtcliffe et al. reported the synthesis of silver
nanoparticles using sodium borohydride and sodium hydroxide
as a reducing agent for silver nitrate using a PTFE flow
chamber and also using Eppendorf pipettes to mix reagents
29
directly into plastic cuvettes. Wagner et al. synthesized silver
NPs in a split and recombine mixer using borohydride as a
reducing agent for silver nitrate and despite fouling were able
to control the size of the NPs by tuning the borohydride ratio,
obtaining NPs in the range of 10-20 nm for borohydride to
30
silver nitrate ratios ranging from 3 to 40. Further studies
using borohydride as a reducing agent for the reduction of a
silver precursor to form silver NPs in the aqueous phase were
mainly in batch reactors with NP sizes ranging between 1-100
31-34
nm.
The main objective of this work is to study how the size
and monodispersity of silver NPs can be controlled by changing
the operating parameters of flow rate and concentration of
ligand (trisodium citrate) and precursor (silver nitrate). The
motivation for using a CFR was to avoid fouling issues and
blockages, an issue which was encountered when synthesising
NPs using the same chemical system in a split and recombine
type micromixer (see supporting information Fig. S1 for images
of fouling in such micromixer).

Experimental
Chemicals
Silver nitrate (AgNO3, 0.01 M stock solution), trisodium citrate
(HOC(COONa)(CH2COONa)2 ·2H2O, powder form) and sodium
borohydride solution (NaBH4, ~12 wt% in 14 M NaOH stock
solution), were obtained from Sigma Aldrich Company Ltd., UK.
All chemicals were used without further purification and
solutions were prepared with ultrapure water (resistivity 15.0
MΩ·cm) and diluted to the desired concentrations before
being introduced into the CFR.

Experimental Setup
Syringe pumps (Pump 11 Elite OEM Module, Harvard
Apparatus) were used in the experiments to deliver the two
streams of silver nitrate/trisodium citrate solution and sodium
borohydride solution to the CFR. The CFR used in this study
consisted of a small inner tube which was inserted into the
centre of a larger outer tube (Fig 1). Both the inner and outer
tubes were made of glass and inner tubes of two different
internal channel diameters of 0.556 mm and 0.798 mm were
used in separate experiments. The outer tube had an internal
channel diameter of 2 mm. The distance from the inner tube
outlet to the outlet of the CFR was 130 mm. The capillaries
were connected together using a T-piece connector (0.508 mm
thru-hole, Upchurch Scientific) which was drilled to a size of 2
mm internal diameter (I.D.) to allow the inner tube to be
inserted into the outer tube. The flow ratio between the inner
and outer stream, Qout:Qin, was fixed at 1:1 and the CFR
operated in the laminar flow regime for all experiments.
Synthesis of silver nanoparticles
A typical synthesis was as follows: silver nitrate and trisodium
citrate were mixed together in solution and introduced via the
inner tube of the CFR, while the sodium borohydride solution
was introduced via the outer tube of the reactor. Fresh
trisodium citrate solution was made by dissolving the powder
in ultrapure water before each synthesis. All reactions were
carried out at room temperature (typically between 22-24 °C).
All concentrations, unless otherwise stated, are concentrations
of the individual streams being introduced into the CFR. Since
the sodium borohydride was stored in 14 M sodium hydroxide,
the concentration of sodium hydroxide was 3.21 times higher
than the stated sodium borohydride concentration in all cases.
The literature shows that borohydride can supply up to
eight molar equivalents of electrons to reduce the silver ions
35-37
to silver metal.
The amount of electrons released from the
+
borohydride molecule depends on whether the formed H ions
react with H ions from the molecule to form hydrogen gas,
which would limit the electrons available for reducing metal
ions. Highly basic conditions reduce the formation of hydrogen
gas hence freeing up more electrons for reduction of the metal
ion. In this study sodium borohydride was stored and used
under basic conditions which should produce a higher amount
of electrons for reducing the metal ions. Samples were stored
for months without noticeable formation of hydrogen bubbles
whereas when sodium hydroxide was not used to arrest the
hydrolysis reaction, hydrogen bubbles formed within the
samples after a short time. The actual amount of electrons
utilized to reduce silver is unknown, though it is suggested by
Shirtcliffe et al. that six of the available eight electrons are
29
utilized to reduce silver ions under basic conditions.
The primary purpose of sodium borohydride is to reduce
the silver ions to silver metal; however, it also affects the
growth of the NPs. The surface charge of the particles is
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Fig 1: Schematic of the coaxial flow reactor setup. Insert shows flow visualization of
laminar flow inside the coaxial flow reactor with blue dye flowing through the inner
tube and water flowing through the outer tube.

affected by borohydride and hydroxide ion adsorption and it is
well established that the conversion of borohydride to borate
in aqueous solution results in changes in the particle charge.38,
39
Under basic conditions the conversion of borohydride slows
down.40, 41 However, trisodium citrate is used as the primary
stabilising agent in this study. The concentrations of the
reducing agent (sodium borohydride) and ligand (trisodium
citrate) in relation to the precursor concentration (silver
nitrate) determine the nucleation, growth and stabilisation of
the NPs. Since the concentration is important in determining
the size and dispersity of resultant NPs, the mass transfer
during the reaction becomes important as this dictates the
concentration at which the reaction takes place at any given
time during the reaction. The reproducibility of the synthesis in
the CFR over a range of flow rates was assessed by repeating
the synthesis 4 times for each flow rate (Fig. S2 in supporting
information shows UV-Vis analysis of the repeated syntheses).
Characterisation of nanoparticles

The silver NPs were analysed within an hour of the synthesis
using a UV-Vis spectrometer (USB 2000+ Spectrometer and DTMini-2-GS light source, Ocean Optics). Transmission electron
microscope (TEM) images were captured using a JEOL 1200 EX
ii microscope with a 120 kV acceleration voltage. Carbon
coated copper TEM grids were prepared within an hour of
synthesis by pipetting a 15 µl sample onto the grid and
allowing it to dry at room temperature. The TEM images have
in the inset particle size distributions, average diameter, d,
standard deviation, δd, indicating polydispersity and number
of particles counted to obtain the particle size distribution, n.

Results and Discussion
Effect of total flow rate on NP size and polydispersity

Experiments were carried out in the CFR with an inner tube
channel diameter of 0.798 mm at various flow rates. The CFR
was used to synthesize silver NPs at concentrations of 0.2 mM
silver nitrate, 0.2 mM trisodium citrate and 0.6 mM sodium
borohydride at total flow rates ranging from 1 ml/min to 14
ml/min. The mol ratio of sodium borohydride to silver nitrate

is 3:1, but the ratio of electrons to silver ions is many times
greater than this.
Fig 2 shows TEM images of silver NPs synthesised at 1
ml/min, 2.5 ml/min, 8 ml/min and 14 ml/min along with their
respective particle size distributions. The particle size
synthesised at the lower flow rates of 1 ml/min (3.1 ± 1.6 nm)
and 2.5 ml/min (3.3 ± 2.2 nm) are statistically smaller than
those at the higher flow rates of 8 ml/min (5.6 ± 2.7 nm) and
14 ml/min (5.4 ± 3.4 nm) while the polydispersity steadily
increases from ± 1.6 nm to ± 3.4 nm. However, the particle
sizes at 8 ml/min and 14 ml/min were not found to be
statistically different using a t-test (p = 0.209).
According to Mie theory, for NPs in the range between 610 nm the peak absorbance increases with size (for a given
concentration) but the peak wavelength does not shift
significantly.42 From the UV-Vis analysis (see supporting
information, Fig. S3), the peak wavelength does not change
significantly (between 392-393 nm for all flow rates) in
agreement with theory. However the peak absorbance of the
spectra decreases minimally from 1.35 to 1.27 (statistically
different, p < 0.01) with increasing flowrate even though TEM
shows an increasing average size of NPs from 3.1 nm to 5.4
nm. This can be explained by the increased polysdispersity
observed at higher flow rates where NPs larger than 10 nm are
formed. This results in increased full width at half maximum of
the resonance peaks at higher flow rates, and since the mass
of silver used in each experiment is constant, the peak
absorbance decreases.
The concentrations of precursor, reducing agent and ligand
are important factors in controlling nucleation and growth and
hence size of the synthesised NPs. The evolution of the
concentration profiles along the length of the reactor is
controlled by mass transfer, i.e. the mixing characteristics.
Mixing in the CFR occurs by diffusion, since it operates in the
laminar flow regime for the flow rates employed. We can use a
simple relationship43
t≈

x/22
2D

where t is time, x is the thickness of the stream and D is the
diffusion coefficient, to estimate the time required for the
reagent to diffuse significantly along the radial direction in the
CFR (i.e. the mole fraction becomes approximately uniform
across the channel diameter in the absence of reaction). Using
a diffusion coefficient of 1.7 x 10-9 m2/s for AgNO3,44 and a
stream thickness of 1 mm (half the diameter of the outer
tube), a time of 73 s is calculated. Using a diffusion coefficient
of 3.5 x 10-9 m2/s for NaBH4 in NaOH solution,45 a time of 36 s
is calculated. The volume of the reactor is 0.4 ml, yielding an
average residence time of 1.75 - 24.5 s for flowrates between
1 - 14 ml/min. Hence, complete mixing does not occur because
the residence times are shorter than the characteristic
diffusion times. At higher flow rates, minimal mixing occurs in
the channel as the molecules have very little time for diffusion.
The majority of the reagent mixing in this case is at the outlet
of the CFR where droplets form and are collected. A high
reactant concentration in the streams is maintained in the CFR
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Fig 2: TEM images and particle size distributions of silver NPs synthesised at different
total flowrates. A: 1 ml/min, B: 2.5 ml/min, C: 8 ml/min and D: 14 ml/min.
Concentration of silver nitrate 0.2 mM, trisodium citrate 0.2 mM, sodium borohydride
0.6 mM. 0.798 mm inner tube I.D.

because of the slow mixing.
Literature suggests that reaction and nucleation in silver
NP synthesis have very fast kinetics evidenced by the
timescales of nanoparticle appearance in studies by Polte et al.
39
which suggests reduction occurs in less than 200 ms, and
Takesue et al. in which nucleation is observed in less than 1
46
ms. Thus, the reaction is likely to occur at or very close to the
interface between the two streams, at least in the initial part
of the reactor and at high flowrates. The inner and outer
streams behave as reservoirs of precursor and reducing agent
respectively which supply the necessary reagents at the
interface region for reduction of silver ions to silver metal and
subsequent clustering and stabilisation. Comparing the
average residence times with characteristic times for diffusion,
we can conclude that at high residence time (24.5 s) most
silver nitrate in the inner stream would be consumed, because
of the fast kinetics and sufficient diffusion time of the
borohydride (36 s). This is likely not to be the case at low
residence time (1.75 s).
Higher flow rates resulted in the appearance of larger silver
NPs. This may be rationalised as follows. The reaction
occurring at the interface within the CFR results in silver atoms
being formed in that region. The concentration of silver atoms
increases until they form clusters (synthesis mechanisms in the
literature strongly suggest that the metal atoms form clusters
39, 46,47
which coalesce to form small nanoparticles).
A smaller
amount of silver precursor is consumed and smaller amounts
of clusters are formed within the CFR at low residence time. A
higher amount of silver nitrate is left unreacted at the outlet of
the CFR, where droplets form and mixing and consumption of

reagents continue within them. Mixing there is through
recirculation patterns as the droplets form. Even though these
convective patterns promote faster mass transfer than
diffusion, they result in non-homogenous concentration areas.
Thus, the larger amount of remaining silver ions reacts and
moves to areas where the concentration of silver nitrate may
be high relative to borohydride. The resultant NPs would have
a lower surface charge because of the low amount of
borohydride ions which adsorb onto their surface. This in turn
allows the NPs to aggregate and grow to a larger size, since it is
established that a decrease of surface charge of the NPs (most
likely because of borohydride ion depletion) causes NPs to
grow to a larger size.38 The appearance of higher amount of
larger NPs, further gives rise to the increased polydispersity
observed.
An interesting observation was that a layer of silver formed
on the inner wall near the outlet of the inner tube through
which the silver nitrate was flowing. This fouling occurred on
the outer wall of the inner tube when silver nitrate was
flowing through the outer tube. Fouling only occurred on the
side of the inner tube where silver nitrate was flowing i.e. a
silver nitrate rich zone (see Fig. S4 and Fig. S5 in supporting
information for images of fouling on the channel walls). The
reason fouling did not occur on the sodium borohydride side
during experiments may be because silver metal atoms
produced in sodium borohydride rich zones would have a high
negative surface charge and hence cannot grow and deposit
on the negatively charged glass channel wall in the sodium
borohydride stream.48 This is consistent with the larger NPs
obtained at higher flow rates, which increases the
polydispersity. Another point to note is that citrate molecules
were also available in the silver nitrate stream, but they did
not prevent the deposition of silver metal on the inner tube.
Effect of citrate concentration on NP size and polydispersity

The effect of surfactant concentration on the NP morphology
was investigated by varying the trisodium citrate
concentration. The silver nitrate and sodium borohydride
concentrations were kept constant at 0.1 mM and 0.3 mM
respectively. The role of sodium borohydride and why it was in
such high excess was discussed previously. Trisodium citrate
concentration was varied between 0.025 mM and 1.5 mM.
Due to these high citrate concentrations, the silver nitrate and
sodium borohydride concentration was reduced (though still
using a 3 to 1 ratio of sodium borohydride to silver nitrate) to
keep the ionic strength as low as possible. The flow rate of
each stream was 1.25 ml/min making a total flowrate of 2.5
ml/min. Fig 3 shows TEM images and particle size distribution
of the silver NPs synthesized at various citrate concentrations
(0.025 mM to 0.75 mM) with average diameter and standard
deviation for each concentration. It can be seen that the
polydispersity and average size of the NPs decreases with
increasing citrate concentration because of the reduction in
the amount of large fused NPs present.
Fig 4 shows the UV-Vis spectra of the silver NP samples for
each citrate concentration tested. The resonance peaks at
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lower citrate concentration are characterised by a lower
plasmon peak absorbance and a higher absorbance at longer
wavelengths; and as the citrate concentration is increased up
to 0.25 mM the plasmon peak increases and the peak at higher
wavelengths is reduced. The tail in the resonance peak is
indicative of the presence of larger fused NPs, as confirmed by
TEM imaging at lower citrate concentrations, suggesting
citrate plays a key role in reducing formation of larger fused
NPs. Increasing the concentration of citrate above 0.5 mM up
to 1.5 mM does not alter the synthesised silver NP
characteristics. This shows that a minimum citrate
concentration is needed to obtain relatively monodispersed
NPs and to prevent the formation of larger fused NPs with
irregular shapes. Henglein and Geirsig also showed in a study
using radiolysis for the reduction of AgClO4 that larger fused
NPs were formed when insufficient amounts of citrate were
used (they also showed large fused NPs when the citrate
concentration was too high).49
Effect of silver nitrate concentration on NP size and polydispersity

The effect of precursor concentration on the NP size and
polydispersity was investigated by varying the concentration of
silver nitrate. The trisodium citrate and sodium borohydride
concentrations were kept constant at 0.5 mM and 0.3 mM
respectively. The silver nitrate concentration was varied
between 0.05 mM and 0.4 mM. Sodium borohydride is
expected to reduce all silver ions even at the highest precursor
concentration used since it is expected to supply an excess of
electrons for reduction. The flow rate of each stream was 1.25
ml/min making a total flowrate of 2.5 ml/min. The BeerLambert law applied for synthesised Ag NPs having peak
absorbance values below 1.5. Therefore, samples were diluted
if the absorbance was above this value for normalisation.
Fig 5 shows TEM images of the silver NPs along with their
respective particle size distributions. The size increased from
3.7 ± 0.8 nm to 9.3 ± 3 nm with increasing silver concentration.
It can be seen that small and relatively monodisperse NPs form
at the lowest concentration with a transition into a more
polydisperse bimodal distribution occurring at 0.15 mM silver
nitrate. The higher polydispersity may be related to a larger
extent of reduction taking place in the droplets at the exit of
the CFR, as discussed earlier.
Fig 6 shows the UV-Vis spectra for each synthesis carried
out at various silver nitrate concentrations. The peak
absorbance increases with increasing concentration showing a
linear dependence. The increase is most likely because of a
higher concentration of NPs and increased average size of the
NPs (absorbance increases with size for NPs below 10 nm).42

Fig 3: TEM images and particle size distributions of silver NPs synthesized at different
trisodium citrate concentrations. A: 0.05 mM , B: 0.1 mM , C: 0.25 mM and D: 1.5 mM.
Concentration of silver nitrate 0.1 mM, sodium borohydride 0.3 mM. Total flow rate 2.5
ml/min, 0.556 mm inner tube I.D.

Fig 4: Absorbance peaks of silver NPs synthesised at various trisodium citrate
concentrations in the range 0.025- 1.5 mM. Total flow rate 2.5 ml/min, concentration
of silver nitrate 0.1 mM, sodium borohydride 0.3 mM. 0.556 mm inner tube I.D.

As discussed previously, high amounts of silver nitrate in the
droplets forming at the outlet of the CFR can lead to silver
nitrate rich zones (due to imperfect mixing) which lead to
larger NPs forming (as well as increased polydispersity). In the
case of the lowest silver nitrate concentration (0.05 mM) there
is a low amount of silver nitrate in the droplets at the outlet of
the CFR, leading to a lower possibility of silver nitrate rich
zones. At higher silver nitrate concentrations there is a larger
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Conclusions

Fig 5: TEM images and particle size distributions of silver NPs synthesised at different
silver nitrate concentrations. A: 0.05 mM, B: 0.15 mM, C: 0.25 mM and D: 0.4 mM.
Concentration of trisodium citrate 0.5 mM, sodium borohydride 0.3 mM. Total flow
rate 2.5 ml/min, 0.556 mm inner tube I.D.

The performance of a Coaxial Flow Reactor (CFR) was
investigated for silver nanoparticle synthesis. The reaction was
confined to the interface between the inner and outer streams
resulting in the generation of silver clusters which increase in
concentration along the length of the CFR. Hence the
residence time is an important parameter which determines
the amount of the precursor consumed before the advective
mixing within the droplets at the end of the CFR. Residence
time determines the amount of silver nitrate consumed in the
CFR, and it is shown that shorter residence times where less
silver nitrate is consumed, results in larger NPs being formed.
This is possibly because reactions in silver nitrate rich zones
(i.e. reactor outlet at high flow rates) lead to the formation of
NPs with low surface charge which have reduced stability and
hence have a tendency to grow by coalescence. For the same
reason, increasing silver nitrate concentration, while
maintaining a constant residence time resulted in an increase
of NP size and polydispersity. Increasing citrate concentration
reduced the amount of larger fused NPs resulting in a smaller
average size and reduced polydispersity. Such fused NPs
disappeared above a citrate concentration of 0.25 mM.
Increasing the concentration of citrate past this amount did
not decrease the size of the NPs further, indicating that a
threshold is reached. The CFR offers a simple method to
control the size of the NPs because of its unique design. By
keeping advective mixing to a minimum, the reaction is
maintained at the interface region between the two streams.
This avoids the problem of blockage of the channels by
containing the reaction away from the channel walls, unlike
other types of microfluidic devices where the reaction can take
place close to the channel walls.
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