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bstract

Porous ZnO–carbon composites were produced from homogeneous mixtures of furfuryl alcohol–ZnCl2. ZnCl2, acting as a Lewis acid, promotes
he polymerization of furfuryl alcohol at low temperatures (60–70 ◦C). Upon gradually increasing the temperature, using a N2 atmosphere containing

1000 ppm O2, from 80 ◦C to 600 ◦C the viscous matrix is transformed into a black solid, in which Zn(II) is dispersed. The sample treated at
00 ◦C is covered by an uniform layer of ZnO microcrystals that are embedded in the carbonaceous matrix. The underlying carbon support contains
distribution of holes, whose size and shape is related to the shape of the ZnO microcrystals. Further heating in the 600–800 ◦C range leads to
he disappearance of the ZnO phase, which after reduction to volatile Zn, leaves a pure carbon film that retains the original pores. The use of an
norganic Lewis acid as a precursor of a highly volatile metal, which acts as templating agent for the pores in the resulting carbon, is a novel result.
f the thermal treatments in the 80–800 ◦C interval are conducted in vacuo, the formation of the ZnO phase is not observed.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Microporous carbons (MCs) have attracted a great attention
n recent years due to the wide applicability to many fields,
ncluding catalytic supports, gas storage, molecular sieves,
orous membranes and electrodes. Porous carbons are usually
repared by pyrolysis of suitable polymers in vacuum or in
ontrolled atmosphere under inert gas flow. Polyacrylonitrile
PAN), phenolic resin, polyimides, poly(p-phenylene vinylene),

olyvinyl acetate and polyfurfuryl alcohol (PFA) are the most
ommonly used precursors [1–8]. When compared to other pre-
ursors, PFA (obtained by acid-catalyzed polymerization of the
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onomer) provides a relatively high carbon yield. The formed
arbon phase shows distinct microporosity and is character-
zed by the presence of defects such as pentagons, heptagons,
acancies, impurities and other non-hexagonal rings [7,9,10].
FA-derived carbons show bottle-like nano- and micropores,
ith narrow opening connected to larger voids. Their size dis-

ribution is dramatically affected by pyrolysis conditions. The
resence of pores of different sizes and shapes is evidenced by
-ray scattering (pores with 25–35 Å pore diameters) and by

elective adsorption of molecular probes with increasing size
pores with 3.8–4.8 Å range) [1].

The catalysts promoting the polymerization of furfuryl alco-
ol (FA) commonly reported in literature are (i) mineral acids
H2SO4, etc.) [8,11–13], (ii) organic acid (p-toluenesulphonic,
tc.) [8,14,15], (iii) acid zeolites (HY, HZSM5) [16,17] and (iv)
I2, SnCl4, TiCl4) [18–20]. In this study we have investigated the
atalytic effect of a Lewis acid (ZnCl2) on the polymerization

f FA and the fate of the catalysts dispersed in the polymeric
atrix upon thermal treatments in the 80–800 ◦C interval under
2 controlled atmosphere. To this purpose PFA resins have been
rst obtained by dissolving known quantities of ZnCl2 (Lewis

mailto:federico.cesano@unito.it
mailto:domenica.scarano@unito.it
mailto:serena.bertarione@unito.it
mailto:francesca.bonino@unito.it
mailto:alessandro.damin@unito.it
mailto:carmelo.prestipino@esrf.fr
mailto:carlo.lamberti@unito.it
mailto:adriano.zecchina@unito.it
dx.doi.org/10.1016/j.jphotochem.2007.07.033


1 d Ph

a
m
o
p
(
m

fi
f
r
s
f
s
t
p
e
p
r
t
a

2

2

F
T
h
6
e
(
f
o
d
o
t
i

2

c
m
(
m
A
T
b

f
R
e
w
T
c
t

m
s
s
F

a
r
g

u
l
M
M
v
l
S

d
i
r

m
e
A

a
t
v
t

C
t
v
C
t
(
S

3

3
a

s
c
p
4
s
1
p
m
I

44 F. Cesano et al. / Journal of Photochemistry an

cid catalyst) in liquid FA at room temperature. By stirring the
ixture under mild conditions (80 ◦C) a rapid polymerization

f FA with subsequent formation of a brown, highly viscous
hase of PFA is observed. Of course, during this phase, ZnCl2
or its hydrolysis products) remains dispersed into the polymeric
atrix.
These results are interesting for three main reasons. The

rst one is related to the catalytic activity of ZnCl2 in fur-
uryl alcohol polymerization, which is an observation never
eported before. The second one is related to the controlled
ynthesis of ZnO–carbon composites, characterized by a uni-
orm layer of highly dispersed ZnO crystallites implanted on the
urface of the carbon matrix. This method could be extended
o the synthesis of other oxide–carbon composites possessing
hotocatalytic properties [21,22] and finding application (for
xample) in wastewater treatments for photodegrading organic
ollutants [23] and bacteria photodeactivating [24,25]. The third
eason is related to the formation, for high pyrolysis tempera-
ures, of a pure carbon phase containing holes whose distribution
nd size is driven by the Zn content.

. Experimental

.1. Synthesis

PFA resin has been obtained by stirring solutions of ZnCl2 in
A (4.8 wt.%, 9 wt.% and 17 wt.%) at 80 ◦C for several hours.
he resulting viscous PFA composite containing ZnCl2 (or its
ydrolysis products) was then treated at 100 ◦C, 200 ◦C, 400 ◦C,
00 ◦C and 800 ◦C under N2 gas flow (100 ml/min). In our
xperiments the N2 gas was deliberately contaminated with O2
1000 ppm), because this greatly enhances the formation of a sur-
ace layer of ZnO (see below). The vital role of small amounts
f oxidizing agents in the gas phase (O2, H2O and CO2 formed
uring the carbonization process) for the formation of a layer
f ZnO is confirmed by the fact that by performing the thermal
reatments in vacuo (i.e. in absence of O2) the formation of ZnO
s not observed.

.2. Characterization

To control the polymerization mechanism, the structure of the
arbon phase and the fate of ZnCl2, ZnO and Zn during the ther-
al treatments, the samples containing the lowest Zn percentage

4.8 wt.%) were characterized, after each thermal treatment, by
eans of several techniques (EXAFS, XANES, XRD, Raman,
FM, SEM, TPD and volumetric adsorption measurements).
he samples containing 9% and 17% Zn were only characterized
y SEM, AFM and volumetric measurements.

X-ray absorption experiments at the Zn K-edge were per-
ormed at the BM29 beamline at the European Synchrotron
adiation Facility (ESRF) [26]. The monochromator was
quipped with two Si(3 1 1) flat crystals and harmonic rejection

as achieved using Rh-coated mirrors after monochromator.
he adopted experimental set-up allows a direct energy/angle
alibration for each spectrum avoiding any problem related
o little energy shifts due to small thermal instability of the

o
r

f
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onochromator crystals [27]. For the XANES part a sampling
tep of 0.3 eV has been applied while, for EXAFS parts a con-
tant sampling step in k-space (�k = 0.025 Å−1) has been used.
or each sampled point an integration time of 3 s has been used.

The crystallinity of the samples have been estimated by XRD
nalysis (X-ray diffractometer with Cu K� radiation with X-
ay beam at λ = 0.154 nm, using a standard Bragg–Brentano
eometry).

Raman spectra have been recorded at room temperature by
sing: (i) Renishaw Micro-Raman System 1000 with He/Cd
aser operating at 442 nm and at 325 nm; (ii) Renishaw Raman

icroscope with diode laser operating at 785 nm; (iii) Renishaw
icro-Raman System 1000 connected to a HVSCA (high-

acuum structural and chemical analyzer supporting the 514 nm
aser excitation wavelength and fitted to a JEOL JSM-6060LV
EM).

Diffuse reflectance UV–vis spectra have been recorded
irectly on the material at room temperature by means of a Var-
an spectrometer (UV-Vis-NIR Cary 5) equipped with a diffuse
eflectance attachment.

The morphology of the sample has been investigated by
eans of SEM (Leica Cambridge Stereoscan 420 instrument

quipped with an energy dispersive X-ray spectroscopy) and
FM (Park Scientific Instrument Auto Probe LS) microscopies.
N2 adsorption–desorption experiments have been carried out

t 77 K (Micromeritics ASAP 2010 instrument) to determine
he Brunauer–Emmett–Teller (BET) surface area and micropore
olume (t-plot method); before the surface area determination
he samples were always outgassed at 400 ◦C for 12 h.

Temperature programmed desorption (TPD) analysis (Hyden
atlab) have been performed in bar mode (pressure ranging in

he 10−6 to 10−8 Torr range) to evaluate the evolution of the
olatile species and hydrocarbons (H2O, CO, CO2, CH4, C2H4,
3H8) formed during PFA thermal decomposition, from room

emperature to 800 ◦C (5 ◦C/min heating rate), under He gas flow
50 ml/min). Results concerning TPD analyses are reported in
upporting information.

. Results and discussion

.1. The effect of thermal treatments on the concentration
nd local structure of ZnO as studied by X-ray absorption

XANES and EXAFS spectroscopies on the Zn K-edge are
uitable to investigate the evolution of the structure of Zn in the
arbon phase and a complete series of measurements have been
lanned and performed on samples characterized by an initial
.8 wt.% Zn concentration. In Fig. 1a the normalized XANES
pectra obtained after treatments under controlled atmosphere at
00 ◦C, 200 ◦C, 400 ◦C, 600 ◦C and 800 ◦C are reported (bottom
art). In the top part of the same figure the spectra of model
aterials (Zn, ZnO and ZnCl2) are also reported for comparison.

n Fig. 1b and c the corresponding modulus and imaginary part

f k3-weighted phase uncorrected FT of the EXAFS signals are
eported.

The XANES and EXAFS data give information on four dif-
erent aspects: concentration of the adsorbing species, valence
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ig. 1. (a) Normalized XANES edges. (b and c) k3-weigthed, phase uncorre
espectively. On the top of the figures, the model compound spectra (metal Zn,
pectra of the composite materials, obtained under different temperatures of py

tate, surrounding ligands and local structure. In particular
eing the edge jump of the XANES proportional to the total
mount of Zn on the sample, information about the evolution
f the Zn concentration upon the thermal treatment can be
btained.

The first important conclusion deriving from our measure-
ents is that the concentration of Zn is substantially constant

n the 100–400 ◦C interval, while it decreases of about 50% and
0% for the samples treated at 600 ◦C and 800 ◦C, respectively
Table 1, last column). We ascribe the disappearance of Zn from
he composite for treatment temperatures in the 400–800 ◦C
ange, to the reduction of the Zn(II) precursor (ZnCl2 or ZnO)
resent in the carbon matrix with formation of Zn, which being
olatile at this T, quickly leaves the composite as vapor (see
elow).
At this point the following questions arise: (a) which is the
volution of ZnCl2 catalyst dissolved into the polymeric matrix
uring the thermal treatments in the 80–400 ◦C range?; (b) does

able 1
uantitative data extracted from the X-ray absorption spectra of the samples
yrolyzed at increasing temperatures

yrolysis
(◦C)

Fit of the XANES spectra Edge jump

ZnO phase relative
fraction

ZnCl2-like phase
relative fraction

Total Zn fraction

00 0.04 ± 0.03 0.96 ± 0.03 1.0
00 −0.01 ± 0.01 1.01 ± 0.01 1.0
00 0.06 ± 0.01 0.94 ± 0.02 1.0
00 0.31 ± 0.03 0.69 ± 0.03 0.5
00 0.20 ± 0.02 0.80 ± 0.01 0.1

elative fraction of the ZnCl2 and ZnO phases as obtained from the fit of the
ANES spectra. Fraction of total amount of Zn on the sample (relative to the

ample pyrolyzed at 100 ◦C) as obtained from the evaluation of the edge jump.
he reported error bars are the statistic ones; intrinsic errors of the technique,

elated to the determination of the relative phase fractions are reasonably ±10%.
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Fourier transformation of the EXAFS signals, modulus and imaginary part,
and ZnO) are reported from the top to the bottom, whereas on the bottom the

s (100 ◦C, 200 ◦C, 400 ◦C, 600 ◦C, 800 ◦C, respectively) are compared.

he reduction product of the catalysts (starting at about 400 ◦C)
ecome dissolved into the carbonaceous matrix before leaving
he sample as vapor?; (c) does the process of Zn oxidation occur
y oxygen or with other oxidants, leading to formation of ZnO
ith a purely surface process or does it involve Zn dissolved

nto the bulk (if any)?
To answer these questions it is useful to make at first a few

eneral considerations on the XANES features of model com-
ounds (Fig. 1a, top part):

(a) Metallic Zn exhibits the first absorption feature in the
XANES at 9661 eV (shoulder), which occurs at an energy
value distinctly lower than that of Zn(II) compounds (ZnCl2
and ZnO), and a broad feature at 9669 eV. ZnO is character-
ized by a better resolved shoulder at 9663.5 eV, by a strong
and sharper absorption at 9669 eV (see vertical marker),
followed by a deep minimum at 9676 eV and by a second
important feature at 9680 eV (see vertical marker).

b) ZnCl2 exhibits a sharp absorption maximum at 9664 eV,
followed by an almost monotonic decrease interrupted by a
weak feature at 9667 eV (see vertical marker).

On the basis of these considerations we can conclude that, as a
mall fraction of metal phase inside a majority of oxidized phases
ould be easily detected by XANES spectroscopy [27,28], we
an safely rule out a significant fraction of Zn metal remains
issolved into the samples (whatever is the thermal treatment).
his implies that, if Zn(0) is formed by reduction of Zn(II) during

he high-temperature treatments, it does not accumulate into the
arbon matrix and leaves immediately the composite in form
f vapor [29] so explaining the Zn loss determined by the edge

ump value.

The XANES spectra of the sample pyrolyzed at 200 ◦C and
00 ◦C exhibit features very close to those of ZnCl2 model
ompound. This strongly suggests that ZnCl2 catalyst remains
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issolved as such into the matrix for treatments at temperatures
ower than 400 ◦C.

The fingerprint features of ZnO at 9669 eV and 9676 eV are
learly visible in the XANES spectrum of the sample treated
t 600 ◦C (see vertical markers) in presence of oxidizing con-
aminants. As usually done with XANES spectra of samples
ontaining different phases [30,31] the relative fraction of the
n atoms having a ZnCl2- and a ZnO-like local environment
as been determined performing a linear fit of the spectra of the
wo model compounds. Results, summarized in Table 1, indi-
ate that the local environment of Zn is that of ZnCl2 for all
amples pyrolyzed up to 200 ◦C. Treatment at 400 ◦C results in
he appearance of a small (6%), but appreciable, fraction of ZnO,
hat becomes important in the sample fluxed at higher tempera-
ures: 31% and 20% of the total Zn fraction actually present at
00 ◦C and 800 ◦C, respectively (see Table 1).

The quantitative results extracted from the XANES spec-
ra are fully supported by a qualitative investigation of the
3-weighted, phase uncorrected FT of the EXAFS signal. The
odulus of the FT of model compounds (Fig. 1b, top part) are

haracterized by the following features: (i) Zn metal exhibits
Zn–Zn first shell contribution at 2.30 Å; (ii) ZnO has a first

hell Zn–O contribution at 1.63 Å, a very strong second shell
n–O–Zn signal at 2.91 Å and higher shells contributions at
.18 Å, 5.03 Å and 5.30 Å; (iii) ZnCl2 exhibits a first shell Zn–Cl
ignal at 1.91 Å. For all samples, the first shell peak of the
amples is close to that of Zn–Cl, however, due to the rather
road character of this contribution, nothing more specific can
e said. The second shell Zn–O–Zn at 2.91 Å, typical of the ZnO
hase, starts to be appreciable after pyrolysis at 400 ◦C, becom-
ng strong in the sample treated at 600 ◦C, where also the higher
hells contribution around 4 Å and 5 Å are clearly visible. The
resence of the high shell contributions is the clear evidence of
he high crystallinity of this phase. For this sample the first shell
eak is markedly shifted to lower R-values, reflecting the rela-
ively higher contribution of the Zn–O signal. This picture fully
grees with the quantitative XANES analysis. The straightfor-
ard agreement ends for the sample treated at 800 ◦C, where we
eed to assume an amorphization of the remaining 20% of the
nO phase, to account for the disappearance of the higher shells
ontribution. Note however that this fraction represents only 2%
f the total Zn initially present in the material. Consequently the
ccuracy of the EXAFS datum is therefore questionable.

Much more informative is the imaginary part of the FT
Fig. 1c). As the first shell Zn–O and Zn–Cl contributions are
lmost in an opposition of phase in a large k range, the imaginary
art of the Zn–O signal in ZnO has a maximum at 1.78 Å (see
ertical marker), where that of Zn–Cl signal in ZnCl2 has a min-
mum, being its maximum at 1.97 Å (see vertical marker). This

eans that the imaginary part of the FT is highly sensitive in
he discrimination between Zn–Cl and Zn–O contributions. All
amples, whatever is the treatment temperature, clearly show an
maginary part of the FT which is, in the 1.0–2.3 Å region, very

lose to that of ZnCl2 model compound, reflecting the domi-
ating role played by the Zn–Cl bonds. This qualitative picture
s in full agreement with the quantitative XANES results (see
able 1).

f
b
p
c
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In conclusion the main results deriving from this analysis can
e summarized as follows:

(a) In samples treated in the 80–400 ◦C interval the composite
can be described in terms of ZnCl2 dissolved in an amor-
phous carbonaceous matrix.

b) Starting from 400 ◦C a ZnO phase starts to appear, whose
concentration reaches a maximum around 600 ◦C an than
strongly declines at 800 ◦C.

(c) The Zn concentration is constant in the 100–400 ◦C interval
and then declines for higher treatment temperatures. In the
samples treated at 800 ◦C the concentration of Zn is ∼10%
of the starting one.

d) Zn phase is never observed.

.2. The evolution of the crystalline structure of the
nO–carbon composites upon thermal treatments: XRD
esults

From the XAS data discussed above, it has been inferred that
he sample treated at 600 ◦C is characterized by a decrement
f the total Zn concentration and by the formation of a ZnO
hase, while the sample treated at 800 ◦C is characterized by
10% concentration of Zn and disappearance of the ZnO phase.

n order to support these findings and gain information on the
tructure of the carbon matrix, the X-ray diffraction patterns
f the 4.8 wt.% sample treated at 600 ◦C (curve a) and 800 ◦C
curve b), respectively have been investigated and the results are
eported in Fig. 2 together with the graphite and ZnO standard
RD reflections.
The XRD pattern of the sample obtained at 600 ◦C reveals

wo broad diffraction peaks, with maxima at 24.5◦ and 43.3◦
nd narrow peaks at 31.7◦, 34.4◦, 36.2◦, 47.5◦ and 56.5◦. The
wo broad peaks are assigned to the (0 0 2) and (1 0 0) diffraction
eaks of turbostratic carbon phases [32]. From the (0 0 2) peak of
he carbon phase, the value of d0 0 2 interlayer spacing (3.647 Å)
nd the apparent crystallite size along the c axis, d (1.6 nm) can
e obtained. Both figures are in agreement with literature data
f turbostratic carbons [33,34]. The narrow peaks are ascribed
o the (1 0 0), (0 0 2), (1 0 1), (1 0 2) and (1 1 0) diffractions of
nO. From the peak broadening and by using Scherrer’s equa-

ion d = Kλ/(β cos θ) [35] (where d is the mean grain size, λ

he X-ray wavelength, β the FWHM of the diffraction line, θ

eans the diffraction angle and K is a constant, which has been
ssumed to be 0.9), the size of scattering coherent domains have
een calculated. In agreement with the procedure adopted by
everal authors [36] the main grain sizes of the ZnO microcrys-
als, as obtained from the (1 0 1) direction at 36.2◦, are calculated
o be ≈130 nm.

The XRD pattern of the sample treated at higher temperature
800 ◦C) shows only the two broad diffraction peaks typical of
disordered carbon phase without graphitic ordering. This dis-
rdered structure, which cannot be substantially modified by a

urther thermal treatment at 900 ◦C (data not shown for sake of
revity) is a characteristic feature of the carbon phase derived by
yrolysis of PFA [9,10]. It is a matter of fact that highly graphitic
arbons can be obtained at low temperatures (550–900 ◦C) only



F. Cesano et al. / Journal of Photochemistry and Ph

F
(
g

b
C
t

a
Z
c
s
o
a
w
i
f

3
c

t
h
h
Z

c
a
T
r

f
fi

e

d
o
i
a
fi
w
f
e
l
F
i
r
b

m
1
v
i
s
m
m
I
f
i
i
t
o
a
f
r
i

f
o
w
p

p
t
m
s
a

w

S
M
Z

ig. 2. XRD patterns of the samples obtained from a thermal treatment at 600 ◦C
a) and at 800 ◦C (b), respectively. On the bottom the diffraction peaks of standard
raphite and wurtzite ZnO are reported.

y the catalytic decomposition of C feedstocks (hydrocarbons,
O) on metal nanoparticles (Ni, Fe, Co) [37,38], which promote

he carbon polymerization and graphitization.
In conclusion the XRD patterns confirm that samples treated

t 600 ◦C contain an appreciable amount of well-crystallized
nO and that this phase disappears upon heating at 800 ◦C under
ontrolled atmosphere. As far the structure of the carbonaceous
upport is concerned, it is similar to that of turbostratic carbon
btained by condensation and pyrolysis of furfuryl alcohol in
bsence of ZnCl2. From this observation it is also inferred that
hile ZnCl2 is acting as efficient catalyst for alcohol polymer-

zation and carbonization, it is not showing any catalytic activity
or subsequent graphitization (unlike Ni, Fe and Co).

.3. Morphology of microcrystalline ZnO formed on the
arbon support as evidenced by SEM

SEM images reported in Fig. 3a–c show different regions of
he surface of the sample, treated at 600 ◦C. This temperature
as been chosen because the XANES, EXAFS and XRD data
ave indicated a substantial formation at this temperature of a
nO phase.

In particular from Fig. 3a, it is evident that the system is

onstituted by a carbonaceous support (black part) covered by
n almost continuous layer of ZnO microcrystals (white part).
he black part, where the carbon support is emerging, is the

esult of the manipulation during the preparation of the sample

p
o
fi
w
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or SEM measurements, which has caused the detachment of the
lm from the substrate.

Of course the size of these black areas is changing from one
xperiment to the other.

From Fig. 3b it can be deduced that the white regions are fully
ecorated by a compact and homogeneous layer of randomly
riented ZnO microcrystals, less than 1 �m in size presumably
mplanted on the carbon matrix, whose terminations are imaged
lso by AFM (inset of Fig. 3b). AFM topographies also con-
rm that well-defined single ZnO microcrystals are growing,
hich expose regular and extended prismatic and hexagonal

aces. The SEM analysis of the carbon substrate (Fig. 3c) clearly
vidences the presence of holes. As these holes have radii simi-
ar to those of the ZnO microcrystals (see also the white spots of
ig. 3c, corresponding to residual ZnO microcrystals still adher-

ng to the substrate), we hypothesize that they correspond to the
egions where the ZnO microcrystals were implanted, before
eing reduced to Zn (which leaves the sample as vapor).

As for the explanation of the mechanism of ZnO layer for-
ation on the sample treated in a flow of nitrogen containing

000 ppm of oxygen, we think that in the 400–600 ◦C inter-
al the ZnCl2 catalysts dispersed in the carbonaceous matrix
s gradually reduced to Zn, which readily migrates towards the
urface, where it is gently oxidized to ZnO. The emerging ZnO
icrocrystals remain temporarily implanted in the carbonaceous
atrix, so contributing to the imprinting of the carbon surface.

n other words, ZnO behaves as templating agent of the sur-
ace layers of carbon. The vital role of ZnO microcrystals in the
mprinting process is demonstrated by the experiment performed
n vacuo (Fig. 3d). As a matter of fact, under conditions charac-
erized by the total absence of oxygen and by the fast removal
f other impurities with potential oxidizing properties (like CO2
nd H2O), the formed Zn leaves the solid as vapor without the
ormation of an intermediate layer of ZnO. Consequently the
esulting carbon surface does not show the characteristic holes
llustrated in Fig. 3b.

The presence of a ZnO layer is not permanent: as a matter of
act thermal treatments at higher T (even in presence of a small
xygen concentration) favor the final reduction of ZnO to Zn,
hich leaves the sample as vapor with final formation of a nearly
ure carbonaceous material.

This is demonstrated by SEM and AFM images of the sam-
les treated at 800 ◦C, which do not show any more evidence of
he presence of residual ZnO microcrystals (Fig. 4a). Further-
ore, they clearly show the imprinted character of the carbon

urface, as holes and craters, where the ZnO were implanted,
re clearly visible.

It is evident that the SEM and AFM data are in full agreement
ith XAS and XRD results.
A pictorial representation of the process can be found in

cheme 1, where the main steps of the process are drawn.
ore in detail, by moving from the first picture, where the

n(II)/porous carbon composite is shown, which is the major

roduct for temperatures lower than 600 ◦C, to the second
ne, which represents the carbonaceous phase covered by a
lm of ZnO (obtained at 600 ◦C), we come to the last one,
hich highlights the formation (at 800 ◦C) of the pure imprinted
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ig. 3. (a) SEM image of a carbon/ZnO sample obtained after thermal treatme
icrocrystals grown on the carbon phase, whose terminations are imaged also
atrix, having holes comparable in size with those of the rare ZnO crystals. (d) S

arbon phase characterized by holes, where the ZnO crystal-

ites were previously implanted. Of course we do not exclude
hat the size of the holes is also partially determined by the
onsumption of the carbon in direct contact with the ZnO
articles.

s

s

ig. 4. (a) SEM image of the carbon material obtained from a sample (ZnCl2: 5%,
andom distribution of differently sized pockets is highlighted.
00 ◦C (ZnCl2: 5%, w/w). (b) Enlarged SEM image of randomly oriented ZnO
FM (inset bottom right, b). (c) SEM image of the underlying carbon porous
mage of a carbon material obtained under vacuum thermal treatment at 600 ◦C.

.4. Structural properties of the ZnO–carbon composite as

tudied by Raman spectroscopy

Further support to the morphological results, obtained on the
ample treated at 600 ◦C, comes also from the micro-Raman

w/w) treated at 800 ◦C. (b) Enlarged AFM image of a selected area where the
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Scheme 1.

pectra, performed with the 514 nm laser excitation wavelength.
n Fig. 5a and b the spectra obtained on a ZnO-free region (image
f Fig. 3c) and on ZnO-rich region (image of Fig. 3b) of the
arbon composite are shown. These spectra are compared with
hat of pure ZnO microcrystals (Fig. 5c) erased from a carbon
urface in a separate experiment.

From the spectrum reported in Fig. 5a two bands of quite
imilar intensity, are observed at 1580 cm−1 and 1350 cm−1.
ollowing the literature [39] the presence of two bands (G and
) of similar intensities is indicative of the presence of a tur-
ostratic carbon phase, rather than of a well-graphitized one. As
matter of fact, in case of standard graphite, the intensity ratio
f both bands is greatly different: the G band (always present
n highly ordered crystalline sample) is narrow and with high
ntensities, while the D band is wide with very low intensity
because it is related to disorder) (data not reported for sake of
revity) [40].

In Fig. 5b, besides the G and D carbon bands, previously
iscussed, also additional modes in the 600–300 cm−1 range are
bserved. The broad and weak features in the 600–500 cm−1

ange can be assigned to E1 (LO) and A1 (LO) longitudinal
honon optical modes of ZnO, while the sharp peak at 436 cm−1

s related to the first-order (high) frequency E2 mode (typical of

urtzite phase). The low intensities of the peaks (compared with

hose of well-grown ZnO crystals) is indicative of a disordered
nO phase.

3
t
o

olycrystalline composite and (c) pure ZnO crystals.

The previous assignment is confirmed by the spectrum
eported in Fig. 5c, where the micro-Raman spectrum of larger
nd well-defined microcrystals erased from the surface in a dif-
erent experiment, is illustrated. In this spectrum the bands at
85 cm−1 (E1 LO), at 536 cm−1 (A1 LO), at 436 cm−1 (E2 high),
t 409 cm−1 (E1 TO), at 377 cm−1 (A1 TO) are associated with
he first-order Raman active modes of the ZnO phase, while
he intense features at 1200–1050 cm−1, at 332 cm−1 and at
05 cm−1 are associated with the second-order Raman active
odes [41–45].
As already demonstrated in the characterization of different

aterials [46–54], the use of different laserlines can improve
ignificantly the information extracted from a Raman study.
herefore, to gain more information on the structures of the ZnO

ayer and of the carbon support, the Raman spectra of samples
btained at 600 ◦C and at 800 ◦C, with the whole series of laser
eams at 785 nm, 514 nm, 442 nm and 325 nm are compared in
ig. 6a and b.

The spectrum obtained on the 600 ◦C treated sample (white
egions in Fig. 3a) with the 325 nm line is characterized by three
ands at about 1750 cm−1, 1150 cm−1 and 570 cm−1. These
eaks are the first-, second- and third-order Raman active modes
f ZnO. When laser frequencies in the 442–785 nm range are
sed, the spectra of the carbonaceous substrate is fully emerging
G and D bands): this manifestation tends to obscure the Raman
odes of ZnO. We can speculate about the reasons, why the

25 nm line is not exciting the Raman modes of carbon, while

he higher wavelength lines do. We think that we are in presence
f two effects:
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(a) The shielding effect of the ZnO, which is larger and more
efficient for frequencies near to the absorption edge of ZnO.

b) The resonance-type response of the carbonaceous phase for
λ > 325 nm.

This is the case, shown by the experiment illustrated in
ig. 5b, where the Raman spectra of the pure carbon phase are
eported (see below). It can be observed that the intensities of
he G and D bands, low for λ = 325 nm, reach a maximum for
= 514 nm and then decrease.
From the Raman spectra of the samples obtained at 800 ◦C

Fig. 6b) it can be observed that the relative intensities of the
and G bands are changing with the excitation energies. This

nformation is useful because it contains some structural infor-
ation. More in detail the ratio of the integrated intensities

ID/IG) decreases with increasing laser energy. This result is
n agreement with the fact that the high-photon energies are
nown to reduce the intensity of the D peak [39–45,55]. The
bserved displacement of the D Raman peak, from 1309 cm−1

o 1410 cm−1 with increasing laser beam energies, whereas
band remains at 1580 cm−1, is due to a resonant Raman

rocess, where a coupling of the k-vector of electronic states
nvolved in the light absorption and the k-vector of the plas-

ons contributing to the Raman spectra is occurring [56]. In
ther words, since the excitation resonates with the band gap
f a particular cluster and selects the corresponding vibra-
ion mode, for high-photon energies, smaller clusters having
ider band gap become preferentially excited, so causing the

ssociated modes to shift upwards [39,57]. It is also useful
o underline that the Raman peaks of specimens treated at
00 ◦C are slightly narrower with respect to those of the samples
reated at 600 ◦C and that the G/D intensity ratio is moderately
ncreased. This indicates that the samples treated at 800 ◦C are
lightly more graphitic. However they are far from showing a

igh graphitic order and substantially maintain the original tur-
ostratic character. This result is in full agreement with XRD
esults.

ig. 6. Raman spectra performed with the whole series of laser beams
λ = 785 nm, 514 nm, 442 nm and 325 nm) of samples obtained at (a) 600 ◦C
nd (b) 800 ◦C.
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ig. 7. UV–vis spectra of pure ZnO (Kadox) (gray curve) and ZnO–carbon
omposite treated at 600 ◦C (black curve).

.5. Optical properties of the ZnO–carbon composite:
vidence of formation of a ZnO/C-doped phase with
otential photocatalytic applications

Fig. 7 shows the UV–vis spectra in the reflectance mode
f pure Kadox ZnO (gray curve) and of ZnO–carbon compos-
te treated at 600 ◦C (black curve). From this figure it is well
videnced that the ZnO–carbon system is characterized by an
bsorption edge located at a lower frequency value with respect
o that of pure Kadox ZnO. The observed red shift is about
0 nm with respect to the 380 nm observed for Kadox. Further-
ore ZnO/carbon sample shows weak and broad absorptions at
430–540 nm, which are absent on pure ZnO. Similar absorp-

ions have been previously reported [58] and have been attributed
o oxygen vacancies, because C moved some oxygen on the ZnO
hase.

About the observed red shift of the absorption edge, we can
ypothesize that C doping into the ZnO lattice can contribute to
he formation of impurity states in the band gap and that optical
ransitions from the impurity states to the conduction band can
ead to the red shift of the optical absorption spectrum for the
-doped ZnO.

To our knowledge the problem of the effect of C doping on the
ptical and conduction properties of ZnO has never been treated
heoretically. However theoretical calculations on the effect of

ther IV group elements (Si, Ge) on the optical properties of ZnO
59] suggest that their presence is associated with appearance of
tates in the band gap, which could explain the experimental
bservations.
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ig. 8. (a) SEM image of the ZnO–carbon composite material obtained from
elected area in (a), where ZnO microcrystals are emerging from a carbon impr

In conclusion, the ZnO crystals grown or implanted on a
arbon support, following the procedure outlined before, are
haracterized by novel optical properties, which suggest possible
tilization for photocatalytic applications.

.6. The effect of Zn concentration on the morphology of
he ZnO layers and of the carbon substrate

As before discussed, the surface layers of the carbon derived
rom pyrolysis of a sample containing 4.8% Zn can be imprinted
y in situ grown ZnO microcrystals. From this it comes out that
n obvious extension of the research was to verify the effect of
hanging the concentration of ZnCl2 (and hence of Zn) in the pre-
ursor sample on the morphology of the imprinted surface. For
his reason, samples containing 9 wt.% and 17 wt.% have been
reated, following the same procedure illustrated for the 4.8%
amples. Following the reasonable assumption that the catalytic
olymerization and pyrolysis of these more concentrated sam-
les is not substantially altered, our attention has been mainly
ocused on the morphological aspects of the transformations.
The SEM and AFM images of samples containing 9 wt.%
nd 17 wt.% of Zn treated at 600 ◦C and at 800 ◦C are illustrated
n Figs. 8–11a and b, respectively.

The following items can be summarized:

(

ig. 9. (a) SEM image of the carbon material obtained from a sample (ZnCl2: 9%, w
b) AFM image of the imprinted carbon surface.
ple (ZnCl2: 9%, w/w) treated at 600 ◦C: in the inset SEM enlarged view of a
surface; (b) AFM image of ZnO microcrystals terminations.

(i) The surface of samples containing 9% Zn, treated at 600 ◦C
is fully covered by ZnO microcrystals, which have 1–2 �m
size and a quite homogeneous extension of regular pris-
matic and hexagonal faces, as also imaged by the AFM
topography of Fig. 8b, where extended terraces can be
highlighted. Unlike the sample containing 4.8% Zn, the
layer of ZnO is less compact and the microcrystals are
less homogeneously oriented. In the regions free from ZnO
microcrystals, the underlying structure of the supporting
carbon phase is emerging clearly (see also the inset of
Fig. 8a). This surface is characterized by a distribution of
holes about 1 �m in diameter.

(ii) The presence of holes in the carbon phase is better docu-
mented in Fig. 9a and b corresponding to samples treated at
800 ◦C. As a matter fact in these samples the layer of ZnO
microcrystals is no more present, and hence the surface of
carbon can be studied without any interference from the
ZnO overlayer. Two facts merit special mention: (1) with
respect to the 4.8% sample the surface is less smooth and
shows signs of fragmentation (Fig. 9a); (2) AFM analysis is
very clearly imaging the presence of a distribution of holes

with size in the 0.2–0.5 �m range.

iii) Moving to Fig. 10a and b, corresponding to the sample
containing 17% Zn and treated at 600 ◦C we notice that
the ZnO crystals do not form a densely packed array and

/w) treated at 800 ◦C: in the inset SEM enlarged view of a selected area in (a);
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Fig. 10. (a) SEM image of the ZnO–carbon composite material obtained from a sample (ZnCl2: 17%, w/w) treated at 600 ◦C. (b and c) SEM enlarged views of
selected areas where elongated ZnO microcrystals with odd terminations are emerging from the carbon surface. (d) AFM image of the prismatic faces of an elongated
ZnO microcrystal.
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ig. 11. (a) SEM image of the carbon material obtained from a sample (ZnCl2:
a). (b) AFM image of the imprinted carbon surface.

they are remarkably elongated along the prismatic direction
(Fig. 10a). Notice that ZnO microcrystals show, beside a
predominant extension of prismatic faces, as also imaged
by AFM analysis (Fig. 10b), highly heterogeneous termi-
nations, moving from purely hexagonal faces (on the top
right of Fig. 10a) to more complex, star-like shaped facelets
(on the bottom right of Fig. 10a). As ZnO microcrystals do
not form a compact layer, in Fig. 10a it is possible to see
clearly also the underlying carbon surface. We notice that,
unlike the previous cases, this surface is full of fractures
and the presence of holes is less evident.

iv) The state of the carbon surface after complete elimi-
nation of the ZnO overlayer is illustrated by SEM and
AFM images obtained on the sample treated at 800 ◦C
(Fig. 11a and b). From them it is possible to conclude
that the surface is highly irregular, as well evidenced from
AFM micrograph (see also Fig. 11b) and that the diam-
eter of holes is smaller than observed on more diluted
samples.
If the result obtained on the samples containing 4.8 wt.%,
wt.% and 17 wt.% Zn are compared, we conclude that: (i) upon

ncreasing the concentration of Zn, the ZnO overlayers become
ess and less homogeneous; (ii) the carbon surface, although

t
m
t
(

, w/w) treated at 800 ◦C: in the inset a SEM enlarged view of a selected area in

lways imprinted (presence of holes) is becoming more and more
rregular.

As far the surface area of the supporting carbon phases is
oncerned, there is a clear evidence of a dependence upon
n concentration. The measured BET values are comprised in

he 288–379 m2/g interval, the highest value being more pro-
ressively observed on the system containing the highest Zn
ontent.

. Conclusions

Microporous carbons are obtained from a FA–ZnCl2 mix-
ure by pyrolysis under controlled N2 atmosphere (containing
000 ppm O2). The process is constituted by intermediate stages,
eading to the initial formation of (i) PFA/Zn(II) composite
through the action of the Zn2+ Lewis acid catalyst); (ii) to
nO–carbon composite and (iii) to a pure carbon phase. For
< 400 ◦C, Zn(II) remains dispersed in the carbonaceous matrix.
or T comprised in the 400–600 ◦C interval, metal Zn is formed
nd migrates at the surface of the carbon, where by contacting

he O2 impurities it forms a ZnO film characterized by ZnO
icrocrystals implanted in the carbon matrix. The thickness of

he ZnO film is maximum at 600 ◦C. At higher temperatures
600–800 ◦C), the ZnO is reduced by the carbon phase and the
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ormed Zn(0) leaves again the sample as vapor phase. As a result,
pure imprinted carbon phase is generated.

The effect of the ZnCl2 concentration on the process of ZnO
nd carbon phase formation has been studied in detail. Moving
o high Zn content, the morphology of the ZnO microcrystals
btained at 600 ◦C, is changing from rombohedral shapes, where
he relative extension of prismatic and hexagonal faces is quite
imilar, to more elongated structures, where the growth direc-
ion along the prismatic faces becomes predominant. As far as
he imprinted carbon phase, it gradually changes from a regular
istribution of holes (for low Zn concentration) to a more disor-
ered situation (for high Zn concentration), with wide pockets
nd small cavities simultaneously present.
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