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A Prussian blue/carbon dot nanocomposite as an
efficient visible light active photocatalyst for C–H
activation of amines†

Houcem Maaoui,a,b Pawan Kumar,c,d Anurag Kumar,c,d Guo-Hui Pan,e

Radouane Chtourou,f Sabine Szunerits,a Rabah Boukherroub*a and Suman L. Jain*c

A Prussian blue/carbon dot (PB/CD) nanocomposite was synthesised and used as a visible-light active

photocatalyst for the oxidative cyanation of tertiary amines to α-aminonitriles by using NaCN/acetic acid

as a cyanide source and H2O2 as an oxidant. The developed photocatalyst afforded high yields of products

after 8 h of visible light irradiation at room temperature. The catalyst was recycled and reused several

times without any significant loss in its activity.

1. Introduction

Visible-light-driven photoredox catalysis is considered to be a
promising strategy towards the development of a variety of
chemical transformations in organic synthesis. These
reactions use visible light, which is clean, abundant and
renewable.1 Of particular interest is the C–H activation of
amines, because the resulting α-aminonitriles are highly
important intermediates for the synthesis of bioactive natural
products, unnatural α-amino acids or heterocyclic com-
pounds.2 The industrial synthesis of α-aminonitriles is
achieved by the Strecker reaction between a carbonyl com-
pound, an amine and a cyanide.3 Similarly, a number of
stoichiometric reagents which usually produce copious
amounts of undesirable waste have been used for their syn-
thesis. In the recent decades, catalytic methodologies using
transition metal based catalysts such as RuCl3,

4 MnO2,
5

Pd(OAc)2,
6 V2O5,

7 FeCl3
8 and [dpyCl2Au

III]Cl9 have been develo-

ped for such a transformation. However, these catalytic
processes commonly proceed at the expense of intense
thermal energy and therefore are less desirable. Recently,
molecular homogeneous photocatalysts based on Ir and Ru
have been reported for this chemical transformation.10

However, their high cost, toxicity and homogeneous nature are
certain drawbacks, which make their utility limited towards
practical applications. Consequently, heterogeneous photo-
catalysis is believed to be an interesting alternative to address
the issues of non-recyclability of the homogeneous catalysts.
Recently, our group reported the synthesis of a highly efficient,
visible-light active and recyclable TiO2-immobilized ruthenium
polyazine complex for the C–H activation of tertiary amines to
the corresponding α-aminonitriles.11 However, limited accessi-
bility and high cost are still the major drawbacks to be over-
come by using low cost and non-toxic metals such as iron for
photocatalytic applications.12

On the other hand, carbon dots have been identified as a
novel photocatalytic support due to their non-toxic nature,
easy synthesis, high surface area and ability to produce
electron–hole pairs under visible light irradiation.13 So far
carbon quantum dots have widely been used as photocatalysts
for the photodegradation of dyes under visible light
irradiation. In this context, Zhang et al. reported the carbon
quantum dot/Ag3PO4 complex as a photocatalyst for the photo-
decomposition of organic compounds (methyl orange) under
visible light irradiation.14 Liang et al. reported the synthesis
and application of self-assembled Ag@AgCl QD sensitized
Bi2WO6 for the photocatalytic degradation of Rhodamine B
(RhB) dye under visible light irradiation.15 Wei et al. prepared
graphene quantum dots from chemically exfoliated multi-
walled carbon nanotubes as an efficient photocatalyst for the
degradation of organic dyes under visible-light irradiation.16
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However, to the best of our knowledge, there is no literature
report on the use of carbon quantum dots as a photocatalyst
for C–H activation reactions. Accordingly, we report herein the
successful synthesis of Prussian blue/carbon dot (PB/CD)
nanocomposite and its application for C–H activation of
tertiary amines under visible light irradiation at room tempera-
ture using NaCN/acetic acid as a cyanide source and hydrogen
peroxide as an oxidant (Scheme 1).

2. Results and Discussion
2.1 Synthesis and characterization of PB/CD

Carbon dots were synthesized through alkaline hydrolysis of
D-fructose at 50 °C as shown in Scheme 2. The desired
Prussian blue was subsequently prepared in the presence
of carbon quantum dots in a solution of FeCl2·4H2O and
K3Fe(CN)6.

17

The Raman spectrum of the PB/CD nanocomposite dis-
played two broad bands associated with the carbon dots. One
is at ∼1327 cm−1 (D band) attributed to the sp3-related defects;
the other is at ∼1583 cm−1 (G band) assigned to the in-plane
vibration of the sp2 carbon.18 In addition, three fingerprint
vibration modes of PB appear at ∼279, 506 and 2121 cm−1,19

confirming the formation of Prussian blue/carbon dot
nanocomposite (Fig. 1).

Fig. 2 shows the FTIR spectra of PB, CDs and the PB/CD
nanocomposite. The FTIR spectrum of PB depicts a character-
istic band at 2091 cm−1 due to the CuN stretching of
Fe–CuN, and another strong/broad band at 3447 cm−1 due to
the –OH stretching of water (Fig. 2a). For CDs the absorption
bands at 1632, 1386, 1120 cm−1 were attributed to the bending
vibration of water, the CvC stretching of polycyclic aromatic
hydrocarbons in CDs and the C–O–C bending vibration of

epoxide, respectively. The band at 3363 cm−1 was assigned to
the –OH stretch of adsorbed water and the –OH group present
on carbon dots (Fig. 2b).20,21 The FTIR spectrum of the PB/CD
nanocomposite exhibits the characteristic Fe–CuN band at
2084 cm−1, typically used as a fingerprint for Prussian blue
materials.18 The stretching band at 1657 cm−1 is assigned to
the CvC stretching of polycyclic aromatic hydrocarbons in
CDs. The broad band at 2900–3500 cm−1 is ascribed to the
stretching modes of the bonded (2973 cm−1) and free
(3446 cm−1) –OH groups of the carbon dots and/or adsorbed
water molecules (Fig. 2c).22

Fig. 3 shows the TEM images of the synthesized PB/CD nano-
composite. They mainly consist of some irregular nanoparticles
in the range of ∼30–100 nm. Some particles are spherical in
morphology, while others are worm-like. The nanoparticles
were not found to be stable under extended irradiation of
electron beam during TEM observation. As shown in Fig. 3B
and C, these particles decomposed into some much smaller
ones (∼3 nm) with an interplanar spacing of ∼0.226 nm.

The survey spectrum of the PB/CD nanocomposite shows
peaks at 284.4 eV (C1s), 531.4 eV (O1s), 398.1 eV (N1s), and

Fig. 2 FTIR spectra of: (a) PB, (b) CDs, (c) PB/CD nanocomposite.

Scheme 1 Photocatalytic C–H activation of tertiary amines using the
PB/CD nanocomposite.

Scheme 2 Synthesis of the PB/CD nanocomposite.

Fig. 1 Raman spectrum of the PB/CD nanocomposite. * denotes the
peaks due to PB.
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708.4 eV (Fe2p), in accordance with the chemical composition
of the nanocomposite (Fig. S1†). The result confirmed the suc-
cessful hybridization of PB nanoparticles with carbon dots.
The high resolution C 1s XPS spectrum can be deconvoluted
into three components with binding energies at about 284.4,
285.7 and 288.3 eV assigned to the sp2-hybridized carbon, CN
and CvO species, respectively.23 The Fe 2p high resolution
spectrum displays bands at 708.4, 712.8, 721.6 and 725.9 eV.
The bands at 708.4 and 721.6 are assigned to Fe2+ 2p3/2 and
2p1/2, respectively.

24 The peaks at 712.8 and 725.9 eV are due
to Fe3+ 2p3/2 and 2p1/2, respectively. These results are in good
agreement with the formation of Prussian blue/carbon dot
nanocomposite (Fig. 4).25

The nitrogen adsorption/desorption isotherm was used for
the determination of the surface properties of the PB/CD nano-
composite (Fig. S2†). The adsorption/desorption isotherm of
the PB/CD nanocomposite was found to be of type (I) with an
H4 hysteresis loop. Furthermore, the BET surface area (SBET),
pore volume (Vp) and mean pore diameter of the PB/CD nano-
composite were determined to be 288.5 m2 g−1, 0.18 cm3 g−1

and 2.54 nm, respectively. The mean pore diameter between
2–50 nm, according to IUPAC recommendation, confirmed the
mesoporosity of the material.26

The UV-visible absorption spectrum of PB in water shows a
broad absorption band in the visible and near-infrared light
range of 550 to 990 nm with a maximum (λmax) at ∼700 nm
due to the charge transfer transition between Fe(II) and Fe(III)
in PB (Fig. 5a). The profile of the absorption spectrum of the
PB/CD nanocomposite follows closely that of PB in addition to
a very slight decrease in absorbance, suggesting the presence
of PB and low content of CDs in the nanocomposite
(Fig. 5b).27

The fluorescence spectra of the PB/CD nanocomposite in
water at different excitation wavelengths, recorded at room
temperature, are displayed in Fig. 6. It shows that when the
excitation wavelength increased from 320 to 420 nm, the

corresponding emission peaks shifted from 455 to 510 nm,
which illustrated the excitation-dependent emission.
Furthermore, the most intense emission peak was observed at
475 nm for a 380 nm excitation wavelength. According to the
quantum confinement effect, the band gap of CD nano-
particles as formed by the HOMO and LUMO is confined in
size and strongly depends on the size of nanoparticles.28 After
excitation, the electrons are transferred to the LUMO and
during relaxation, they return to the ground state with emis-
sion of light. Further change in the surface of CD nano-
particles through hybridization with PB is followed by a
change in their optical properties (surface state defects).29

Fig. 3 TEM images of the PB/CD nanocomposite. The scale bars in
A–C are 100, 50 and 2 nm, respectively.

Fig. 4 C 1s and Fe 2p high-resolution XPS spectra of the PB/CD
nanocomposite.

Fig. 5 UV-vis absorption spectra of (a) PB and (b) PB/CDs in the
400–1000 nm range.
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2.2 Catalytic activity

The catalytic activity of the synthesized PB/CD nanocomposite
towards the oxidative cyanation of tertiary amines to the
corresponding α-aminonitriles was evaluated in the presence
of NaCN/acetic acid as a source of cyanide, hydrogen peroxide
(H2O2) as an oxidant and methanol as a solvent under visible
irradiation, using a 20 W LED lamp under ambient conditions.
N,N-Dimethylaniline was chosen as a model substrate for the
optimization studies. In the absence of the photocatalyst, no
product could be isolated even after 24 h of irradiation
(Table 1, entry 1). Similarly, the presence of light was found to
be vital and of prime importance for the reaction to proceed.
In fact, in the absence of light irradiation, no reaction occurred
using CDs, PB or the PB/CD composite (Table 1, entries 2,
4 and 6). Visible light was thus essential to drive the oxidative
cyanation reaction. To confirm the superior activity of the
PB/CD composite as compared to its individual components,
we performed the reaction using CDs or PB under otherwise
identical conditions. It was found that CDs alone provided a
very small amount (8%) of the corresponding α-aminonitrile

under visible light irradiation (Table 1, entry 3). This implies
that the photo-generation of electron–hole pairs in the CDs
could initiate the oxidative cyanation reaction, but the avail-
able redox sites at which electrons were efficiently transferred
to the substrate are limited. Similarly, PB alone gave a poor
yield of the desired product under the described reaction con-
ditions (Table 1, entry 5). On the other hand, the PB/CD nano-
composite was found to be highly efficient and afforded nearly
quantitative yield of the desired product within 8 h of
irradiation (Table 1, entry 7). Furthermore, the presence of
acetic acid was found to be essential and in its absence
no reaction took place (Table 1, entry 8). The mixture of
sodium cyanide/acetic acid produces HCN in situ, which was
used as a source of nitrile for the reaction. Similarly, no reac-
tion occurred in the absence of hydrogen peroxide (Table 1,
entry 9).

In order to check the scope of the reaction, we performed
the oxidative cyanation of various tertiary amines under the
optimized conditions (Table 2). In all the cases, the conversion
and selectivity of the desired product were determined by
GC-MS. The identity of the products was confirmed by compar-
ing the physical and spectral data with those of the authentic
ones. Among various substituted N,N′-dimethyl anilines, those
having substituents at the para position were more reactive
(Table 2, entries 2, 4, 6 and 8) than those having o- and m-sub-
stituents (Table 2, entries 3, 5 and 7). Furthermore, the
substrates having electron donating groups were found to be
more active towards oxidative cyanation (Table 2, entries 2–4)
than the substrates having an electron withdrawing group

Fig. 6 Fluorescence spectra of the PB/CD nanocomposite in water at
different excitation wavelengths recorded at room temperature.

Table 1 Effect of various parameters on oxidative cyanation of
N,N’-dimethylanilinea

Entry Oxidant
Visible
irradiation Time (h) Yieldb (%) TOF (h−1)

1 H2O2 Yes 24 — —
2 H2O2 No 24 — —
3 H2O2 Yes 12 8 0.6
4 H2O2 No 24 — —
5 H2O2 Yes 12 18 1.5
6 H2O2 No 12 — —
7 H2O2 Yes 8 94 11.7
8 H2O2 Yes 24 —c —
9 — Yes 12 6 0.5
10 TBHP Yes 12 24 2.0
11 O2 Yes 12 15 1.2

a Reaction conditions: N,N′-dimethylaniline (1 mmol), photocatalyst
(50 mg), NaCN (1.5 mmol), acetic acid (1 mL), H2O2 (2 mL), methanol
(10 mL). b Isolated yield. c In the absence of acetic acid.

Table 2 PB/CD nanocomposite mediated oxidative cyanation of
tertiary aminesa

Entry Reactant Product Time (h)
Isolated
yieldb (%)

TOF
(h−1)

1 8.0 94 11.7

2 8.0 96 12.0

3 6.5 95 14.6

4 6.5 97 12.1

5 8.0 84 10.5

6 8.0 87 10.8

7 8.0 81 10.1

8 8.0 85 10.6

9 8.0 89 11.1

10 (n-Bu)3N — 24.0 — —
11 12.0 12 1.0

a Reaction conditions: substrate (1 mmol), photocatalyst (50 mg),
NaCN (1.5 mmol), acetic acid (1 mL), methanol (10 mL), H2O2 (2 mL).
b Isolated yield.
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(Table 2, entry 8). Secondary amines such as N-methylaniline
also gave the corresponding cyano-product in good (89%) yield
(Table 2, entry 6). Aliphatic tertiary amines like n-tributylamine
did not give any product under the described reaction
conditions (Table 2, entry 10). The reaction of tertiary amines
having a benzyl group was found to be sluggish and provided
very poor yield of the desired product (Table 2, entry 11).

Finally, we evaluated the recycling of the PB/CD photo-
catalyst which could be readily recovered from the reaction
mixture after the completion of the reaction by centrifugation.
The recovered photocatalyst was washed with methanol, dried
and used as such for the subsequent experiments. The recov-
ered catalyst was reused for the subsequent four runs and the
results are summarized in Fig. 7. It was found that the recov-
ered PB/CD photocatalyst showed almost equal activity and
afforded 92, 90, 89 and 87% yield of the desired product.

In order to identify the photochemical species involved in
oxidative cyanation of tertiary amines, we have carried out the
reactions in the presence of the •OH radical and hole scaven-
gers under otherwise identical reaction conditions.30–32

Sodium bicarbonate was used as the •OH radical scavenger
while EDTA·2Na was used as the hole scavenger. N,N′-
Dimethylaniline was used as a model substrate and the yield
of the product was monitored by withdrawing aliquots from
the solution after every 2 h. It can be seen from Fig. 8 that
upon addition of the •OH radical scavenger (NaHCO3), the
yield of α-aminonitriles decreased from 94% to 41% after 8 h,
most likely due to the annihilation of the intermediate
•OH radical produced from hydrogen peroxide. While upon
addition of EDTA·2Na, the yield of the product slightly
increased from 68% to 76% after 6 h and 94% to ∼99% after
8 h, due to the positive hole scavenging by EDTA·2Na, which
facilitates better charge separation on carbon dots.

On the basis of the existing literature,33–35 we have
proposed a plausible mechanism for the reaction (Scheme 3).
In analogy to the existing reports, two important steps can be
proposed for the photocatalytic oxidative cyanation of the ter-
tiary amines. After absorption of visible light carbon dots are
excited and generate electron–hole pairs and transfer electrons
to PB. The iron either in Fe(II) or Fe(III) forms the oxo-iron(IV)

intermediate in the presence of hydrogen peroxide.36 This
oxo-iron(IV) species abstracts a hydrogen from the α-carbon of
the tertiary amine to give the cationic intermediate. Sodium
cyanide in the presence of acetic acid provides in situ nitrile
ions, which upon a nucleophilic attack gives the corres-
ponding α-aminonitrile (Scheme 3).

3. Conclusion

In conclusion, we have synthesized a novel, non-noble metal
based, visible light active PB/CD photocatalyst for the oxidative
cyanation of aromatic tertiary amines to the corresponding
α-aminonitriles by using house-hold LED visible light. After
8 h of irradiation, good to high yields of the products were
obtained in the presence of H2O2 as an oxidant, NaCN/acetic
acid as a source of nitrile and methanol as a solvent. The
PB/CD photocatalyst was heterogeneous in nature, which
could readily be recovered from the reaction mixture by
centrifugation. The recovered catalyst exhibited consistent
efficiency for the subsequent four runs without any significant
loss in catalytic efficiency.Fig. 7 Recycling experiments using PB/CD as a photocatalyst.

Fig. 8 Yield of the cyanation product with or without addition of the
•OH radical and hole scavengers.

Scheme 3 Plausible mechanism of the photocatalytic oxidative
cyanation.
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4. Experimental section
4.1 Materials

D-Fructose (≥99%), sodium hydroxide (≥97.0%), iron(II)
chloride tetrahydrate, Fe(II)Cl2·4H2O (≥99.99%), potassium
ferricyanide K3[Fe(CN)6] (99%) and sodium cyanide (97%),
were obtained from Sigma-Aldrich and used without further
purification. Acetic acid and methanol (HPLC grade) were
procured from Merck India Ltd and used as received.

4.2 Preparation of Prussian blue Fe4[Fe(CN)6]3

To 20 mL water (pH adjusted to 1.5 with 0.1 M of HCl), 0.065 g
of FeCl2·4H2O and 0.085 g of K3Fe(CN)6 were added. The color
of the solution turned blue immediately. The resulting mixture
was heated at 80 °C for 3 h. The final product was collected by
centrifugation, washed several times with water and finally
dried under vacuum overnight at 80 °C.

4.3 Preparation of the carbon dot/Prussian blue (PB/CD)
nanocomposite17

An aqueous solution of carbon quantum dots (CDs) was
prepared by mixing 5 mL of D-fructose (500 mM) and 5 mL of
NaOH (500 mM), followed by heating the mixture at 50 °C for
60 min.

The above solution was adjusted to pH 1.5 by addition of
0.1 M HCl and then 0.065 g of FeCl2·4H2O and 0.085 g of
K3Fe(CN)6 were added. The resulting mixture was heated at
80 °C for 6 h. The final product was collected by centri-
fugation, washed several times with water and finally dried
overnight at 80 °C.

4.4 Characterization

TEM and high resolution TEM (HRTEM) images were acquired
using an FEI Tecnai G2-F20 transmission electron microscope
operating at an acceleration voltage of 200 kV. The samples
were drop-coated from ethanolic dispersion of PB/CD nano-
composite samples onto carbon-coated copper TEM grids and
the solvent was evaporated under ambient conditions.

Micro-Raman measurements were carried out using a
visible Labram HR spectrometer (Horiba Gr, France). The
Raman backscattering was excited with a 532 nm excitation
wavelength. The beam was focused on the sample surface
through an optical objective (×100, 0.9 NA) with a lateral
resolution (XY) of less than 1 μm. The obtained spectral resolu-
tion is better than 2 cm−1.

X-ray photoelectron spectroscopy (XPS) measurements were
performed with an ESCALAB 220 XL spectrometer from
Vacuum Generators featuring a monochromatic Al Kα X-ray
source (1486.6 eV) and a spherical energy analyzer operated in
the CAE (constant analyzer energy) mode (CAE = 100 eV for
survey spectra and CAE = 40 eV for high-resolution spectra),
using the electromagnetic lens mode. The detection angle of
the photoelectrons is 30°, as referenced to the sample surface.
After subtraction of the Shirley-type background, the core-level
spectra were decomposed into their components with mixed
Gaussian–Lorentzian (30 : 70) shape lines using the CasaXPS

software. Quantification calculations were performed using
sensitivity factors supplied by PHI.

The samples were prepared by casting an ethanol suspen-
sion of the PB/CD nanocomposite on clean silicon wafers
followed by drying in an oven at 60 °C to remove the solvent
completely. The surface properties like BET surface area, pore
size distribution etc. were estimated by the Brunauer–Emmett–
Teller (BET) and Barrett–Joyner–Halenda (BJH) method with
the help of a Micromeritics ASAP2010 instrument, using liquid
nitrogen at 77 K.

Fluorescence spectra were measured on a Cary Eclipse
spectrophotometer from Agilent Technologies. The absorption
spectra of solutions in a quartz cuvette with an optical path of
10 mm were recorded using a Perkin Elmer Lambda UV/Vis
950 spectrophotometer in the wavelength range of
400–1100 nm. The samples were dispersed in water at a con-
centration of 50 µg mL−1.

Fourier transform infrared (FTIR) spectra were recorded
using a ThermoScientific FTIR instrument (Nicolet 8700) at a
resolution of 4 cm−1. The dried PB/CD sample (1 mg) was
mixed with KBr powder (100 mg) in an agate mortar. The
mixture was pressed into a pellet under a 10 ton load for
2–4 min, and the spectrum was recorded immediately. Sixteen
accumulative scans were collected. The signal from a pure KBr
pellet was subtracted as the background.

4.5 Experimental procedure for photocatalytic oxidative
cyanation of tertiary amines

For the oxidative cyanation reaction, a 25 mL round bottomed
flask was charged with tertiary amine (1 mmol), NaCN‡
(1.5 mmol), H2O2 (2 mL), methanol (10 mL), photocatalyst
(50 mg) and acetic acid (1 mL). The reaction vessel was ir-
radiated under visible light by using a 20 W LED lamp having
an intensity at vessel of 75 W m−2 at room temperature under
continuous stirring. Progress of the reaction was monitored by
TLC on a silica coated plate. After completion of the reaction,
the photocatalyst was recovered by filtration. The obtained
organic layer was washed with water and dried over anhydrous
Na2SO4 followed by concentration in a rotary evaporator. The
obtained crude product was purified by column chromato-
graphy over silica gel using ethyl acetate and hexane as the
eluent to afford the corresponding α-aminonitriles. The identi-
fication and conversion of products was determined with
GC-Mass and the obtained spectral data were matched with
authentic samples in the GC-MS library.
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