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Insights into the Extraction of Photogenerated Holes from 
CdSe/CdS Nanorods for Oxidative Organic Catalysis
Yuchen Sha, a, b Xiao-Min Lin,b, * Jens Niklas, c Oleg G. Poluektov, c Benjamin T. Diroll, b Yulin Lin, a, b 
Jianguo Wen, b Zachary D. Hood,d Aiwen Lei, a,* and Elena V. Shevchenko b,e*

Using aerobic oxidative coupling of thiolphenol in organic media as a model reaction,  we show that photogenerated holes 
in CdSe/CdS core-shell nanorods can be efficiently exctracted. As a result, CdSe/CdS nanorods can serve as an efficient 
visible-light photocatalyst at a very low concentration (~1.5×10-4 mol%). We show that primary amines play an important 
role in the transformation of thiols into disulfides by forming a soluble thiolate in nonpolar solvent. Using time-resolved 
optical spectroscopy and electron paramagnetic resonance spectroscopy, we show thiolate can efficently extract the 
photogenerated holes from CdSe/CdS nanorods and transform into disulfide in organic solven. Our data indicate that there 
are two reaction pathways responsible for of S-S coupling of thiolate upon illimination of CdSe/CdS nanorods. We 
demonstrate that instead of scavenging of photogenerated holes by sacraficial species for preventing of photo corrosion of 
CdSe/CdS nanorods, the photogenerated holes can be efficiently used for oxidative organic synthesis.  

Introduction
Semiconductor nanocrystals (NCs) have been extensively 
studied for applications in photocatalysis.1-7  As compared to 
metal complex based photocatalysts and molecular dyes,  they 
have higher optical extinction coefficients and can be easier 
separated from the reaction products.8  CdSe/CdS nanorods 
(NRs) with CdSe core and CdS shell provide an excellent 
opportunity to maximize the solar absorption and convert a 
broad range of visible spectrum to chemical energy.9, 10  Tuning 
the diameter of CdSe core and the volume of CdS shell can 
generate a quasi- type-II semiconductor heterostructure, in 
which  photo-excited holes are confined within the CdSe core 
and electrons are delocalized.11-13 The spatial separation of the 
electrons and holes reduces the recombination rate and 
increases the probability of  carries to be extracted.14, 15 This 
characteristics of CdSe/CdS NRs inspired a number of 
photocatalytic studies aiming at utilizing electrons in reductive 
reactions.14, 16-18  These initial photocatalytic studies on 
cadmium chalcogenides heterostructures were mainly 
conducted in aqueous media (e.g., hydrogen generation),  with 

holes scavenged by sacrificial electron donors to prevent 
oxidation of semiconductor NCs.3, 14, 16-22  Utilizing 
photogenerated charge carriers, both electrons and holes,  
could lead to synthesis of a broad range of high value products 
in organic solvents.8, 23-26  Recent reports demonstrate a number 
of promising reactions,  including aerobic oxidation of aliphatic 
boronic acid,23 transformation of diazonium salt to 
arylboronate,24 and β-alkylation of aldehyde.25 However, these 
studies are only limited to spherical CdSe and CdS NCs.   In 
comparison, CdSe/CdS NRs should have better photocatalytic 
capability due to a better charge separation of the photogenerated 
holes and electrons as described above.  One concern to utilize 
them in oxidative reaction is whether the holes localized at CdSe 
core can be efficiently extracted. Several recent studies on 
CdSe/CdS NRs indirectly suggest a rather efficient hole removal 
process do occur, as sacrificial species could effectively protect 
CdSe/CdS heterostructure from oxidation.18, 19, 22  Also, it was 
shown that H2 generation depends on the efficiency of the hole 
extraction.19, 27 These observations point to the possibility of 
utilizing hole extraction from CdSe/CdS NRs in valuable 
oxidative photocatalytic reactions. 

Here, we present detailed insights into utilization of 
CdSe/CdS NRs as an oxidative photocatalyst in a nonpolar 
solvent using S-S coupling of thiophenol as a model reaction. 
We choose this reaction because the transformation of thiol 
into disulfide is an important reaction for many biological 
processes, responsible for folding many peptides and proteins 
into biologically active conformations.28, 29 Also, disulfides are 
extensively utilized in fine chemical synthesis and can be used 
to produce a broad class of materials ranging from antioxidants, 
pharmaceuticals, pesticides to rubber vulcanization agents.30 

Many previously reported photocatalytic studies on 
disulfide synthesis used a relatively high homogenous catalyst 

a. Institute of Advanced Studies (IAS), College of Chemistry and Molecular Sciences, 
Wuhan University, Wuhan 430072, Hubei, P. R. China.

b.Center for Nanoscale Materials, Argonne National Laboratory, Argonne, Illinois, 
60439 USA.

c. Chemical Sciences and Engineering Division, Argonne National Laboratory, 
Argonne, Illinois, 60439 USA

d.Applied Materials Division, Argonne National Laboratory, Argonne, Illinois, 60439 
USA

e. Department of Chemistry and James Frank Institute, University of Chicago, 
Chicago, Illinois, 60637 USA

*  E-mails: Xiao-Min Lin (xmlin@anl.gov), Aiwen Lei (aiwenlei@whu.edu.cn), Elena 
Shevchenko (eshevchenko@anl.gov)

† Electronic Supplementary Information (ESI) available: See 
DOI: 10.1039/x0xx00000x

Page 1 of 10 Journal of Materials Chemistry A



ARTICLE Journal Name

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

loading to achieve a reasonable reaction conversion (>80 % in 3 
– 12 h), i.e., Ir(ppy)3 (>0.5 mol%),31 diaryl tellurides (1 mol%),32 
Mn(CO)5Br (5mol%),33 Eosin Y (1 mol%),34 and Rose Bengal (5 
mol%),35.  Recently, S-S coupling reactions were conducted 
using semiconductor nanostructures in order to avoid the 
laborious process of catalyst separation in homogeneous catalysis.36 
However, in those cases, the catalyst-loadings were still 
relatively high, i.e. CdSe (0.04 mol%)37 and CsPbX3 (1.0 mol%).38 

We show that CdSe/CdS NRs can serve as an efficient visible 
light photocatalyst in aerobic oxidative coupling reaction, 
transforming thiol to disulfide in toluene with catalyst loading 
at a minuscule level. We demonstrate that primary amines play an 
important role in this process via forming soluble thiolates in 
nonpolar solvents, which is much more efficient than thiol in 
extracting holes from CdSe/CdS NRs. Time dependent optical 
spectroscopy as well as electron paramagnetic resonance (EPR) 
reveal two major reaction pathways that are responsible for the 
synthesis of disulfides from thiolates: (i) a direct photooxidation by 
oxygen and (ii) an oxidation of thiolate by photogenerated holes 
through NRs.  We achieved a ~87% yield of disulfide from 
thiophenol in 2 hours in the presence of CdSe/CdS NRs at only 
~1.5×10-4 mol%, with ~31% of disulfide originated from the 
direct photooxidation of thiolate. The apparent quantum yield 
of the photocatalytic thiophenol oxidation in the presence of 
CdSe/CdSe NRs is estimated to be ~52%. Our finding opens up 
the possibility of utilizing photogenerated holes for efficient 
synthesis of other valuable compounds in organic media.

Results and Discussions 
Performance of CdSe/CdS NRs in oxidative S-S coupling.  
CdSe/CdS NRs (Fig. 1a, S1, S2) were prepared according to a 
previously reported method.9, 10 Transmission electron 
microscopy (TEM) analysis showed the obtained CdSe/CdS NRs 
were on average 3.9 nm wide and 28.4 nm long. This dimension 
was chosen to optimize the absorption of light by a relatively 

large volume of CdS shell, but still with a relative thin coating on 
the CdSe core (~0.4nm). Detailed synthesis steps, X-ray 
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) 
analysis are described in the Experimental Section and the 
Supporting Information. 

The oxidative S-S coupling of thiophenol (1a in Table 1) was 
investigated using a blue LED light (415 nm, 14.4 mW power) in 
a toluene solution with CdSe/CdS NRs as photocatalysts.  Since 
surface ligands can hinder the access of substrate molecules to 
the catalytic surface, we washed the as-prepared CdSe/CdS NRs 
with methanol three times. The photocatalytic reaction of 
thiophenol was carried out under ambient conditions (room 
temperature, air) in the presence of washed NRs, and the 
formation of disulfide (product 2a) observed in 2 h was at 33% 
yield (Table 1, entry 1; blue curve in Fig. 1b). No disulfide was 
formed without CdSe/CdS NRs (Table 1, entry 2). This 
observation reveals that photogenerated holes can be 
extracted and used for photo-oxidative S-S coupling. However, 
the reaction was accompanied by an increase of the turbidity of 
the reaction mixtures (Fig. 1c), which is a result of an 
agglomeration of CdSe/CdS NRs. Therefore, we added a primary 
amine to increase the colloidal stability of semiconductor NRs.39 
Introducing of a small amount of n-octylamine (0.02 M) not only 
improved the stability of CdSe/CdS NRs (Fig. 1d) but also 
resulted in a higher yield of disulfide (42%, Table 1, entry 3). 
Further increase of n-octylamine concentration up to the 
stoichiometric equivalent of thiophenol led to 87% yield in 2 h 
(Table 1, entry 4; black curve in Fig. 1b). This reaction condition 
that allowed the highest yield of disulfide was chosen as a 
standard, and we used it in all further tests discussed below 
unless specified otherwise. The apparent quantum yield of this 
reaction under this condition is ~52% (see Supporting 
Information). Further increase of the reaction time (up to 6 h) 
did not lead to a significant change in the yield of disulfide. 

Since holes are localized in CdSe core, we anticipated that 
there might be a difficulty in extracting them from CdSe/CdS 

Fig. 1 (a) UV/Vis absorption and photoluminescence (PL) spectra of 3.9 nm wide and 28.4 long CdSe/CdS NRs with 3.1 nm CdSe cores. Inset in (a) shows the TEM image 
of CdSe/CdS NRs. (b) Time dependence of disulfide yield for three different reaction conditions:  Entry 4 in Table 1 with CdSe/CdS NRs, thiophenol and n-octylamine 
(black squares); Entry 1 in Table 1 with CdSe/CdS NRs and thiophenol (blue triangles), and  entry 6 in Table 1 with thiophenol and n-octylamine (red dots). Dash lines are 
guide for the eye. All experiments were conducted under ambient conditions in 2 mL of toluene using 415 nm LED light. The concentrations of thiophenol and n-
octylamine were 0.1 M each. The concentration of CdSe/CdS NRs was 1.5 × 10-7 M (~1.5 × 10-4 mol%). Optical images demonstrating that the addition of n-octylamine 
improves the stability of CdSe/CdS NRs against agglomeration in reaction media during photocatalytic test (c and d correspond to reaction mixture after 2 h photocatalytic 
test without and with n-octylamine, respectively).
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NRs. However, our experimental results indicate that CdSe/CdS 
NRs outperformed CdSe QDs under the same molar conditions 
(Table 1, entry 5). The yield of disulfide using CdSe NCs (39%) is 
significantly lower than CdSe/CdS NRs (87%).  It is important to 
note that, with no CdSe/CdS NRs but using n-octylamine 
concentration equivalent to that of thiophenol, disulfide can 
still be formed with a 31% yield in 2 h (Table 1, entry 6; red curve 
in Fig. 1b). In fact, this yield of disulfide (31%) is comparable with 
the 39% yield of disulfide obtained with CdSe NCs. These data 
indicate that (i) n-octylamine can promote S-S coupling reaction 
on its own, and (ii) CdSe NCs is not a very active photocatalyst 
in an aerobic S-S coupling reaction.

In contrast to previous studies on S-S coupling by CdSe NCs 
in water37 and perovskite NCs in organic solvents,38 only trace 
amount of disulfide 2a were obtained in the presence of 
CdSe/CdS NRs when the reaction was conducted under N2, 
without light or under a green LED light (Table 1, entries 7, 8 and 
9).  It is worth noting that CdSe/CdS NRs demonstrated some 
catalytic activity even at a very small concentration (Table 1, 
entry 10).  Finally, changing the length of the CdSe/CdS NRs to 
113 nm (Fig. S3) did not change the apparent yield of the 
product under the identical experimental conditions. (Table 1, 
entry 11). No overoxidation products,  such as sulfenic acid 
(RSOH), sulfinic acid (RSO2H), sulfonic acid (RSO3H) or their 
deprotonated forms, were detected.40, 41

Table 1. Effect of the reaction conditions on the disulfide yield.

Entry variation of standard condition yield (%) [b]

1 no n-octylamine 33

2 no n-octylamine and no CdSe/CdS 
NRs

No 
reaction

3 0.02 M n-octylamine 42

  4[a] none 87

5 CdSe instead of CdSe/CdS NRs 39

6 no CdSe/CdS NRs 31

7 under N2 Trace

8 under dark Trace

9  under green LED Trace

10 CdSe/CdS NRs (3.75x10-5 mol%) 44

11 CdSe/CdS NRs (~113 nm) 89

[a] Standard condition (entry 4): thiophenol (0.2 mmol), n-octylamine (0.2 

mmol), CdSe/CdS NRs (1.5 × 10-4 mol%), and toluene (2.0 mL) under 415 nm blue 

LED light and air at room temperature. [b] The reaction yield was determined by 

GC-MS using biphenyl as an internal standard. Each experiment was conducted at 

least three times. The deviation of each result was within 5%.

Hole extraction probed by photoluminescence and time 
dependent optical spectroscopy.  In order to explore the 
mechanism of S-S coupling by CdSe/CdS NRs and the role of 
amine, we investigated the effect of thiophenol and n-
octylamine on the optical properties of CdSe/CdS NRs. We 
observed that the addition of n-octylamine resulted in a slight 
enhancement in the photoluminescence (PL) intensity (red 
curve in comparison to black curve in Fig. 2a) that is consistent 
with a better surface passivation of NRs in the presence of extra 
alkylamine.42 Introducing thiophenol to the solution of 
CdSe/CdS NRs led to a significant decrease of the PL intensity 
(blue curve, Fig. 2a) that is in agreement with the previously 
reported PL quenching in the presence of hole accepting 
ligands.43, 44 PL is quenched slightly more when both thiophenol 
and n-octylamine are present (green curve in in Fig. 2a).

To understand the effects of ligands further, we studied 
time-resolved PL decays27, 43, 45, 46 of CdSe/CdS NRs before and 
after adding thiophenol, n-octylamine, and their mixture. PL 

Fig. 2 (a) PL spectra, (b) time-resolved photoluminescence decays and (c) ultrafast 
transient absorption (TA) decays of CdSe/CdS NRs (black  curve), with n-octylamine 
only (red curve), with thiophenol only  (blue curve),  and with both thiophenol and 
n-octylamine (green curve).
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photons were spectrally dispersed and detected using a streak 
camera.12, 47 The time-resolved PL decay behavior of CdSe/CdS 
NRs does not change in the presence of n-octylamine (black and 
red curves in Fig. 2b). The fast kinetics of the initial PL decay 
likely corresponds to the carrier trapping.47 The drastically 
accelerated decay of PL in the presence of thiophenol indicates 
that a new PL quenching route is available (blue curve, Fig. 2b),  
which is suggestive of a hole transfer process between 
photoexcited CdSe/CdS and thiophenol. In turn, n-octylamine 
makes this charge transfer much more efficient (green curve, 
Fig. 2b).

Assignment to a hole transfer process is reinforced by 
ultrafast transient absorption (TA) spectroscopy48-50 under the 
same excitation conditions (Fig. 2c). Due to the smaller electron 
effective mass and small conduction band offset, TA dynamics 
measured at 455 nm monitor the dynamics of photoexcited 
electrons in the CdS shell, whereas PL dynamics are sensitive to 
both electrons and holes. We found that n-octylamine alone did 
not affect the electrons' dynamics in CdSe/CdS NRs (black and 
red curves in Fig. 2c). Adding thiophenol, TA decays become 
longer, indicating that electrons remain in CdS shell longer as 
compared to as-synthesized CdSe/CdS NRs or with n-octylamine 
alone (blue and green curves in Fig. 2c). The observation of 
longer-lived electrons in CdS shell in the presence of thiophenol 
supports the assignment of hole transfer to thiophenol from PL 

decay (Fig. 2b). This observation also confirms that hole 
extraction can affect the electron transfer processes, as it was 
previously observed that  photocatalytic H2 generation is highly 
dependent upon the efficiency of the hole extraction from 
CdSe/CdS NRs.27 A longer lifetime of photo-excited electrons 
also increases the probability of these electrons to be extracted 
by electron scavengers.27 The PL dynamics behavior is 
consistent with the trend of PL decrease (Fig. 2a) and higher 
yields of disulfide in the presence of n-octylamine (Table 1). The 
possible explanation of these results could be related to the 
different oxidation potentials of thiols and thiolates and their 
relative positions with respect to valence band (VB) potential of 
CdSe/CdS NRs (vide infra). 20, 51  

The reactive intermediates probed by electron paramagnetic 
resonance (EPR). Previous studies suggest that photocatalytic 
oxidative coupling of aromatic thiols in water occurred via the 
formation of thiyl radicals.52 To understand the mechanism of 
the oxidative S-S coupling catalyzed by CdSe/CdS NRs in organic 
solvents and characterize paramagnetic intermediates 
(radicals), we resorted to EPR technique. The samples for EPR 
experiments were prepared by freezing the reaction mixtures at 
10K to increase the probability of detecting paramagnetic 
intermediates. We found that when excited by a blue (440 nm) 
laser, the solution containing thiophenol and n-octylamine 

Fig. 3 (a) EPR spectra from a reaction mixture that contains CdSe/CdS NRs, thiophenol and n-octylamine.  Data were acquired at different temperatures 10 K (solid black), 50 K 
(dash black) and 80K (dash-dot black). EPR spectra for CdSe/CdS NRs with thiophenol only (blue); CdSe/CdS NRs and n-octylamine only (red). (b) EPR spectra acquired at 10 K 
from a mixture of thiophenol and n-octylamine without CdSe/CdS NRs, a solution that contains thiolphenol only (blue) and a solution that contains n-octylamine only (red).  (c)  
EPR signals of a solution containing CdSe/CdS NRs, thiophenol and n-octylamine acquired at 10 K under different wavelengths of illumination. (d) UV/Vis spectra of thiophenol 
(black) and a mixture of thiophenol and n-octylamine (red). The composition of different components is the same as used in photocatalytic reaction.
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showed an EPR spectrum with a complex pattern of well-
resolved peaks, regardless whether it contains CdSe/CdS NRs or 
not (Fig. 3a-b), only the signal is slightly weaker in the absence 
of NRs.   These peaks in EPR spectra are indicative of the 
presence of paramagnetic species. They do not appear when 
the reaction mixture is kept in the dark or illuminated by green 
or red lasers (Fig. 3c).  These results are consistent with the data 
of the catalytic tests revealing that only trace amounts of 
disulfide are formed in the dark or under a green LED irradiation 
(Table 1, entries 8 and 9). Under the identical conditions, 
regardless whether the solution contains CdSe/CdS NRs or not, 
if only thiophenol is present (blue curve), or only n-octylamine 
is present (red curve), the EPR spectra appeared to be 
featureless (Fig. 3a-b).

The complex structure of the EPR signals imposes a 
challenge to identify the precise structure of the paramagnetic 
intermediates. However, based on the peak positions, it is 
reasonable to suggest that the signal belongs to the S-centered 
radicals.53 The increase of the temperature results in a decrease 
in the intensities of the EPR signals (dash and dash-dotted 
curves in Fig. 3a). No EPR peaks are observed at 80K. These 
results indicate that photogenerated S-centered radicals are in 
a transient state that are unstable at a higher temperature. 
Based on the pKa values of thiophenol and n-octylamine, the 
interaction of thiols and amines can lead to the formation of 
alkylammonium thiolate.54 The formation of alkylammonium 
salts of mercaptans was proposed to explain the catalytic effect 
of aliphatic amines in the reaction of chemical oxidation of 
mercaptans and hydroperoxides into corresponding disulfides 
and alcohols.55 When mixing thiophenol and n-octylamine in 
toluene, we observed an instantaneous formation of a white 
solid that is consistent with the formation of alkylammonium 
thiolate salt reported earlier.55 However, this white precipitate 
quickly re-dissolves, suggesting that thiolate salt is soluble in 
toluene at the concentration we used in photocatalytic 
reaction.

The thiolate formation was previously found to be a critical 
process in photooxidative S-S coupling of p-nitrothiophenol in 
water.56 The maximum yield of disulfide in water was achieved 
by excitation of the anionic thiolate form of p-nitrothiophenol 
at 455 nm at pH ~5, at which both thiol and thiolate forms are 
present.56 However, the exact mechanism of photooxidative S-
S coupling of thiols remains unclear. In the case of p-
nitrothiophenol, the formation of its thiolate in water is 
accompanied by a pronounced absorption peak at ~441 nm. The 
number of peaks and their positions were found to depend on 
the solvent.56 In nonpolar toluene solution, our UV/Vis data 
indicate that the addition of n-octylamine to thiophenol also 
results in the low-intensity peaks at ~440 nm and at ~390 nm 
that are indicative of thiolate formation (Fig. 3d).56 These 
structures can absorb light, which facilitates a rather high yield 
of disulfide (~31%) even in the absence of CdSe/CdS NRs (Table 
1, entry 6). Since aerobic condition is critical to this reaction, we 
expect that O2 could play a pivotal role as an electron scavenger. 

Reaction Mechanism. The results of photocatalytic studies, 
optical and EPR spectroscopy data described above point to a 
conclusion that there are two photoreaction pathways when n-
octylamine is involved, as depicted in Fig. 4a.  Pathway I takes 
place in the absence of CdSe/CdS NRs, in which the light-driven 
synthesis of disulfide occurs directly with a yield of 31% (Table 
1, entry 6). We attribute this to the fact that mixing thiophenol 
and octylamine results in the formation of thiolate that adsorbs 
light at 415 nm (Fig. 3d). Based on the positions of the redox 
potentials measured for thiolate and H2O/O2 in organic solvents 
(Fig. 4b), we can conclude that its oxidation by oxygen is 
possible. It should be noted that the pathway I is consistent with 
the previously reported oxidation of thiol by molecular oxygen 
in the presence of nitrogen containing species.55, 57 It is 
reasonable to expect that this reaction pathway can still 
contribute to the total yield of disulfide even when CdSe/CdS 
NRs are used. The presence of CdSe/CdS NRs, on the hand, 
creates a new reaction pathway. The small band offset between 
the conduction band in CdSe core and CdS shell lead to the 
delocalization of photogenerated electrons inside the CdS shell, 
while holes are trapped inside the CdSe core, a scenario known 
as quasi-type II band alignment.12   The spatial separation of 
photogenerated charges slows down the recombination 

Fig. 4 (a) Summary of two different pathways for photooxidation of thiolphenol in 
the presence of n-octylamine (b) The relative band alignment of CdSe/CdS NRs, the 
position of the redox potentials of the thiophenol, its thiolate form, and O2/H2O in 
organic solvent.  (The broad lines depict the range of redox potentials calculated 
using the redox potentials reported for internal ferrocene/ferrocenium redox 
electrode). (c) A schematic diagram that illustrate the reaction pathway II: disulfide 
formation promoted by the hole transfer process from the core of CdSe/CdS NRs.
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process, which allows thiolates to extract the photogenerated 
holes more efficiently from CdSe cores, creating phenylthiyl 
radicals that further dimerize into disulfide (pathway II, Fig. 4a). 
In organic nonpolar solvent the amines can thus play the same 
role as pH in aqueous solution, regulating the thiolate 
formation. Electrochemical studies revealed that thiols have 
more higher positive redox potential than corresponding 
thiolates.51, 58 Therefore, the addition of amines lowers the 
redox potential of thiol facilitating its oxidation by 
photogenerated holes enabling 87% yield of disulfide (Table 1). 
The pathway II is responsible for 56% of disulfide yield. It is also 
intriguing that CdSe/CdS NRs allow 33% yield of disulfide from 
thiophenol even without adding octylamine (Table 1, entry 1). 
The redox potential of thiol is close to or slightly lower than the 
position of the valence band of CdSe/CdS estimated 
electrochemically in organic solvents (Fig. 4b). Therefore, the 
hole transfer to thiols is possible, but not very efficient. Part of 
the thiol molecules also likely deprotonate when they bind to 
the surface,59 which results in a more negative redox potential 
and hence facilitate the hole transfer.

Previous studies revealed hole diffusion and trapping 
processes are highly efficient in CdS and CdSe/CdS NRs.11, 27  In 
CdSe/CdS NRs, CdSe core can trap holes on the time scale of 
picosecond.11, 60  However,  the exciton localization efficiency, 
which is the ratio between amount of excitons migrate and 
trapped near the core vs the initial photogenerated excitons, 
depend  upon the length of the nanorod.  For 29 nm long 
CdSe/CdS NRs, it was reported to be ~75 % and for 113 nm 
CdSe/CdS NRs it was found to be ~30.5%.11 As compared to 
picosecond trapping of photogenerated holes in CdSe/CdSe NRs 
at CdSe core, their extraction from CdSe core by thiolate is a 
much slower process. Time-resolved PL decay measurements in 

Fig. 2b shows that the hole extraction occurs on the order of 
nanosecond.  Under constant illumination, the amount of 
photogenerated holes is abundant, and the hole extraction is 
likely to be the bottleneck process that controls the reaction 
rate.  Therefore, it is not too surprising that we observed that 
29 nm and 113 nm CdSe/CdS NRs gave nearly the identical 
reaction yield after two hours (Table 1, entry 10).  

The photogenerated electrons delocalized in CdS shell are 
likely transferred to oxygen, reducing it to water. Analysis of the 
band positions of CdS/CdSe and redox potential of O2/H2O in 
organic solvent points out that the reduction of O2 to H2O is a 
feasible reaction (Fig. 4b).  (Note, that we used redox potentials 
reported for thiophenol, its thiolate form, and oxygen in organic 
solvents. 51, 61 More details are described in the Supporting 
Information.) The formation of water as a result of aerobic 
oxidation is a common reductive reaction that accompanies 
oxidative S-S coupling reaction.25, 62, 63 Under anaerobic 
conditions in water semiconductor NCs allow the synthesis of 
H2 as a result of electron scavenging by protons.37 In toluene 
solution, there is no source of protons and, hence, under 
aerobic conditions, the electron transfer to O2 is the more likely 
process (Fig. 4c). This also explains no formation of disulfide 
under anaerobic conditions (Table 1, entry 7).  

According to previous studies, four electron process of H2O 
formation is considered to be a more thermodynamically 
favorable process as compared to the two electron process that 
is responsible for H2O2 formation.64-67 However, whether H2O or 
H2O2 form depends on how oxygen bounds to the catalyst 
surface.67, 68 Previously it was demonstrated that reactive 
oxygen species (ROS), such as superoxide radical anion (OO-•) 
and hydrogen peroxide, could also form during the electron 
transfer from CdSe/CdS NRs in water.69 Since H2O2 was reported 

Fig. 5  (a) Photocatalytic recyclability performance of CdSe/CdS NRs in oxidative coupling reaction of thiophenol; (b) TEM images of CdSe/CdS NRs after each 
catalytic cycle; (c) UV/Vis and (d) PL spectra of CdSe/CdS NRs before and after each photocatalytic test cycle. The black, red, blue, green and magenta spectra 
correspond to toluene solutions of CdSe/CdS NRs before reaction and after first, second, third and fourth cycles, respectively. Elemental mapping images of  
CdSe/CdS NRs before 1st (e) and after 4th (f) photocatalytic cycles, reconstructed from the false color superposition of S (magenta), Se (yellow) and Cd (cyan) 
obtained from a scanning transmission electron microscopy (STEM) equipped with an energy dispersive X-ray spectrometer (EDXS).
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to oxidize both neutral thiol and thiolate into disulfide,40, 41 it is 
thus important to understand whether thermodynamically 
favorable four electron formation of H2O or two electron 
formation of H2O2 takes place upon extraction of electrons by 
O2. In a controlled experiment, we added H2O2 aqueous solution 
(0.1M) directly into in a toluene solution of thiolphenol and n-
octylamine, which resulted in nearly 100% conversion of 
thiolate into disulfide. However, even 0.02M H2O2 would cause 
a dramatic change of CdSe/CdS nanorods within minutes, 
strongly affecting their morphology and optical properties (Fig. 
S4 in Supporting Information). Because the partition coefficient 
of H2O2 in organic solvent is low,70 the actually amount of H2O2 

in toluene is much lower than the amount we have added. The 
fact in our photocatalytic reaction in toluene, CdSe/CdS are 
stable for hours under light proves that intermediate reactive 
oxygen species such as peroxide are not produced in any 
significant quantity. Direct detection of the OO-• by EPR 
spectroscopy is challenging (see Supporting Information). But 
the presence of  OO-• would lead to  oxidation of thiol and 
generate H2O2 in the process,

71
  which, in turn, have the same 

detrimental effect on the stability of NRs. These experiments 
indicate that photogenerated electrons are consumed in 
oxygen reduction, forming water as a major product. 

Stability and recyclability of the catalyst.  To estimate the 
stability of CdSe/CdS NRs as photocatalyst in the oxidative S-S 
coupling reaction, we cycled the same CdSe/CdS NRs four times 
under the identical reaction conditions. After each 2 h reaction, 
the catalyst was precipitated by the acetone, isolated by 
centrifugation and re-dispersed in a fresh reaction solution. The 
yield of disulfide in the second cycle was slightly higher than the 
first one (Fig. 5a). TEM analysis of CdSe/CdS NRs indicates that 
no detectable change can be found after the first 2 h reaction 
cycle (Fig. 5b), which is in agreement with the optical 
spectroscopy data (Fig. 5c). Some increase in activity of 
CdSe/CdS NRs in the second cycle can be a result of further 
removal of ligands (TOPO and TOP) that sterically hinder the 
catalytic surface. However, further cycling of CdSe/CdS NRs 
resulted in an apparent decrease in their catalytic activity (Fig. 
5a), possibly due to loss of surface ligand and the presence of 
trace amount of ROS created by oxygen reduction process, as 
we discussed above.

The UV/Vis and PL spectra acquired for CdSe/CdS NRs 
before and after each catalytic cycle demonstrate a blue shift of 
peaks characteristic to CdSe and CdS after catalytic reactions 
(Fig. 5c and 5d). The intensities of the UV/Vis spectra of the 
samples recovered after catalytic tests also decrease after each 
cycle. The PL spectra demonstrate a significant decrease in PL 
intensities (Fig. 5d). Such absorption and PL spectra trends 
indicate the degradation of both constituents (CdSe and CdS) in 
NR heterostructure. After 4 cycles in photocatalytic tests, 
noticeable changes of CdSe/CdS NRs can be observed in TEM 
images (Fig. 5b). The rods become shorter and narrower. The 
elemental mapping data obtained for CdSe/CdS NRs before and 
after 4 photocatalytic cycles indicate the degradation of the 
CdSe seeds, as evidenced by significantly lower concentrations 
of Se in the NR volumes (Fig. 5e and 5f). Therefore, TEM data 

support the optical data regarding degradation of both CdSe 
and CdS.

Conclusions
Our study demonstrated that CdSe/CdS NRs can catalyze the 
oxidative S-S coupling reaction in an organic solvent under 
aerobic conditions with a very high efficiency, i.e. disulfide 
formation at 87% yield with an extremely low concentration of 
catalyst loading (~1.5×10-4 mol%). We demonstrate that 
primary amines play an important role in the transformation of 
the thiols into corresponding disulfide in nonpolar solvents. The 
reaction between thiols and amines in organic solvent leads to 
the formation of thiolates, which have lower redox potentials 
and, hence, can be easier oxidized. Based on the optical 
spectroscopy data and EPR studies,  We show that there are two 
parallel pathways that are responsible for the aerobic oxidation 
of thiophenol into disulfide in the presence of primary amines: 
(i) direct oxidation of photoexcited form of thiolate by oxygen 
resulting in the formation of disulfide, and (ii) oxidation of 
thiolate by photogenerated holes from CdSe/CdS NRs.  The EPR 
data indicate that the same reactive intermediates are 
responsible for both reaction pathways. Charge separation 
characteristics of CdSe/CdS NRs make them better 
photocatalysts than CdSe NCs because the lifetime of 
photogenerated holes and electrons are much longer in NRs, 
making them readily available for extraction.

Most of the previous photocatalytic studies on 
semiconductor NCs were focused on utilization of 
photogenerated electrons in water, mainly for H2 generation. 
Thiols were only  used as sacrificial hole scavengers or to 
preserve the optical properties of semiconductor NCs in 
water.26, 72 While the thiolate formation in aqueous media can 
be controlled by pH, photocatalytic conversion of thiol into 
disulfide in water has limited applications because of the low 
solubility of organic thiols.  The utilization of organic solvents in 
which organic thiols have much better solubilities thus opens 
new opportunities for carrying out this type of coupling 
chemistry. We show that thiolates can be used for a rather 
efficient scavenger of holes photogenerated in semiconductor 
NCs to yield valuable organic molecules in nonpolar media. 

Experimental
Materials: CdO (Sigma-Aldrich, 99%), n-propylphosphonic acid 
(PPA, Sigma-Aldrich, 95%), trioctylphosphine oxide (TOPO, 
Sigma-Aldrich, 99%), octadecylphosphonic acid (ODPA, PCI 
Synthesis, 97%), trioctylphosphine (TOP, Fluka, 90%), selenium 
(Aldrich, 98%), sulfur (Sigma-Aldrich, 99%), n-octylamine 
(Aldrich, 99%), thiophenol (Sigma-Aldrich, 99%), phenyl 
disulfide (Sigma-Aldrich, 99%), biphenyl (Sigma-Aldrich, 99%), 
toluene (Sigma-Aldrich, anhydrous, 99.8%), methanol (Sigma-
Aldrich, for HPLC, 99.9%), alcohol (Fischer Scientific, 89-91%), 
acetone (Fischer Scientific, 99.5%) were used as received.
Synthesis of CdSe quantum dots.10  CdO (60.0 mg), TOPO (3.0 
g) and ODPA (0.28 g) were mixed in a dry 50 mL round bottom 
flask, and kept under vacuum at 150 oC for ~ 1 hour. After that, 
the reaction mixture was heated up to 300 oC resulting in 
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dissolution of CdO and formation of a transparent and colorless 
solution. TOP (1.5 g) was injected into the flask and the 
temperature was increased up to 370 oC at which the Se-TOP 
solution (58.0 mg Se + 0.36 g TOP) was injected rapidly into the 
hot solution. The reaction was stopped by removing the heating 
mantle and quenched in room-temperature water bath only 
after 1 minute. After cooling to the room temperature, the CdSe 
NCs were precipitated with methanol and dissolved in toluene. 
The same process was repeated several times to remove excess 
ligand. The NCs using in photocatalytic tests were dissolved in 
toluene and CdSe NCs further used in synthesis of CdSe/CdS 
were dissolved in TOP. The concentration of CdSe NCs solution 
was determined by optical absorption experiments using Beer-
Lambert Law.  The extinction coefficient of CdSe NCs was 
calculated by the first excitonic absorption peak wavelength 
and particle size.73

Synthesis of CdSe/CdS nanorods.9 CdO (0.207 g), ODPA (1.08 
g), PPA (15.0 mg) and TOPO (3.35 g) were mixed in a 50 ml dry 
round bottom flask and kept at ~150 oC for 1.5 hours under 
vacuum. Then the mixture was heated to 340 oC under N2 flow 
to fully dissolve the CdO (a clear and colorless solution is 
formed). After that, TOP (1.5 g) was injected into the flask and 
the solution was heated up to 340 oC. In the meantime, S-TOP 
solution was prepared by dissolving sulfur (51.5 mg) in TOP (0.6 
g) at 50 oC under N2. The S-TOP solution was rapidly injected 
into the flask at 340 oC, and 20 s later CdSe NCs (~6 mg) 
dissolved in TOP were injected. The reaction temperature 
dropped down to 320 oC and the synthesis was allowed to 
continue for 10 minutes and stopped by the injection of 10 mL 
of anhydrous toluene and the removal of heating mantle. Once 
the solution was cooled down to room temperature, CdSe/CdS 
NRs were isolated by diluting the crude solution with an 
equivalent volume of toluene followed by adding ethanol. The 
precipitation was separated by centrifugation and re-dispersed 
in toluene. The process was repeated three times in order to 
remove excessive ligands. The final CdSe/CdS NRs were 
dissolved in toluene. The concentration of CdSe/CdS NRs was 
determined by optical absorption experiments using Beer-
Lambert Law and the extinction coefficient of CdSe/CdS NRs 
was calculated according to method described before.74

General procedure for photocatalytic oxidative coupling of 
thiophenol. In a dry glass vial with a stir bar, thiophenol (0.2 
mmol, 0.1 M), n-octylamine (0.2 mmol, 0.1 M) and CdSe/CdS 
NRs (3×10-7 mmol, 1.5×10-7 M) were dissolved in 2.0 mL 
anhydrous toluene under ambient conditions. The solution was 
stirred at room temperature under blue LED irradiation (415 
nm, 14.4 mV) for 2 hours. After the reaction, 2.0 mL acetone 
was added to the solution to separate the CdSe/CdS NRs. The 
mixture was centrifuged at 10,000 rpm for 5 minutes. The 
supernatant was collected, and the precipitates were re-
dissolved in toluene for further experiments. 
Characterization Methods.  GC-MS analysis was conducted on 
Agilent 7890A and 5975C instrument using 99.999% helium as a 
carrier gas. We used different concentration of biphenyl to 

obtain a calibration curve, and use it as an internal standard for 
GC-MS analysis.

TEM images were obtained using JEOL JEM-2100F equipped 
with a Gatan GIF Quantum Energy Filters and an Oxford X-MaxN 
80 TLE detector and operated at 200 kV. STEM images and 
elemental mappings were obtained using FEI Talos F200X 
TEM/STEM equipped with a SuperX energy-dispersive 
spectrometer.

The XRD data were obtained using Bruker D2 Phaser using 
Cu K (alpha) radiation.

The X-ray photoelectron spectroscopy (XPS) spectra were 
collected for a film deposited on Si substrate by evaporation of 
toluene solution of CdSe/CdS NRs on a Thermo K-Alpha XPS 
system with a spot size of 400 µm and a resolution of 0.1 eV. 
Samples were etched with Ar+ sputtering at a rate of 0.05 
nm/sec. All spectra were processed using Thermo Avantage, 
which is a software package provided through ThermoScientific.

UV-Vis spectra were obtained on Varian Cary 50 
spectrophotometer, using a quartz cuvette with a 1.0-cm 
optical length and a 2.5-mm optical length.   The PL spectra were 
collected using a Nanolog instrument from Horiba Instruments 
Inc., equipped with a 450 W intense broadband CW xenon lamp, 
a double-grating excitation monochromator with gratings at 
blazed at 500 nm with 1,200 lines/mm. 

Ultrafast transient absorption measurements were carried 
out using an amplified Ti:Sapphire laser (800 nm, 35 fs, 2 kHz 
repetition rate) the output of which was split into two beams. 
The first beam, containing 10% of the power, was focused into 
a sapphire window to generate a white light continuum (440 nm 
– 750 nm), which serves as the probe. The other beam, 
containing 90% of the power, was sent into an optical 
parametric amplifier to generate the 400-nm pump beam. The 
pump beam is attenuated with neutral density filters, focused, 
and overlapped with the probe beam at the sample. The pump 
fluence was chosen to be < 10 μJ/cm-2; at these pump energies, 
we observed no power-dependent kinetic features 
corresponding to multiexciton decay, indicating that each 
nanorod absorbs on average less than one photon per pulse.

PL decay measurements were recorded for rapidly stirred 
nanorod solutions in toluene solvent. Nanorods were excited at 
2 kHz by 400-nm pulses from a 2 kHz amplified Ti:sapphire laser. 
The PL was collected with a lens and directed through a long 
pass filter (435 nm), a 150-mm spectrograph, and detected with 
a photon-counting streak camera. The pump fluence was 
chosen to be < 10 μJ/cm-2 and no power-dependent behavior 
was observed. It is worth mention that the UV exposure 
condition of samples did not negatively affect PL decay 
measurements despite additional PL from the sample.

X-band (9.5 GHz) EPR experiments were performed using a 
continuous-wave (cw) Bruker Elexsys II E500 spectrometer 
(Bruker Biospin Corp., Rheinstetten, Germany) equipped with a 
TE102 rectangular EPR resonator (Bruker ER 4102ST). 
Measurements at cryogenic temperatures (10 K, 50 K and 80 K) 
were conducted at helium gas-flow cryostat (ICE Oxford, UK). 
The samples were loaded in 4 mm o.d. quartz tubes, frozen in 
liquid nitrogen, and transferred to the pre-cooled resonator. 
The EPR spectra were recorded under 30-40 mW laser 
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illumination (OPO, BasiScan from GWU, pumped by a Nd:YAG 
laser (Quanta-Ray INDI, Spectra Physics).
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