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The photochemical conversion of CO; into valuable fuels faces challenges of low efficiency and poor selectivity.
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Hydrated electrons (e,q ), with their extremely negative reduction potential, are promising CO,-reducing agents, yet
their short lifetime limits selectivity and high-energy-density product formation. Herein, we show that microdroplet
interfaces with strong electric fields (10° volts per meter) substantially extend the lifespan of €aq generated from
industrial sulfite pollutants (S0327), lowering energy barriers in the CO, reduction reaction and enabling targeted
product formation. The machine learning strategy identified microdroplet size as the key parameter controlling elec-
tric field strength, product yield, and selectivity. In our lab-based scaled-up system, microdroplets <10 micrometers
improved performance by four to seven orders of magnitude over bulk-phase systems, achieving ~99% methanol
selectivity. Strong interfacial electric fields stabilize intermediates and modulate carbon-oxygen bond lengths, di-
recting pathways to high-value products. This approach enables sustainable CO, utilization via microdroplets, poten-

tially producing fuels from waste.

INTRODUCTION

Over the past few decades, the solar-driven photochemistry con-
version of greenhouse carbon dioxide (CO,) into hydrocarbon fuels
[methanol (CH30H), formic acid (HCOOH), etc.] has emerged as a
promising strategy to meet global energy demands while mitigating
climate change (1). For the photochemical CO, reduction, the hy-
drated electron (e,q ), distinguished by its exceptionally negative
standard reduction potential of —2.9 V, has been acclaimed as one of
the most potential agents for photochemical reduction (2). Its appli-
cations extend beyond CO, reduction to include the decomposition
of persistent halogenated pollutants and versatile chemical synthesis
(3). In aqueous environments, the rapid interaction between e,q~ and
CO; generates the CO,"™ anion with a remarkably high reaction rate
constant of ~10'° M~! s™! at room temperature (4). e,q can be gener-
ated using semiconductor catalysts, such as diamond, which enables
the injection of electrons into the surrounding liquid environment
when the conduction band position exceeds the thermodynamic po-
tential of the liquid’s molecular constituents (5).

Recent studies have identified SO3>~ as a viable source of €aq
source for inorganic carbon reduction, yielding organic molecules
critical to the origins of life (6). Notably, the SO52~ anions, derived
from the caustic liquid adsorption of a large quantity of SO, flue gas
emitted from power plants, vehicles, and factories, exhibit a high
quantum yield (0.11 to 0.17 mol/E) (SO5>™ + hu — SO5™ +¢7) (7),
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thus essentially providing numerous e, through electron photode-
tachment for industrial CO, reduction. Although e, is a powerful
reductant capable of efficiently reacting with environmentally sub-
stantial contaminants, its inherently short lifetime limits its utility in
traditional bulk-phase, solar-driven processes. On the other hand,
conventional CO, reduction by e,q~ typically requires substantial
energy inputs for producing e, , such as exposure to high-energy
rays (8) or temperatures (9). Moreover, e,q -mediated photochemi-
cal CO; reduction suffers from low selectivity and the inability to
specifically produce high-energy-density products, which substan-
tially limits the practical applications of e,q~ in CO, reduction (10).
Microdroplets, which are believed to be featured in a unique
aqueous environment and have abundant gas-liquid interfaces (11),
show abnormal physical-chemical properties, particularly strong inter-
facial electric fields, that can markedly accelerate reactions compared
to bulk-phase reactions and even produce products that cannot be
synthesized in the bulk aqueous medium (7, 12, 13). Early studies sug-
gest that the spontaneous donation of electrons by OH™ in water micro-
droplets is responsible for the hydrogenation of CO, to HCOOH or
other species, which are potentially driven by strong electric fields
at or near the interfaces of water microdroplets. Nevertheless, the
yields are commonly low (14), and there is a lack of research on direct-
ing the production of specific products. Yet so far, to our best knowl-
edge, how interfacial e,q~ functionalizes in microdroplets remains
an open question (15), and rare information is currently available
for the reduction of CO; by hydrated electrons in microdroplets.
Here, we demonstrate that high efficiency and selectivity in CO,
reduction can be achieved using h;fdrated electrons (e,q) generated
from industrial waste—derived SO5"™ at the gas-liquid interface of mi-
crodroplets. By integrating machine learning, advanced microdroplet-
generating devices, and optical imaging techniques, we quantified
substantial enhancement factors in CO, reduction across a wide
range of microdroplet sizes and interfacial electric field strengths.
Our results reveal that interfacial electric fields within microdroplets,
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reaching intensities of up to 10° V. m™’, are pivotal in enhancing
both the efficiency and selectivity of CO, reduction. This electro-
static environment extends the lifetime of e,q and reduces energy
barriers at critical stages of the CO, reduction reaction (CO,RR).
These findings position microdroplets as efficient photochemical
reaction chambers for e,; -mediated multielectron reactions, mark-
edly improving the yield and selectivity of CO,RR products as the
microdroplet size decreases. This work provides a strategy for devel-
oping highly efficient CO, utilization strategies and producing value-
added C—H fuels, offering a transformative approach to address the
energy crisis and climate change.

RESULTS

Substantially accelerated photochemical CO,RRs in the
PMEF system

We applied a photochemical microdroplet reaction system (here-
after denoted as the PMEF system) by producing sprayed microdro-
plets of strong interfacial electric field (on the order of 10° V m™,
characterized and discussed in the later section) on the hydrophobic
substrate, followed by the subsequent reaction in a custom-designed
flow-cell reactor upon light irradiation (Fig. 1A and fig. S1). The
relative humidity (RH) in the reactor’s headspace was maintained at
~90% for all experiments, which ensures the microdroplet stability
throughout the process, as evidenced by the bright-field images cap-
tured in some trials where there is a marginal change in size dimen-
sion throughout the reaction (fig. S2). We selected HCOOH as the
target product to evaluate the reductive performance differences
of hydrated electrons (e, ) between microdroplet and bulk-phase

environments, considering that HCOOH is the primary detectable
product in both the 300-pm microdroplet and 3-ml bulk-phase sys-
tems. In the PMEF system, the HCOOH concentration increased
over time, reaching 22.2 mM (microdroplet size, ~300 pm) after
3 hours of irradiation—far exceeding the 2.3 mM observed in the
bulk phase (Fig. 1B). Increasing the initial concentration of inor-
ganic carbon sources (CO, or NaHCO3) further boosted HCOOH
yields (Fig. 1, C and D). CO, reduction efficiency strongly correlated
with light intensity in both the PMEF and bulk systems, confirming
the photochemical basis of HCOOH formation. Notably, at a low
intensity of 0.77 mW/cm?, the PMEF system outperformed the bulk
phase by one or two orders of magnitude (Fig. 1E). In the absence of
a carbon source or an additional hydrated electron source, CO; re-
duction products were negligible, falling below detection limits of ion
chromatography (IC) analysis (fig. $3). Isotopic labeling with *CO,
verified that HCOOH derived from the intended carbon source,
excluding contamination. Raman spectroscop}r of HCOOH pro-
duced after 3-hour irradiation with >CO, and 2COj revealed dis-
tinct ?C=0 and '*C=0 bands, with a characteristic Raman shift
difference of ~24 cm™" (fig. $4). °C nuclear magnetic resonance
(NMR) analysis of CO,RR products provided further evidence of
B3C-labeled HCOOH and HCOO™ formation [fig. S5, aligning with
a previous study (16)]. The PMEF systems efficiency also depended
on anion additives generating e,q, with HCOOH yields following
the trend SO5>~ > 1~ > CI~ (fig. S6). Regardless of the e,q~ source,
the PMEF system consistently surpassed the bulk phase in CO, re-
duction performance. To extend the applicability of our PMEF sys-
tem, we explored acetonitrile (ACN; ACN:H,0 = 83.3%, v/v) and
0.1 M NaOH aqueous microdroplets. Figure S7 shows that ACN
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Fig. 1. Characterization of e,q -driven photochemical reduction of inorganic carbon in bulk and PMEF systems. (A) Schematic illustration of the photochemical
reaction process in the PMEF system. (B) Time-dependent HCOOH production in microdroplet (blue hexagon) and bulk (orange diamonds) reactions under light irradia-
tion (0 to 180 min). (C) Effect of NaHCO5 concentration on HCOOH yield in microdroplet (greenish-blue) and bulk (orange) reactions (concentrations tested: 25, 50, 100,
and 200 mM). h, hour. (D) Comparison of HCOOH yield under different reaction conditions in bulk and PMEF systems. Conditions: Na,SO3 + NaHCOs3, Na,SOs + CO,, and
S0, + CO,. (E) Influence of light intensity on HCOOH yield in microdroplet (greenish-blue) and bulk (orange) reactions. Light intensities: 0.77, 1.32, and 1.68 mW/cm?.
Microdroplet diameter, ~300 um. Error bars represent the standard deviation from at least three independent experiments. E refers to the electric field, most intense at

the air/water interface of microdroplet chambers.
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yielded HCOOH (~158 mM/hour), surpassing NaOH (~70 mM/
hour) and H,O (~52 mM/hour), because of enhanced CO, solubil-
ity. These results underscore the PMEF system’s exceptional photo-
chemical CO,RR efficiency, achieved through optimized reaction
conditions and the unique properties of the microdroplet interface.

Yield and selectivity of CO,RR products in the PMEF system
under complicated condition matrices

Given the predominance of HCOOH and CH3;0H over other prod-
ucts, we investigated product selectivity in the PMEF system by fo-
cusing on these two species. As light intensity increased from 0.77 to
1.79 mW/cm?, yields of both HCOOH and CH3OH rose substan-
tially (Fig. 2, A and B), driven by enhanced photon absorption that
boosts electron excitation and accelerates CO, reduction (17). Un-
der an argon atmosphere, HCOOH selectivity increased from 57 to
87% with rising light intensity (Fig. 2A). Introducing CO, further
enhanced HCOOH selectivity, reaching up to 95% at the highest
intensity (Fig. 2B). This improvement likely arises from the increased
availability of CO, as a direct carbon substrate at the microdroplet
interface, favoring the two-electron reduction pathway to HCOOH
over competing multielectron processes like CH;OH formation. We
next explored how product selectivity varies with carbon source and
concentration (Fig. 2, C and D). In an argon atmosphere, elevating
NaHCOj concentration increased both HCOOH yield and selectiv-
ity, reflecting greater carbon availability for reduction. Unexpectedly,
under a CO, atmosphere, both the CO,RR rate and HCOOH selec-
tivity declined as the NaHCO3 concentration rose (Fig. 2D). This

reversal likely stems from complex interactions among dissolved
bicarbonate species (H,CO3/HCO;7/CO5%") and sensitive parame-
ters (ionic strength, electric field strength, and pH) at the microdro-
plet interface (18). The surface accumulation of ions can intensify
the interfacial electric field, altering local pH and modulating e,q~
availability for CO; reduction (4, 19). In addition, reducing the mi-
crodroplet size enhanced CH30H selectivity and total yield under
both Ar and CO; atmospheres (Fig. 2, E and F, and fig. S8). The ob-
served enhancement in CH3;OH selectivity with smaller microdrop-
lets aligns with the intensified electric field strength driven by a
higher surface-to-volume ratio, as recently reported (19). Collec-
tively, these findings highlight the PMEF system’s superior photo-
chemical CO,RR performance, enabled by the precise control of
reaction parameters and the distinct interfacial properties of micro-
droplets (13, 16).

Data-driven approach assisting in exploring the key
parameters and forces in the PMEF system

To elucidate the influence of key variables on the PMEF system’s
CO,RR performance, we introduce multiple parameters: light inten-
sity (0.77 to 1.79 mW cm™2), NaHCOj; concentration (0.05 to 0.4 mM),
CO; concentration (0 to 1, where 0 denotes an argon atmosphere,
0.4 an air atmosphere, and 1 a high-purity CO, atmosphere), and
microdroplet size (120 to 4572 pm). The resulting data matrix is de-
picted in an alluvial diagram, illustrating the influence of these vari-
ables on product selectivity and yield (Fig. 3A and fig. S9). Small
microdroplets (120 to 300 pm) consistently yielded higher CH;0H

25 75 —
T A Ar 87 % = |B Ar 85 % £ 60 C CO, 95% =
= B = : S =
2 |=mcwod . v o % o0 \ -'.‘,(D 1% £E |mmcHoH S
£ 5o FIHCOOH . 75 % l20S & [FICHoH . , = |EEHCOOH 88% %
5 =5 _|[mmHcOOH 5% £ D401 ° E
K9] \ J ] 45 - L 45 —.0 3%
o
> 154 oS, % > 5
o [0 \ J o c =
é " 57 % (153 S 30 66% >~.g b
S T I 30§ 2 [
= v 55 5 S o
O 54 =3 15 o -
a 10 £ <}
o b5
0 0
0.77 1.32 1.68 100 400 0.77 1.32 1.68
Light intensity (mW/cm?) NaHCO3 conc. (mM) Light intensity (mW/cm?)
60 ‘ ‘ 32
= D 8% ! co, [EEcHoH | E. CO, % HCOOH F ‘ Ar [ ]HCOOH
= ‘ [ HCOOH €210~ CHOH | 2207 ¢ Ccwon|
€ 45l 85 % E= gy i 522 |Ig] 2
- 83% sz N >EsT _‘é_ |28 2
e} Eo O~ o BRe) >
o % 20- \Q 20 ~ Q 3
> 304 = r208 5 o)
c Lao @ < c 104 o
g >S5 & S 2
L £8 10/ 155 3 e
O 15 [ O [ Lol 1 ™
8 _ 35 ;_8 = f’ a) 5 _I_ 5
o a E):I oo
0 30 20
100 400 300 1563 2122 2673 3368 4572 300 1563 2122 2673 3368 4572

NaHCO3 conc. (mM)

Size (um)

Size (um)

Fig. 2. Effects of reaction variables on HCOOH and CH;OH production in the PMEF reaction systems. (A and B) Dependence of product yields on light intensity
(0.77 to 1.68 mW/cm?) under Ar and CO, atmospheres, respectively. Pie charts illustrate product distribution, with percentages indicating HCOOH selectivity. Bar graphs
display individual yields of HCOOH (light green) and CH3OH (orange). Lavender blue plots and right y axes represent the total yield. (C and D) Effect of NaHCOs concentra-
tion (50 to 400 mM) under Ar and CO, atmospheres, respectively. Bar graphs display individual yields of HCOOH (red) and CH3OH (orange). Lavender blue plots and right
y axes represent the total yield. (E and F) Influence of microdroplet size (300 to 4572 pm) on product yields and CH3O0H selectivity under CO, and Ar atmospheres, respec-
tively. Bar graphs show yields of HCOOH (light purple) and CH;OH (orange). The pale blue diamond symbol indicates CH3OH selectivity (right y axis). In all panels, pie

charts represent the relative abundance of HCOOH and CH;0H.
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Fig. 3. Exploration of key drivers in accelerating inorganic carbon transformation in the PMEF system using the data-driven approach. (A) Parallel coordinate plot
showing the impact of five key parameters—microdroplet size, NaHCO5 concentration, HCOOH yield, light intensity, and CO, concentration—on the HCOOH formation
process. Each line represents one experimental condition. The vertical axes indicate the experimental values for each parameter, and the flow paths between axes high-
light how certain combinations of conditions are associated with higher or lower HCOOH vyields. Thicker bands represent denser distributions of data points. (B) Sche-
matic diagram of the RF model. (C and D) Comparison of observed versus predicted HCOOH yield and selectivity using the trained RF model. (E and F) Calculated relative
importance of each factor contributing to HCOOH selectivity and yield. This diagram comprises five key variables: microdroplet size (120 to 4572 pum), light intensity
(0.77 to 1.79 mW/cm?), NaHCOs concentration (0.05 to 0.4 mM), CO, concentration (0 represents the reaction in an argon atmosphere, 0.0004 represents the reaction in
an air atmosphere, and 1 represents the reaction in a high-purity CO, atmosphere), and HCOOH production efficiency [categorized as perfect (P): 51.16 to 17.99 mM/hour;
good (G): 17.99 to 11.87 mM/hour; moderate (M): 10.68 to 5.89 mM/hour; and bad (B): <5.89 mM/hour]. The uncertainties of the contribution of each factor to the yield
and selectivity of CO,RR products in the PMEF system were derived by running the trained RF model five times.

production and selectivity relative to HCOOH. Conversely, larger
droplets and higher light intensities diminished CO; reduction effi-
ciency. Increasing NaHCOj3 concentration and CO, availability shifted
selectivity toward HCOOH. However, as the microdroplet size de-
creased, total yields of both HCOOH and CH3;OH rose, with CH;0H
production increasing more pronouncedly, thereby enhancing its
selectivity (figs. S8 and S9). These trends underscore the critical
roles of light intensity, microdroplet size, and carbon source concen-
tration in governing CO,RR outcomes. However, the multidimen-
sional interplay of these factors obscures the identification of a
primary driver, and conventional linear or nonlinear regression

Geetal., Sci. Adv. 11, eadx5714 (2025) 8 October 2025

models proved inadequate, lacking the capacity to robustly fit such
complex, high-dimensional data (20).

This complexity leads us to adopt a machine learning approach,
specifically a random forest (RF) model, to systematically dissect the
intricate relationships governing CO,RR performance in the PMEF
system. Building on methodologies from our prior work (21), we
constructed a decision tree-based RF model (Fig. 3B; see Materials
and Methods for details) tailored to handle the high-dimensional,
nonlinear interactions within our dataset. The RF model was trained
on a subset of the experimental data, incorporating all four vari-
ables—light intensity, NaHCO3 concentration, CO, concentration,

40f13

GZ0Z ‘YT 4800100 U0 BI080US 105" MMM//:SANY WO.) PapeojUMOd



SCIENCE ADVANCES | RESEARCH ARTICLE

and microdroplet size—along with their corresponding yields and
selectivities for HCOOH and CH3;OH. Hyperparameters were opti-
mized via cross-validation to ensure robust predictive accuracy, and
the model’s performance was rigorously evaluated using both train-
ing and test sets. The RF model successfully reproduced HCOOH
selectivity and yield with high fidelity (Fig. 3, E and F), achieving
correlation coefficients exceeding 0.9 between predicted and experi-
mental values, which underscores its reliability for further analysis.
Feature importance analysis within the RF framework revealed mi-
crodroplet size as the predominant factor influencing HCOOH
yield and selectivity, followed by CO, concentration and light inten-
sity, with the NaHCO3 concentration exerting a lesser but still no-
table effect (Fig. 3C). This size dominance likely reflects its strong
correlation with the interfacial electric field strength, a key driver
of reaction kinetics that activates intermediates critical to CO,RR
product formation, as detailed in the “Mechanism of the superior
CO3RR yield and selectivity in the PMEF system” section.

Photochemical inorganic carbon transformation process
mediated by sulfite species

To unravel the reaction mechanism driving the high product yield
and selectivity in the PMEF system, we probed the key intermediates
and active species involved in the CO,RR process. In situ Fourier
transform infrared spectroscopy (FTIR; Fig. 4A) was used to moni-
tor the photoinduced conversion of inorganic carbon in the presence
of sulfite ions, while "H NMR spectroscopy enabled the qualitative
analysis of liquid products (Fig. 4, B to F). FTIR spectra revealed
distinct bands indicative of reaction intermediates. Upon accepting
hydrated electrons, CO; is converted into a surface-bound *COOH
(22) intermediate, as evidenced by the progressive growth of bands
at 1782, 1771, 1753, and 1741 cm™ ", with subsequent steps involving
*COOH potentially being rate-determining (discussion detailed in
Supplementary Text S11). Subsequent electron transfer leads to the
formation of HCOOH, with its C=0 stretching bands appearing at
1707 (23), 1693 (24), and 1676 cm ™! (25), along with C—H bending
vibrations at 1425 (26) and 1408 cm ™" (27). Partial dissociation of
HCOOH generates HCOO™, which is identified by the asymmetric
COO7 stretching bands at 1597 cm™ (28). At later stages, HCOOH
and/or HCOO™ undergo further reduction to produce HCHO and
CH;30H. The C=O0 stretching mode of HCHO appears in the 1693
to 1656 cm™" (23) region, while CH;OH formation is confirmed by
the emergence of characteristic C—H and C—O vibrations at 1473
(29), 1463 (30), 1454, 1440 (31), and 1244 cm™" (23). In addition,
new bands at 1560 (32),1385 (33), 1396 (34), and 1244 cm ™" (23) are
assigned to the S=O stretching in CH,OH—SO;"~ adducts, suggest-
ing that SO5°~ plays a stabilizing role in intermediate trapping, which
may influence the electron density and pathway selectivity during CO,
conversion. The "H NMR spectra show characteristic chemical shifts
for key CO; reduction products: HCOO™ at 8.32 parts per million
(ppm) (35), CH,(OH)SO5™ at 3.52 ppm, CH30H at 3.20 ppm (6),
and HCOH at 9.34 ppm. These signals are in good agreement with
the corresponding FTIR features, collectively confirming the iden-
tity of the reduction product. On the basis of the above observa-
tions, the CO,RR process in this system can be speculated to begin
with the transfer of hydrated electrons from the sulfite surface to
the surface of CO,, leading to the activation of CO,. The subse-
quent hydrogenation of the electrons leads to the production of for-
mate, with further addition of electrons to produce CH;OH. Besides,
some trace amounts of high-value hydrocarbon by-products such as

Geetal., Sci. Adv. 11, eadx5714 (2025) 8 October 2025
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Fig. 4. Key intermediates and products in sulfite-facilitated inorganic carbon
reduction. (A) Time-resolved in situ FTIR spectra of CO, photoreduction in the pres-
ence of sulfite (from 24 to 240 min). a.u., arbitrary units. (B) Proposed reaction path-
way. "HNMR spectra of liquid products of (C) HCOOH, (D) CH,(OH)SO5~, (E) CH30H,
and (F) HCOH.

formaldehyde, oxymethyl radical, and sodium hydroxide methyl
sulfate are also produced during the reaction process.

Surface propensity of sulfites and carbon sources in the
PMEF system

Understanding the spatial distribution of solutes within microdrop-
lets offers critical insights into the CO,RR mechanism in the PMEF
system. We used stimulated Raman scattering (SRS) microscopy,
with its exceptional spatial resolution (19), to map the distribution
of SO5*~ and HCO5™ in microdroplets ranging from 22 to 160 pm
(Fig. 5, A to K, and figs. S11 to S15). Both SO;%~ and HCO;™ ions
exhibited pronounced surface propensity, with a clear size-dependent
trend (Fig. 5, L to S). In larger microdroplets (diameters of 160 and
90 pm), the outermost 20% of the volume contained ~37 and 34% of
the total SO3*~ content, respectively. In smaller droplets (22, 36, and
60 pm), this edge region held ~31, 29, and 27%, respectively. HCO5~
showed a similar but more pronounced size-dependent enrichment.
We also analyzed ion distribution in larger droplets (220 to 900 pm)
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Fig. 5. Surface enrichment of ions at the air-water interface of microdroplet. (A) Schematic diagram of the stimulated Raman test setup. (B to F) SRS intensity maps
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at the interfacial region occupying 20% of the microdroplet volume.

and found that this enrichment effect of large droplets is less evident
compared to that of small droplets (fig. S16). This steep concentra-
tion gradient, likely driven by the intense interfacial electric field
(19, 36), enhances local reactant availability. For HCO3™, surface
enrichment shifts the bicarbonate equilibrium (HCO;~ = CO, +
OH™) toward CO; production (6), increasing its local concentration
at the interface for subsequent reduction. Although higher pH gen-
erally shifts the carbonate equilibrium toward bicarbonate and car-
bonate species (see Supplementary Text S3 for a detailed discussion
about the pH gradient effect), interfacial electric fields in microdro-
plets may induce localized acidification, enriching CO; (aq) at the
droplet surface and thereby sustaining CO,RR activity (37). Simi-
larly, SO5*~ enrichment facilitates photoinduced generation of €aq >
a key driver of CO; activation. Electron trapping experiments with
CdSO, addition revealed a sharp drop in HCOOH yield (fig. S17),
confirming e,q s critical role. Density functional theory (DFT) re-
sults show that strong interfacial electric fields (~10° Vm™) confine
hydrated electrons and raise the dissociation barrier, reducing the
decay rate (table S2). This kinetic stabilization allows e,y to persist

Geetal., Sci. Adv. 11, eadx5714 (2025) 8 October 2025

long enough to drive multielectron CO; reduction (fig. S19 and
Supplementary Text S12).

Surface enrichment of SO;%~ ions at the air/water interface of the
microdroplet allows us to speculate a high concentration level of
hydrated electrons over the microdroplet surface, as well evidenced
by the observation of a prolonged lifetime of hydrated electrons at
the interface using nanosecond transient absorption spectroscopy
(NTAS; schematic chart available in fig. S18). To quantify the inter-
facial electric field driving this effect, we used Au nanoparticles
functionalized with sodium thiocyanate (NaSCN) as probe mole-
cules, measuring the Raman Stark shift (Amc_y) across microdrop-
let interfaces and interiors (fig. $20). Consistent with the established
Stark effect relationship (E = Awc—n/0.36 MV cm™Y) (38, 39), where
the electric field strength scales with spectral shift, we observed a
pronounced size-dependent increase. As the microdroplet diameter
decreased from 150 to 26 pm, the Stark shift rose from 9 to 27 cm™},
corresponding to an electric field intensification from 25 to 75 MV
cm™". This field enhancement, orders of magnitude stronger than
in bulk, extends e,q~ lifetime by several orders of magnitude at the
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gas-liquid interface (Fig. 6, A to C), directly facilitating CO, reduc-
tion. These findings highlight the interfacial electric field’s pivotal
role in stabilizing reactive species and boosting CO,RR efficiency in
the PMEF system. Overall, the primary active site is provided by the
surface region where hydrated electrons interact with CO, mole-
cules at the gas-liquid interface of microdroplets. This is well sup-
ported by recent milestone studies adopting the scaling law for
exploring the aqueous reactions in microdroplets (40, 41).

Mechanism of the superior CO,RR yield and selectivity in the
PMEF system

Strong electric fields at microdroplet air-water interfaces are known
to enhance ion enrichment, lower reaction energy barriers, and ac-
celerate kinetics by stabilizing transition states or amplifying molecu-
lar dipoles (42). To probe this effect in the PMEF system, we applied
an electric field strength matching our measured values (25 to 75 MV
cm™’; Fig. 6D and fig. S19) to evaluate free energy changes in key
CO,RR intermediates and products during photoreduction with sul-
fite. On the basis of the above results and literature reports, we can
infer that the CO, activation process is mediated by e,q. Specifically,
the CO, molecule begins with a linear structure of zero dipole mo-
ment, along with each oxygen atom harboring a lone pair of electrons
that can donate to Lewis acid centers. The subsequent reaction be-
tween the H3O radical and CO, is a proton-coupled electron-transfer
process, where an electron is transferred from the hydrated H;O
radical (donor) to the CO, molecule (acceptor). The electron trans-
fer is coupled with proton transfer from the donor to the acceptor
and leads to the bending of the CO, molecule. Upon the addition of

electrons to CO,, the ©* antibonding orbital is filled, which increased
free energy and electron cloud contraction because of carbon atom
rehybridization. For this free anion radical, the electric field results in
the unpaired electrons in the antibonding orbitals, making the C—O
bond longer and unstable. In the important proton-coupled electron-
transfer process, the free energies in the electric field case are de-
creased by 2.9 kJ/mol compared to those in the non-electric field
case. The decrease in free energy in the CO, activation step explains
the increase in CO; reduction efficiency in microdroplets of the
strong electric field relative to the bulk phase free of this field.

From the orbital perspective, a strong electric field at the micro-
droplet lowers the lowest unoccupied molecular orbital (LUMO) of
CO,, contributing to the strengthened electron acquisition ability of
CO,. Besides, the strong electric field decreases the bond angle and
increases the bond length of key intermediates and active species,
thus leaving a less stable chemical structure for subsequent reac-
tions. In addition, the C=0 bond is less stable relative to that of
CO," in the electric field—free case, with the bond angle of O=C=0
prolonged from 143.78° to 143.98°. The AG values of HCOH reduc-
tion to CH30H and hydroxymethane sulfonate [CH,(OH)SO;] in
a bulk solution free of the electric field are 71.4 and 114.82 kJ/mol,
while they are 65.62 and 111.92 kJ/mol in the presence of a strong
electric field available over the air/water interface of microdroplets,
respectively. This reduction in AG, driven by field-induced destabi-
lization, accelerates the multielectron pathways, contributing to the
enhanced yield and selectivity of CH;OH in the PMEF system.

The energy barrier for CH;OH formation exceeds that of HCOOH,
consistent with HCOOH’s preferential production in the PMEF system
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Fig. 6. Lifetime analysis of electron and free energy profiles of the key CO, reduction pathway in bulk (free of electric field) and air/water interface of the strong
electric field. (A and B) NTAS analysis of the lifetime of e, at the interface and bulk (inset graph: NTAS test window of the absolute bulk and gas-liquid interface-containing
solution). AOD, change in optical density. (C) Calculation of the overall interfacial decay rate of e.q~ by assuming different abundances of air/water interfaces (more details
available in Materials and Methods). (D) Energy diagram showing the reaction pathway for CO, reduction. Frontier orbital visualizations (HOMO and LUMO) for key species
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because of its lower electron demand (two versus six electrons). The
highest occupied molecular orbital (HOMO) energy, linked to ion-
ization potential via Koopmans’ theorem, and the LUMO energy,
indicative of electron affinity, govern CO,’s reactivity. In its neutral
state, CO,’s central carbon exhibits a spherically symmetric electron
cloud, diminishing radially outward (43). Under the microdroplet’s
strong electric field, the LUMO of CO, decreases by 0.34 k] mol™"
(table S3), enhancing its electron-accepting capacity and facilitating
€aq -driven activation. For HCHO, a key intermediate product route
to CH30H, the LUMO drops by 0.53 k] mol™" in the field, further
promoting redox steps. This orbital stabilization correlates with in-
creased CH3OH yield as the microdroplet size decreases, amplifying
the interfacial electric field (fig. S21). Smaller droplets thus lower the
effective energy barrier for CH;OH formation by destabilizing in-
termediate products like HCHO, evidenced by elongated C—O and
H—O bonds. The PMEEF system’s CO, reduction primarily occurs at
the air-water interface, enhanced by the synergistic effects of inter-
facial electric fields, hydrated electrons, SO;*~ photodetachment,
pH-driven proton sources, and accelerated SO3>~ photolysis, driv-
ing multielectron pathways to HCOOH and CH3;OH (discussion
detailed in Supplementary Texts S5 to S10, S13, and S14). Collec-
tively, these field-induced effects—orbital energy reduction and bond
instability—underpin the PMEF system’s enhanced photochemical
CO;RR performance, reducing barriers for inorganic carbon reduc-
tion and steering selectivity toward high-value products.

Scale-up attempts and potential application of the
PMEF system
Building on our understanding of key drivers—most notably the in-
tensified interfacial electric field in smaller microdroplets—we scaled
up the PMEF system to validate its CO,RR efficiency for practical CO,
utilization. Using a commercial nebulizer, we sprayed an aqueous pre-
cursor solution into a reactor, generating continuous microdroplets
(<10-pm diameter; Fig. 7, A and B). For comparison, a stirred bulk
solution of equal volume served as a control. After 10 hours, the PMEF
system yielded 1009.25 mmol of HCOOH and CH30H combined
(quantified by a turnover number of 10 to 10% discussion detailed in
Supplementary Text S6), a 144- to 628-fold increase over the bulk con-
trol (Fig. 7, C to F), aligning with predictions of enhanced yield and
CH3;0H selectivity from downsizing microdroplets. These yields sur-
pass traditional catalytic systems by two to four orders of magnitude
and, in some cases, up to seven orders (Fig. 7E and table S4). Our
laboratory results further corroborate that CH;OH selectivity in-
creases with decreasing droplet size, reaching ~99% in the scaled sys-
tem because of the intense interfacial electric field (Fig. 7D).
However, the current setup revealed limitations. The nebulizer
sprayed only a fraction of the solution, leaving most as bulk media
below the nozzle. Assuming that 1 to 10% of the volume persists as
microdroplets, we estimate potential yield increases of two or three
orders for HCOOH and three or four orders for CH;0H with a
fully optimized setup. Additional challenges include light attenua-
tion from dense microdroplet clouds, reducing downward irradi-
ance, and short droplet residence times, as many adhere to reactor
walls before returning to the bulk (Fig. 7A). These factors constrain
efficiency in the present configuration. Future efforts will focus on
refining the PMEF reactor (Fig. 7G) to maximize microdroplet gen-
eration, light penetration, and residence time, aiming for broader
industrial applicability in sustainable CO, conversion (discussion
detailed in Supplementary Text S15).

Geetal., Sci. Adv. 11, eadx5714 (2025) 8 October 2025

DISCUSSION

This study introduces a plausible approach for CO, reduction through
the utilization of hydrated electrons generated within microdroplets
under intense electric fields, delivering unprecedented efficiency and
selectivity. By integrating machine learning with advanced experi-
mental techniques, we established that microdroplet size and interfa-
cial electric fields profoundly enhance CO, reduction—producing
HCOOH and CH3;OH at rates up to seven orders of magnitude higher
than conventional systems. The strong interfacial electric fields (10° V
m™") extend the lifetime of hydrated electrons by orders of magnitude,
facilitate ion accumulation at interfaces, and destabilize chemical
bonds in key intermediates, thereby lowering energy barriers for inor-
ganic carbon reduction and directing reaction selectivity. Notably, we
demonstrated that industrial waste-derived sulfite ions can produce
superior hydrated electrons (e,q") to efficiently convert CO, into tar-
geted hydrocarbon fuels with nearly 100% selectivity, representing a
substantial advancement in photochemical CO, conversion. Beyond
atmospheric carbon management, these insights open possibilities in
green chemistry, industrial catalysis, and materials synthesis, estab-
lishing a scalable framework for sustainable carbon-neutral fuel pro-
duction that addresses both energy demands and climate challenges
simultaneously. We note, however, that contaminants such as NO,
and soot may disrupt the redox environment, warranting further in-
vestigation under real flue gas conditions. Future applications may
involve a modular cascade system integrating upstream scrubbing and
droplet-based conversion, offering a scalable and energy-efficient
route for CO, utilization.

MATERIALS AND METHODS

Photochemistry CO,RR

All reagents were purchased from Aladdin and used without addi-
tional purification (Supplementary Text S1). Unless specified other-
wise, 500 mM Na,SO3; and 100 mM NaHCOj3; were used as the
precursor solution. All experiments were repeated at least three
times, with the typical experimental procedures schematically illus-
trated in fig. S1. Following the protocol outlined in our previous
work (36), microdroplets were initially generated using an atomizer
on the prepared superhydrophobic quartz wafer. Afterward, these
microdroplets were introduced into a custom-designed reactor, where
humified CO; or Ar flow (RH = ~90%) was purged, with the depos-
ited microdroplets of various sizes balanced for 10 min before starting
the light experiments. This step essentially enables the size stabiliza-
tion of microdroplets throughout the reaction, as confirmed by the
optical images captured by the Raman microscope (2). For bulk
phase photochemical CO,RR experiments, 3 ml of aqueous solution
was added to a quartz petri dish (diameter, 30 mm) and performed
in a custom-designed quartz reactor (RH = ~90%; fig. S1). The mi-
crodroplets were collected at a specified time and diluted using a
known volume of deionized water for further analysis. The liquid-
phase products were filtered through a polytetrafluoroethylene mem-
brane filter (diameter, 220 nm) and then analyzed using a Metrohm
883 Basic IC system equipped with a Metrosep A supply 5-250/4.0
analytical column and a conductivity detector. HCOOH and HCOO™
concentrations were quantified using IC, with a NaHCO; + Na,COs
solution used as the eluent. By applying this elution (used in excess
relative to the sample), any HCOOH present in the sample is fully
deprotonated to HCOO™, ensuring that the total formate signal
corresponds to the sum of both species. This analytical setup allows
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proposed PMEF system.

for precise quantification of total formate content. The effect of
environmental factors on HCOOH yield discussion is detailed in
Supplementary Text S2. The gas-phase products were detected us-
ing a gas chromatography-thermal conductivity detector/flame
ionization detector (GC-TCD/FID) instrument (equipped with a
methane reformer and a 5-A molecular sieve packing column,
Shimadzu GC-2014) with a 5-A molecular sieve packing column.
CH30H was detected by a GC-TCD/FID, which is equipped with a
highly efficient capillary analysis column (ON-FFAP, 30 by 0.32
by 0.25). The gas flow rates were 30 ml min~' (H,), 300 ml min™"
(air), and 30 ml min~" (N,). The injector, TCD, and FID tempera-
tures were 150°, 200°, and 150°C, respectively. '"H NMR spectros-
copy and ?C NMR spectroscopy were conducted using a Bruker
Ascend 400-MHz spectrometer.

Geetal., Sci. Adv. 11, eadx5714 (2025) 8 October 2025

Principle and control measures for maintaining
microdroplet stability
The dissolved salts increase the internal osmotic pressure (1 = iMRT),
creating a thermodynamic driving force that opposes water loss and
even promotes deliquescence under high-RH conditions (44). This
osmotic stabilization slows down shrinkage and helps the droplet
maintain its volume over long durations. On the other hand, high salt
concentrations (0.5 M Na,SO3 and 0.05 to 0.4 M NaHCO3) substan-
tially reduce the water activity (a,) within the droplets by forming
extensive ion hydration shells. This reduces the vapor pressure of the
droplet (per Raoult’s Law), thereby suppressing evaporation (45).
Besides, to ensure the stability of microdroplets during the reac-
tion process, we implemented a rigorous control method tailored to
the experimental setup. After generating droplets of specific sizes
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using a nebulizer on a superhydrophobic substrate, the hydrophobic
quartz slide was placed in a sealed reaction chamber. High-humidity
gas was introduced to maintain an RH of ~90%, effectively minimiz-
ing rapid evaporation, as confirmed by the bright-field image show-
ing marginal size changes under light illumination throughout the
reaction process (fig. S2). The size of droplets shows a negligible
change in the chamber, with product yields and selectivity averaged
from multiple runs to mitigate measurement bias or uncertainties.

Machine learning

In this research, we implemented a decision tree as an inductive
learning method using collected laboratory datasets for machine
learning. This numerical technique produces a tree-like framework
to define classification rules, with more explanation of the construc-
tion of decision trees detailed in an earlier study (21). Given the ob-
tained lab-based results, we eventually produced data matrices of 90
by 6 using the initial 45 sets as a training group to develop the deci-
sion tree model, while the other 45 sets were used as a test group to
evaluate the performance of the model predictions. The discussion
about machine learning validation and interpretation is detailed in
Supplementary Text S4. The RF classifier was formed by randomly
sampling from the training data, creating independent decision
trees, and combining their results for the final prediction. All pre-
dictions and computations were performed using the Random Forest
Toolbox in MATLAB 2021b (MathWorks). After constructing the
decision tree, we assessed the performance of the trained model by
calculating various metrics on the test dataset, including the coeffi-
cient of determination (R*), root mean square error (RMSE), mean
bias error (MBE), and mean absolute error (MAE) using the follow-
ing equations

1)
(2)
(¥-X)
ME= ‘=L (3)
n
2 1Yi-xil
MAE= -7 (4)

m

where X; and Y; denote the measured values and predicted values,
respectively. In this study, the use of a set of 500 uncorrelated deci-
sion trees resulted in strong predictive performance for the HCOOH
removal efficiency index, achieving training R* = 0.95319 and test
R*=0.91234. The results and discussion of the K-fold cross-validation
are provided in fig. S10 and Supplementary Text S4.

Geetal., Sci. Adv. 11, eadx5714 (2025) 8 October 2025

Raman measurement

For characterizing the strength of the electric field within the micro-
droplets, the Raman measurements were performed with an XploRA
Plus confocal Raman spectrometer (Jobin Yvon, HORIBA, Gr, France)
coupled with a 10x Olympus microscope objective (Olympus, 0.9
numerical aperture). An external-cavity diode laser (532 and 785 nm)
was used for excitation. The Raman signal was collected using a mul-
tichannel electron-multiplying charge-coupled device ranging from
400 to 4200 cm ™", with two spectrum accumulations at a 10-s acqui-
sition time per spectrum. The Raman data analyses including base-
line removal by a polynomial equation and spectral fitting with the
Gauss-Lorenz function were conducted using LabSpec 6 software.

Measurement of the interfacial electric field
of microdroplets
NaSCN was selected as a vibrational Stark probe owing to the pro-
nounced electric field sensitivity of its C=N stretching mode. To
construct a surface-enhanced Raman scattering-active interface,
500 pl of citrate-stabilized gold nanoparticles (~50-nm diameter)
was mixed with 250 ul of 4 M NaSCN, enabling SCN™ ions to self-
assemble on the Au surface. The resulting colloid was aerosolized
into microdroplets over the hydrophobic substrate and sent into a
flow-cell reactor maintained at ~90% RH. Raman spectra were re-
corded within 30 min to minimize potential deactivation of probes.
To determine the electric field strength at the gas-liquid interface
of the microdroplet, the Raman shift difference of v(C=N) at the in-
terface and at the center (Avcy = Ve interface — YON center) Was used
to calculate the following equation (46), considering that the net
center bulk region is free of electric field (36, 47)

EF = Awcy X Avey

)
where Awcy is an established vibrational Stark tuning rate (0.36 MV
cm™), and Avgy refers to the determined Stark frequency shift
(cm™") determined by the surface-enhanced Raman scattering analysis.

The custom-built SRS microscope, based on a dual-output fem-
tosecond laser system (Insight DS+, Spectra-Physics), enabled high-
resolution chemical imaging of S0;*~, HCO;5~, and H,O. The 1040-nm
fixed output served as the Stokes beam, while the tunable output
(680 to 1300 nm) acted as the pump beam. Spectral resolution was
enhanced to ~13 cm ™" by stretching both pulses to picosecond dura-
tions using SF57 glass elements. An electro-optical modulator mod-
ulated the Stokes beam at 20 MHz. For mapping analysis, the pump
laser was tuned to 941 nm for SO~ and HCO;™ and 776 nm for
H,O0. Using a water-immersion objective (numerical aperture, 1.2)
and appropriate pixel sampling, we achieved an effective spatial res-
olution of ~340 nm. This SRS setup, leveraging the quadratic depen-
dence of the signal on excitation intensities, provided label-free,
high-sensitivity imaging of target molecules at the focal spot, mak-
ing it an ideal technique for acquiring the spatially high distribution
of solutes within the microdroplets.

3¢ isotopic experiment

Either *CO, or '*CO, was bubbled into a Na,SOj; solution for 30 min,
followed by the resulting 13C0,-saturated and >CO,-saturated so-
lutions as the stock solution to produce microdroplets for the subse-
quent CO,RR in the reactor (fig. S1). The resulting H'2COOH and
HCOOH products in microdroplets after a reaction of 180 min
under light irradiation were detected by a confocal Raman spec-
trometer, with test parameters and settings detailed elsewhere (36).

100f 13

GZ0Z ‘YT 4800100 U0 BI080US 105" MMM//:SANY WO.J PaPE0 lUMOC



SCIENCE ADVANCES | RESEARCH ARTICLE

Transient absorption spectrum measurements

The lifetime of e,q at the gas-liquid interface regions and in bulk
solution was measured using NTAS (NTAS-100, Dalian Institute of
Chemical Physics, China). A detailed schematic and protocol for the
laser flash photolysis-long-path absorption apparatus can be found
in our previous work (42). Briefly, a Nd:yttrium-aluminum-garnet
laser source (266 nm, pulse duration of 9 ns) with an energy of ~5 mJ
was used as the pump light and introduced into the Suprasil self-
masking cuvettes (1-cm optical path length and an actual volume of
4 ml). All transient absorption spectra were recorded at 298 K, with
the results obtained from averaging the spectra over 20 measure-
ments. The entrance slit of the monochromator was consistently set
to 1 mm for all experiments.

To investigate the interfacial decay kinetics using NTAS mea-
surements, we adjusted the height of Na,SO3 (0.5 mM) solution in
the sample holder, creating two scenarios: “absolute bulk” and “air-
water interface—containing” (as illustrated in the inset of fig. S17,
where the circular window indicates the laser beam path). In the
“absolute bulk” setup, the laser beam directly irradiates the Na,SO3
solution without any interfaces, while in the “air-water interface-
containing” scenario, the laser beam interacts with the Na,SO;
solution that includes both interfaces and bulk solution. For both
scenarios, we determined the lifespan of e, generated at the inter-
face and in the bulk solution by monitoring the corresponding de-
cay dynamics. A single-exponential decay curve (Eq. 6) was used to
fit the observed results

y=a+be_z (6)

where T refers to the obtained half-lifetime of e,q. This equation
allows us to obtain the half-lifetime Ty, and Tj of e,q~ in both “abso-
lute bulk” and “gas-liquid interface-containing” scenarios. We as-
sumed that T is a rate lifetime correlated to Ty, (referring to the
lifetime of e,q at the interface) and Ty, (referring to the lifetime of
€aq in the bulk) and their corresponding abundance (T and Tt) in
the sample, and we then established an equation (Eq. 7) through a
simple linear superposition

Tp=T X7+ (1-T)) X1, (7)

T; denotes the abundance of the air-water interface, while (1 — Tj)
represents the bulk phase abundance. The half-lifespans of e, at
the interface were determined to be 31.66 ps™' (assuming that the
volume of the interface constitutes 10% of the bulk solution) and
3.06 X 10° s (assuming that the interface volume constitutes 0.001%
of the bulk solution), which are one and five orders of magnitude
greater than that in the bulk phase (Fig. 6C).

Computational details

First-principles calculations were carried out on the basis of peri-
odic DFT using a generalized gradient approximation within the
Perdew-Burke-Ernzerhof exchange correction functional. The wave
functions were constructed from the expansion of plane waves with
an energy cutoft of 450 eV. Gamma-centered k-points of 2 by 2 by 2
have been used for geometry optimization. The consistency toler-
ances for the geometry optimization are set as 1.0 X 107% eV atom™
for the total energy and 0.02 eV/A for the force. In free energy cal-
culations, the entropic corrections and zero-point energy (ZPE)
have been included. The free energy of species was calculated ac-
cording to the standard formula

Geetal., Sci. Adv. 11, eadx5714 (2025) 8 October 2025

AG=E+ AZPE+ AH - ATS (8)

where ZPE is the zero-point energy, AH is the integrated heat capac-
ity, T is the temperature of the product, and S is the entropy. The
frontier molecular orbitals, HOMO and LUMO, along with the
Mulliken charges of all chemical structures in the DFT calculations,
were further visualized using the DMol3 package integrated into the
Materials Studio software suite. Quantum chemical features of inter-
est, such as the average orbital energies of the HOMO (EHOMO)
and LUMO (ELUMO) and the corresponding energy gap (DE =
EHOMO — ELUMO), were accordingly obtained. The black dashed
lines indicate the measured bond lengths of the molecules or inter-
mediates at each reaction step, while the pink dashed lines represent
the close contacts between atoms in the molecules.
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