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ABSTRACT 

The synthesis of inorganic nanoparticles using continuous hydrothermal flow synthesis (CHFS) 

reactor systems is an up-and-coming process to manufacture high quality nanomaterials with 

singular control of the experimental parameters on the scale of seconds opposed to hours. VO2-

based systems manufactured using an autoclave reactor lack scalability, and current commercial 

products feature particle sizes too large for feasible application. In this paper, detailed 

implementation of a CHFS system that can operate at and above supercritical water conditions 

(22.06 MPa at 374˚C) is described. Control over the CHFS system’s temperature, flow rate, and 

precursor concentration parameters allowed the tunability of size, crystallinity, and shape of VO2 

nanoparticles to be investigated across seven studies. The resulting VO2 nanoparticles were 

characterized for size, shape, morphology, and crystallinity using dynamic light scattering (DLS), 

scanning electron microscopy (SEM), and x-ray diffraction (XRD). This investigation resulted in 

new operating procedures that enable the synthesis of high-quality, uniform, spherical, and pure 

M-phase VO2 nanoparticles under 50 nm in diameter in the residence time of a few seconds. 

Additionally, the procedure described in this paper is performed in a single step, thus eliminating 

the tedious post-annealing process.   
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INTRODUCTION 

 Vanadium (IV) oxide (VO2) has garnered attention for its use in energy-efficient 

thermochromic smart window films and building materials.1, 2 VO2’s reversible transformation 

from an insulating monoclinic phase (M-phase) to a metallic rutile phase (R-phase) above a critical 

transition temperature of 68˚C makes it an ideal window film material that can passively allow in 

or reflect certain wavelengths of light.3 Previous studies have shown that this structural 

reversibility can be used to let in near-infrared (NIR) wavelengths felt as heat during cold, winter 

months (as VO2 in M-phase is present), and block this NIR heat during hot, summer months (as 

VO2 in R-phase is present).4 However, despite the extensive historical work done on the material, 

few affordable commercialized products for VO2 exist on the market today. It is thought that due 

to the challenge of working with multivalent vanadium which exhibits various stable oxidation 

states (V2+, V3+, V4+, V5+) in addition to its many polymorphs phases (B-, A-, M-, D-, and P-phase), 

the processing techniques are too complicated, requiring multiple steps that consume both time 

and energy.5-8  

 Traditionally, synthesis of M-phase VO2 nanoparticles is achieved via a batch-method 

using an autoclave. The batch-method synthesis of the reactants and additives takes extended 

periods of time, from 12-48 hours, and yields nanoparticles in various sizes and shapes from rods, 

nanowires, and nano-belts, to snowflakes and spheres, all requiring an additional annealing step to 

convert the material fully from B-phase to A-phase, and then finally M-phase.5, 6, 9 In comparison, 

continuous flow reactors can be a technology disruptor in the inorganic nanoparticle synthesis 

industry. While the idea of high-pressure, high-heat initially does not sound energy-efficient or 

environmentally-friendly, when looking at the continuous manufacturing of an entire product in 

an industrial setting, continuous flow reactors as compared to batch methods actually reduce the 
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overall energy consumption of a plant by allowing mass-production of high yields in less time and 

proper design and reuse of  heat energy, ultimately saving money in materials, manufacturing, and 

energy costs 10. Nanoparticle synthesis using continuous flow hydrothermal (CFHT) systems has 

long been explored for various application ranging from catalysis, optics, and electronics, to 

energy storage and healthcare.11, 12 As compared to those processes that make use of organic 

solvents, using water as the solvent enables a more green, economic, and environmentally-friendly 

process technology.13 Beyond being a scalable synthesis method, continuous flow reactors also 

provide precise control over operating conditions like flow rate, temperature, and pressure—

tunable parameters that can precisely lead to the emergence of certain features of the material, like 

size and shape.14, 15  

 In addition to a continuous flow method, raising water above the critical temperature of 

373˚C16 and critical pressure of 22.06 MPa17 (i.e. to operate in the supercritical phase), allows for 

the scalability of M-phase VO2 nanoparticles. Supercritical phase water has the distinct properties 

of allowing optimum supersaturation to occur,  maximizing nucleation rates by more than 103.18 

Additionally, supercritical phase fluids have much lower viscosity, density, and dielectric 

constants allowing formerly soluble polar inorganic salts to become insoluble due to the highly 

hydrolyzing environment; this allows precipitation at much higher rates than in otherwise ambient 

conditions.19-21 Furthermore, using water as a solvent can lead to economic savings and is also a 

much safer material to work, as opposed to highly acidic or highly alkaline media used in many 

batch syntheses.13 

 In the case of VO2 nanoparticles for smart window applications, it is desirable to 

manufacture large quantities of homogeneous M-phase VO2 nanoparticles under 50 to minimize 

the light scattering reduction.1, 22 This work demonstrates that continuous flow reactor with 
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supercritical water can be used to manufacture scalable amounts of ultra-small, uniform M-phase 

VO2 nanoparticles that are of a high interest for smart window films’ applications. 

MATERIALS AND METHODS 

 All chemicals used in the experiments were purchased from Sigma-Aldrich and used as 

received without further purification, unless otherwise stated. 

Precursor Preparation 

 Following precursor preparation procedures described in literature, the starting reagent for 

the experiments was a 0.0356 M [V4+] precursor solution made using 1 mol vanadium pentoxide 

(V2O5, 1.29 g) to 3 mol oxalic acid dihydrate (C2H2O42H2O, 2.69 g), measured using an analytical 

balance (Mettler Toledo, ME54TE).23 The solid powders were mixed with 400 mL of deionized 

water (DI). The resulting opaque, brown solution was then placed in an ultrasonication bath 

(Branson, 8510) at 60˚C for 3 hours or until the mixture turned a clear, aqua blue. For the final 

optimized experiments, a precursor solution of 1 mol V2O5 (1.29 g) to 4 mol C2H2O42H2O (3.59 

g), was used. This mixture formed a clear, but deeper blue color following an ultrasonication bath 

at 60˚C for 3 hours. The hydrolysis and dehydration pathway for this reaction is shown in Equation 

1-3. 

V2O5 + 4(C2H2O4·2H2O) → [(VO)2(C2O4)3)]2- + 2H3O+ + 2CO2 + 9H2O 

[(VO)2(C2O4)3)]2- + 2H3O+ → 2VOC2O4 + CO + CO2 + 3H2O 

2VOC2O4 → 2VO2 + 2CO + 2CO2  

Photographs of the precursor preparation are available in the Supporting Information, Figure S1 

and Figure S2. 

(1) 

(2) 

(3) 
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Reactor Configuration and Operation 

 A continuous flow hydrothermal (CFHT) reactor was custom-built within a walk-in 

chemical fume hood, as shown in Figure 1. The rector includes 1) precursor and deionized (DI) 

water high pressure pumps (Teledyne SSI HF300, Pulsafeeder HL 55) to deliver precursor mixture 

and heating water; 2) a cast-in brown water heater (Tempco, Model CHX-20138, 6 kW @ 

208VAC) to heat the water to the temperature exceeding supercritical point of 374˚C; 3) 0.5 inch 

outer diameter (OD) counter-flow tubing reactor with wall thickness of 0.083 inch where cold 

precursor and hot water mix and reaction occurs; and 4) a coil heat exchanger (Sentry Inc., Model#: 

TSR4225) to cool the colloidal effluent down. The system pressure is controlled by using two 

TESCOM back pressure regulators (Model#: BPR 26-1763-24-688) in series to elongate the 

lifetime. The temperature, pressure, and flow rate can be tuned independently. The system also 

featured several safety measures including 1) check valves to prevent back-flow; 2) seven 

thermocouples connected to a data acquisition system for real-time temperature control and 

monitoring back-pressure regulators, 3) proportional pressure relief valves to discharge if over-

pressurized; and 4) an American Society of Mechanical Engineers (ASME)-stamped and certified 

rupture disc that would immediately burst in an overpressure situation,24 All pipes were 

constructed of either 0.5 inch OD (0.083 in wall thickness) high pressure 316 stainless steel 

material or 0.25 inch OD (0.049 wall thickness). Before any experiments were conducted, the 

reactor was pressure tested with deionized water (DI) water for any leaks to ensure safe operation. 

After experiments, the reactor was flushed with DI water for 30 minutes and finally a valve was 

opened after the heat exchanger that allowed a vacuum pump to clean any residual products from 

within the reactor. These residual products were collected in a backflush collection beaker. A 
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photograph of the reactor with key components identified is included in the Supporting 

Information, Figure S3. 

 

 In a typical experiment, a recirculation chiller (MTI Corporation, KJ6200) was the first to 

be initiated. The chiller is connected to a circulation heat exchanger (Sentry, DTC-SSA/CUA-4-

1-1) to lower the temperature of hot fluid effluent that passes right after the reaction zone. Next, 

Pump 1 (Teledyne SSI, HF-300), Pump 2 (Pulsafeeder, 55HL), Pump 3 (Knauer, LS40P), and 

Pump 4 (Teledyne SSI, Accuflow Series 3), all were initially connected to DI water, set to the 

desired flow rate, and turned on. The reactor pressure was gradually increased above the critical 

pressure of water (22.06 MPa) and stabilized to 23.5 ± 0.5 MPa using two back pressure regulators 

 

 

Figure 1. A schematic of the continuous flow hydrothermal (CFHT) synthesis reactor. The 

experiments begin at Pump 1 and Pump 2, which respectively flow vanadium precursors and DI 

water heated above the critical temperature (at supercritical phase) into the mixing section. The 

nanoparticles form in the mixing section before going through a heat exchanger, connected to 

the chiller. The cooled colloidal solution then passes through a pair of back-pressure regulators 

and is collected as the final nanoparticle product. Pump 3 and Pump 4 add fluid and additionally 

cool the exiting fluid. A backflush valve, vacuum pump, and collection container were also built 

into the reactor for cleaning between experiments. Six thermocouples monitor the temperature 

throughout the reactor in real-time, and a seventh thermocouple measures the ambient 

atmospheric conditions. 



8 

 

in series (Tescom, 26-1700). Internal pressure was monitored using vibration and corrosion 

resistant pressure gauges (McMaster-Carr). After reaching a stable operating pressure, a cast-in 

circulation heater (Tempco, CHX20138) was then turned on to raise the DI water temperature from 

Pump 2 above water’s critical temperature of 374˚C. To prevent heat loss from the system to the 

surroundings, an insulation blanket (Tempco) surrounded the cast-in heater. A modified flow 

reactor (ThalesNano, Phoenix) with built in two-stage heaters and insulation was used to maintain 

a constant temperature throughout the mixing section of the reactor. Details on the operation of 

this two-stage heater are included in the Supporting Information. High-heat ceramic insulation 

(Owens Corning) was wrapped around all pipes and fittings. Once the temperature within the 

reactor reached steady state, the vanadium precursor solution was connected to Pump 1 to officially 

start nanoparticle synthesis. The precursor solution from Pump 1 entered the mixing section and 

mixed with the heated supercritical phase water from Pump 2 in a counter-current geometry, and 

the VO2 nanoparticle product is formed. At the end of the inner inlet tube where the supercritical 

phase water exited, a 316 stainless steel filter with 20 µm averaged pore size (Mott Corporation) 

was attached to aid in uniform dispersion of the supercritical water into the precursor liquid. The 

hot solution then exited the mixing section of the reactor. At the exit of mixing section Pump 3 

and Pump 4 allowed for an option to add either an organic capping agent or room temperature DI 

water to the colloidal solution. The option of an organic capping agent could serve the purpose to 

make core-shell particles, the option of DI water could serve to increase mixing and decrease the 

temperature of the colloidal solution. In this paper only DI water was used. Thus, following the 

mixing section, the colloidal solution was immediately quenched with a stream of room 

temperature DI water from Pump 3 and Pump 4 and then passed through the heat exchanger and 

back-pressure regulators. When Pump 3 or Pump 4 were not used for an experiment, possible back 
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flow or dead zones were eliminated by using a valve in the case of Pump 3, and a cap in the case 

of Pump 4 at the connection locations. A schematic of the counter-current mixing section and 

reactor section, including the inlet locations for Pump 3 and Pump 4, is shown in Figure 2 and 

detailed measurements are shown in Supporting Information, Figure S4. Finally, the end product 

of VO2 nanoparticles dispersed in water, hereby known as the resulting colloidal solution, was 

collected at the end of the system.  

 

 

Figure 2. A schematic of the CFHT reactor’s mixing section. Precursor solution from Pump 1 

enters the mixing section from the bottom. Supercritical phase water from Pump 2 enters the 

mixing section from the top and flows through an inner inlet pipe to exit through a 20 µm 316 

stainless steel filter. The colloidal fluid then exits the mixing section where a thermocouple (T5) 

records the reaction temperature. Then the colloidal solution flows through the heat exchanger. 

Dotted circles indicate the inlet locations of room temperature DI water from Pump 3 and Pump 

4. The hash markings on the outside of the outer tube represent the heaters and insulation 

(ThalesNano, Pheonix) that serve to maintain a constant mixing section temperature.  
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 During a typical experiment, the fluid temperature at different points of the reactor was 

measured using six high temperature Inconel type K thermocouples (Omega, TJ36) with accuracy 

of ± 2.2˚C. The first thermocouple (T1) was placed in the fluid line after Pump 1, which was 

expected to maintain room temperature conditions. Two more thermocouples were placed within 

and just outside the circulation heater as a control (T2) and limit measurement (T3) as a safety 

measure. The fourth thermocouple (T4) was placed in the fluid line right before the mixing section 

to measure the supercritical phase water temperature upon entering the mixing section. The fifth 

thermocouple was placed in the fluid line right after the mixing section (T5) to measure the reaction 

temperature at which the nanoparticles formed. The sixth thermocouple (T6) was placed in the 

fluid line after the heat exchanger to ensure the colloidal solution had cooled sufficiently before 

running through the back-pressure regulator. A seventh type K thermocouple (T7) with a probe 

for air (McMaster-Carr) was placed inside the fume hood above the reactor system to monitor the 

ambient air temperature.  

Experimental Outline 

 Throughout this paper, the seven studies explored the effect of: Study 1) supercritical phase 

water (scH2O) flow rate from Pump 2, experiments labeled “A”; Study 2) precursor concentration, 

experiments labeled “B”; Study 3) varying scH2O flow rate at elevated temperatures using diluted 

precursor defined in study 2, experiments labeled “C” and “D”; Study 4) changing the V2O5 to 

C2H2O4·2H2O precursor molar ratio from 1:3 to 1:4, experiments labeled “E”; Study 5) additional 

reactor section flow rate from Pump 4, experiments labeled “F”; Study 6) precursor flow rate from 

Pump 1, experiments labeled “G”; and Study 7) additional mixing section flow rate from Pump 3, 

which refer to the experiments labeled “H”. Table 1 outlines the experimental conditions studied 

in this paper across the seven studies.   
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Table 1. Experiential Conditions Employed for Seven Parametric Studies Synthesizing VO2 

Nanoparticles in a Continuous Flow Hydrothermal (CFHT) Reactor with scH2O. 

Experiment [V4+] (M) 
Volumetric Flow Rate (mL·min-1) 

Pump 1 Pump 2 Pump 3 Pump 4 

Study 1: scH2O Flow Rate (Pump 2) 

A1 0.0356 10 58 10 9 

A2 0.0356 10 86 10 9 

A3 0.0356 10 115 10 9 

A4 0.0356 10 144 10 9 

A5 0.0356 10 172 10 9 

Study 2: Precursor Concentration 

B1 0.0356 10 144 10 9 

B2 0.0178 10 144 10 9 

B3 0.01187 10 144 10 9 

B4 0.00712 10 144 10 9 

B5 0.00356 10 144 10 9 

Study 3: scH2O Flow Rate (Pump 2) at Elevated Temperature 

C1 0.01187 10 58 10 9 

C2 0.01187 10 86 10 9 

C3 0.01187 10 115 10 9 

C4 0.01187 10 172 10 9 

D1 0.01187 10 58 10 9 

D2 0.01187 10 86 10 9 

D3 0.01187 10 115 10 9 

D4 0.01187 10 144 10 9 

D5 0.01187 10 172 10 9 

Study 4: Molar Ratio– Precursor changed from 1:3 to a 1:4 ratio of V2O5 to C2H2O4·2H2O 

E1 0.01187 10 144 10 9 

E2 0.01187 10 115 10 9 

Study 5: Additional Reactor Section Flow Rate (Pump 4) 

F1 0.01187 10 115 10 9 

F2 0.01187 10 115 10 0 

F3 0.01187 10 115 10 0 

F4 0.01187 10 115 10 0 

Study 6: Precursor Flow Rate (Pump 1) 

G1 0.01187 5 115 10 0 

G2 0.01187 5 115 10 0 

G3 0.01187 10 115 10 0 

G4 0.01187 15 115 10 0 

Study 7: Additional Mixing Section Flow Rate (Pump 3) 

H1 0.01187 10 115 10 9 

H2 0.01187 10 115 10 0 

H3 0.01187 10 115 0 0 

H4 0.01187 10 115 0 0 
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Material Characterization 

 Immediately following an experiment, a 15 mL sample was extracted from the 

experiment’s colloidal solution, allowed to cool to room temperature, and probed by a Dynamic 

Light Scattering (DLS) particle analyzer (MicroTrac, NanoTrack Flex). Using an intensity 

distribution calculated over three runs with a run time of 60 s each and assuming spherically shaped 

particles, the intensity average and number average particle sizes were recorded. The intensity 

average (MI), also known as the Z-average or the intensity based harmonic mean, gives an 

indication of a particle distribution weighted by the scattered intensity from the particle, so the 

presence of larger particles will cause this average to also be large. The number average (MN) on 

the other hand, can give a better indication of the average based on the sizes from a total quantity 

of particles, i.e. larger particles’ higher scattering intensity will not overshadow the measurement 

of the smaller particles.25 Both methods were used to gain insight into the VO2 particle distribution 

of the experiments. 

 The remaining colloidal solution from an experiment was then centrifuged (Beckman 

Coulter, Optima L-100 XP) three times at 40,000 relative centrifugal force (rcf) for 10 min each. 

After pouring the supernatant off the first run, the second and third repetitions of centrifugation 

were rinsed with DI water and ethanol, respectively. The nanoparticles were left to dry overnight 

at room temperature and atmospheric pressure. X-ray diffraction (XRD) analysis was used to 

determine the phase composition of the resulting nanoparticles. XRD samples were prepared by 

dispersing 10 mg of nanoparticles onto a silicon wafer, then analysis was performed (Bruker, AXS 

D8 Advance) with CuKα (λ=1.5418Å) radiation at room temperature over the angular range from 

10˚ to 80˚ 2θ at a scanning rate of 0.5 deg·min-1. Scanning electron microscopy (SEM) was used 

to reveal particle morphology and confirm nanoparticle size from DLS characterization. For SEM 
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characterization, about 10 mg of nanoparticles were adhered to carbon tape attached to a silicon 

wafer, then analysis (Jeol, JSM-7500F) was conducted using a 20keV electron beam. 

Flow Characterization 

 Flow characteristics in the CFHT reactor system are performed by calculation of the 

Reynolds number (Re), which characterizes the degree of mixing and residence time; parameters 

that can thus describe how heat is distributed among nanoparticles and allow conversion to M-

phase for each experiment. The temperature is defined at the location where the colloidal solution 

exits the mixing section, T5 (Figure 2).  The internal pressure of the CFHT system is defined at 

P3, being 23.5 MPa. The equation for the Reynolds Number (𝑅𝑒) was calculated using the 

equation: 

𝑅𝑒 =  
𝜌𝑢𝐷

𝜇
       (4) 

where 𝜌 is the density of the fluid in kg·m-3, 𝑢 is the flow rate in m·s-1, 𝐷 is the diameter of the 

reactor section tube in m, and 𝜇 is the dynamic viscosity of the fluid measured in Pa·s.26 The values 

of flow rate and diameter were physical dimensions obtained from the experimental setup in the 

reaction zone of the reactor, while the density and viscosity values were obtained from the National 

Institute of Standards and Technology (NIST) RefProp.27 A Re value greater than 4000 indicates 

turbulent flow, while a Re value less than 2100 is classified as laminar flow, and any flow falling 

in between 2100-4000 is considered transitional.28 

 Residence time in the mixing section and the reactor section of the CFHT system was 

calculated for each experiment. Calculations were completed by first converting volumetric flow 

rate, Q, to mass flow rate, 𝑚̇, for each of the four pumps, given the density from of liquid’s 

temperature and pressure being pumped (20 °C, 23.5 MPa). Then the 𝑚̇ for the mixing and reactor 

section were defined. The 𝑚̇ for the mixing section was then defined as the sum of 𝑚̇ for Pump 1 
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and Pump 2 whereas the 𝑚̇ for the reactor section was defined as the sum of the 𝑚̇ for all the 

pumps, Pump 1-4. The volume in the mixing section was defined as the area of the inner inlet pipe 

minus the area of the outer pipe multiplied by the length of the mixing section. Here, the mixing 

section length is defined as the distance from the end of the inner inlet pipe to the reactor section 

pipe’s centerline as commonly done in counter current mixing sections.29 The volume for the flow 

in the reactor section was defined by the inner diameter of the reactor section pipe and the length 

of the reactor section. The density of the fluid in the mixing and reactor sections was defined from 

NIST RefProp at the isobaric pressure of 23.5 MPa and using the thermocouple data, T5, for the 

temperature of the colloidal solution exiting the mixing section. From the density and 𝑚̇, the 

velocity and consequently residence time of the colloidal solution was derived. A figure with 

dimensions and a step-by-step calculation for residence time is included in the Supporting 

Information, Figure S3. 

RESULTS AND DISCUSSION 

 VO2 nanoparticles were synthesized in a continuous flow (CFHT) reactor using 

supercritical water (scH2O) as the solvent. Over the course of seven studies different effects on the 

VO2 nanoparticle size, morphology, and phase were observed. An example overview of the system 

temperatures during operation, including start-up and cool-down phases, is in Figure S5, and 

thermocouple data for all experiments is included in the Supporting Information. The Phoenix two-

stage heater surrounding the mixing section ensured that the nanoparticles on the wall are also 

evenly heated during the mixing. The upper-stage heater is maintained at 330˚C and the lower-

stage heater is maintained at 270˚C for Study 1, 2, and 3-C. For Study 3-D, the upper and lower 

heaters are maintained at 450˚C and 360˚C respectively. Study 4 had upper and lower heater 

temperatures of 450˚C and 400˚C respectively. The differences in the Phoenix heating 



15 

 

temperatures were adjusted to ensure that the temperature of the colloidal solution exiting the 

mixing section (T5) was maintained above the critical temperature of water (374°C) and to ensure 

particles are able to achieve full M-phase conversion. 

 The synthesis of VO2 nanoparticles is based on the reaction between vanadium pentoxide 

and oxalic acid dihydrate (C2H2O42H2O) that results in the formation of VOC2O4 that later 

decomposes. Decomposition of VOC2O4 is accompanied by release of gases such as CO and CO2 

(Eq. 3) than was directly observed in collection beaker. Depending on the experimental conditions 

the color of the resulting colloidal solution varied from black-gray to blue-gray in color. The 

turbidity of the solution depended on the given experiment’s flow rate and precursor 

concentrations. Upon centrifugation, the colloidal solutions yielded yellow-tinted supernatants 

when a 1:3 ratio of vanadium pentoxide to oxalic acid is used. However, when the ratio is changed 

to 1:4, the supernatant solution is clear indicating the complete conversion of the vanadium 

precursor.  

 Different flow rates for synthesis were explored and it was found that scH2O flow rates 

between 60 mL·min-1 and 150 mL·min-1 allowed the most consistence in maintaining constant 

temperatures for experiments. As the non-linear heat transfer effects near the critical point have 

been presented near the critical point in previous work, the flow rate below 60 mL·min-1 and above 

150 mL·min-1 are to be avoided in future work.30  The size of synthesized nanoparticles was 

routinely analyzed using a DLS particle analyzer. In turn, morphology and crystallinity are studied 

by SEM imaging and XRD. The role of thermodynamics in the system was also studied by analysis 

of residence time calculated from the temperature of the scH2O (T4) and colloidal solution (T5). 

Seven parametric studies explore the parametric space available in CFHT reactor systems. The 
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following section presents the results and discussions for the seven different studies. Each study 

was based on the optimization of the parameters in the previous set of the experiments.  

Effect of Supercritical Water (scH2O) Flow Rate 

 In this set of experiments, called “Study 1” in Table 1, the scH2O volumetric flow rate, 

Pump 2, for was varied between 58 mL·min-1 and 172 mL·min-1, leading to a total system flow 

rate between 87 mL·min-1 and 201 mL·min-1. Table 2 presents the flow rate, key temperatures T4 

(scH2O entering the mixing section) and T5 (colloidal solution exiting the mixing section), 

residence times, DLS, XRD, and SEM material characterization results for experiments A1-A5. 

Table 2. Experiments in Study 1: scH2O Flow Rate ( Pump 2) Effect on VO2 nanoparticles 

synthesized in a CFHT reactor- Experimental Parameters, Residence Time, Re, and DLS, XRD, 

SEM Material Characterization 

Exp. 

Total/ 

Pump 2 

Flow Rate 

(mL·min-1) 

Average 

Temperature (°C) Residence Time (s) 

Re 

DLS 

XRD 

Phase 

 

T4 T5 

Mixing 

Section 

Reactor 

Section Total MI MN SEM† 

A1 87/ 58 520.8 383.5 0.51 2.01 2.51 7,177 370.0 145.1 A, M FP, S 

A2 115/ 86 394.8 380.6 0.48 2.04 2.52 8,146 383.0 108.9 A, M FP, R, S 

A3 144/ 115 391.1 382.2 0.30 1.34 1.64 11,367 276.7 101.5 A FP, R, S 

A4 173/ 144 387.9 381.3 0.27 1.20 1.47 13,143 162.5 88.5 A, M - 

A5 201/ 172 387.5 379.0 0.37 1.67 2.04 10,934 136.5 70.7 A, M R, S 

†Abbreviations used for SEM morphology: FP for Flaky Plates, R for Rods, and S for Spheres 

 The DLS particle analyzer showed the intensity average particle size decreased from 370.0 

nm to 136.5 nm, and the number average decreased from 145 nm to 70.7 nm, at increasing flow 

rates (Figure 3a). At higher flow rates, the reaction mixture spends less time in the hot reaction 

zone. As a result, shorter reaction time leads to smaller nanoparticles. Additionally, it is observed 

that more turbulent mixing conditions, as indicated by the Re number, generally led to smaller 

particle sizes. Experiment A5 did not follow these observed trends, which could be due to 

temperature fluctuations occurring in the cast heater and in turn the scH2O entering the mixing 

section during the experiment as the flow rate for scH2O was 172 ml/min, above the mentioned 

160 ml/min, see Figure S10. The corresponding SEM images, revealed the structures with 



17 

 

elongated (Figure 3b, c) and rounded (Figure 3d) particle morphology. The formation of 

elongated structures is previously explained as a result of the shear forces from the mixing of the 

precursor and supercritical water in the reaction zone that affects the growth kinetics.10 Almost all 

experimental conditioned tested in this set of experiments resulted in the formation of VO2 

nanoparticles with A-phase peaks (Figure 3e). VO2 (A), as referenced by JCPDS card No. 42-

0876 have peaks corresponding to X-ray diffraction at (110), (102), (220), and (330) planes.31, 

32However, in contrast to other studies which often exhibit B-phase when using additive-free 

techniques, this CFHT system has shown the co-existence of A- and M-phase VO2. Moreover, the 

samples synthesized at the highest flow rate had only M-phase. The VO2 (M-phase) peaks 

observed for the samples synthesized under the lowest flow rate likely had more chance to undergo 

a phase transition as a result of a longer residence time since the nanoparticles are in the reaction 

zone longer. It is thought also that the Phoenix two-stage heater set at 330˚C and 270˚C are not 

sufficiently high enough to convert the nanoparticles at the wall of the reactor during the mixing. 

The appearance of M-phase as evidenced by the (011) peak at 2 = 29.0˚ under the highest flow 

rate (201 mL·min-1, experiment A5 in Table 2), is hypothesized to be directly connected with the 

increase of the residence time in the reactor section by 38% as compared to experiment A4. The 

increase in residence time was due to a temperature (T5) decrease by 2˚C for experiment A5. Such 

a small decrease in temperature is usually not impactful, but as experiments were conducted near 

the critical point (373°C for water) and specifically near the pseudo-critical point (379°C at 23.5 

MPa), large changes in the thermophysical properties of scH2O occur. Thus, the 2°C temperature 

decrease resulted in a 48.5% increase in density, from 235 kg·m-3  to 349 kg·m-3.  
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Figure 3. Material characterization results from Study 1, experiment set A: scH2O flow rate 

effect on VO2 nanoparticle (a) size using DLS, (b-d) morphology using SEM, and (e) 

crystallinity and phase using XRD. 

 

Effect of Precursor Concentration 

 In this parametric study the total system flow rate was kept constant at 173 mL·min-1 while 

the vanadium precursor concentration was varied from 0.0356 M (no dilution) to 0.0178 M (2x 

diluted), 0.01187 M (3x diluted), 0.00712 M (5x diluted), and 0.00356M (10x diluted). Table 3 
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presents the key temperatures, residence time, and material characterization results for experiments 

B1-B5 in this study. 

Table 3. Experiments in Study 2: Precursor Concentration Effect on VO2 nanoparticles 

synthesized in a CFHT reactor - Experimental Parameters, Residence Time, Re, DLS and XRD 

Material Characterization 

Exp. 

[V4+] 

(M) 

Average 

Temperature (°C) Residence Time (s) 

Re 

DLS 

XRD 

Phase 

 

T4 T5 

Mixing 

Section 

Reactor 

Section Total MI MN SEM† 

B1 0.0356 388.0 381.3 0.27 1.20 1.47 13,143 162.5 88.5 A - 

B2 0.0178 387.0 381.3 0.27 1.20 1.47 13,143 132.8 42.1 A FP, S 

B3 0.01187 386.5 381.2 0.27 1.20 1.47 13,143 127.2 21.93 A, M S 

B4 0.00712 386.2 381.4 0.27 1.20 1.47 13,143 88.6 34 - S 

B5 0.00356 386.0 380.1 0.30 1.35 1.65 12,254 97.7 43.2 - S 

†Abbreviations used for SEM morphology: FP for Flaky Plates and S for Spheres 

 Figure 4a shows the DLS particle size where the intensity average particle size decreased 

from a diameter of 162.5 nm with no dilution to a diameter of 88.6 nm with a 5x dilution factor 

before increasing in size again at the lowest (10x) dilution. The number average likewise exhibited 

a general decreasing trend from 88.5 nm with no dilution down to 21.9 nm with a 3x dilution 

before slightly increasing in size with further dilution (5x and 10x). From the perspective of 

residence time, the increase in particle size in experiment B5 follows the trend that longer residence 

time yields larger nanoparticles. Although temperature was typically consistent during all 

experiments, during experiment B5, a 1°C temperature decrease was exhibited, leading to a 12.4% 

increase in the colloidal solution density, and in turn a 12.2% increase in residence time. The 

observed increasing number average particle size trend may also be an indication of a plateau, as 

lower concentrations of nanoparticles tend to hit the limits of the DLS instrumentation and produce 

noisier data due to the weak signal produced in the sample. While SEM images in Figure 4b and 

Figure 4c show the formation of spheres and some flaky plates, the SEM image in Figure 4d 

corresponding to the 0.0119 M [V4+] (3x diluted) sample shows a relatively spherical morphology 

throughout, indicating that the dilution of the precursor likely aided in reducing the aggregation 
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after nanoparticles nucleated, but due to the high solubility and surface energy of the particles at 

the scH2O conditions, smaller particles may be re-dissolving and some degree of Ostwald ripening 

may still be occurring, therefore contributing to some of the variation in the particle size 

distribution.33 As for the precursor concentration’s effect on the VO2, the presence of M-phase 

(Figure 4e) is the most pronounced at 0.01187 M [V4+] as it is evidenced by appearance of peaks 

corresponding to (011) VO2 M-phase peak. Similar to the case of the higher flow rate sample from 

Figure 3e, experiment A5, at 201 mL·min-1, it may be possible that the more diluted precursor 

samples were able to mix their components more efficiently at high temperature and therefore 

convert more nanoparticles into VO2 of M-phase.9  
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Figure 4. Material characterization results from Study 2, experiment set B: vanadium precursor 

concentration’s effect on VO2 nanoparticle (a) size using DLS, (b-d) morphology using SEM, 

and (e) crystallinity phase via XRD.  

 

Effect of Supercritical Water Flow Rate at Elevated Temperature 

 The third parametric study is focused on the precursor dilution effect. The concentration of 

the vanadium precursor is selected to maintain the small nanoparticle size, while also keeping the 

overall nanoparticle yield at a higher end, the latter factor which would be greatly affected by 

diluting the precursor too much. Thus, for this study the precursor concentration was held constant 

at 0.01187 M (3x diluted) while varying the system flow rate once again between 87 mL·min-1 and 

201 mL·min-1. For the first set of experiments, set C, the mixing section’s outlet temperature (T5) 

was similar to previous experiments. In the second set of experiments, set D, the temperature in 

T5 is increased by 5.5°C . Table 4 presents the flow rate, key temperatures, residence times, DLS, 

XRD, and SEM material characterization results for experiments in this third study. 

Table 4. Experiments in Study 3: scH2O Flow Rate (Pump 2) and Elevated Temperature Effect on 

VO2 nanoparticles synthesized in a CFHT reactor - Experimental Parameters, Residence Time, 

Re, DLS and XRD Material Characterization 

Exp. 

Total/ 

Pump 2 

Flow Rate 

(mL·min-1) 

Average 

Temperature 

(°C) Residence Time (s) 

Re 

DLS 

XRD 

Phase SEM† T4 T5 

Mixing 

Section 

Reactor 

Section Total MI MN 

C1 87/ 58 397.9 379.4 0.85 3.34 4.19 5,292 179.6 83.6 - FP, S 

C2 115/ 86 398.7 382.0 0.40 1.67 2.07 9,078 150.6 87.7 - FP, R, S 

C3 144/ 115 391.9 382.8 0.29 1.27 1.55 11,660 143.8 56.7 - FP, S 

C4 201/ 172 385.1 378.6 0.37 1.67 2.04 10,934 93.1 52 - S 

D1 87/ 58 464.6 383.6 0.51 2.01 2.51 7,177 199 92.7 A FP, R, S 

D2 115/ 86 479.1 387.1 0.31 1.31 1.63 9,980 152.2 53.1 A, M FP, R, S 

D3 144/ 115 457.2 393.1 0.21 0.93 1.14 12,870 145.4 64.3 - FP, S 

D4 173/ 144 406.7 387.2 0.19 0.87 1.07 15,013 140.6 30.5 A S 

D5 201/ 172 386.1 381.3 0.23 1.03 1.26 15,271 103.7 45.8 A S 

†Abbreviations used for SEM morphology: FP for Flaky Plates, R for Rods, and S for Spheres 

 Given the new precursor concentration, the purpose of the first set of experiments in this 

Study 3, set C, was to confirm previously observed particle morphology characteristics. Similar to 
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the previous experiments with increasing system flow rates, a decrease in both intensity average 

and number average particle size is observed. However unlike in the first parametric study, for this 

Study 3, the lower concentration precursor seemed to add robustness in the downward trend, even 

when a temperature decreased in C4 resulted in an increased residence time closer to that of 

experiment C2. Through SEM imaging, Figure S8, particle morphology transitioned from a 

mixture of flaky plates, rods, and spheres to a homogeneous distribution of spherical particles. 

Unfortunately, predominantly A-phase nanoparticles are observed in the XRD. 

 Hence, for the second set of experiments within Study 3, set D, the temperature of the 

colloidal solution exiting the mixing section (T5) was increased to see if the phase composition of 

the smaller nanoparticles could be fully converted to M-phase. The Phoenix two-stage heater was 

also adjusted to an upper heater temperature of 450˚C and a lower heater temperature of 360˚C to 

facilitate a higher overall temperature of the mixing section’s reactor walls. Figure 5a shows the 

DLS particle sizes decreased from an intensity average of 199.0 nm at 87 mL·min-1 flow rates 

down to 103.7 nm at the highest flow rate of 200 mL·min-1, but no full conversion to M-phase is 

seen in the XRD. With particular attention to experiment D4, the number average particle size 

decreased from 92.7 nm at the lowest flow rate, down to 30.5 nm a higher flow rate and 

consequently lowest residence time. D5, while the highest flow rate, exhibited a number average 

of 45.7 nm which is thought to increase again in size relative to D3 because of a slightly longer 

residence time in the reactor. Figure 5b and Figure 5c show large flaky plates with a few rods and 

spheres at these lower flow rates. This mixed morphology indicated some evidence of coalescence 

and occasional nano-rods that formed, perhaps due to the high surface energy of the particles 

coupled with an inducing effect from the high pressure and shearing forces.6, 34 However, for the 

SEM image corresponding with the sample at 144 mL·min-1 (Figure 5d), the particles appeared 
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to show uniform spheres with sizes appearing to be much smaller than the smallest particles from 

the earlier parametric studies. However, while the majority of particles were spherical, there was 

some evidence of coalescence and occasional nano-rods that formed, perhaps due to the high 

surface energy of the particles coupled with an inducing effect from the high pressure and shearing 

forces.6, 34 The slight increase in temperature, as a result of the higher heated scH2O and Phoenix 

heater, did not appear to have a significant effect on the conversion to M-phase of a 0.01187 M 

(3x diluted) sample. As shown in Figure 5e, the sample at the lowest flow rate tested, 87 mL·min-

1, showed strong A-phase peaks with a slight peak broadening at 2 ≅ 29˚ which indicated very 

limited conversion to M-phase. However, the sample at 115 mL·min-1 had a strong M-phase peak 

at 2 = 28.0˚, suggesting that the theory of increased mixing may be the reason for the conversion. 

When the flow rate was increased to 144 mL·min-1 there seemed to be a trend back towards VO2 

(A) perhaps due to the presence of unreacted reactants; a strong oxalic acid dihydrate peak emerged 

at 2 = 31.7˚.  
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Figure 5. Material characterization results from Study 3, experiment set D: effect of elevated 

temperature of the supercritical water (Pump 2) and flow rate on VO2 nanoparticle (a) size using 

DLS, (b-d) morphology using SEM, and (e) crystallinity phase using XRD. 

Effect of the Molar Ratio 

 Since previous parametric studies allowed us to achieve conditions that lead to the 

synthesis of ~50 nm spherical particles, this next fourth study was conducted with the objective to 

additionally convert these nanoparticles to single, pure M-phase VO2. Combining many of the 

optimal parameters ascertained from the previous experiments, the study used a 0.01187 M (3x 

diluted) vanadium precursor concentration at 144 and 173 mL·min-1 system flow rates and elevated 
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temperature. Additionally, the molar ratio of the V2O5 and C2H2O42H2O precursor was changed 

from a 1:3 to 1:4 ratio. It was observed that experiments D2-D5 had a yellow supernatant after 

centrifuging, an indication of V5+ present in the solution, it was thus hypothesized that by using a 

greater amount of reducing agent, the product yield would increase.18 

 Figure 6a shows the particle size distribution of the two experiments, E1 and E2. The 

particle size intensity averages were 94.6 nm and 88.8 nm, with number averages at 57.3 nm and 

51.4 nm, which represent system flow rates of 144 and 173 mL·min-1 respectively. The 

corresponding SEM images, Figure 6b and Figure 6c confirm the particle sizes were around or 

below 50 nm in diameter with uniform, spherical morphology. The addition of extra oxalic acid 

dihydrate appeared to promote the nucleation and hence higher number of smaller sized of 

synthesized nanoparticles.9, 35 Figure 6d showed that pure M-phase was achieved at the 173 

mL/min-1 system flow rate, but at 144 mL·min-1, there remained two VO2(A) peaks. The peaks at 

2 = 28.0˚, 37.0˚, 42.4˚, 55.5˚, and 56.4˚ which correspond to the (011), (200), (-212), (220), and 

(022) planes in monoclinic VO2 however suggest that this phase dominates. This study indicated 

that a higher amount of a reductant agent along with a higher reactor outlet temperature are key 

parameters toward achieving a higher yield of nanoparticles, a result that is also similar to 

observations reported by Bruyère et al.18 The presence of A-phase is observed to vanish at higher 

flow rates. This observation could be due to the increased availability of water, but as the Re 

decreased from 12,496 to 12,254 for E1 and E2 respectively, it is not evident that turbulence played 

a role in full conversion of the reaction precursors. Another explanation for the residual oxalic acid 

dihydrate disappearance could be that for experiment E2, 173 mL·min-1 system flow rate, the 

colloidal solution had about a 28% longer residence time which allowed for full synthesis to occur 
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while still decreasing the particle size compared to experiment E1 at the lower, 144 mL·min-1, 

system flow rate. 

  
Figure 6. Material characterization results of experiments E1 and E2 in Study 4 that built off of previous 

experiments, resulting in fully M-phase converted, spherical nanoparticles under 50nm in diameter, and 

where the molar ratio of V2O5 to C2H2O4·2H2O was changed from a 1:3 to a 1:4 molar ratio. (a) VO2 

nanoparticle size results from DLS, (b-c) nanoparticle morphology results from SEM, and (d) 

crystallinity phase results from XRD. 

 

Effect of Reactor Section Flow Rate 

 The fifth parametric study was completed to confirm results and repeatability of the reactor 

settings identified in the fourth parametric study as well as test to see the effect that the reactor 

section flow rate, given from Pump 4, had on the VO2 nanoparticles size and phase. The effect of 

increasing the flow rate of the colloidal solution at the beginning of the reactor section was studied 

computationally, showing non-existent effects of Pump 4 at flow rate of 9 mL·min-1, and 

experiments were desired to confirm this calculation.36 In turn, experiments were carried out over 

the course of four days with experiment F1 replicating the settings of experiment E2, and 

experiments F2-F4, eliminating the flow rate from Pump 4; this is achieved by turning the pump 

off and placing a cap over the inlet location to prevent any backflow. The precursor concentration 

was held constant at 0.01187 M using a 1:4 molar ratio, and Pump 1, 2, and 3 flow rates were kept 
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constant at 10, 115, and 10 mL·min-1 respectively. Building from the third parametric study and 

following experiment E2 from the fourth parametric study, higher colloidal solution temperatures, 

around 387 ± 2 °C, were observed for this study. Achieving this precision across experiment days 

shows the stability of the reactor to reach and maintain desired operating conditions near the 

critical point. Results from experiments are outlined in Table 5. 

Table 5. Experiments in Study 5: Reactor Section (Pump 4) Flow Rate Effect on VO2 nanoparticles 

synthesized in a CFHT reactor - Experimental Parameters, Residence Time, Re, DLS and XRD 

Material Characterization 

Exp. 

Total/ 

Pump 4 

Flow Rate 

(mL·min-1) 

Average 

Temperature (°C) Residence Time (s) 

Re 

DLS 

XRD 

Phase T4 T5 

Mixing 

Section 

Reactor 

Section Total MI MN 

F1 144/ 9 438.2 387.7 0.24 1.05 1.29 12,496 94.6 57.3 M 

F2 135/ 0 427.1 387.5 0.24 1.12 1.36 11,715 94.4 44.5 M 

F3 135/ 0 427.5 386.9 0.24 1.15 1.39 11,635 94.6 57.9 M 

F4 135/ 0 422.1 385.3 0.26 1.21 1.47 11,431 90.0 41.6 M 

 

 Regarding the residence time across this study, all experiments had about 0.24 s in the 

mixing section, with F4 having a longer time in the mixing section because the temperature of the 

scH2O was about 5°C lower than for other experiments, leading to a lower temperature of the 

colloidal solution exiting the mixing section (T5). The residence time for the colloidal solution in 

the reactor section was the lowest at 1.05 s for experiment F1; this was due to the use of Pump 4 

leading to a higher velocity of the solution. Experiment F1 also had the highest Re of 12,496. For 

experiments F2-F4 the total residence time was within 11 ms and the resulting Re was smaller than 

F1, but still within the turbulence zone: 11,573 ±142, ±2% between experiments. Experiment F1 

produced nearly identical DLS results to E2, with an intensity average particle size of 94 nm and 

a number average particle size of 57 nm, thereby concluding the repeatability of the experimental 

results and the reliability of the system parameters. The DLS results showed intensity average 

particle sizes between 90.0-94.6 nm, which was equal to or smaller than the 94.6 nm that was 
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found when there was additional flow rate provided by Pump 4 in experiment F1. Similarly, the 

number average particle size range of 41.6-57.9 nm for experiments without the use of Pump 4 

shows smaller sizes than when Pump 4 is used. Accordingly, the experimental results are 

repeatable and the flow rate induced by Pump 4 has a limited effect on the particle properties in 

the test range. Interestingly, it was seen that at the lower flow rates, and in turn lower Reynolds 

number the particle size slightly decreased. As all experiments, F1-F4, had about equal residence 

time in the mixing section, this observation could be due to Pump 4 actually acting to add 

turbulence and mixing in the reactor section led to particles to experience increased aggregation 

or growth Ostwald ripening that did not occur in more laminar conditions. For all experiments in 

this study the XRD analysis confirmed VO2 products were of a single M-phase, and no residual 

precursors were observed, see Supporting Information Figure S9. 

Effect of Precursor Flow Rate 

 The sixth parametric study was conducted over two days to investigate if the amount of 

precursor introduced into the CFHT reactor system would have a noticeable effect on VO2 

nanoparticles. Experiments were conducted, varying the flow rate of Pump 1 to 5, 10,  15 and 19 

mL·min-1. Pump 4 was not used in any of the experiments in this study as the fifth parametric 

study showed that the 9 mL·min-1 flow rate added by Pump 4 to the reactor section did not have a 

noticeable effect on the final VO2 nanoparticle size, and no effect on the phase. Not employing 

Pump 4 can be advantageous as the amount of water in the colloidal solution was decreased, easing 

the post processing steps of filtering out the nanoparticles and decreasing waste. The precursor 

concentration was held constant at 0.01187 M using a 1:4 molar ratio, and the flow rate of Pump 

2, and 3 was kept constant at 115, and 10 mL·min-1 respectively. Results from experiments are 

outlined in Table 6. 
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Table 6. Experiments in Study 6: Precursor Flow Rate (Pump 1) Effect on VO2 nanoparticles 

synthesized in a CFHT reactor - Experimental Parameters, Residence Time, Re, DLS and XRD 

Material Characterization 

Exp. 

Total/  

Pump 1 

Flow Rate 

(mL·min-1) 

Average 

Temperature (°C) Residence Time (s) 

Re 

DLS 

XRD 

Phase T4 T5 

Mixing 

Section 

Reactor 

Section Total MI MN 

G1 130/ 5  432.6 393.7 0.22 1.02 1.23 11,648 116.2 58.6 M 

G2 130/ 5 427.7 390.7 0.23 1.08 1.31 11,508 114 62.3 M 

G3 135/ 10 427.5 386.9 0.24 1.15 1.39 11,635 94.6 57.9 M 

G4 140/ 15 401.1 383.3 0.27 1.25 1.51 11,549 95.4 45.8 M 

 

 For the first two experiments, G1 and G2, the precursor flow rate was decreased from the 

standard 10 mL·min-1 to 5 mL·min-1. DLS results for experiment G1 was about the same as to 

experiment G2 for intensity average at 114.0nm and 116.2nm respectively, but G1 had a larger 

number average particle size then G2 at 62.3nm and 58.6nm. The smaller particle sizes observed 

in experiment G1 is thought to be due to the higher temperature of the scH2O (T4) and in turn of 

the colloidal solution exiting the mixing section (T5) being higher than for experiment G2. The 

higher temperatures resulted in experiment G1 having a lower total residence time of 1.23 s versus 

1.31s for G2. Experiment G1 also had a higher Reynolds number, Re, at 11,648 compared to 

experiment G2 at 11,508 which highlights that although in general a system with a higher Re yields 

smaller particles, it is not a perfect predictor, and further studies relating this metric to particle 

growth would be beneficial. Experiment G3 was conducted at identical conditions as experiment 

F3 in the fifth parametric study with the precursor flow rate at the standard 10 mL·min-1, and the 

DLS and XRD results agreed with the VO2 characteristics in F3. Although the temperature of the 

scH2O (T4) between G2 and G3 were nearly identical, the resulting colloidal solution temperature 

(T5) was about 4°C lower for G3. This suggests that it was the increased amount of precursors 

converting to products in an endothermic reaction that led to the observed decrease in colloidal 

solution temperature. From the lower temperature in G3, the total residence time was longer at 
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1.39s, but this did not seem to affect the particle size in the experimental conditions as the intensity 

average was determined to be 94.6 nm, while the number average was 57.9 nm, smaller and about 

equal to that of G2, respectively. For experiment G4, the DLS number average reported smaller 

particles at 45.8 nm compared to G3. For G4 the total residence time was the longest in the study 

due to the lower temperature in the mixing and reactor section which also decreased the Re. 

Overall, it was observed that the increase of precursor flow rate leads to the smaller VO2 

nanoparticles. The crystalline phase of the VO2 nanoparticles for all four experiments, G1-G4, was 

confirmed as pure M-phase. This study successfully showed that under the scH2O and the top of 

mixing section, Pump 2 and 3, and the precursor flow rate (Pump 1) could be increased to produce 

M-phase VO2 particles sized around 50 nm ±10 nm as long as the heat transfer and flow 

characteristics were scaled appropriately. 

Effect of Mixing Section Flow Rate 

 For the seventh, and final, parametric study the effect that additional ambient temperature 

water to the top, or exit, of the mixing section had on VO2 particles was studied by varying the 

flow rate of Pump 3. The precursor concentration was held constant at 0.01187 M using a 1:4 

molar ratio, and the flow rate of Pump 1 and 2 was kept constant at 10 and 115 mL·min-1, 

respectively. For the first experiment, H1, both Pump 3 and Pump 4 were set to 10 and 9 mL·min-

1, to repeat experiment F1 which itself was a repeat of the optimum conditions defined in 

experiment E1. For the second experiment, H2, Pump 4 was not used, so as to repeat experiment 

F3. Then, for the third and fourth experiments, Pump 3 was not used to see if there was a noticeable 

difference in VO2 properties. The results from experiments are shown in Table 7. 

Table 7. Experiments in Study 7: Mixing Section Flow Rate (Pump 3) Effect on VO2 nanoparticles 

synthesized in a CFHT reactor - Experimental Parameters, Residence Time, Re, DLS and XRD 

Material Characterization 
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Exp. 

Total/ 

Pump 3/ 

Pump 4 

Flow Rate 

(mL·min-1) 

Average 

Temperature 

(°C) Residence Time (s) 

Re 

DLS 

XRD 

Phase T4 T5 

Mixing 

Section 

Reactor 

Section Total MI MN 

H1 144/ 10/ 9 438.2 387.6 0.24 1.05 1.29 12,496 78.9 44.5 - 

H2 135/ 10/ 0 427.5 386.9 0.24 1.15 1.39 11,635 94.2 57.8 M 

H3 125/ 0/ 0 435.1 390.0 0.23 1.14 1.37 11,020 96.8 55.6 M 

H4 125/ 0/ 0 439.3 394.9 0.21 1.04 1.25 11,225 80.1 56.2 - 

 

From this experiment set, H1 confirmed for the second time the repeatability of the 

optimum set of conditions defined in the fourth study, E1. Experiment H2 confirmed the 

repeatability of nanoparticle size results and crystallinity via XRD confirming M-phase. The 

residence time between H2 and H3 is also about the same at 1.37 s, due to the temperature of the 

scH2O being increased, to 435.1˚C. This resulted in lower density of the colloidal solution and 

faster velocity. This third experiment (H3), where Pump 3 was turned off so that only Pump 1 and 

Pump 2 are contributing to the total system flow rate, produced nanoparticles with similar intensity 

average particle sizes as in the H1 but with an increased number average size of 55.6 nm; more 

than 10 nm larger than when Pump 3 is turned on. This suggests that the additional flow rate (and 

consequently higher Re) does in fact have an effect on the nanoparticle size, acting to decrease the 

number average. The residence time between H2 and H3 was also about the same at 1.37s, due to 

the temperature of the scH2O being increased, to 435.1°C, resulting in lower density of the 

colloidal solution and faster velocity. The increase of temperature for H3 decreased the Re to 

11,020, showing again that there exists a balance of the flow characteristics in the reactor which 

yields a given synthesized result. For the fourth and final experiment (H4), all parameters of H3 

are used, with the exception to the temperature of the scH2O, which is further increased to 439.3˚C 

to observe any additional temperature effects on the VO2 particles. As a result, H4 presented a 

slightly lower DLS intensity average particle size of 80.1 nm, but the number average particle size 

remained virtually unchanged at 56.2 nm. From these four experiments, it could be concluded that, 
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although not enough sample from H1 is recovered to measure the phase composition, Pump 3 is 

an important factor to increase overall system flow rate and Re which in turn help to reach the goal 

of VO2 nanoparticles less than 50 nm in diameter. It is thought however, that since H2 obtained 

pure M-phase at T4 and T5 temperatures below that of H1, that M-phase would likely be attainable 

in H1 as well. There may also be other uses for employing Pump 3 including adding a capping 

agent to make the nanoparticles, but such study is beyond the scope of this paper. 

CONCLUSION 

 This work revealed that the single-step, continuous flow hydrothermal reactor approach 

has the ability to adjust multiple parameters instantaneously, giving them unique advantages over 

the conventional multi-step batch-methods typically used for many nanoparticle syntheses. Seven 

parametric studies focusing on understanding the roles of flow rates, temperature, precursor 

concentration, and composition helped determine the optimal conditions to synthesize VO2 

nanoparticles ranging in size from 45-350 nm and in either the M- or A-phase. For the specific 

goal of ultrasmall nanoparticles suitable for applications like smart window films, the CFHT 

reactor system manufactured VO2 M-phase nanoparticles with average number sizes below 50 nm 

with precise control. At elevated colloidal solution reaction temperatures between 390-395˚C, full 

conversion of the 50 nm VO2 nanoparticles from A- to M-phase is achieved when a 1:4 vanadium 

pentoxide to oxalic acid dihydrate molar ratio for precursor concentration of 0.01187 M [V4+] and 

a total system flow rate between 125-135 mL·min-1 for a total residence time between 1.23-1.50s 

and Re between 11,000-12,500 is used. We found that continuous flow hydrothermal systems 

demonstrate a promising potential to manufacture nanoparticles, like VO2, with good control of 

the size, shape, and crystallinity. In the light of high scalability of  this approach, the expedited, 

large-scale synthesis of materials relevant for industrial applications is feasible. While  future work 
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will focus on exploring the optical properties of the synthesized VO2 (M-phase) nanoparticles, this 

synthesis process can open new avenues for a multitude of industrial applications for which the 

world can benefit. 
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