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SUMMARY

Photochemistry and photocatalysis are promising approaches to
derive solar energy for solving the global energy and environment
crisis. However, some practical aspects remain daunting, mainly
due to the slow reaction kinetics, especially for multiphase reactions
involving gaseous reactants. Here, we report that the oxidation of
methyl orange, golden orange II, and levoglucosan by Fe(III)-oxalate
photochemistry and by g-C3N4 photocatalysis can be significantly
increased (up to two orders of magnitude) with decreasing micro-
droplet diameter, from around 2,000 to 100 mm. Using simulated
Raman scattering microscopy, we observe strong interface enrich-
ment and pH alternation within the microdroplets. Experimental
and theoretical results indicate that the rate increase is mainly
caused by the size-dependent air-water interface properties of mi-
crodroplets. Furthermore, we demonstrate the scalability of micro-
droplet photoreactions. This work not only provides an efficient
pathway for improving the photochemistry and photocatalysis effi-
ciencies but also shows important implications for atmospheric
photochemistry.
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INTRODUCTION

Photochemistry and photocatalysis are of great potential for converting solar energy

into chemical energy and for environmental contaminant decomposition.1,2 To date,

great efforts have been invested to improve solar energy conversion efficiency, but

those were mainly focusing on materials engineering (e.g., semiconductor hetero-

junctions) and photoreactor design (e.g., microfluidic reactor).3,4 However, sluggish

reaction kinetics largely impede the practical applications. Molecular oxygen is a

natural electron acceptor, and O2 activation by photochemistry and photocatalysis

is an efficient approach for the formation of reactive oxygen species (ROS).5,6 Unfor-

tunately, because traditional aqueous O2 photoactivation is generally performed in

bulk solution at room temperature and pressure, the low solubility and slow diffu-

sivity of O2 limit its concentration at the active sites and, in effect, the subsequent

reaction processes.3,7 Therefore, a promising approach would be to increase the

availability of O2 to the reaction system in order to promote the photoreaction rate.

One efficient strategy to promote catalytic reaction is using nanocatalysts rather than

bulk material, which are of abundant active sites and have been widely studied in solid

catalysts.8,9 Similarly, dividing bulk aqueous solution into micro- or even nanosized liq-

uids (‘‘nano liquid’’) can increase the surface-area-to-volume ratio (S/V) by several orders

of magnitude compared with the bulk solution.10 Recently, microdroplets, generated in
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the course of electrospray-based ionization, are of increasing interest for chemical-reac-

tion acceleration compared with the bulk-phase counterpart.11 It has been extensively

reported that organic additions and condensation,12–14 SO2 oxidation,15–17 Fenton

chemistry,18 and the reactions of amines with CO2
19 can be dramatically accelerated in

microdroplets. Besides, the alcohol oxidation in microdroplets under light and thermal

irradiation was also accelerated.20 Moreover, the microdroplets can induce a sponta-

neous reduction of organics and HAuCl4,
21,22 H2O2 production,23 and ribonucleotide

synthesis24 in the absence of any reducing agent. At present, the intriguing behaviors

inmicrodroplets are arguably attributed to the different reaction environments between

microdroplets and bulk solution, especially at the air-water interface, including effective

mass transfer and mixing, pH alteration, surface partial solvation, ordered molecular

orientation, interfacial enrichment, and interfacial electric field.25–27 Photo-Fenton and

semiconductor photocatalysis are promising technologies for organic decomposi-

tion.28,29 However, the multiphase photochemistry and photocatalysis in microdroplets

have rarely beenexplored,30 and themicrodroplet size effect on thephotoreaction is still

notwell known.With theaboveconsiderations inmind,wehypothesize that the largeS/V

and the special air-water-interfacial properties ofmicrodroplets can increasegaseous re-

actants availability, and that, in addition, theyoffer other advantages for accelerating the

photochemical and photocatalytic reactions.

Herein, we perform homogeneous and heterogeneous photoreactions in micro-

droplets to show the concept of nano-liquid catalysis. To clarify, here, homogeneous

photochemistry means that the photoactive species can dissolve into water, while

the heterogeneous photocatalysis means that solid nanocatalysts are uniformly

dispersed in solution. Fe(III)-oxalate photochemistry and g-C3N4 photocatalysis

are used as model systems because the reduction of oxygen is a critical step for

ROS formation in the two cases. Using micro-Raman spectroscopy, we find that

organic degradation is significantly accelerated in microdroplets (up to two orders

of magnitude) compared to the bulk phase. This dramatic photoreaction accelera-

tion is predominantly attributed to the special size-dependent air-water interface

properties of microdroplets (e.g., O2 availability improvement and species enrich-

ment). Furthermore, opening the way to potential large-scale applications, the scal-

ability of microdroplet photoreactions is demonstrated.
RESULTS AND DISCUSSION

Photochemical organic oxidation in microdroplets

Figure 1A shows a schematic illustration of the setup for studying microdroplet

photochemistry and photocatalysis. The microdroplets were generated on a super-

hydrophobic substrate (water contact angle [CA], 148 G 2�, inset in Figure 1B) via

spraying the as-prepared bulk solution using a nebulizer. A confocal micro-Raman

spectrometer coupled with a 310 Olympus microscope objective was used to

monitor the microdroplet size and organic concentration during the microdroplet

photoreaction (see details in supplemental experimental procedures). As shown in

Figure S1, the microdroplet diameters were in the range of 100–1,000 mm. The

wide distribution of microdroplet size is conducive to investigate the microdroplet

size effects on photoreactions. Meanwhile, the microdroplet generation method is

of great repeatability, favoring independent repeated experiments. Notably, the re-

ported degradation rates are the average value obtained from at least five indepen-

dent microdroplets with similar size (standard deviation, <2%).

Firstly, we investigated the methyl orange (MO) photodegradation by Fe(III)-oxalate

photochemistry in microdroplets of different sizes. Fe(III)-oxalate complexes,
2 Cell Reports Physical Science 3, 100917, June 15, 2022



Figure 1. MO degradation performances in microdroplets by Fe(III)-oxalate photochemistry

(A) Schematic illustration of the experimental setup.

(B) Raman spectra of MO in a microdroplet and micrographs of the microdroplet measured at the

specific time interval (scale bar: 20 mm). The inset in the top left is photograph of a water droplet on

an as-prepared superhydrophobic substrate.

(C) C/C0 of MO in bulk phase and microdroplet as a function of irradiation time, where C0 and C are

the concentrations of MO at beginning and sampling time t, respectively.

(D) MO photooxidation rates and fitting curves in microdroplets of different sizes. The error bars

represent the standard deviation determined by at least five independent experiments. Unless

otherwise stated, the experimental conditions were FeCl3, 1 mM; Na2C2O4, 7 mM; MO, 350 mg L-1;

initial pH, 4.75; Xe lamp irradiation, �35.7 mW cm-2.
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widespread composites in natural environments, are photochemically active to pro-

duce a series of ROS (shown in Table S1).31 Figures 1B and S2 show representative

micrographs of amicrodroplet and corresponding organics’ Raman spectra sampled

at the pre-designed irradiation time (here, the irradiation time refers to the reaction

time). It clearly shows that the organic concentration (proportional to the Raman

peaks intensity) decreased with the time increasing, while the diameter of the micro-

droplet changed insignificantly due to our low-temperature and high-humidity

control (less than 10%). Figure 1C shows that the MO photodegradation rate

(5 min irradiation) in 2 mL bulk phase was only 0.54 mg L-1 min-1. Interestingly, the

photodegradation rates in microdroplet with initial diameters (F) of about 2,150,

1840, 1,540, 1,250, and 1,050 mm were approximatluy 7.2, 9.2, 11.4, 13.1, and

19.6 mg L-1 min-1, respectively. The pseudo first-order reaction kinetics model fitting

(Figure S3) indicated the MO photooxidation rate constant in a�1,050 mm diameter

microdroplet was approximately 46.6-fold higher than that of a traditional liquid-

phase system. The results explicitly confirm that the photooxidation performance

of Fe(III)-oxalate complexes is dramatically increased in microdroplets. Figure 1D

indicated that the MO degradation rates were exponentially increased as the micro-

droplets diameter decreased from about 2,000 to 100 mm (especially for

F < 300 mm), and it reached about 121.2 mg L-1 min-1 in a 120 mm diameter
Cell Reports Physical Science 3, 100917, June 15, 2022 3



Figure 2. Universality of photoreactions acceleration in microdroplets

(A and B) GO and LV degradation by Fe(III)-oxalate photochemistry. Conditions: FeCl3, 1 mM;

Na2C2O4, 7 mM; GO, 1.5 g L-1; LV, 50 g L-1; initial pH, 4.75; Xe lamp irradiation, �35.7 mW cm-2.

(C and D) Photocatalytic MO and GO degradation in microdroplets. Conditions: g-C3N4 dosage,

0.1 g L-1; MO, 350 mg L-1; GO, 1.5 g L-1; 365 nm UV lamp illumination, �5.6 mW cm-2. The insets are

the fitted relations between degradation rate and microdroplet S/V. The error bars represent the

standard deviation of at least five repeats.
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microdroplet, which is approximately 215-fold higher than that of the bulk-phase re-

action (0.56mg L-1 min-1). The variation trend ofMOphotodegradation rates relative

to the microdroplet diameter is similar to most of the previous microdroplet chem-

istry studies.23,24 The photodegradation rates versus microdroplet S/V is depicted in

the inset of Figure 1D. In addition, the changes of organic oxidation rates (defined as

DR/(DS/V), where R is the organic degradation rates) as a function of the microdrop-

let S/V are shown in Figure S4. Two regions with an inflection point at S/V of around

0.025 mm-1 could be clearly observed, which means that the DR/(DS/V) was firstly

decreased and then increased with decreasing the microdroplet diameter. The po-

tential reasons will be discussed later.

To confirm the significantly improved oxidation performances of Fe(III)-oxalate in mi-

crodroplets, the degradation of golden orange II (GO) and levoglucosan (LV) was

studied; the former is another example of organic dye,32 and the latter is a typical

organic molecule in atmosphere.33 As displayed in Figures 2A and 2B, the photode-

gradation rates of GO and LV were about 0.36 and 14.45 g L-1 min-1 in microdroplets

with F of �155 and �145 mm, respectively, which are at least two orders of magni-

tude higher than that of bulk phase (only about 0.003 and 0.12 g L-1 min-1, respec-

tively; Figure S5). The photodegradation rates of the two organics were also expo-

nentially increased with decreasing the microdroplet diameter, and the fitted

relations between degradation rate and S/V (Figures 2A and 2B, insets) showed a

close resemblance to that observed during MO photodegradation.
4 Cell Reports Physical Science 3, 100917, June 15, 2022
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Heterogeneous photocatalysis in microdroplets

We studied MO and GO degradation by g-C3N4 photocatalysis in microdroplets as

another model system. The photocatalytic degradation of MO and GO was signifi-

cantly accelerated in microdroplets compared with the bulk-phase counterpart.

For example, the MO removal efficiency and rate constant in a �1,400 mm diameter

microdroplet were about 25-times and 93-fold greater than that of bulk phase (6.8

versus 0.27 mg L-1 min-1, 0.0186 versus 0.0002 min-1, 10 min irradiation; Figure S6).

At present, GO and LV degradation under a longer reaction time course is not

shown, but all reactions follow pseudo first-order reaction kinetics. In addition, the

organic photocatalytic degradation (Figures 2C and 2D) was strikingly increased

as the microdroplet diameter decreased. The degradation rates in microdroplets

with diameters of about 160 mm were accelerated by about 135 and 102 times for

MO and GO compared with the bulk solution (38.3 versus 0.29 mg L-1 min-1; 59.2

versus 0.58 mg L-1 min-1), respectively. Moreover, the fitting curves of MO and

GO photocatalytic degradation rates versus microdroplet S/V were similar with

that observed in the Fe(III)-oxalate microdroplet photochemistry system. Unfortu-

nately, the error bars are large in the microdroplets system. Generally, the Raman

spectroscopy measurements are sensitive to ambient environmental conditions

including relative humidity and temperature. In addition, despite our best efforts,

the water evaporation of microdroplets does vary between independent repeated

experiments. Thus, the error bars show the effects of environmental conditions

and water evaporation. Meanwhile, the negligible photodegradation of MOwithout

any of the essential components (light irradiation, photoactive species, and O2) indi-

cated that the significant benefit of microdroplet for photoreaction acceleration are

reliable.

Improved oxygen availability

Firstly, the predominant ROS responsible for MO photodegradation in the Fe(III)-ox-

alate microdroplet system were investigated through radical quenching experi-

ments with p-benzoquinone (p-BQ; 10 mM) as the O2
- quencher and tertiary butanol

(TBA; 30 mM) as the $OH scavenger. As shown in Figure 3A, the addition of p-BQ

almost completely inhibitedMOphotodegradation in microdroplets, while the pres-

ence of TBA insignificantly influenced MO photodegradation, implying that O2
-,

produced from O2 reduction, played a critical role in organic oxidation.34,35 The

MO photocatalytic and photochemical degradations in microdroplets under N2 at-

mosphere were also significantly suppressed compared with the air environment

(Figures S7 and S8). Therefore, O2 availability is important for the O2
- production

and photooxidation in the two systems.

Under a sealedN2 environment, we observed that as the reaction proceeded, there was

hardly any further degradation of MO in microdroplets due to the depletion of the re-

maining oxygen in the atmosphere (Figure 3B). When the microdroplet was exposed

to air, the degradation was evidently increased from 14.9% to 40.9% in 10 min. Howev-

er, in the bulk phase, the exposure to air fromN2 atmosphere increased the MO photo-

degradation only slightly (from2.1% to 3.8%).Meanwhile, in the bulk phase, the concen-

tration of dissolved oxygen (DO) during the photochemical reaction rapidly decreased

from �8 to �0 mg L-1 in less than 20 min (Figure 3C), and the increase of DO was very

slow (from�0 to�0.4 mg L-1 after 30 min) under dark conditions. Unfortunately, due to

experimental limitations of the DO measurement meter (Figure S9), it was not possible

to directly observe the changes of DO concentrations in microdroplets as the reaction

proceeded. It is, however, well known that the oxygen diffusion coefficient in the air

phase (2.03 10-1 cm2 s-1) is four orders ofmagnitude higher than that in the water phase

(2.13 10-5 cm2 s-1).36 Thus, for bulk-phase photoreaction, the electron acceptor oxygen
Cell Reports Physical Science 3, 100917, June 15, 2022 5



Figure 3. The role of O2 availability on photoreactions acceleration

(A) MO photodegradation rates in microdroplets with radical quenchers.

(B) MO photodegradation performances in microdroplets and bulk phase under different reaction

atmospheres.

(C) Changes of DO concentration during Fe(III)-oxalate photoreaction in bulk solution.

(D) Simulated oxygen concentration at the center of microdroplets using Fick’s second law. The

error bars represent the standard deviation of at least three repeats.
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is mainly situated at the air-liquid interface, and it is difficult for it to transfer into the in-

ternal region due to the long diffusion distance, leading to the rapid depletion of DO

and slow reaction kinetics. Unequivocally, the microdroplets with confined volume

and shortened diffusion distance can obtain oxygen directly and efficiently from air,

facilitating ROS formation and organic oxidation.

A theoretical study of the oxygen-concentration distribution in microdroplets was

then performed. Because the oxygen concentration is varied as the photoreaction

proceeds, a typical case of Fick’s second law (Equation 1) was employed to qualita-

tively analyze the oxygen-concentration distribution in the reaction system.

½O2�s-½O2�x
½O2�s-½O2�0

= erf

�
x

2
ffiffiffiffiffiffi
Dt

p
�
; (Equation 1)

where ½O2�s, ½O2�x , and ½O2�0, respectively, represent the O2 concentration at the air-

liquid interface (regarded as O2 concentration in the air, 310 mg L-1),37 the O2 con-

centration at the distance x from the air-water interface (for a microdroplet, it is the

oxygen concentration at the center), and the initial oxygen concentration in the so-

lution (8 mg L-1);38 D is the oxygen diffusion coefficient in water (2.1 3 10-5 cm2 s-1);

and t is the reaction time. As displayed in Figure 3D, ½O2�x will be significantly higher

with decreasing x (t = 60 s), implying that smaller microdroplets can provide more

efficient oxygen availability. In order to visualize the enhanced O2 accessibility in mi-

crodroplets, the color change of alkaline phenolphthalein was observed in the pres-

ence of high-concentration CO2. As displayed in Video S1 (color variance of alkaline
6 Cell Reports Physical Science 3, 100917, June 15, 2022



Figure 4. O2 concentration and optical-field distribution in microdroplets

(A) The inhomogeneous O2 concentration distribution in bulk solution, and large microdroplets

and small microdroplets during photoreaction.

(B) Geometric optics results. In the background, ray-tracing software simulation of light incident on

a sphere with refractive index of water. The scale bar corresponds to 5 a.u. of length. The red dot

corresponds to the calculated point of effective focal length. The white lines are light rays

calculated by Snell’s law.

(C) Electromagnetic-wave results. Finite-difference time-domain simulation of the electromagnetic

field amplitudes of a 30 mm (diameter) water microdroplet illuminated at 400 nm.
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phenolphthalein in microdroplets), the pink in microdroplets of varying size rapidly

disappeared, and the time required for color fading was shorter in smaller micro-

droplets. The color disappearance was caused by solution acidification due to the

reaction between CO2 and OH- and the CO2 dissolution. By contrast, the color of

bulk solution negligibly changed even after 1 h (Figure S10). Moreover, it was

observed that the pink in big droplets slowly disappeared from the external surface

to the interior region, probably due to the comparatively large volume and slow re-

agents diffusion.25 Thus, we propose that, for bulk solution and microdroplet of

large size, the system can be divided into three regions based on the availability

of O2 during photoreaction: (1) interfacial O2-rich region, (2) O2-diffusion region,

and (3) O2-deficient region, as illustrated in Figure 4A. In bulk solution and large-

sized microdroplets, the third region is dominant during photoreaction, leading to

inefficient O2 activation and ROS production. As the size of the microdroplet de-

creases, the third region becomes smaller and eventually disappears.

Optical-field distribution

In microdroplets, the spherical geometry determines the regions of light-matter

interaction. As Figure 4 illustrates, the light distribution inside the microdroplets
Cell Reports Physical Science 3, 100917, June 15, 2022 7
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is not homogeneous. For big droplets, large parts of the oxygen-rich and oxygen-

diffusion regions experience low levels of illumination, whereas the oxygen-defi-

cient regions are well illuminated. Consequently, for big droplets, the photoreac-

tions are less efficient than in the case of small microdroplets, whose core does

contain oxygen during photoreaction. Furthermore, to illustrate the illumination

within very big and very small microdroplets, we conducted both geometric opti-

cal (Figure 4B) and electromagnetic wave simulations (Figure 4C). Figure 4B shows

a ray-tracing simulation of a sphere with the refractive index (n) of water (n =

1.339). The red dot corresponds to the effective focal length that depends on n

and on the diameter of the sphere. The white lines are individual rays calculated

by Snell’s law. Clearly, large parts of the surface regions are ‘‘in the shadow.’’

The simulations in Figure 4B are valid for any droplet size, for which the conditions

of geometrical optics remain valid; this is why the scale bar is provided in arbitrary

units. Naturally, with decreasing droplet size, geometrical optics fails. We there-

fore need to establish a reasonable lower limit of validity. Figure 4C corresponds

to a finite-difference time-domain simulation of a water microdroplet with a diam-

eter of 30 mm, illuminated at 400 nm. This figure shows the electromagnetic (EM)

field distribution within the microdroplet. The results are normalized to the inci-

dent EM field. The regions in dark blue correspond to low light (EM fields <1),

and they cover almost the entire surface region. A comparison between

Figures 4B and 4C shows that the light profiles are very similar. It follows that

the geometric optics simulation in Figure 4B is valid down to water microdroplets

with a diameter of 30 mm. Therefore, it is certainly valid for larger droplets, such as

those in the range of this study (from 100 to 2,000 mm).

Interfacial enrichment and pH alteration

Although the improved O2 availability and light absorption can accelerate the

photoreaction, the two factors cannot completely explain the appearance of an in-

flection point in the relation curves of organics photodegradation rates versus micro-

droplet S/V. Thus, there are additional reasons behind the photoreaction accelera-

tion, especially for smaller microdroplets. The pH changes in microdroplets

compared with bulk solution were qualitatively investigated via Raman spectros-

copy. As shown in Figure S11, in bulk solution, a red shift of a Raman peak attributed

to C–C bond (v(C–C)) of oxalate is found with decreasing solution pH (adjusted using

NaOH and HCl), probably owing to the protonation effects.39 Intriguingly, the red

shift of v(C–C) is also clearly observed between big microdroplet and small micro-

droplet via simulated Raman scattering (SRS) microscopy (Figure 5A), implying

that the smaller microdroplet presents a lower pH value.40,41 The bulk-phase exper-

iments displayed that MO photooxidation by Fe(III)-oxalate photochemistry is faster

under more acidic condition (Figure S12A).42 Previous microdroplet chemistry

studies also opined that the pH alteration in microdroplets relative to bulk solution

is favorable to the acid/base catalyzed reactions, based on the results of traditional

bulk-phase reaction.27,43 Thus, the more acidic environment of smaller microdrop-

lets might be favorable for ROS formation and photooxidation.

Additionally, near and at the air-water interface of microdroplets, the ‘‘water-poor’’

character, disruption of the hydrogen-bonding network, and ordered molecular

orientation could influence the solvation effects, induce species enrichment, and

alter the thermodynamics and kinetics of redox reactions.44,45 Here, SRS was con-

ducted to explore the concentration enrichment of Fe(III)-oxalate at the air-water

interface. The spatial distribution of Raman spectra assigned to v(C–C) and v(O–H)

in a microdroplet (F = 55 mm) was shown in Figures 5B and 5C, respectively, where

v(O–H) is attributed to the O–H bond of water molecules. The SRS intensity of v(O–H)
8 Cell Reports Physical Science 3, 100917, June 15, 2022



Figure 5. pH alternation and interfacial enrichment in microdroplets

(A) SRS spectra of v(C–C) in microdroplets of different sizes.

(B and C) The distribution of SRS spectra of v(O–H) and v(C–C) in a microdroplet, respectively.

(D) SRS intensity ratio of v(C–C) to v(O–H) in a microdroplet.
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gradually decrease from the center to the edge because the number of detected

molecules decreased at the droplet edge,27 while an abnormally high SRS intensity

of v(C–C) at the surface region was observed, implying a possible species enrich-

ment at the surface region. According to internal standard methods,46 the peak in-

tensity ratio of v(C–C) to v(O–H) can be an indicator of species concentration. As

presented in Figure 5D, it is clear that the ratio of v(C–C) to v(O–H) near the surface

region of a microdroplet (thickness of 5 �mm) is about 5-fold higher than that in the

interior region, implying an enrichment of oxalate at the air-water interface.47–49 As

previously reported, the Fe(III) species are also more abundant at the water

surface.50 Owing to the very strong complexation affinity between Fe3+ and

C2O4
2�, the Fe(III)-oxalate chelates would be concentrated near the interfacial

region, which is beneficial to the organic photooxidation (Figure S12B).49 Further-

more, the molecular-dynamics simulations indicated that, at the air-water interface,

the redox potential of O2/O2
d- couple can decrease -0.32 V, which is as large as

the experimental value of -0.33 V, making the oxygen reduction by CO2
d- radical

and photogenerated electrons easier.51 Thus, it is reasonable to suggest that the

unique properties of the air-water interface are beneficial to the microdroplet

photoreactions.

As abovementioned, the inflection points were clearly observed in Figure S4 and

the insets in Figures 1 and 2. On the one hand, the contributions of O2 accessibility

on reaction acceleration would reach a stable state in small microdroplets, due
Cell Reports Physical Science 3, 100917, June 15, 2022 9
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to the almost same O2 transfer capacity. On the other hand, the roles of unique air-

water-interface characteristics of microdroplets would be strengthened and the

proportion of interfacial region in a microdroplet will increase with decreasing

the microdroplets diameter.52 With the above considerations, we speculate that

the varied contribution ratios of O2 availability and air-water interfacial properties

synergistically led to the observed inflection points.

The faster photoreaction near the air-water interface of the bulk solution or a large

microdroplet is further confirmed by observing the formation of g-FeOOH in the

Fe(III)-oxalate photochemistry system. As shown Table S1 and Figure S13, the

pH value will increase during the photochemical reaction, resulting in a formation

of g-FeOOH nanosheets as confirmed by X-ray diffraction pattern, Raman spectra,

and transmission electron microscopy (Figure S14).53,54 It was observed that the

g-FeOOH was merely formed at the gas-liquid interface in bulk solution after

�80 min (Figure S15A). In a large droplet with F of �1,570 mm, the g-FeOOH

was first dominantly produced at the external surface region (appeared after about

4 min; Figure S15B) and then gradually appeared in the deeper interior as the

photoreaction proceeded (Figure S16). Interestingly, in a �315 mm diameter mi-

crodroplet, an almost uniform distribution of g-FeOOH was observed throughout

the whole space of the microdroplet after about 3 min (Figure S15C). Undoubt-

edly, the unique air-water interface properties (e.g., species enrichment and pH

alternation) of microdroplets are favorable to the faster interfacial photoreaction.

Although the light irradiation near the interfacial region of the microdroplet is

not as efficient as that in the microdroplet interior, this adverse effect on interface

photoreaction is not significant, as indicated by the faster g-FeOOH formation

near the interfacial region. Besides, for small microdroplets, the O2 transfer and

availability in whole space is highly efficient as shown in Figure 4C. Thus, the

strengthened light illumination in the microdroplet interior is also favorable to

the photoreaction acceleration.

Evaporation is inevitable during microdroplet photoreaction, although this is greatly

suppressed in our system through low-temperature and high-humidity control. How-

ever, the volatilization of the organic molecule is not the reason behind the improved

photodegradation. As shown in the N2 atmosphere experiment (Figure S7), hardly

any decrease of MO concentration is observed, in consistency with that expected

from a vapor pressure. An increase in the concentration of reactants due to water

evaporation is ruled out as a potential reason. Even the reactant concentration

was deliberately increased 5-fold, the MO photodegradation rate was increased

only 3.81 times (Figure S12B). In addition, there was hardly any organic removal un-

der 785 nm Raman laser radiation and in the absence of Fe(III)-oxalate chelates and

g-C3N4 (Figures S17 and S18). Moreover, air purge and magnetic stirring in bulk so-

lution to improve O2 supply and reagent transfer were also studied and compared.

As shown in Figure S19, the MO photodegradation rate is correspondingly

increased by only 2.41 and 2.94 times in bulk phase. All these results confirmed

the superiority of microdroplets.

Scale-up tests

Finally, we demonstrated the large-scale applicability of microdroplet photochem-

istry and photocatalysis; the methods used are well known.55,56 An electric nebu-

lizer was used to generate a large number of microdroplets (F < 50 mm) from the

Fe(III)-oxalate solution. The MO photodegradation rate (6.31 mg L-1 min-1; Fig-

ure 6A) was found to be approximately 15.1 times higher than that of bulk phase

(0.42 mg L-1 min-1). The enhancement was lower than that of individual
10 Cell Reports Physical Science 3, 100917, June 15, 2022



Figure 6. Scale-up tests of microdroplet photoreaction

(A) MO photochemical degradation by Fe(III)-oxalate photochemistry.

(B) Photocatalytic MO degradation by g-C3N4 photocatalysis. The error bars represent standard

deviation of at least three repeats. The insets are the corresponding schematic setup for

microdroplets generation and photoreaction.
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microdroplet, which might be because (1) the suspended microdroplets signifi-

cantly inhibited light penetration due to scattering effect (Figure S20), (2) some mi-

crodroplets adhered to the wall of the quartz reactor, and (3) the average reaction

time for microdroplet is shorter than that for bulk phase owing to the consecutive

spray. The scale up of g-C3N4 photocatalytic MO degradation in microdroplets

(averaged diameter, 270 mm; Figure S21) was conducted in a custom-designed

environmental control chamber. The MO photodegradation rate (2.92 mg L-1

min-1; Figure 6B) is about 145-fold higher than that of the bulk-phase reaction

(0.02 mg L-1 min-1). Although presently the scale-up tests are at the proof-of-prin-

ciple stage, with dimensions of 30 3 20 3 200 mm, our experimental results clearly

stimulate interest in additional studies on microdroplet photochemistry and

photocatalysis.

In summary, significantly accelerated (up to two orders of magnitude) photochemical

and photocatalytic reactions in microdroplets were demonstrated via micro-Raman

spectroscopy. SRS chemical imaging provided experimental evidence for the unique-

ness of reactant concentration enrichment near the air-water interface and pH alter-

nation in microdroplets. In combination with the dramatically improved O2 transfer

and availability, the organic photodegradation in microdroplets was remarkably

increased by decreasing the microdroplets diameter. The scalability of the micro-

droplet photoreactions were also demonstrated. Microdroplets provide a very effi-

cient pathway for accelerating chemical reactions limited by gas diffusion in liquid,

benefiting photocatalysis and photochemical conversion for environmental, energy,

and green synthesis. Furthermore, because cloud and fog droplets and sea spray are

almost in the range of micrometers, this study also shows important implications on

atmospheric photochemistry.
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