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ABSTRACT
Polymeric carbon nitride doped with copper through a solid-state reaction was characterized by several
techniques, among them are UV-visible spectroscopy, infrared spectroscopy, X-ray photoelectron
spectroscopy, etc. The material is a semiconductor with a wide band gap of 2.74 eV. Sites of both Cu(I) and
Cu(II) were detected, apparently only coordinated by the polymer. The material comprises crumpled
nanosheets, and is substantially an amorphous layered material with a prevalent 2D structure with low
inter-planar interactions, as shown by X-ray diffractometry and TeraHertz spectroscopy. Photo-oxidation of
benzyl alcohol was used to probe the active sites of the material, comparing them with the non-doped
material. The higher activity and selectivity toward salicylic alcohol of the non-doped material can be due
to both a more localized electron transfer and a longer lifetime of the hole–electron pair. Cu-CN favored
the oxidation of hydroxymethyl group. Therefore, the presence of copper can favor different reaction
pathways with respect to the non-doped material.

KEYWORDS
carbon nitride; nanosheets;
THz spectroscopy; organic
semiconductors

Introduction

Polymeric carbon nitride, apart from its applications as the pre-
cursor for the synthesis of super hard carbon nitride phases (1–
10), has also been investigated for a number of other applica-
tions (11–15). For example, combining chemical sensitivity
with optical and semiconductor properties, polymeric carbon
nitride becomes an interesting candidate for a wide field of sen-
sors (16–20). However, most expectations are related to its
potential as a photo-catalyst due to its semiconductor proper-
ties coupled with the ability to host co-catalysts. However, for
many reactions, polymeric carbon nitride exhibits considerable
catalytic properties without any metallic co-catalyst (15). In
spite of these results, in order to increase either conversion or
selectivity, it has been doped with several transition metals
such as Pt, Fe, Cu, etc. Moreover, polymeric carbon nitride has
been used as a photo-catalyst to produce hydrogen by splitting
water (21), in photo-ionization of free radical polymerization,
and in Friedel–Crafts reactions, to selectively oxidize aromatic
compounds such as benzyl alcohol to benzaldehyde and to
hydroxylate aromatic rings (22). Mesoporous carbon nitride

impregnated by solutions of either ZnCl2, FeCl3, CoCl2, NiCl2,
or MgCl2 favors the cyclo-addition of CO2 to propylene oxide.
In this case, carbon nitride seems to work as a support to
absorb CO2, where the most catalytic activity is due the metal
sites (23). This semiconductor material is often coupled with a
co-catalyst to either improve yield or increase selectivity. The
structure of polymeric carbon nitride can coordinate metallic
ions, which in turn can coordinate reagent molecules. The basic
mechanism exploits the optical wide band gap to excite elec-
trons under proper lighting, which are transferred through
metallic co-catalyst to the reagents to form very reactive radi-
cals facilitating redox reactions.

Sridharan et al. (24) used metal nitrates, such as Fe, Ni, and
Co nitrates, to form oxides embedded or grafted into a carbon
nitride matrix. They provided an extraordinary broad absorp-
tion in the visible spectrum with band gaps estimated around
1.7 eV, due to the elevated concentration of metal oxide, against
the standard 2.8–3.0 eV of pure carbon nitride. They were very
efficient toward the degradation of Rhodamine B dye, and their
magnetic properties make them easily recoverable and suitable
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to be used as magnetically controlled optical limiters (24). The
catalytic activity of carbon nitride toward transesterification of
keto esters (25) was also reported. Dadashi-Silab et al. (26)
used Cu(II) chloride with pentamethyldyethylenetriamine
(PMDETA), photo-reduced to Cu(I) with the aid of mesopo-
rous carbon nitride, to a Cu(I)-catalyzed azide–alkyne cycload-
dition (CuAAC), an example of click reaction, with a relevant
contribution of light intensity (UV or sunlight).

Our research report presents the characterization of our Cu-
doped polymer carbon nitride to understand better how copper
is interacting with the material structure, as well as the effect of
copper on the main electronic properties of this multipurpose
material. Our synthesis pathway of polymeric carbon nitride
was developed by Dante et al. (27, 29–32). The polycondensa-
tion reaction was carried out starting directly from melamine
cyanurate – the adduct of melamine and cyanuric acid – which
crystallizes in layers as graphite (16) and lead to crumpled
nanosheets of polymeric carbon nitride. Moreover, copper has
been added directly into the reagent blend as Cu(II) sulfate in a
similar way as in the case of the nitrates used by Sridharan
et al. (24) but with a lower concentration in order to favor its
incorporation during the reaction into the polymeric structure
without altering too much both structure and main electronic
characteristics. The material has been characterized with sev-
eral techniques such as infrared spectroscopy, UV-Vis spectros-
copy, X-ray photoelectron spectroscopy, transmission
microscopy, scanning electron microscopy, etc. In order to
understand better the structure and nature of the material
doped with copper, benzyl alcohol was used as a probe to high-
light differences in the photo-catalytic oxidation behavior of
the copper-doped material and the non-doped one. This idea is
based on the recently discovered photo-catalytic behavior of
polymeric carbon nitride, which seems to strongly depend on
the material structure, as found by Zhao et al. (33) apart from
the band gap considerations. For example, Zhao et al. (33)
attributed the excellent activity of their carbon nitride material
to the co-contribution of enlarged surface areas, strengthened
electron–hole separation efficiency, enhanced electrons reduc-
tion capability, and prolonged charge carriers lifetime. Wang
et al. (34) also underlined the importance of carriers’ lifetime.
Moreover, Zhao et al. (35) emphasized the control of the hole–
electron recombination in a recent review and showed the great
variety of catalysts that can be obtained by engineering the elec-
tronic properties of carbon nitride through heterojunctions and
heterostructures. Therefore, the presence of copper can lead to
different catalytic behaviors that can favor different reaction
pathways with respect to the non-doped material. This could
be due to both different electronic properties and coordination
effects.

Materials, and experimental and theoretical methods

Materials

The reagent, melamine cyanurate, was supplied by Nachmann
S.r.l. (Italy) with a purity higher than 99%. Melamine cyanurate
was manually milled in an agate mortar for about 5 min; subse-
quently, the sample was treated with 0.1 M Cu(II) sulfate solu-
tion overnight and dried at 110�C for 6 h to favor dispersion of

copper within melamine cyanurate. The sulfate-treated sample
of about 4 g was placed in a ceramic crucible, and thermally
treated at 600�C. The photo-catalytic behavior of the copper-
doped material (Cu-CN) was compared with standard poly-
meric carbon nitride produced by pyrolysis of melamine cyanu-
rate, whose synthesis method and characteristics were widely
discussed in previous reports (27–32).

Structural characterization

X-ray diffraction measurements
The X-ray diffraction patterns were obtained by a powder dif-
fractometer Rigaku ULTIMA-IV with Cu Ka radiation. Glass
capillaries were used for sample mounting. The samples were
ground in an agate mortar and sifted. The measurements
always lasted for 1 h, and crystalline silicon was used as a
standard.

FT-IR spectroscopy
The infrared spectra were obtained by means of a Thermo
Nicolet 380 Fourier transform–infrared (FT-IR) sepectrometer
(Nicolet, USA). KBr tablets of the specimens were used to iden-
tify chemical functional groups.

TEM and SEM characterization
Scanning electron microscope (SEM) JEOL 6300 (JEOL, Japan)
was used to study the morphology and composition of samples;
the last one by means energy-dispersive X-ray spectroscopy
(EDS) Bruker probe (127 eV). In addition, to explore in more
detail the structure of polymeric carbon nitride, transmission
electron microscopy (TEM) was performed with a JEOL JEM-
FS2010 HRP (JEOL, Japan).

Thermal analysis

The thermal stability and decomposition rate of polymeric car-
bon nitride from melamine cyanurate was evaluated by ther-
mogravimetric analysis using an STD Q600 thermobalance
(TA Instruments, USA) with a nitrogen mass flow rate of 25
mL/min and a temperature increment rate of 10�C/min.

UV-Vis spectroscopy
UV-Vis diffuse reflectance spectra were measured using a Per-
kin Elmer Lambda 35 UV-Vis spectrophotometer. A Spectra-
lon® blank was used as reference. The reflectance data were
transformed to absorbance data by applying the Kubelka–
Munk method as follows:

F Rð ÞD .1¡R/2

2R
; (1)

where R is the reflectance, and F(R) is the Kubelka–Munk (K-
M) function. The K-M function was plotted as a function of the
energy (E D hc/λ), and the band gap value was calculated
through the inflection point of this curve. The abscissa of this
point is directly associated with the band-gap value (36).
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TeraHertz (THz)–Time Domain Spectroscopy (TDS)
Measurements
A Menlo Tera K15 spectrometer was used for the THz-TDS
analysis. The system is based on a 1560-nm fiber laser that gen-
erates 90-fs pulses at a repetition rate of 100 MHz. This pro-
vides a compact fiber-coupled setup. The system was operated
in a nitrogen-rich atmosphere to avoid the signature of water
absorption in recorded samples. Ten samples and ten reference
measurements were performed in each case to reduce noise in
the measurements.

The material parameters in the spectral range of interest
were calculated from the time domain photocurrent traces
measured with the spectrometer. These time domain wave-
forms depend not only on the material data but also on the
width of the pellets due to the contributions from multiple
reflections at the pellet–air interfaces. Signal processing techni-
ques similar to those described by Duvillaret et al. (37) were
employed to obtain the THz spectra of materials.

X-ray photoelectron spectroscopy
X-ray photoelectron spectra were collected using a K-Alpha
spectrometer from Thermo Scientific with monochromatic
AlKa (1486 eV) radiation with an energy resolution of 0.5 eV.
Wide and narrow spectra, using an X-ray spot size of 400 mm2,
were collected at 160 and 60 eV pass energy analyzer respec-
tively. The recorded spectra were fitted through a Gaussian–
Lorentzian combination based on an Offset Shirley background
type.

Quantum chemistry computations
The semiempirical quantum chemistry computations were per-
formed with the PM6 method (38) using parallel implementa-
tion for multi-threaded shared-memory CPUs and massively
parallel GPU acceleration (39) of MOPAC2012 (40) software
package. A Fedora Linux server with a 12-core Intel Xeon pro-
cessor and a NVIDIA Tesla K20 GPU was used for
computations.

More details on the following photo-catalysis tests, proce-
dure, and results are provided in Supplemental Materials
section.

Determination of hydroxyl radical generation by
fluorescence in heterogeneous phase
The hydroxyl radicals produced from photo-catalysts were
detected and quantified via fluorescence; for this, hydroxyl-
ation reaction of terephthalic acid (41, 42) was employed in
heterogeneous phase.

Determination of singlet oxygen in heterogeneous phase
Singlet oxygen determinations were carried out employing a
modification of histidine test (43) that was measured in het-
erogeneous phase.

Photo-catalytic oxidation of benzylic alcohol
The photo-oxidation of benzyl alcohol was conducted in the
presence of a source of reactive oxygen. The first route was
based on hydrogen peroxide 30% v/v, which was used with
an excess of 10 times to respect benzyl alcohol, while the

second one consisted of bubbling pure oxygen, with a flow rate
of 0.4 l min¡1.

Results and discussion

Infrared spectroscopy

The FT-IR spectra of Cu-CN is shown in Figure 1 and
compared with that of standard polymeric carbon nitride.
The bands between 3500 cm¡1 and 3000 cm¡1 are due to
NH stretching, whereas the bands at 3260, 3160, and
3070 cm¡1 are due to NH interacting via hydrogen bond.
It is noteworthy to point out that the NH stretching
bands are much weaker for Cu-CN than those of CN,
indicating that cross-linking advanced even consuming
more NH bonds. The band around 1622 cm¡1 is assigned to
the conjugated CN stretching, and the other bands between
1580 cm¡1 and 1458 cm¡1 belong to the stretching modes of
tri-s-triazine ring. The peak at 1392 cm¡1 may belong to the C-
N stretching of the tertiary bridging nitrogen in the mid of the
tri-s-triazine ring, the others between 1330 cm¡1 and 1200
cm¡1 belong to secondary bridging nitrogen (all associated
with the four bands of NH stretching) (44) and primary
amines. It should be noted that the shoulder around 1330 cm¡1

is weaker in Cu-CN corresponding to the much weaker absorp-
tion around 3470 cm¡1. The peak at 892 cm¡1 can be associ-
ated with a mode of cross-linked heptazine deformation. The
sharp peak at 807 cm¡1 can be assigned to a tri-s-triazine ring
mode of bending (26, 45). The spectrum of Cu-CN did not
show any evident effect of copper presence and is very similar
to that of CN.

Thermal gravimetric analysis (TGA)

The TGA curve (see Figure 2) shows the behavior typical of
a stable polymeric carbon nitride with the onset of around
550�C (46). The main thermal characteristic of CN and Cu-
CN is almost the full endothermic decomposition of poly-
mer, which makes it suitable for flame retardant

Figure 1. FT-IR spectra of Cu-CN and CN.
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applications. No traces are found of other weight loss
related to other compounds. The residue of 3 wt% can be
attributed to copper compounds.

Morphology of Cu-CN: SEM and TEM Analysis

The SEM image in Figure 3(a) shows the presence of platelet
particles with size below 1 mm (32).

In addition, TEM revealed that the platelets observed by
SEM comprise nanoflakes showing crumpled structures (see
Figure 3(b)), which is in agreement with the structures reported
previously in literature (27–32).

The energy-dispersive X-ray analysis showed that the aver-
age of atomic composition percentage was as follows: N2 D 58
§ 2%, C D 36 § 1%, O2 D 5 § 1%, and Cu D 0.27 § 0.1%.
Note that the missing 0.73% was identified as a combination of
impurities of Si, Zn, and Na. The analysis results of the five
tested regions are reported in Figure 4.

UV-Vis

The UV-Vis spectra in Figure 5 shows where the band gap
value for CN-Cu was estimated using the K-M absorbance
function, and its gap energy was 2.74 eV; this value corresponds
to a semiconductor n-type polymer network, as is previously
reported for similar materials (30). This value is below those of
non-doped materials produced with similar methods, which
usually exhibit band gap between 2.8 eV and 3.3 eV (30). Prob-
ably copper doping did not cause a considerable band change
because it is not directly bonded to the polymer but only coor-
dinated by its polar groups.

X-ray photoelectron spectroscopy
In order to identify, estimate the surface elemental composi-
tion, and establish in more detail the chemical species of the
polymeric carbon nitride samples, three measurements at dif-
ferent points onto the surface of samples were carried out by
XPS analysis. Similarly, C1s peak at 284.5 eV was employed as
an internal standard to detect and compensate errors related
with charge shift. It should be noted that the collected high-res-
olution XPS core lever spectra correspond to an average of the
three measurements that were made at different points of the
sample. The XPS survey scan of the sample showed the pres-
ence of C1s, N1s, O1s, and Cu2p, as depicted in Figure 6, and
confirmed the doping of carbon nitride with copper.

In order to understand the role of functional groups and
their chemical state, C1s, N1s, and Cu2p core level electron
photoemission were measured (Figures 7(a)–(c)). From the
adjustment of regions of C1s and N1s, the presence of the fol-
lowing bonds C-C, CCuN, C-CH2, C-N, and CDO was con-
firmed. These spectra and their deconvolutions are shown in
Figures 8(a) and (b). In addition, their Bes’ positions, and ele-
mental and chemical species content are enlisted in Table 1.

The BEs of different chemical states of oxidation, in C1s
high-resolution spectrum, which were present in the sample
CN-Cu, were identified as follows; C-C, CCuN, C-CH2, C-N,
C1, C2, CDO, Cp with BEs at 284.6, 285.3, 286.2, 287.2, 288.2,
288.8, 289.8, 293.8 § 0.2 eV, respectively, where C1 and C2

Figure 2. TGA curve of Cu-CN.

Figure 3. Morphology of CN-Cu. (a) SEM image, and (b) TEM image.
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relate to the heptazine ring, and Cp denotes the delocalized
electrons, due to p ! p� (31, 42–44). The contributions of
nitrogen into the polymeric carbon nitride structure also were
characterized by peak fitting N1s region. The peaks can be
identified as CCuN, N1 (pyridine-like N, C–NDC), N2 (pyr-
role-like N), N3 (“graphitic” N), N4 (primary amine or quater-
nary N), and Np, the delocalized electrons of N1s, associated to
p! p� transition shake-up satellites. See Figure 8 for the assig-
nation of atoms in the polymeric carbon nitride-repeating unit
according to XPS analysis.

The assigned BEs for the nitrogen species were 398.2, 398.7,
399.5, 400.2, 401.0, and 404.2 § 0.2 eV respectively (47–51).

In Figure 7(c), a Cu2p core-level photoemission spectrum is
shown. The broader Cu2p peak combined with difficulty to dis-
tinguish between Cu(I) and Cu(II) species, due to their photo-
electron lines, do not have a large enough chemical shift to
distinguish between them, and made difficult to separate and
resolve accurately the CuCN signal regarding other possible
minority species of Cu(I). Since the CuCN presence was upheld
by other characterization techniques, Cu 2p3/2 and Cu 2p1/2
peaks were fitted with four main contributions: CuCN C Cu(I),
Cu(II), CuSO4, and Cu(II) shakeup satellite. Their peak posi-
tions were situated at 932.8, 933.6, 936.0 § 0.2 eV along with
943.9 § 0.2 eV, which were within the range of the values
reported in literature (52–57). Their BEs and the estimated
wt% content are also listed in Table 1. It is noted that the

Figure 4. Chemical composition (in %) determined by EDS. Elements from left to right for each region: N, C, O, and Cu.

Figure 5. UV-Vis absorbance F(R) as a function of energy for Cu-CN. Figure 6. XPS analysis of CN-Cu: survey spectra showing the main peaks of CN-Cu.
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content of CuCN is overestimated because of the inability to
separate its signal from other Cu(I) chemical species.

THZ-TDS measurements
The THz-TDS measurements are shown in Figure 9. The spec-
tra of Cu-CN samples display a broad attenuation band, which
is a universal feature characteristic of disordered materials (58).
The observed peak shape is often the result of the combined

Figure 7. XPS analysis of Cu-CN; high-resolution spectra and deconvolution analysis for (a) C1s, (b) N1s, and (c) Cu2p.

Figure 8. Structure of repeating polymeric carbon nitride unit with the corre-
sponding atomic assignation according to XPS analysis.

Table 1. Binding energies of C1s, N1s, and Cu2p, which are due to thespecific
bonds of CN-Cu sample.

Binding energy (§0.2 eV)

(Elemental wt%) C1s (43.9)

Sample C-C CCuN C-CH2 C-N C1 C2 CDO Cp
CN-Cu 284.6 285.3 286.2 287.2 288.2 288.8 289.8 293.8
Wt% 11.1 15.3 4.4 2.6 30.3 30.7 2.9 2.7

(Elemental wt%) N 1s (51.7)

CCuN N1 N2 N3 N4 Np – –
CN-Cu 398.2 398.7 399.5 400.2 401.0 404.2 – –
Wt% 21.6 46.9 11.5 7.1 9.9 3.1 – –

(Elemental wt%) Cu 2p3/2 (1.6)

CuCN C Cu(I) Cu(II) CuSO4 – – – – –
CCuN 932.8 933.6 936.0 – – – – –
Wt% 63.0 23.5 13.5 – – – – –
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effect of the reduction of dynamic range and the simultaneous
increase in attenuation as frequency grows (59). Optically
active vibration modes can be pertinent for the explanation of
these spectra, for instance, playing a role resonance-enhanced
Rayleigh scattering (60) or by their interaction with the
extended far-infrared phonons (61), similar to the case of vibra-
tional resonances in orientational glasses studied in Randeria
and Sethna (62).

The universal character of this attenuation feature could be
thought to be a major hindrance of this spectroscopic technique
for the characterization of disordered materials. On the con-
trary, THz-TDS has been shown to be very effective for probing
the long-range structural properties of 2D and 3D carbon and
related materials (31, 60). An interpretation of the observed
results grounded on theoretical investigations using semi-
empirical quantum chemistry methods has been discussed in
Chamorro-Posada et al. (31, 60).

Since disordered materials typically show similar spectral
features, THz-TDS is particularly useful in the comparative
studies of related materials (31, 60). Therefore, it is very impor-
tant to keep the same conditions for the preparation of samples
to avoid spurious alterations of the properties of the tested
materials. We address the possible effects of pellet preparation
by comparing the measurements of two samples of the same
material produced under widely different conditions.

Cu-CN pellets with a diameter of 13 mm were prepared
using a Graseby Specac press at CACTI (University of Vigo)
for THz-TDS measurements. The results displayed in Figure 9
are consistent with a highly disordered material, possibly con-
stituted by polymeric carbon nitride nanosheets, which have
been predicted to have vibrational modes in this spectral region
(31). Sample 1 was pressed with 7 tons for 5 min and sample 2
was pressed with 2 tons for 3 min. The results in Figure 9 show
the same qualitative behavior but a stronger attenuation for
sample 1, as expected.

Electrical conductivity
For the characterization of the near-DC electrical conduc-
tivity, the pellets were placed between two copper

electrodes. AC measurements were performed to avoid par-
asitic effects from the contacts between electrodes and pel-
lets. These effects become negligible at sufficiently high
frequency. The electrical resistance of the samples was cal-
culated from the measured peak voltage drop and the esti-
mation of the average power dissipated in the sample. This
permits to neglect the effect of electrodes’ capacitance. The
conductivity was then calculated using the estimated resis-
tance value and the pellet geometry. A very flat response
was observed in all cases in the range of 100 kHz to
1 MHz, and these frequency values were used for the
measurements.

Similar to the results describing the THz optical proper-
ties of the material, a dependence of electrical properties on
the pressing conditions used for preparing pellets is
expected. The resulting values of the conductivity are
sD 8:0§ 0:2 £10¡ 6 Sm¡1 for a sample pressed by 2 tons for
3 min and sD 3:27§ 0:02 £10¡ 5 Sm¡1 for the sample pre-
pared by 7 tons for 5 min. This reflects the expected relevant
increase in conductivity within the same order of magnitude,
for the more tightly packed pellets in accordance with the
results obtained for THz attenuation. The measured values of
conductivity are consistent with the semiconducting proper-
ties of the material. It is noteworthy to point out that the elec-
tric conductivity of non-doped carbon nitride is around 10¡8–
10¡9 Sm¡1 (63). Copper did not considerably alter the band
gap but caused a considerable increment in electrical conduc-
tivity, possibly due to an increment in charge carriers.
Although polymeric carbon nitride is indicated as a wide-
band gap semiconductor with a certain latitude, the optical
band gap only informs us about the presence of an electronic
transition, which is not always related to a real semiconductor
behavior (with a significant electrical conductivity, i.e. a con-
siderable amount of charge carriers). Charge carriers are
needed to sustain a significant electrical conductivity as in
many other polymeric semiconductors such as polyacetylene
etc. Doping has been regarded as a practical way to increase
electric conductivity of polymeric semiconductors.

Figure 10. XRD pattern of Cu-CN.

Figure 9. THz-TDS measurements. Sample 1 was pressed with 7 tons for 5 min,
and sample 2 was pressed with 2 tons for 3 min.
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X-ray diffraction results
The XRD pattern of CN-Cu in Figure 10 shows a material with
low crystallinity and peaks characteristic of polymeric carbon
nitride. In fact, it is possible to observe the characteristic broad
peak around 27�; in this case, it is at 27.5�, corresponding to
the 002 reflection of an essentially amorphous product with an
inter-planar distance of 3.24 A

�
. The other characteristic peak,

located at 13.08� (inter-planar distance of 6.76 A
�
), which is

much broader and weak, belongs to an in-plane reflection.
Other very weak peaks at 17.75� and 21.9� may belong to inter-
mediates (27–32).

Results of photo-catalytic oxidation

The determination of hydroxyl radical formation showed that
the CN produced nearly the double of OH� radicals (105.2 mg
L¡1) than Cu-CN (47.6 mg L¡1) in the set experimental condi-
tions (data are reported in the Supplemental Materials section).
This different behavior is confirmed by the benzyl alcohol
photo-oxidation. In fact, CN was much more selective and
active toward the hydroxylation of aromatic ring, leading to the
prevalent formation of salicylic alcohol; Cu-CN, in turn, was
more selective toward the oxidation of –CH2OH group leading
to benzaldehyde and benzoic acid formation (64). These differ-
ent pathways of reaction are displayed in Figure 11, indicating
the formed products according to the selectivity of two cata-
lysts. In the low polar CN, the benzyl alcohol aromatic ring was
more exposed to electron transfer, and hence is more reactive.
On the other hand, in Cu-CN, polar groups such as –CH2OH
are probably coordinated by copper ions and more exposed to
electron transfer. The higher reactivity of CN can be explained
by a longer lifetime and higher localization of the hole–electron
pair (33–35) than in Cu-CN, where a more conductive behavior
can favor other dissipative ways of hole–electron recombina-
tion. Moreover, part of the electrons in Cu-CN can be absorbed

by Cu(I) and Cu(II) sites in a sustained cycle of oxidization and
reduction.

Conclusions

Carbon nitride doped with copper has a band gap of 2.74 eV,
below the gap of non-doped materials produced by the same
methods. Sites of Cu(I) and Cu(II) were detected by X-ray pho-
toelectron spectroscopy. The material comprises crumpled par-
ticles, and is eventually an amorphous layered material as
proved by XRD and THz-TDS spectroscopy. The electric con-
ductivity of the copper-doped material is around 10¡5 Sm¡1,
typical of a semiconductor and considerably higher than that of
non-doped materials, which is between 10¡8 Sm¡1 and 10¡9

Sm¡1. The sensitivity of conductivity to the applied pressure is
remarkable. Therefore, the material can be classified as a wide-
band semiconductor. This difference between the copper-
doped and non-doped polymeric carbon nitrides is also
reflected by the photo-catalytic oxidation of benzyl alcohol
with hydrogen peroxide, used as a probe to identify and com-
pare the active sites of the two materials. Actually, the higher
activity and selectivity of the non-doped carbon nitride toward
salicylic alcohol formation is possibly due to the more localized
electron transfer on the aromatic ring and the longer lifetime of
the hole–electron pair, which allowed a more efficient transfer
of electrons to reactive species. However, Cu-CN favored the
oxidation of hydroxymethyl group. The more conductive Cu-
CN probably offered other dissipative pathways of hole–elec-
tron pair recombination. Therefore, the presence of copper can
favor different reaction pathways with respect to the non-
doped material.
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