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Here, we present the use ofmini-emulsion polymerization to generate

small particle analogues of three insoluble conjugated polymer pho-

tocatalysts. These materials show hydrogen evolution rates with

a sacrificial donor under broadband illumination that are between two

and three times higher than the corresponding bulk polymers. The

most active emulsion particles displayed a hydrogen evolution rate of

60.6mmol h�1 g�1 under visible light (l > 420 nm), which is the highest

reported rate for an organic polymer. More importantly, the emulsion

particles display far better catalytic lifetimes than previous polymer

nanoparticles and they are also effective at high concentrations,

allowing external quantum efficiencies as high as 20.4% at 420 nm. A

limited degree of aggregation of the polymer particles maximizes the

photocatalytic activity, possibly because of light scattering and

enhanced light absorption.

Semiconductor photocatalysts that produce hydrogen directly

fromwater are a potential technology for renewable, carbon-free

energy generation. Poly(p-phenylene) was shown to be active for

photocatalytic proton reduction in 1985,1 but inorganic mate-

rials have since dominated this area.2,3 However, there has been

a renewed interest in organic materials for solar fuel production

since the rst report of the photocatalytic activity of carbon

nitride in 2009.4 Organic materials such as polymers have

molecular structures that can be tailored by synthesis, and this

allows for tuning of optoelectronic and physical properties.5 An

expanding variety of polymeric materials have been developed

for photocatalytic hydrogen production including (i) covalent

triazine-based frameworks (CTFs);6,7 (ii) covalent organic

frameworks (COFs) with imine,8 hydrazone9 and azine link-

ages;10 (iii) linear conjugated polymers,11–13 and; (iv) conjugated

microporous polymers (CMPs)5,12,14,15 In the presence of a sacri-

cial electron donor, quantum efficiencies up to 50% at 420 nm

have been demonstrated.16 Organic materials have also been

reported to catalyze overall water splitting, both as composites

with carbon17,18 and, recently, as single-phase polymeric

photocatalysts.19

In addition to developing materials with different chemical

structures, performance can also be improved by optimizing the

morphology of the photocatalysts. For example, structuring of

metal oxide semiconductors has produced a variety of nano-

morphologies that have improved photocatalytic performance

compared to bulk materials.20 Techniques such as hydrolysis21

and stabilizer controlled precipitation22 have been used to

synthesize nanoparticles of suspension photocatalysts, while

chemical vapor deposition23,24 and solution growth25 are

commonly used in the fabrication of nanostructured lms and

photoelectrodes. Recently, there have also been reports of

morphology modication of organic photocatalysts by nano-

casting,26–28 so templating29,30 and solvothermal methods.31,32

One approach to tailoring the morphology of organic photo-

catalysts is to prepare alkylated, solution-processable, conjugated

polymers, which can be processed aer synthesis into thin lms33

or nanoparticles.34,35 In particular, conjugated polymer nano-

particles based on dialkyl-uorene-co-benzothiadiazole polymers

were reported to give very high initial hydrogen evolutions rates

(HERs) of up to 50 mmol g�1 h�1.34,36 The high initial HERs for

the nanoparticles are, presumably, a result of the surface-to-

volume ratio of the nanoparticles, which were prepared by anti-

solvent precipitation to give particle diameters in the range 20–

100 nm.34 Unfortunately, though, these materials showed poor

long-term colloidal stability as compared to non-alkylated insol-

uble bulk polymers, which have more modest HERs rates but

much greater catalytic stability.11,12

Most heterogeneous organic photocatalysts are obtained by

precipitation polymerization, mainly as insoluble solids, in the

form of relatively large particles (2–100 mm). Hence, there are

potential advantages in developing methods to reduce particle

size in these materials while maintaining colloidal stability in

the photocatalytic reaction medium.

Exciton diffusion lengths in conjugated polymers are typi-

cally around 5–20 nm:37–39 as such, a large proportion of
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photogenerated excitons would be expected to be unable to

reach the particle surface for reaction in a bulk polymer catalyst.

Previously, mini-emulsion polymerization has been used to

make nanoparticles of otherwise unprocessable linear polymers

and CMPs using various coupling chemistries.40–44 Here, we

prepare polymer photocatalysts by mini-emulsion polymeriza-

tion (Fig. 1(i)) and compared their photocatalytic activity with

their bulk counterparts, as synthesized by precipitation poly-

merization (Fig. 1(ii)). Three systems were explored: a non-

alkylated 1,3,5-linked benzene CMP (ME-CMP-e; Fig. 1),45

a 1,3,5-linked benzene dibenzo[b,d]thiophene sulfone CMP (S-

CMP1-e),46 and a linear conjugated homopolymer of dibenzo

[b,d]thiophene sulfone (P10-e).47 This new synthesis route led to

photocatalysts with much higher photocatalytic activity than

bulk materials. These photocatalysts are also much longer lived

than previous conjugated polymer nanoparticle dispersions,

which rapidly destabilize.34,36

Results and discussion

Bulk polymers ME-CMP, S-CMP1 and P10 were prepared from

the respective bromoaryl and aryl diboronic acid ester mono-

mers by Pd(0)-catalyzed Suzuki–Miyaura coupling in DMF/water

at 150 �C in the presence of K2CO3 (Fig. 1). Nanoparticle

analogues of the three bulk polymers (ME-CMP-e, S-CMP1-e and

P10-e) were synthesized in mini-emulsions;43 in all cases, the

monomers and [Pd(PPh3)4] were dissolved in toluene, followed

by addition of an aqueous solution of sodium n-dodecyl sulfate

(SDS) and Na2CO3. The reaction mixture was then sonicated for

2 minutes to give mini-emulsions of toluene droplets stabilized

by SDS in water. These mini-emulsions were then heated over-

night at 90 �C, cooled to room temperature, and then ltered to

remove any aggregated material. The resulting ltrate was

a dispersion of the polymer emulsion particles.

Dynamic light scattering (DLS) measurements for the parti-

cles obtained by mini-emulsion polymerization showed no

material larger than 1 mm in size, with average hydrodynamic

diameters (Z-average) of 248 nm, 180 nm and 156 nm for ME-

CMP-e S-CMP1-e and P10-e, respectively (Fig. S1†). The CMP

particles, ME-CMP-e and S-CMP1-e, showed no signs of aggre-

gation over 11 days without stirring, with minimal changes in

average particle diameter or size polydispersity as measured by

DLS (Fig. S2†). By contrast, the linear P10-e particles occulated

over 9 days to give an average diameter of 400 nm. When

sonicated, these 400 nm aggregates could be redispersed and

a hydrodynamic radius of 169 nmwas found by DLS, close to the

original size of the particles directly aer synthesis. Scanning

electron microscopy (SEM) of the emulsion particles as

synthesized showedmorphologies that agreed well with the DLS

measurements, showing particle sizes from 50 nm up to

500 nm. ME-CMP-e and S-CMP1 showed a more elongated,

tendril-like morphology compared to P10-e, which comprised

roughly spherical particles (Fig. 2A–C). Increasing sonication

time during synthesis was found to have no effect on particle

size. A batch of P10-e sonicated for a total of 30 minutes had an

average hydrodynamic radius of 161 nm, almost identical to the

batch sonicated for 2 minutes (156 nm) (Fig. S3†). This nding

is consistent with previous studies of conjugated polymers

synthesized in mini-emulsion which showed small particles of

approximately 20 nm formed immediately aer sonication but

that upon heating this coalesce into larger (ca. 200 nm)

nanostructures.43

UV-visible spectroscopy (Fig. 3) revealed differences between

the absorption proles for the CMP emulsion particles and their

bulk analogues. Bulk ME-CMP has an absorption onset of

404 nm while in ME-CMP-e, this is shied further into the UV

(358 nm). Similarly, bulk S-CMP1 has absorption onset of

439 nm versus 409 nm for S-CMP1-e. It is possible that the lower

temperature of the emulsion polymerization resulted in

a reduced degree of polycondensation compared to the bulk

synthesis at higher temperature. Lower molecular weights have

been observed previously for CMPs that were prepared in non-

polar solvents such as toluene at lower temperatures, as

compared to the same CMP synthesized in aprotic polar

solvents, such as DMF, at higher temperatures.48

The linear polymers P10 and P10-e showed a smaller differ-

ence between their absorption proles with onsets of 481 nm and

466 nm, respectively. For linear systems, it has been shown

previously that low molecular weight oligomers can have similar

absorption on-sets compared to the respective polymer.33

Fig. 1 (i) Mini-emulsion polymerization. (ii) Bulk precipitation poly-

merization. (iii) Synthesis route for the six polymers.

This journal is © The Royal Society of Chemistry 2019 J. Mater. Chem. A, 2019, 7, 2490–2496 | 2491
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It is possible, therefore, that differences in chain length

between the linear polymers P10 and P10-e have a more limited

effect on the absorption on-set as compared to the two CMPs.

The insoluble nature of the polymers meant full analysis of

chain length was not possible.

Photocatalytic hydrogen evolution experiments were per-

formed using the emulsion-derived materials as synthesized,

because removal of the SDS surfactant by dialysis resulted in

occulation. Dispersions of the bulk polymers were prepared to

match those produced during the emulsion polymerization

synthesis. That is, these bulk polymer dispersions also con-

tained the water : toluene (9 : 1) mixture, SDS and Na2CO3, to be

consistent with the emulsion polymers. Both types of disper-

sions—the emulsion polymers and the bulk analogues—were

then added to methanol and triethylamine (TEA) in a 1 : 1 : 1

mixture. In general, the aqueous dispersions prepared from

materials produced by emulsion polymerization were less

turbid than those of their bulk counterparts (Fig. 3d). As in

previous studies, TEA was used as the sacricial hole-scavenger

combined with methanol to aid miscibility with water and also

to promote dispersion of these hydrophobic polymers in water.

Although no additional metal co-catalyst was added to the

photolysis mixtures, residual palladium from the polymeriza-

tion reaction could be detected in all materials by inductively

coupled plasma atomic emission spectroscopy aer work up

(ESI). Palladium has been shown to play a role in the catalytic

cycle49 but palladium contents of 0.542, 0.420 and 0.403 wt%

were measured for ME-CMP-e, S-CMP1-e and P10-e, which are

similar to the levels of Pd found in the bulk polymers at 0.363,

0.332 and 0.650 wt%, respectively (Table S4†). These values are

also lower than used in the polymerization, indicating some Pd

had been removed by ltration during work-up.

All of the nanoparticles produced by miniemulsion polymer-

ization were active under broadband irradiation (l > 295 nm),

with hydrogen evolution rates of 4.1, 8.1 and 29.5 mmol h�1 g�1

for ME-CMP-e, S-CMP1-e and P10-e, respectively, signicantly

outperforming their bulk analogues under the same conditions,

with addition of the same concentration of SDS surfactant to the

bulk samples for consistency (Table 1). These measurements

show that processing these polymers into nanoparticle form can

lead to an enhancement in the HER under broadband irradiation

conditions by a factor of between two and three. Under visible

light irradiation (l > 420 nm), ME-CMP-e showed a similar (low)

HER as compared to ME-CMP (0.046 vs. 0.052 mmol h�1 g�1),

while S-CMP1-e performed less well than the bulk polymer, S-

CMP1 (1.84 vs. 2.59 mmol h�1 g�1).

This poorer performance under visible light, in contrast to

the broadband experiments, can be explained by the blue-shi

in the absorption on-set for the two nanoparticle materials

(Fig. 3a and b), which appears to offset or outweigh the

increased surface area.

In contrast to the two CMPs, both linear polymers, P10-e and

P10, absorb a more signicant proportion of visible light (l >

420 nm; Fig. 3c), resulting in a HER of 6.13 mmol h�1 g�1 for the

P10 bulk material and a very high HER of 14.52 mmol h�1 g�1

for P10-e. Repeat experiments with two additional, separate

batches of P10-e showed good reproducibility, with HERs of

14.06 and 14.42 mmol h�1 g�1 under visible light (l > 420 nm),

respectively. Hydrogen evolution experiments under broadband

illumination (l > 295 nm) were also performed for three

different batches of both ME-CMP-e and S-CMP1-e. The

hydrogen evolution rates varied slightly between batches

(Fig. S32 and S33†), but all were signicantly higher than the

bulk polymers.

P10-e was also tested at equivalent concentration to polymer

dot photocatalysts reported in the literature34–36 (13 mg mL�1)

Fig. 2 SEM images of ME-CMP-e (A), S-CMP1-e (B) and P10-e (C) as

synthesized and of ME-CMP-e (D), S-CMP1-e (E) and P10-e (F) when

collected from the photolysis mixture.

Fig. 3 UV-visible spectra of ME-CMP-e and corresponding bulk

polymer, ME-CMP (a), S-CMP1-e and bulk S-CMP1 (b), P10-e and bulk

P10 (c), photograph of the nanoparticles or bulk particle in water/

methanol/triethylamine (1 : 1 : 1) photolysis mixtures (d); from left to

right: ME-CMP-e, S-CMP1-e, P10-e, ME-CMP, S-CMP1, P10 (polymer

concentrations are given in Table 1).
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resulting in an increased hydrogen production rate of

60.6 mmol h�1 g�1 over 5 hours (Fig. 4 and S37†). To our

knowledge, this is the highest hydrogen evolution rate reported

for any polymer photocatalyst, as normalized to the polymer

mass, although we note that a low total amount of hydrogen is

produced at such low catalyst concentrations, and hence other

metrics, such as external quantum efficiency (discussed below),

are a more useful measure of catalyst efficacy. As with other

polymeric photocatalysts4,7,12 we found that the activity of P10-e

could be further improved from 60.6 to 84.0 mmol h�1 g�1 by in

situ photodeposition of 3 wt% Pt from K2PtCl6 onto the material

(Fig. S39†). TEM imaging showed the Pt formed 1–10 nm sized

particles on the surface of P10-e (Fig. S22†).

Control experiments with P10-e in water without TEA or

MeOH produced negligible hydrogen aer 6 hours of irradia-

tion as did a control of the mini-emulsion synthesis liquor

(water, toluene, Na2CO3 and SDS) mixed with TEA and MeOH

but without polymer (Fig. S38†). Also, experiments in the dark

produced no detectable amount of hydrogen over 5 hours of

stirring in water/methanol/TEA (Fig. S38†). Irradiated samples

all produced signicantly more hydrogen than was present in

the polymers themselves (Fig. 4, S34 and S35†). These experi-

ments indicate that the hydrogen production is indeed

photocatalytic.

Long-term photocatalytic stability is a signicant question

for organic photocatalysts, especially for the small number

nanoparticle systems that have been reported so far. For

example, the most active organic photocatalyst to date base on

mass-normalized HER36 (initial rate 50 mmol h�1 g�1) was re-

ported to be active for less than 4 hours before total loss of

photocatalytic activity. By contrast, ME-CMP-e (the least stable

of the materials tested here) showed a reduction in photo-

catalytic activity aer 5 hours under broadband illumination (l

> 295 nm), but the material was still active when the experiment

was stopped aer 35 hours (Fig. S36†). S-CMP1-e had improved

longevity under broadband illumination (l > 295 nm) compared

to ME-CMP-e, with a 46% drop in activity aer 20 hours.

Signicant quantities of hydrogen were still being produced

when experiments were stopped aer 50 hours (Fig. S36†).

Under visible irradiation (l > 420 nm lter), P10-e produced

hydrogen for at least 50 hours, albeit with some reduction from

the initial rate (Fig. S37†), and a HER of 7.34 mmol g�1 h�1 was

recorded over the last 5 hours of the experiment. At the lower

catalysts concentration (13 mg mL�1) the retention in activity of

P10-e was better still, aer 50 hours of visible light irradiation

the activity had dropped by less than 23% (rate of rst ve hours

was 60.6 mmol h�1 g�1 versus 47.2 mmol h�1 g�1 for last ve

hours) (Fig. 4). As such, the stability of these materials is

improved greatly over polymer nanoparticle catalysts that have

been reported previously.36

The external quantum efficiency (EQE) of P10-e (0.1 mg

mL�1) at 420 nmwas estimated to be 5.8� 0.2%, while bulk P10

was 2.3 � 0.1% under equivalent conditions. These values are

lower than those previously reported for P10 (ref. 47) due to

a lower concentration of the photo-catalyst. These EQE

measurements were performed in a quartz cuvette with a path

length of 1 cm and it was noted that, for the optically clear

nanoparticle dispersions (Fig. 3d), a signicant proportion of

the incoming light passed unabsorbed through the sample. By

using the same nanoparticle concentration but a path length of

2 cm, the EQE of P10-e increased to 10.5 � 1.0%. A 5 cm path

length gave a value of 14.2 � 0.2%. As Kisch has noted,50

comparisons in the saturated regime of catalyst concentration

Table 1 Hydrogen Evolution Rates (HER) of emulsion polymerized particles compared to bulk polymers

Polymer Optical gap (eV) Polymer concentration (mg mL�1) HERa
l > 295 nm (mmol h�1 g�1) HERa

l > 420 nm (mmol h�1 g�1)

ME-CMP 3.07 0.06 1.72 � 0.04 0.046 � 0.002

ME-CMP-e 3.46 0.06 4.40 � 0.25 0.052 � 0.001

S-CMP1 2.82 0.07 5.92 � 0.18 2.59 � 0.07

S-CMP1-e 3.03 0.07 8.54 � 0.11 1.84 � 0.01
P10 2.58 0.1 9.54 � 0.26 6.13 � 0.22

P10-e 2.66 0.1 29.46 � 0.38 14.52 � 0.31

P10-e 2.66 0.013 — 60.6 � 1.3

a HER determined with catalyst in 25 mL aqueous/methanol/triethylamine 1 : 1 : 1 (aqueous phase containing water : toluene 9 : 1, SDS surfactant
10 mg mL�1 and Na2CO3 3.5 mg mL�1) irradiated by 300 W Xe light source for 5 hours using a suitable lter. HERs are quoted as the average over 5
hours.

Fig. 4 Hydrogen evolution experiments of P10-e (13 mg mL�1). 325 mg

P10-e in 25 mL aqueous/methanol/triethylamine (1 : 1 : 1; aqueous

phase containing water : toluene (99 : 1), SDS surfactant 1.3 mg mL�1

and Na2CO3 0.5 mg mL�1). Irradiated by a 300 W Xe light source fitted

with a l > 420 nm filter. Mixture was degassed by N2 bubbling after 9,

23, 32 and 45 hours.

This journal is © The Royal Society of Chemistry 2019 J. Mater. Chem. A, 2019, 7, 2490–2496 | 2493
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are particularly useful measures of activity. Here, the EQE could

be increased further by increasing the nanoparticle concentra-

tion, leading to an optimized value of 20.4 � 0.4% for P10-e

using a 5 cm path length and a nanoparticle concentration of

1 mg mL�1.

Post-photocatalysis DLS measurements of the mini-

emulsion materials revealed an increase in particle size, with

material over a micron present in all samples. Control experi-

ments (Fig. S4–S6†) revealed that some aggregation occurs

within minutes of adding the particle solution to TEA and

MeOH; that is, aggregation is caused by the medium, rather

than the photolysis. For example, the average particle size of S-

CMP1-e in water increased from 180 nm to 1937 nm within 2

minutes of adding methanol/TEA.

Static light scattering measurements of the photolysis

mixtures containing the photocatalyst in water/methanol/TEA

were used to compare the particle size of the aggregated

emulsion particles to those of the bulk polymers (Table 2).

Although the emulsion particles had increased in size

compared to the as-made samples, they were still smaller than

the corresponding bulk polymer particles. Bulk ME-CMP had

particle sizes ranging from 2–100 mm while the aggregated ME-

CMP-e emulsion particles were 1–40 mm. Perhaps more signif-

icantly, the surface area weighted Sauter mean diameter,51,52 D

[3,2] (see eqn (1) in ESI†), decreased from 16.6 mm for the bulk

polymer ME-CMP to 7.94 mm compared to the ME-CMP-e

emulsion particles. Likewise, bulk S-CMP1 ranged from 1 mm

to over 100 mm with D[3,2] of 20.7 mm, while the emulsion

particles, S-CMP1-e, had a maximum size of 20 mm with some

sub-micron material also present, giving a smaller D[3,2] of 3.69

mm. The P10 materials gave more multi modal SLS plots: both

the bulk and the emulsion nanoparticles showed particles

ranging between 1–100 mm along with a smaller fraction

between 100–1000 nm in size, but the emulsion system showed

a more signicant nanoscale fraction ranging from 30 nm to

500 nm. This resulted in a lower D[3,2] value of 0.37 mm for P10-

e compared to 2.06 mm for bulk P10 and meant that the relative

surface area of the particle size distribution was over ve times

higher for P10-e (16 390 m2 kg�1) than for the bulk (2911 m2

kg�1). The particle size distributions for ME-CMP-e and S-

CMP1-e gave relative surface areas of 756 and 1625 m2 kg�1

respectively which were also higher than their bulk analogues

(361 and 290 m2 kg�1).

Particle sizes were also analyzed by SEM. Samples of the

emulsion particles collected from the photolysis mixture

appeared to contain a polydisperse mixture of aggregates along

with ‘free’ nanoparticles. ME-CMP-e, S-CMP1-e and P10-e

(Fig. 2D–F) all contained some material that had aggregate

into micron scale particles, but smaller 50 nm to 1 mm particles

were still present in all three polymers. We note that the particle

size in the low concentration 13 mg mL�1 sample of P10-e shows

a similarly polydisperse distribution of particle sizes to the

sample at 0.1 mg mL�1 with a similar D[3,2] of 0.41 (vs. 0.37 for

0.1 mg mL�1, see Fig. S12†) we therefore suggest the increase in

per gram normalized HER is not a function of aggregation

behavior but due to the experiments being in the saturated

regime of a concentration-activity graph as discussed by Kisch.50

The emulsion particles were also tested for photocatalysis

using an alternative sacricial electron donor (0.1 M ascorbic

acid).53 All three emulsion particle materials were stable to

aggregation in this case (Fig. S8†), with particle sizes between 150

and 250 nm (Table S2†) but, contrary to expectation, decreased

photocatalytic performances were observed with respect to bulk

polymer analogues (Table S3†). For example, un-aggregated P10-e

had a rate of 2.01 mmol g�1 h�1 using ascorbic acid as a donor,

while the bulk P10maintained a higher rate of 4.53mmol g�1 h�1.

This effect was observed to an even greater extent when using

triethanolamine (TeOA) as the sacricial donor. In 10 vol% TeOA,

we observed colloidally stable dispersion where the apparent

hydrodynamic diameters for the emulsion polymers are reduced

to 94.3 nm for ME-CMPe, 87.6 nm for S-CMP1-e and 59.0 nm for

P10-e (Fig. S7†), but again the smaller emulsion particles gave

lower hydrogen evolution rates (Table S3†). For example, the

rate of P10-e in TEA/MeOH was 14.52 mmol g�1 h�1 under visible

light (l > 420 nm) but with 10% TeOA, this was reduced to

0.50 mmol g�1 h�1, while the bulk polymer maintained a high

rate of 6.83 mmol g�1 h�1 in TeOA.

These observations suggest that some degree of aggregation

might be benecial for optimal photocatalytic activity of poly-

mers synthesized in mini-emulsion. Materials have been

observed before where an increase in particle size is needed to

achieve signicant photocatalytic activity.34 Aggregate forma-

tion in conjugated polymers has also been linked to improved

charge-transport properties.54

To investigate this further, NaCl was added to a sample of

P10-e in 10% TeOA to induce aggregation. Salt addition led to

Table 2 Particle size under photocatalytic conditions and palladium contents of the polymers

Polymer D[3,2]a,b (mm) Relative surface areaa,c (m2 kg�1) Pd contentd (wt%)

ME-CMP 16.6 361 0.363 � 0.006

ME-CMP-e 7.94 756 0.542 � 0.002

S-CMP1 20.7 290 0.332 � 0.007

S-CMP1-e 3.69 1625 0.420 � 0.003
P10 2.06 2911 0.650 � 0.020

P10-e 0.37 16 390 0.403 � 0.001

a Bulk and emulsion particle sizes as measured by static light scattering on a Mastersizer 3000 under catalytic conditions, aqueous/methanol/
triethylamine 1 : 1 : 1 (aqueous phase containing water : toluene 9 : 1, SDS surfactant 10 mg mL�1 and Na2CO3 3.5 mg mL�1). b Sauter mean
diameter (see eqn (1) in ESI). c Relative surface area calculated from the total particle surface area divided by total particle weight assuming
a density of 1 g cm�3. d Palladium content measured by ICP-OES for emulsion samples and ICP-MS for bulk, see ESI for full details.

2494 | J. Mater. Chem. A, 2019, 7, 2490–2496 This journal is © The Royal Society of Chemistry 2019

Journal of Materials Chemistry A Communication

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

2
 J

an
u
ar

y
 2

0
1
9
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 9

:1
1
:4

2
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ta11383a


a particle size increase from 59 nm to 4 mm (Fig. S45†), and the

hydrogen evolution rate more than doubled to 1223 mmol h�1

g�1 for the sample aer salt addition (Fig. S46†). The ionic

content of water has been shown to play an important role in

photocatalytic hydrogen production for carbon nitride,55 but

control reactions for the P10 bulk material with and without

NaCl showed almost no variation in HER (Fig. S46†). This

suggests that the improvement in HER aer salt addition to

P10-e is indeed aggregation induced.

We hypothesized that the use of TeOA as a donor (and to

a lesser extent ascorbic acid) caused some phase separation

between water and residual toluene to occur. This might cause

the polymer particles to have limited contact with water and

sacricial hole scavenger. To test this, the residual toluene was

removed by centrifugation and P10-e was redispersed in a 10%

TeOA solution. The particles were a similar size (59 and 66 nm)

before and aer toluene removal (Fig. S48†) but the HER

increased by a factor of 14, up to 6.94 mmol h�1 g�1 (Fig. S48†),

indicating the importance of the interface between P10-e, water,

and the sacricial electron donor. We noted, however, that the

rate was still lower than for aggregated P10-e in a TEA/MeOH/

water system, suggesting that the smaller particle size in

TeOA was a limiting factor. To mimic this particle aggregation,

the toluene-free P10-e material was deposited onto silica

colloids. The resultant material was highly polydisperse, with

particle sizes ranging from 300 nm to over 100 mm (Fig. S49†).

P10-e on the silica support gave a hydrogen evolution of

9.01 mmol h�1 g�1 in 10% TeOA (Fig. S50†). A control reaction

of silica colloids in 10% TeOA produced no hydrogen upon

irradiation (Fig. S50†). We believe that the increase in HER that

occurs upon deposition onto the silica support is primarily due

to light scattering. In this case, improved light capture seems to

outweigh any reduction in the active surface area of the catalyst

due to aggregation.

Conclusions

In summary, mini-emulsion polymerization was used to create

nanoparticulate analogues of photocatalytic polymers with

signicantly improved catalytic activity. All of the nano-

materials showed greater hydrogen evolution rates from water

and a sacricial TEA/MeOH donor under broad spectrum irra-

diation than the corresponding bulk materials. In addition,

P10-e showed a very high visible light activity of 14.5 mmol h�1

g�1 along with greatly improved stability compared to the rst

publications of photocatalytic active P-dots for hydrogen

production,34,36 as well as more recent cycloplatinated exam-

ples.35 Some degree of aggregation of the emulsion particles

appears to be benecial for optimal photocatalytic activity and

the best-performing catalysts were mixtures of free nano-

particles and larger aggregates. This may, in part, be related to

light absorption mechanisms and scattering effects. Mini-

emulsion polymerization allows for the processing of other-

wise insoluble and hard-to-process polymeric catalysts. It also

opens up potential routes for depositing or incorporating pho-

tocatalytic particles into multicomponent composites, for

example to construct hybrid systems for overall water splitting

in the absence of sacricial agents. This mini-emulsion route

may also be applicable to the production of catalysts for other

important reactions, such as CO2 reduction.
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