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Abstract: Developing low-cost and efficient photocata-
lysts to convert CO2 into valuable fuels is desirable to
realize a carbon-neutral society. In this work, we report
that polymer dots (Pdots) of poly[(9,9’-dioctylfluorenyl-
2,7-diyl)-co-(1,4-benzo-thiadiazole)] (PFBT), without
adding any extra co-catalyst, can photocatalyze reduc-
tion of CO2 into CO in aqueous solution, rendering a
CO production rate of 57 μmolg� 1h� 1 with a detectable
selectivity of up to 100%. After 5 cycles of CO2 re-
purging experiments, no distinct decline in CO amount
and reaction rate was observed, indicating the promising
photocatalytic stability of PFBT Pdots in the photo-
catalytic CO2 reduction reaction. A mechanistic study
reveals that photoexcited PFBT Pdots are reduced by
sacrificial donor first, then the reduced PFBT Pdots can
bind CO2 and reduce it into CO via their intrinsic active
sites. This work highlights the application of organic
Pdots for CO2 reduction in aqueous solution, which
therefore provides a strategy to develop highly efficient
and environmentally friendly nanoparticulate photocata-
lysts for CO2 reduction.

Introduction

Converting CO2 into value-added green fuels is considered
an effective way to provide renewable fuels to human beings
and realize a carbon-neutral society. Photocatalysis is one of
the methods that can directly use solar energy, water, and
CO2 to generate renewable fuels. Nevertheless, the carbon-
oxygen double bond in CO2 molecules is extremely stable,[1]

and can only be directly split with ultraviolet light in normal

conditions. The pioneering work of Honda and co-workers
paved the way for CO2 photoreduction under visible light
with TiO2 as the photocatalyst.[2] Subsequently, many
inorganic photocatalysts such as ZnO,[3] CdS,[4] ZnS,[5]

GaN,[6] and CdSe,[7] et al. have been developed and showed
different selectivity and activities in photocatalytic CO2

reduction. However, the majority of inorganic photocatalysts
suffer dilemmas such as inflexible band gap modification,[8]

inconvenient purification,[9] toxicity if heavy metals are
contained,[10] and uncontrollable trap states,[11] etc. In
contrast, the photochemical properties, energy band align-
ment, and solubility of organic polymer catalysts can be
easily tuned by changing the monomers, thereby rendering
pure organic polymers promising CO2 reduction catalysts.[12]

Therefore, during recent years, many organic polymer
photocatalysts have been developed and have shown good
CO2 reduction performance, such as covalent organic frame-
works (COFs),[13] C3N4,

[14] linear polymers,[15] and porous
polymers.[16] Improving the charge mobility by creating a
highly conjugated polymer facilitates photogenerated charge
migration to the active site where the catalysis reaction
happens, therefore, represents one of the most effective
polymer design strategies.[17] However, higher conjugated
moieties tend to aggregate because of relatively strong π–π
interactions with each other in water dispersion, thus
reducing the catalyst’s active sites for the reduction reaction;
even though increasing the polymer porosity can increase
the active surface area, it requires a finely designed polymer
structure. Additionally, these reported organic photocata-
lysts suffer from poor dispersibility in water, where the
protons and electrons could be potentially provided, cou-
pling with water oxidation reaction. Polymer dots (Pdots)
represent a subgroup of polymer nanoparticles with a
particle size of less than 100 nm.[18] Making organic polymers
into Pdots with amphiphilic polymer as surfactant can
stabilize the organic polymer in water, enlarge surface area,
and concentrate charges in a particle, which are therefore
beneficial for catalytic reactions in water requiring multiple
charges. Pdots have displayed promising activities in photo-
catalytic hydrogen production and hydrogen peroxide
production.[18d] To the best of our knowledge, Pdots have
not been reported for photocatalytic CO2 reduction.

In this work, we investigated the photocatalytic activity
of poly[(9,9’-dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-thiadia-
zole)] (PFBT) Pdots (avg. 40 nm, see Figure 1) for CO2

reduction in an aqueous solution and we obtained a
satisfactory CO production rate of 57 μmolh� 1 g� 1 with high
selectivity. For comparison, PFBT nanoparticles without
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surfactant (noted as “PFBT NPs”, avg. 200 nm, see Fig-
ure S1) and pristine PFBT polymer (bulk material) were
also tested under the same conditions. The results demon-
strated the superior advantage of fabricating Pdots as the
photocatalyst for CO2 reduction. Electrochemical experi-
ments suggest that CO2 can bind with the reduced PFBT
polymer, which then could result in an efficient photo-
catalytic reaction in Pdots.

Results and Discussion

The chemical structures of PFBT and amphiphilic copoly-
mer polystyrene grafted with ethylene oxide and carboxyl
groups (PS-PEG-COOH) are shown in Figure 1a. PFBT
Pdots are prepared based on the reported method with a
little modification,[19] and detailed procedures were illus-
trated in Scheme S1. Briefly, PFBT and an amphiphilic
copolymer, PS-PEG-COOH were dissolved in THF and
then poured into water. After slowly evaporating THF, the
PFBT polymers were stabilized by PS-PEG-COOH to
finally form Pdots. Determined through the UV/Vis absorp-
tion calibration curve, the PFBT content in PFBT Pdots and
PFBT NPs are 41 μgmL� 1 and 51 μgmL� 1, respectively (see
Figure S2). To measure the particle size and morphology of
PFBT Pdots, dynamic light scattering (DLS) (Figure S3) and
cryo-transmission electron microscopy (Cryo-EM) (Fig-
ure 1b and Figure S4) were performed. The Cryo-EM test
reveals that PFBT Pdots possess an amorphous spherical
morphology with a particle size average of 40 nm. PFBT
NPs have also been prepared as a control experiment, and
they have a particle size of an average of 200 nm with an
ellipsoid shape determined by Scanning electron microscopy
(SEM).

The UV/Vis absorption and photoluminescence (PL)
emission spectra of PFBT Pdots and PFBT NPs are shown

in Figure 2. For comparison, PFBT dissolved in THF as the
solution and PFBT film deposited on the glass as the solid-
state were also measured. It was found that the absorption
of both onsets of the PFBT Pdots and PFBT NPs red-shifted
compared with PFBT/THF solution, but shifted by a lesser
extent compared with PFBT solid-state film. This shift is
attributed to aggregation between PFBT polymers in the
particles, which therefore extends the light absorption edge
to 550 nm.[20] Though PFBT Pdots and PFBT NPs exhibited
almost the same absorption profile, the PL spectrum of
PFBT NPs red-shifted by a slightly larger degree, which
could be due to the influence of their different surface
chemistry environments on the PL radiative recombination
processes.[21]

The prepared PFBT Pdots, PFBT NPs, and pristine
PFBT bulk powder were then evaluated as the photo-
catalysts for CO2 photoreduction. Typically, 0.2 M trietha-
nolamine (TEOA) was added as the electron donor, then
the sealed vial was purged with pure CO2 for 30 minutes to
reach saturation, and illuminated with an LED light (420–
750 nm, 50 mWcm� 2). The headspace products were de-
tected with gas chromatography (GC). As shown in Fig-
ure 3a and Figure S6, PFBT Pdots exhibited a CO produc-
tion rate of 57 μmolg� 1h� 1 with a turnover number of 58 by
one PFBT polymer over 5 hours calculated with a CO
calibration curve (Figure S5), given that one PFBT polymer
can only be single-electron reduced during the photocatal-
ysis and assuming that all polymers in Pdots are active for
catalysis. No obvious CO product was detected if one of the
key components, CO2, light, TEOA, and PFBT Pdots, was
absent in the reaction, conclusively attributing the reaction
to a light-driven photocatalytic process (Figures S7 and S8).
PFBT NPs and pristine PFBT bulk powder (50 μgmL� 1)
were tested under the same conditions, which only presented
a CO production rate of 16 μmolg� 1h� 1 and 1 μmolg� 1h� 1,
respectively (Figure 3a). The relatively superior catalytic
performances of PFBT Pdots might be explained by a
shorter exciton diffusion distance inside Pdots to the inter-
face between Pdots and reactants, as well as a larger surface

Figure 1. (a) Illustration of the structures of PFBT, PS-PEG-COOH, and
the corresponding Pdots. (b) Cryo-EM micrograph of the PFBT Pdots.
(c) Energy level alignment of PFBT and TEOA oxidation potential as
well as CO2 reduction potential.

Figure 2. Normalized UV/Vis absorption and PL emission spectra of
the PFBT Pdots and PFBT NPs dispersed in water, PFBT polymer
dissolved in THF, and PFBT thin film deposited on glass.
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area due to their relatively small particle sizes. Additionally,
Pdots are reported to be rich in hydrophilic channels,
enabling efficient proton diffusion and benefiting CO2

reduction.[22] When introducing aqueous solutions of PFBT
Pdots and PFBT NPs at a concentration of 50 μgmL� 1 with a
certain amount of CO2 in the headspace, the observed
increases in CO2 solubility, as compared to pure water, are
37% and 4%, respectively (Figure S9).[7b] Furthermore,
varying quantities of PFBT Pdots were employed in CO2

photoreduction experiments to assess the impact of concen-
tration. It revealed that the amount of CO production
exhibited a rapid escalation from 12.5 μgmL� 1 to 50 μgmL� 1,
ultimately reaching a plateau upon reaching a concentration
of 80 μgmL� 1. Further increasing the concentration does not
significantly improve harvesting efficiency anymore, as
illustrated in Figure S10, therefore limiting further increase
of CO production.

Noticeably, PFBT NPs became more blurred after CO2

purging, which was caused by light scattering due to the
relatively larger aggregate size (Figures S11 and S12). The
reason is that PFBT polymer is highly hydrophobic and
tends to aggregate when dispersed in water without stabili-
zation from the surfactant. However, PFBT Pdots dispersion
was kept clear and transparent, indicating their smaller and
more stable particles. Zeta potential of the prepared PFBT
Pdots was determined to be � 12.2 mV, which makes them
stable in aqueous solution for a long time (Figure S13).
Further, the PFBT Pdots were purged with CO2 after
running for 5 h to reinitiate the photocatalytic reaction and
were found to be still stable after 5 cycles of CO2 re-purging
experiments (Figure 3b). A small decrease in performance
could be attributed to a small fraction of PFBT precipitate,

stemming from the aggregation of polymers.[19] This decline
should not be a result of polymer degradation, as evidenced
by the absence of discernible changes in the Fourier-trans-
form infrared spectroscopy (FT-IR), UV/Vis absorption, X-
ray photoelectron spectroscopy (XPS), and PL emission
spectra of PFBT before and after 20 hours reaction
(Figures S14 and S15).

As PFBT Pdots have been reported to produce hydrogen
in the presence of ascorbic acid in acidic conditions
(pH 4),[19,23] proton reduction could be a competing reaction
to CO2 reduction. From GC detection, no obvious H2 peak
was observed after 5 hours of illumination, probably because
of the basic condition used for the CO2 reduction (Fig-
ure S16). Thus, the selectivity of CO production in gaseous
products is 100% out of CO+H2 under this condition.
Subsequently, we investigated CO2 photoreduction with
three different sacrificial electron donors: TEOA, triethyl-
amine (TEA), and sodium ascorbate (NaAsc). As shown in
Figure 3c, CO production based on TEOA exhibited a slight
advantage over TEA, and a significantly superior perform-
ance compared to NaAsc. This intriguing variation could
potentially be attributed to differences in pH, where the
TEOA system displayed a pH of 8, the TEA system a pH of
9, and the NaAsc system a pH of 6 (Figure S17) in the
presence of saturated CO2. According to our findings, the
hydrogen production from PFBT Pdots can be significantly
suppressed when the photocatalytic condition goes to basic
(pH 8) because the protonation of benzothiadiazole is an
important step for proton reduction.[24] In the TEOA and
TEA systems, H2 production remains negligible due to the
elevated pH levels, rendering the benzothiadiazole unit less
effective to be protonated. However, in the NaAsc system,
the competitive reaction of H2 production emerges, driven
by the favorable pH of 6 (Figure 3d). Additionally, the
relatively higher pH level in the TEA system might result in
a scarcity of protons, potentially contributing to a less
effective CO2 reduction process where proton participation
is essential. Moreover, the liquid phase of the PFBT Pdots
solution was filtered after photocatalysis and used to
measure 1H NMR spectroscopy in D2O to detect liquid and
highly water-soluble product such as formic acid, which is
reported to be produced by organic polymer catalyst.[25]

However, no formate and other products were observed
(Figure S18), indicating the high selectivity of CO produc-
tion with the PFBT Pdots as the CO2 photoreduction
catalyst.

To confirm that the CO was produced from CO2

reduction rather than from polymer degradation, 13C isotope
labelling experiments were therefore conducted by using
13CO2 instead of 12CO2 for photocatalytic reaction. The
products were qualitatively measured by gas chromatogra-
phy-mass spectrometry (GC-MS). Only a 13CO mass species
(m/z=29) was found when 13CO2 was used to conduct CO2

photoreduction. The absence of m/z=28 species indicated
that the produced CO indeed came from CO2 reduction
since the CO peak was detected even using 13CO2 to conduct
CO2 photoreduction (Figure 4a,b, and Figure S19).

The residual Pd has been suggested to be an active site
for proton reduction in organic polymers synthesized from

Figure 3. (a) CO production curves with different photoreduction
catalysts, the red line represents adding PFBT Pdots, the blue line
represents adding PFBT NPs, and the yellow line represents pristine
PFBT bulk power. (b) 5 cycles of PFBT Pdots stability test by purging
CO2 every 5 hours. (c) CO production curves with different sacrificial
electron donors. (d) H2 production curves with different sacrificial
electron donors, TEOA, TEA and NaAsc; all experiments were
conducted with 0.2 M TEOA in the presence of CO2 under 50 mWcm� 2

LED white light (420–750 nm).
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the Suzuki coupling reaction.[26] To investigate the influence
of Pd in PFBT Pdots for CO2 reduction, we conducted CO2

photocatalytic reduction experiments using PFBT Pdots
with varying Pd content. These content variations included
pristine PFBT containing 24 ppm Pd, the washed PFBT with
Pd content below the detection limit (<1 ppm) of induc-
tively coupled plasma-optical emission spectroscopy (ICP),
and PFBT enriched with an additional 9 wt% Pd. As
depicted in Figure S20, no substantial distinctions were
evident among the different groups. The results suggest that
if Pd is indeed a catalytic site in PFBT Pdots photocatalysts
for CO2 reduction, then only “negligible” chemically bound
Pd (<1ppm) is needed for this reaction.[27]

Upon excitation, PFBT* could transport the hole to
TEOA by reduction quenching, or transport electrons to
CO2 by oxidation quenching in the first step, judging from
their energy band alignments in Figure 1c (calculation
details are provided in Figure S21). Time-correlated single
photon counting (TCSPC) measurements of the PFBT Pdots
measured in water by purging Ar or CO2, as well as adding
TEOA under Ar, were then compared (Figure 4c). No
obvious change in the PL lifetime was observed when
purging CO2 compared with purging Ar (inert condition).
However, the PL lifetime of PFBT decreased from 2.42 ns
to 1.79 ns when TEOA was introduced under the Ar
conditions, which indicates that excited PFBT goes to the
reductive quenching by TEOA initially.

To further investigate the interaction between reduced-
state PFBT and CO2, cyclic voltammetry (CV) measure-
ments of the PFBT in THF were conducted under Ar and
CO2 atmospheres, respectively (Figure 4d). Compared with
CV measured in the Ar atmosphere, PFBT reduction peaks

positively shifted after purging CO2 and became irreversible.
Moreover, obvious differences in spectroelectrochemistry
(SEC) of PFBT measured in THF under Ar and CO2

conditions were also observed (at a bias of � 2.0 V vs Fc+/
Fc, Figure 4e,f). When in Ar conditions, the absorption
decrease minimum is observed at around 200 nm, 320 nm,
and 450 nm (ascribed to the PFBT ground state bleach) and
the absorption increase maximum at around 270 nm,
360 nm, and 600 nm (attributed to the PFBT reduced state).
Additionally, the SEC profile measured under the CO2

conditions before 25 s closely resembles that obtained in the
Ar conditions, which indicates the generation of a PFBT
reduced state (Figure 4f and Figure S22). However, new
absorption peaks increase maximum (observed at around
200 nm, 350 nm, and 430 nm) emerged as time evolved, and
the SEC profile exhibited an enormous difference to that
obtained under the Ar conditions with the disappearance of
reduced-state PFBT characteristics, which suggests the
interaction between the reduced-state PFBT with CO2.

However, no CO was detected from bulk electrolysis at
a potential of � 2.0 V (vs Fc+/Fc) under a CO2 atmosphere
for 1 hour. This phenomenon could potentially arise from
the distinct chemical environment inherent to Pdots, as
compared to individual polymer in THF. To illustrate this
chemical environment impact, we calculated the reaction
energy of CO2 reduction based on PFBT Pdots and PFBT
polymer. As one PFBT can only be single-electron reduced
during photocatalysis, we simplified our analysis by repre-
senting one PFBT polymer using a repeating block unit.
Moreover, guided by reports that reduced benzothiadiazole
exhibits interaction with CO2 as evident from IR spectra,[28]

we adopted the perspective that benzothiadiazole could

Figure 4. GC-MS measurements of the headspace for PFBT Pdots CO2 photoreduction under (a) purging with12CO2, (b) purging with 13CO2. (c)
Time-related PL decay of the PFBT Pdots in water when purging with Ar (green circle, noted as “PFBT+Ar”), CO2 (yellow circle, noted as “PFBT
+CO2”), and adding TEOA under Ar (purple circle, noted as “PFBT+TEOA”). (d) CV curves of the PFBT in THF when purging with Ar or CO2,
0.1 M TBAF as the supporting electrolyte, glassy carbon as the working electrode, Pt wire as the counter electrode, Ag/AgNO3 as the reference
electrode, under a scan speed of 50 mVs� 1; Spectroelectrochemistry of the PFBTmeasured in THF, with a bias of � 2.0 V vs. Fc+/Fc, with Pt mesh
as the working electrode, Pt wire as the counter electrode, Ag/AgNO3 as the reference electrode, 0.1 M TBAF as the supporting electrolyte under
(e) Ar, (f) CO2 atmosphere.
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serve as the active site in Pdots, particularly because several
recently reported heteroatomic organic molecules have
shown electrocatalytic CO2 reduction.[29]

Considering that the excited PFBT undergoes reductive
quenching first, our DFT calculations were strategically
initiated from the standpoint of the reduced polymer,
exemplified by the reduced repeating block unit. To
simulate the confined micro-environment in Pdots, where
numerous PFBT polymer molecules are compacted within a
small sphere, we examined the reaction energy under two
different scenarios: 1) where one block unit is represented
as a PFBT polymer, and 2) where two adjacent block units
are represented as PFBT Pdots (Figure S23). The CO2

reduction reaction catalyzed by two adjacent reduced block
units showed the highest uphill free energy of 5.7 kcalmol� 1

at the CO2 adsorption and an overall reaction free energy of
� 19.7 mol� 1 (Figure 5a). Conversely, the reaction catalyzed
by only one reduced block unit exhibited the highest uphill
free energy of up to 10.1 kcalmol� 1 at the 1st hydrogenation
step, and an overall reaction free energy of 10.4 kcalmol� 1

(Figure 5b). The large difference in free energy between the
two reaction profiles is observed in the 1st and 2nd hydro-
genation steps. Specifically, within the two adjacent reduced
block units, the 1st and 2nd hydrogenation steps had a free
energy decrease of � 4.7 kcalmol� 1 and � 18.5 kcalmol� 1,
respectively. While in the one block unit, the corresponding
steps showed an energy change of 10.1 kcalmol� 1 and
� 3.2 kcalmol� 1, respectively. Thus, the two adjacent reduced
block units containing two electrons would favor the hydro-
genation steps, thereby lowering its reaction free energy,
compared to the scenario of the one block unit. Based on
these results, we propose that the micro-environment in
Pdots facilitates CO2 reduction, enabling the potential
provision of multiple electrons for the process.

Conclusion

In summary, organic PFBT polymer dots (Pdots) were
investigated for photocatalytic CO2 reduction for the first
time. Without additional co-catalyst, PFBT Pdots exhibited
a high selectivity of CO production up to 100% and a
production rate of 57 μmolg� 1h� 1 with TEOA as the

electron donor in water, which is ca. 2 orders of magnitude
higher than that produced from pristine PFBT polymers.
Moreover, the prepared Pdots photocatalyst was relatively
stable after 5 cycles of CO2 re-purging experiments. The
electrochemical experiment suggests that CO2 can interact
well with PFBT polymer once the PFBT polymer is reduced.
And isotopic labeling experiments proved that CO was
produced from CO2 reduction rather than from polymer
degradation. Although the involvement of residual Pd in the
photocatalytic process cannot be completely ruled out due
to the detection limit (<1ppm) of the ICP experiment, DFT
calculations suggested that the micro-environment in Pdots
indeed facilitates the CO2 reduction reaction, enabling the
provision of multiple electrons for photocatalytic reduction
through benzothiadiazole units. This study demonstrates
that Pdots can be a type of photocatalyst that can render
highly efficient and selective CO2 photoreduction in aqueous
conditions, which paves the road to developing new organic
polymeric photocatalysts for CO2 reduction and studying the
effect of polymer structures in Pdots on photocatalytic
performance and selectivity of CO2 reduction.
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