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us resorcinol–formaldehyde
polymer resins as amorphous metal-free visible
light photocatalysts†

Guan Zhang,*a Chengsheng Ni,a Lingjuan Liu,ab Guixia Zhao,a Federica Finaa

and John T. S. Irvine*a
We have demonstrated that resorcinol–formaldehyde resin polymers

are good visible light responsive photocatalysts, with band gap ener-

gies ranging from ca. 1.80 to 2.00 eV. They were found to be photo-

active in terms of decomposition of organic substrates under visible

light irradiation. The photocatalytic performance of resins could be

markedly enhanced by coupling with electron conducting materials

such as reduced graphene oxide. Photocatalytic water oxidation was

also achievable on the hybrid reduced graphene oxide/resin catalyst

with a sacrificial agent. These industrial widely-used resins exhibit

many merits as photocatalysts such as low-cost, high surface area,

large pore size and volume, facile preparation and scalability for

development of eco-friendly commercial products with “self-clean-

ing” properties, based on their capability for the oxidative removal of

organic pollutants under visible light.
Visible light photocatalysis has attracted dramatic attention due
to its promising applications of utilizing solar energy for envi-
ronmental remediation and energy conversion. For practical use
in the environmental and energy areas, ideal photocatalysts that
work well under solar light should possess the characteristics of
strong absorbance of visible light, suitable band levels, excellent
(photo)chemical stability, economic feasibility and non-toxicity.1

Although hundreds of photocatalysts have been reported so far,
searching for stable, efficient and low-cost materials that are
active under visible light has proved challenging.2 Recently,
instead of using metal-containing semiconductors, metal-free
photocatalytic materials are a promising new class of visible
light photocatalysts, especially since the graphitic C3N4 (g-C3N4)
ws, St Andrews, Fife, UK. E-mail: gz23@

ering, Hefei University of Science and

(ESI) available: Details of experimental
cluding SEM images, XPS spectra and
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was found to perform photocatalytic water splitting in the visible
light region.3 A few other metal-free photocatalysts are reported:
such as C3N3S3,4 boron carbides,5 elemental a-sulfur,6 b-rhom-
bohedral boron7 and red phosphorus,8 carbon materials based
poly(p-phenylenes),9 P-doped graphene,10 nanoporous carbon11

and polyimide.12 Very recently, a one-dimensional conducting
poly(diphenylbutadiyne) photocatalyst and a band-gap tunable
organic polymer photocatalyst were reported for the visible light
photocatalysis.13,14

Phenolic resins synthesized from poly-condensation of
phenols and formaldehydes are already used in large quantities
for many industrial applications, and also are widely used for
preparing a variety of nanostructured carbons, which have
attracted interest for potential applications as adsorbents,
battery electrodes, super-capacitors, drug delivery carriers, as
well as supports for catalysts.15 Herein, we demonstrate for the
rst time that simple polymeric resorcinol–formaldehyde (RF)
resins can also function as visible-light-responsive photo-
catalysts for organic pollutants degradation. The high surface
area and pore volume structural characteristics of resin mate-
rials enable strong adsorption towards the organic pollutants,
which would be one of the advantages for its use in the pho-
tocatalytic process. Furthermore, another important advantage
of RF resins is the easiness of textural property modication
and the possibility to introduce foreign elements such as
nitrogen,16 or interpenetrate inorganic nanoparticles such as
CuO into the structure in order to change physicochemical and
functional properties.17 These metal-free, low-cost and carbon-
based porous RF resins exhibiting high adsorption capacity and
photocatalytic activity provide a new class of photocatalysts for
environmental remediation and solar energy conversion.

The RF resin can be easily synthesized by poly-condensa-
tion of resorcinol and formaldehyde in an aqueous solution
and the structure of the resulting resins is shown in Scheme 1.
The physiochemical properties of nanostructured phenolic
resins, such as their shape, size, porosity and surface charges,
are crucial for their applications. Some research work has
demonstrated that a variety of phenolic resins with different
J. Mater. Chem. A, 2015, 3, 15413–15419 | 15413
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Scheme 1 Illustration of the possible structures of resorcinol–form-
aldehyde (RF) polymer and resorcinol–formaldehyde–urea (RFU)
polymer prepared from poly-condensation of resorcinol, formalde-
hyde and urea. (The arrows indicate the further extension of polymeric
network via the functional groups).

Table 1 Elemental contents (wt%), weight ratios of C/O and N/(C + O)
of resin samples by XPS analysisa and elemental analysis (CHN)b

Samples

Elemental
contents

C/Oa C/Ob
N/
(C + O)a

N/
(C + O)bCb Hb Nb

RF12 60.4 4.6 <0.1 0.95 1.72 — —
RF14 56.8 4.5 <0.1 0.80 1.47 — —
RFU 56.1 5.4 7.5 0.90 1.81 0.10 0.09

Journal of Materials Chemistry A Communication

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ly
 2

01
5.

 D
ow

nl
oa

de
d 

on
 1

3/
11

/2
01

5 
12

:3
8:

49
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
structures and morphologies could be synthesized by
controlling the condensation condition.15,18–20 In this work,
gelation and curing of resorcinol (R) and formaldehyde (F) sols
with different R/F ratios (RF12 (R : F ¼ 1 : 2) and RF14 (R : F ¼
1 : 4)) were carried out at 85 �C for 72 h. The resin samples
were crushed into powder in a mortar and then suspended
into acetone solvent with ball-milling for 1.5 h to get ne
powder (10 mm zirconia ball). Then the ne powder samples
were collected by ltration with DI water washing to remove
some impurities. Furthermore, urea (U)–formaldehyde poly-
mer can also be prepared by the same way,21 as a nitrogen
source for preparing nitrogen-containing polymer resin, urea
was also added to the formaldehyde and resorcinol solution
for preparing resorcinol–formaldehyde–urea resin (RFU
(R : F : U ¼ 1 : 2 : 0.5)) by the same method. Experimental
details can be found in the ESI.†

The morphologies of different resin samples observed by
SEM (Fig. S1†) are quite different. RF12 and RF14 sample
powders are mainly composed of agglomerated primary
spherical particles with diameters between 50–80 nm
(Fig. S1a†) and 80–100 nm (Fig. S1b†), respectively. However,
small amounts of ake-type stacking particles can be found
(Fig. S1d†). RFU sample particles are much smaller with
uniform particle size of 20–30 nm (Fig. S1c†). It is well-known
that the molar ratio of resorcinol to formaldehyde is one of the
crucial parameters inuencing the poly-condensation process,
which determines the type, morphology, stability, physical
states and chemical properties of the resulting resins.22 The
polymerization proceeds via the attack of nucleophilic resor-
cinol and urea by the electrophilic protonated formaldehyde.
In the case of RF14, excess amount of formaldehyde promotes
three-dimensional interconnection of polymer chains, which
might be the reason for the formation of larger particles and
ake-type stacking particles. However, urea can also react with
formaldehyde to form the cross-linked unit, which can interact
with the RF unit to insert the nitrogen component into the
polymer structure as shown in Scheme 1. The competitive
reactions between the formaldehyde/urea and formaldehyde/
resorcinol probably inhibits the three-dimensional intercon-
nection induced by the formaldehyde, which might lead to the
formation of smaller RFU polymer particles as observed from
the SEM images.
15414 | J. Mater. Chem. A, 2015, 3, 15413–15419
The composition of functional groups on the resin samples
was investigated by XPS. The results from the deconvolution of
C1s, O1s and N1s peaks are summarized in Table S1 and
Fig. S2.† The C1s XPS spectra of the three resin samples are very
similar. Upon further spectral deconvolution, two primary C1s
peaks (�90% portion) at BE of ca. 285.0 and ca. 286.5 eV are
assigned to C–C and C–O bonds, while other small peaks at ca.
288.0 and ca. 291.0 eV are due to C]O and satellite peak.
Similarly, the O1s XPS spectra could be tted with two primary
O1s peaks, which are assigned to C–O at ca. 533.0 eV from
alcohols, phenols and carboxyl groups and C]O at ca. 531.0 eV
from ketone or carboxyl groups. For RF12 and RF14 samples,
the C–O bonds are the main contributions (�90%), while the
ratio of C]O bonding increased to ca. 21% for RFU sample,
which is attributed to the polymerization of urea with formal-
dehyde as illustrated in Scheme 1. The N1s peak at 399.8 (�0.3)
eV in the RFU sample is quite symmetric and accordingly can
be assigned to the unreacted –NH2 group and the inserted
(CH2)2–N–C]O group, since there is no signicant difference
on the XPS peak positions for the two nitrogen groups.23

It is well-known that the XPS technique only gives the
composition of the surface of a solid to a depth of few nano-
meters, whereas the elemental analysis (CHN) yields its bulk
composition. The CHN analysis was also performed to deter-
mine the composition of resin samples, and the results are
summarized in Table 1. The C/O and N/(C + O) ratios of resin
samples from XPS and CHN analysis are also given for
comparison. The CHN analysis results are consistent with the
values calculated from the loaded precursors. The slightly
reduced portions of hydrogen and oxygen in the resins from the
CHN analysis are ascribed to the condensation of resorcinol and
formaldehyde with elimination of H2O molecules. However, the
C/O ratios of the three resin samples from XPS analysis are
markedly smaller than those from CHN analysis, indicating that
the concentration of hydroxyl group on the surface is much
higher than that in the bulk. The hydroxyl-containing groups
prefer the periphery of the polymeric particles as illustrated in
Scheme 1. The N content from the XPS and CHN analysis is
similar, implying the homogeneous distribution of urea–form-
aldehyde polymerization units in the bulk of RFU.

As shown in Fig. 1a, the XRD patterns of RF12 and RF14
resins are similar. A broad diffraction peak centered at 17.0�

(002 diffraction) ranging from 10� to 30� indicates the amor-
phous structures of the resin samples. Other small sharp peaks
around 43� (100 diffraction), typically shown from disordered
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 (a) XRD patterns and (b) UV-vis absorbance spectra of resin
samples. (c) Mott–Schottky plots of resin samples measured at fixed
frequency of 1029 Hz in dark (for y axis, n¼ 9, 14, 12 for RF12, RF14 and
RFU, respectively). (d) Schematic illustration for band levels of RF12,
RF14 and RFU and energy levels of some redox reactions are given for
reference.
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carbonmaterials, are probably attributed to the small portion of
ake-type stacking particles in the RF12 and RF14 as shown in
the SEM images. In the XRD pattern of RFU, the main peak
shis to 19.5� and the disordered stacking peak at 43� cannot be
found from the smaller and uniform RFU particles.

The UV-vis absorbance spectra of resin samples are shown in
Fig. 1b, and the absorption energy gaps estimated by Kubelka–
Munk function from the UV-vis absorbance spectra (Fig. S3†)
are about 2.00, 1.90 and 1.80 eV for RF12, RF14 and RFU,
respectively. The red-shis in the light absorption for the RF14
and RFU were provoked by varying the reactants composition.
The differences of absorption energy among the polymeric
resins are attributed to the changes in the density of electronic
states of the aromatic rings upon functionalization. It is known
that the energy states in amorphous carbon depend upon the
sp2/sp3 content, the size of the sp2 clusters, and the ordering
and distortions of p states. In the visible spectra region, the
light absorption characteristics of aromatic materials are
dominated by direct p–p* transitions.6,8,11 The size and content
of the sp2 clusters and p states are markedly increased aer
polymerization with formaldehyde compared to those in the
resorcinol molecule, which leads to stronger visible light
absorption. Furthermore, the band gap energy could also be
adjusted by the chemical functionalization via sp2/sp3 re-
hybridization of the carbon atoms, and creation of mid-gap
states below the conduction band edge.11 Therefore, the
increase in formaldehyde ratio of RF14 sample and its XRD and
SEM data agree well with the improved 3D connection and
enhanced p–p stacking, which is the reason for the red-shi
absorption for RF14. On the other hand, the proposed RFU
structure scheme where formaldehyde/urea polymerization unit
doesn't contribute to the aromatic p–p delocalization, along
with the XRD and SEM results that imply a disturbed 3D
network, suggest no possible enhanced p–p interaction via
This journal is © The Royal Society of Chemistry 2015
either 2D or 3D network. Thus, the feasible explanation for the
red-shi absorption of RFU is the introduction of mid-gap
states.

The band levels of resin samples were estimated by
measuring at-band potential according to the Mott–Schottky
eqn (1)

1

C2
¼ 2

NDq330

�
E � EFB � kT

q

�
(1)

where C is the space charge capacitance (F cm�2), ND is the
donor density, q is the elementary charge (1.62 � 10�19 C), 3 is
the relative dielectric constant of the semiconductor, 30 is the
permittivity of the vacuum (8.85 � 10�12 N�1 C2 m�2), E is the
applied potential (V), k is the Boltzmann's constant (1.38 �
10�23 J K�1), and T is the absolute temperature (k).24,25 As shown
in Fig. 1c, all the three resin samples exhibit positive slope in
Mott–Schottky plots, indicating that they are typical n-type
semiconductors. The x-intercept in the linear region determines
the at band potential of the electrode. We can nd that the x-
intercept shows a frequency-independent behavior (Fig. 1c and
S4†), indicating the validity of our analysis. Due to the uncer-
tainty in the actual active area for Mott–Schottky measure-
ments, the capacitances for the three samples are on different
orders of magnitude and the carrier densities are unable to
determine. The at band potentials of RF12, RF14 and RFU are
estimated being ca. 0.20 V, 0.10 V and 0.15 V (vs. Ag/AgCl) and
accordingly ca. 0.40 V, 0.30 V and 0.35 V (vs. NHE), respectively.
For an easier illustration, the band levels of resin samples along
with the energy levels for some typical redox reactions are drawn
as shown in Fig. 1d. It is clear that the conduction band levels of
all the resin samples are lower than the water reduction
potential (0 V vs. NHE). Therefore, water reduction is thermo-
dynamically not possible for the resins. On the other hand, the
valence band levels of resin samples are located at more positive
positions than the oxidation potentials of water and most
organic compounds. Thus, the resin photocatalysts could be
potentially used for water oxidation and environmental reme-
diation, in terms of their deep valence band positions. More
interestingly, the RF14 and RFU resins exhibit the markedly
negative shis (0.20 V and 0.25 V) of valence band levels against
that of RF12, which is suggested to be the main reason for the
red-shis of absorbance observed from UV-vis absorption
spectra. The negative shis of valence band levels are possibly
due to the enhanced p–p* transitions and the new energy levels
formation within the band-gap induced by nitrogen component
as explained before.

The porosity of the RF resin materials was conrmed by N2

sorption isotherms as shown in Fig. 2. The RF12 and RF14
samples exhibited type II N2 sorption isotherms with a sharp
capillary condensation step at high relative pressure of P/P0 >
0.9, which is a characteristic of large pore sized macroporous
materials. However, the isotherm of RFU represents typical type
IV mesoporous adsorption isotherm. The capillary condensa-
tion step shis to lower P/P0 values for RFU, indicating the
gradual decrease in the pore diameter. The results are further
conrmed by the pore size distribution of the resin samples.
Wide pore size distributions from 20 to 150 nm are observed for
J. Mater. Chem. A, 2015, 3, 15413–15419 | 15415
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Fig. 2 N2 adsorption isotherms and pore size distributions of RF12,
RF14 and RFU polymer samples.
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RF12 and RF14, respectively. These less uniform meso-/macro-
pores come from the three-dimensional interconnection of
branched polymeric chains as shown in Scheme 1 or from the
agglomeration of primary resin particles. However, RFU has a
narrow and uniform pore size distribution ranging from 5 to 11
nm. These pores mainly exist within the primary RFU particles.
The parameters of surface area and porosity of the resins are
summarized in Table 2. The RF12 and RF14 possess pore
volumes of 0.49 and 0.72 cm3 g�1 and average pore size of 23.3
and 28.0 nm, respectively; while the RFU has pore volume of
0.35 cm3 g�1 and average pore size of 7.2 nm. Even though the
particle size of RF14 is larger than that of RF12, the accumu-
lated pore volume of RF14 is much higher than that of RF12,
which indicates the higher porosity of the RF14 compared to the
RF12 due to the use of larger amount of formaldehyde during
the polymerization. The BET surface area for RF12, RF14 and
RFU are of 122.5, 148.0 and 150.2 m2 g�1, respectively. Such
high surface area and large pore volume are benecial for the
adsorption of substrates in the catalytic process.

The visible light photocatalytic activities of resin materials
are evaluated by monitoring the decolourization of methylene
blue (MB) dye and the degradation of 4-chlorophenol (4-CP).
The negligible MB and 4-CP “self-decomposition” under visible
light irradiation conrms that the decomposition of organics by
resins is a light-driven process. As shown in Fig. 3a, all the resin
Table 2 Physicochemical properties of resin polymer samples

Sample SBET
a (m2 g�1) Vtotal

b (cm3 g�1) D

RF12 122.5 0.49 2
RF14 148.0 0.72 2
RFU 150.2 0.35 7

a SBET: the BET specic surface area. b Vtotal: BJH desorption cumulative m
width. d DPAR: estimated particle size from SEM images. e BG: band-gap ene
conduction band levels (vs. NHE) estimated by Mott–Schottky plots.

15416 | J. Mater. Chem. A, 2015, 3, 15413–15419
samples showed marked activity for the decolourization of MB,
whereas they were inactive in the dark. The slightly reduced
concentration of MB in the dark results from the catalysts
adsorption due to their porous structure, even the pre-adsorp-
tion of MB under dark was performed for 2 h. The 4-CP degra-
dation results as shown in Fig. 3b also demonstrated that all the
resin samples are capable of removing 4-CP under visible light
irradiation with a slower decomposition rate. The RF14 exhibits
the highest efficiency for the degradation of MB among the
three samples, but it shows similar activity with RF12 for the
degradation of 4-CP. It has been demonstrated that the photo-
catalytic performance of photocatalysts (e.g. TiO2) is quite
depended on the substrates tested,26 implying that the photo-
catalytic activities of a catalyst are highly substrate-specic and
complex. The reason that RFU has the lowest activity for both of
degradation of MB and 4-CP is probably because of its most
negative valence band potential (reduced oxidation power for
holes). In addition, some mid-gap states introduced by nitrogen
as to reduce the band-gap may also serve as the recombination
centers for photo-generated charge carriers. On the other hand,
given that the conduction bands of these photocatalysts are
lower than the water reduction potential and oxygen reduction
potential, the photo-degradation intermediates (oxidative
degradation products from valence band holes) may serve as the
electron acceptors for conduction band electrons.26 This is
another side of the photocatalytic activity, which is hard to be
investigated. In this work, our prime aim is to prove the possi-
bility of polymeric resins function as the visible light photo-
catalysts, so the degradation products of MB and 4-CP are not
paid much attention. Unfortunately, the exact molecular
weight, structure of resins as well as the degradation interme-
diates are unknown, thus the turn of number (TON) for the
catalysts during the oxidation of organics can't be determined.
However, we have performed the photocatalytic oxidation of MB
dyes for 3 cycles using the same bench of the catalyst to prove
the stability of the catalyst and the catalytic degradation
behavior. As shown in Fig. S11,† the slightly reduced activity
during the 3 cycles maybe due to the reduced surface area
(active sites) or adsorption of degradation intermediates, which
inhibits the photocatalytic performance of recovered catalyst.
The decay mechanism was further investigated by dispersing
the catalyst with suitable sonication to minimize the reduced
surface area of catalyst. The photocatalytic decay was markedly
inhibited (Fig. S12†), indicating that the aggregation of catalyst
was mainly responsible for the reduced activity in the multi-
AV
c (nm) DPAR

d (nm) BGe (eV) CBf (V)

3.3 50–80 2.00 0.40
8.0 80–100 1.90 0.30
.2 20–30 1.80 0.35

acro/mesopore volumes (2–300 nm). c DAV: BJH desorption average pore
rgy calculated from UV-vis absorbance spectra using K–M function. f CB:

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 (a) Decolourization of MB dye and (b) degradation of 4-CP with
different resin samples under visible light irradiation. (c) Comparison of
decolourization of MB dye with pure RF12 and RF/RGO sample.
Experimental condition: [MB]i and [4-CP]i ¼ 100 mM, 15 ml catalysts
suspension, dark adsorption for 2.0 h, air-equilibrated condition, l $

420 nm irradiation. (d) Photocatalytic water oxidation with 10 mg RF12
and RF/RGO samples from a 100 ml 5 mM AgNO3 aqueous solution in
an Ar gas filled reactor under visible light irradiation.
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cycles test. The result suggested that the RF resins are stable
under light illumination and the oxidation of organic dye is a
photocatalytic process.

We suspect that the amorphous nature of the resin materials
leads to the lower activity for the decomposition of organics due
to the slow charge transfer efficiency. Therefore, we further
attempted to couple resin (e.g. RF12 with deepest valence band)
with reduced graphene oxide (RGO), which is a common
strategy for enhancing photo-activities of semiconductor pho-
tocatalysts.27 The detailed information on the synthesis and
characterization of few layered graphene oxide, RGO and RF12
resin coupled RGO (RF/RGO, mass ratio of RF : GO¼ 40 : 1) can
be found in the ESI (Fig. S5 and S6†) and our published result.28

As shown in Fig. 3c, the decolourization of MB on RF/RGO was
markedly enhanced by �3 folds. Since the physiochemical
properties of RF12 wouldn't markedly change aer coupling
with RGO, the enhanced photocatalytic performance is mainly
ascribed to the enhanced charge transfer efficiency (photo-
generated electrons to RGO) and the increased separation of
photo-generated electron–hole pairs as observed in other liter-
atures.27,29,30 Furthermore, the O2 evolution from water oxida-
tion using AgNO3 as a sacricial electron acceptor was
monitored (Fig. 3d). The O2 content in the head-space of reactor
did not increase in the presence of RF12 resin because of the
low activity. However, in the case of RF/RGO, trace amounts of
O2 generated from water oxidation within 4 h could be detected
by comparing with control experiments, even though there was
a large uctuation on the concentration of O2 in each test. Since
This journal is © The Royal Society of Chemistry 2015
water oxidation mediated by four-electron reaction is thermo-
dynamically unfavorable than the organics oxidation via one-
electron reaction, it is understandable that the water oxidation
performance on resin materials was not so impressive. On the
other hand, we have to consider that the emission spectrum
(Fig. S7†) of the iron-doped metal halide lamp is not continuous
in the visible light region, therefore it is reasonably expected
that the photocatalytic performance of the resin samples would
be better if a common xenon lamp or a solar simulator was
employed as a light source.

By comparing the valence band potentials of resin samples
with the redox potential of H2O/cOH (�2.7 V vs. NHE) (Fig. 1d),
it is unlikely that holes react with surface-adsorbed water or
hydroxyl species to produce hydroxyl radicals as strong
oxidants for decomposition of organics. On the other hand,
the conduction band potentials of resin samples are less
negative than the redox potential of O2/O2c

� (�0.1 V vs. NHE),
it is also not possible that the conduction band electrons
reduce oxygen to generate superoxide radicals and hydroxyl
radicals. Therefore, considering of the strong adsorption of
the organic substrates onto resins, we propose that the
degradation of organic substrates was mainly driven by the
photo-generated holes based on some experimental evidences.
Firstly, we can see that the UV-vis absorption spectra of MB
decrease without blue shi of maximum absorption peak at
664 nm (Fig. S8†). The hypochromic effect is commonly
observed from the radical-species mediated degradation of
dyestuffs like methylene blue and rhodamine B.31 The absence
of hypochromic effect indicates that the MB decomposition
was driven by hole oxidation. For further conrming the hole
oxidation mechanism, methanol (10 vol%) as another hole
scavenger was added into the MB solution before light irra-
diation. Because the oxidation potential of methanol (�0.61
V)32 is close to that of MB dye (�0.53 V),33 the decomposition of
MB was expected to be inhibited due to the competition
between the two hole scavengers. The rate of decolourization
of MB dye was markedly reduced in the presence of methanol
(Fig. S9†). In addition, we further investigated the role of O2 in
the process of MB degradation. However, the decolourization
efficiency with or without O2 was similar, which is in accor-
dance with our assumption that the generation of oxidative
species is not possible from the reductive pathway.

To further conrm the visible light induced generation of
electron–hole pairs from the resins, the generation of electrons
under visible light irradiation was monitored by photocurrent
measurements as shown in Fig. 4. The generated electrons from
resins by photo excitation were collected by an immersed Pt
mesh electrode with the Fe3+ as an electron acceptor and shuttle
that transfers the electrons from catalyst particles to the elec-
trode (Eredox of Fe

3+/Fe2+ ¼ +0.77 V vs. NHE). In the presence of
resins, there were apparent responses to light on/off switching
under monochromatic light irradiation (460 nm) powered by a
50 W LED lamp, compared to the control experiment without
catalyst loading. The blank photocurrent was probably due to
the reduction of redox mediators (Fe3+) by visible photons. The
trend for photocurrent generation among the three samples is
RF14 > RF12 > RFU, which is consistent with the performance
J. Mater. Chem. A, 2015, 3, 15413–15419 | 15417
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Fig. 4 “On–off” process of current measurements under 50 W LED
monochromatic light (460 nm) irradiation. Fe3+ was used as an elec-
tron accepter and shuttle. Experimental conditions: 25 mg of resin
powder put onto the bottom of reactor filled with 50 ml aqueous
solution, no direct contact between the catalysts and the collecting
electrode, [Fe3+] ¼ 0.1 mM, [Na2SO4] ¼ 0.1 M as the electrolyte, Pt
mesh collector at +1.2 V vs. Ag/AgCl (bias �0.2 V).
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on the photocatalytic degradation of organics. The RF14
exhibited the highest photocurrent probably due to its highest
conduction band level (highest reduction power for generated
electrons), whereas the RFU showed the lowest photocurrent
probably because of the existence of recombination centers
within the band-gap. The relatively lower photocurrents can be
attributed to the slower charge transfer efficiency for the
amorphous resin, as both the photocurrents ramping rates and
decay rates in each light on/off cycle are slow. On the other
hand, the slight decrease of the photocurrents during the
repeated light “on/off” processes probably results from the
absence of electron donors for consuming photo-generated
holes, which might be accumulated on the catalyst surface to
decompose the sample. Since there is no direct contact between
the catalyst particles with the working electrode, the observed
current increase upon illumination due to a photo-enhanced
conductivity enhancement (due to a boost in e/h charge carriers
upon photoexcitation, leading to a higher dark current)
observed on the semiconductor lm electrode is negligible. The
generation of anodic photocurrents upon visible light irradia-
tion proves that photo-excited electrons transfer from the resin
particles to the Fe3+ in solution and then to the Pt collecting
electrode as illustrated in Fig. 4.
Conclusions

In summary, resorcinol–formaldehyde based polymeric resins
have been demonstrated as new visible light photocatalysts. The
efficient photocatalytic decolourization of dye, degradation of 4-
cholorophenol and generation of photocurrents under visible
light were achieved. Sacricial photocatalytic water oxidation
on reduced graphene oxide coupled resin was also demon-
strated. These metal-free carbon based resins possess high
15418 | J. Mater. Chem. A, 2015, 3, 15413–15419
surface area, large pore size and volume, strong visible light
absorbance, which makes them promising as a new class of
visible light photocatalysts. However, due to the slow charge
transfer properties of resins under illumination, it is not rec-
ommended to employ these original resins as water splitting
photocatalysts or building photoelectrochemical electrode at
this stage. Nitrogen content imbedding into the resin structure
by adding urea as a polymerization reactant provokes a red-shi
absorption due to the introduction of mid-gap states, which
leads to the decreased photocatalytic activity. Further structure
modication, morphology control or band-gap engineering are
suggested to enhance the charge transfer efficiency and improve
the photocatalytic performance for employing these resins as
efficient solar conversion materials. Furthermore, in terms of
the widely use of resin materials in industrial products, it is also
attractive to develop some commodities with “self-cleaning”
properties based on their capability for oxidative removal of
organic pollutants.
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