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Abstract. The optical absorption edge of graphene oxide (GO) synthesized by the Hummers
method was analyzed using UV-Vis spectra of aqueous dispersions. The In a versus hv dependence is
linear over 2.00-3.45 eV (R? = 0.9994), giving an Urbach energy Euy = 0.91 + 0.01 eV that does not
depend on concentration. Tauc fits with n = 2 and n = 1/2 are of equal quality and yield Eg = 3.35 eV
and 1.87 eV, respectively. From the Raman intensity ratio Ip/Ig = 0.83, the Ferrari—-Robertson model
gives a characteristic sp? cluster size L. = 1.2 nm, which by the Robertson-O’Reilly relation
corresponds to Eg = 1.3 eV and is therefore closer to the n = 1/2 result than to the n = 2 result. The
ratio Eu/Eg = 0.27 and the Urbach steepness parameter ¢ = 0.028 confirm the strongly disordered
structure of GO. The obtained parameters are proposed as a baseline for interpreting magnetic circular
dichroism (MCD) and Kerr spectra of GO/Fe;O4 hybrids, and a scheme for distinguishing two
mechanisms is presented.

Keywords. graphene oxide, Urbach energy, Tauc analysis, sp? cluster, Raman spectroscopy,
magnetic circular dichroism, Fe;Oq.

1. Introduction

Hybrid systems in which magnetite (Fe3O4) nanoparticles are anchored to graphene oxide (GO)
are widely studied for catalysis, sensing and magnetic materials [1]. The magneto-optical response of
such systems, in particular magnetic circular dichroism (MCD) and the Kerr effect, is closely linked to
the shape of the absorption spectrum. The A-term of the MCD spectrum is proportional to the energy
derivative of the absorption band, while the Kerr rotation and ellipticity are related through the
Kramers—Kronig relations to the off-diagonal component of the dielectric tensor [2]. In the magneto-
optical spectra of Fe3Os, charge-transfer and crystal-field transitions involving Fe** and Fe?" ions at
tetrahedral (A) and octahedral (B) sites are observed in the visible and near-ultraviolet region [3].

In a GO/Fe304 hybrid the Fe;O4 particles are embedded in the GO matrix, so the measured
spectrum is the sum of the contributions of the two components. GO itself is a disordered material
composed of sp? and sp? hybridized carbon domains, and its optical properties are governed by 1 <>
m* transitions in small sp? clusters [4]. As the degree of oxidation increases, the sp? clusters shrink and
the optical band gap widens [5]. The band gap of GO is usually determined by the Tauc method [6],
but in disordered materials the ambiguity in choosing the transition type and the background
absorption strongly affect the result [7].
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Below the absorption edge the absorption coefficient decays exponentially, and this region is
described by the Urbach rule [8]. The Urbach energy Eu represents the width of the tail of localized
states and is accepted as a measure of structural disorder in amorphous semiconductors [9, 10]. From
the magneto-optical point of view Ey is particularly important, because the band tail produces
absorption inside the band gap and forms a background in the energy range where the FeszO4
transitions are located. Most studies of GO focus on Eg, whereas Eu is analyzed far less often.

A previous Tauc analysis of Hummers GO prepared in our laboratory gave E, = 3.34 eV. The
aim of the present work is to characterize the absorption edge of the same sample completely, namely
to determine Ey, to test its stability with respect to concentration and light scattering, to evaluate the
Tauc model independently using Raman data, and to develop a scheme for applying the obtained
parameters in magneto-optical studies of GO/Fe3z04 systems.

2. Materials and methods

2.1. Synthesis of GO

GO was synthesized by a modified Hummers method [11]. A mixture of natural graphite and
NaNOs3 was stirred in 98 % H>SO4 in an ice bath (T < 5 °C). KMnO4 was added in small portions over
6 h while keeping the temperature below 20 °C. The reaction was terminated by adding H2O,. The

precipitate was washed with 1 M HCI and distilled water by centrifugation (8000 rpm) and dried at
50 °C for 24 h.

2.2. Characterization

UV-Vis spectra were recorded on a Shimadzu UV-1900i spectrophotometer in a quartz cuvette
(1 =1 cm) in the range 200-600 nm. Measurements were carried out on aqueous dispersions with
concentrations of 0.01, 0.08 and 0.12 mg'mL!. The n—n* maximum was determined at all three
concentrations, and the absorption edge was analyzed for the 0.08 and 0.12 mg-mL™' samples. Raman
spectra were recorded with a 532 nm laser. The elemental composition was determined by energy-
dispersive X-ray spectroscopy (EDS).

2.3. Calculation methods
The absorption coefficient was calculated as

23034

, (1)

where A is the absorbance and 1 is the optical path length. The Urbach energy was obtained from
the Urbach rule

a(hv)=ay exp (2—;) 2)

as the reciprocal slope of the linear region of the In a versus hv plot. The band gap was estimated
from the Tauc equation

(ahv)'=B (hv—Eg) (3)
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for n = 2 (direct allowed transition) and n = 1/2 (indirect transition). All linear regions were
selected automatically using the criterion R? > 0.999. To assess the scattering contribution, the
exponential model (2) was compared in the range 2.2-3.3 eV with a power-law scattering model A oc
A" The Urbach steepness parameter was calculated at T =298 K as

o="2 (4)

The relation between the optical band gap and the number of aromatic rings M in an sp? cluster
was estimated with the Robertson—O’Reilly relation [12]

6
Eg~—m eV 5)
The cluster diameter was obtained from

12 \/@ (©)

where Sy is the area of one hexagonal ring

33
SO:T a? (7)

and a = 1.42 A is the C—C bond length, which gives So = 5.24 A2 The cluster size was
determined from the Raman data using the Ferrari-Robertson model [13]

2=C (L (®)

where the constant C'(A) is related to the coefficient C(L) of the Tuinstra—Koenig relation [14] by
continuity at L, = 20 A [13]

_ B
C=5 ©)
C(1)=126 A +0.033 (10)

with A expressed in A. For A = 532 nm this gives C =49.6 A and C’ = 0.0062 A2,

3. Results

3.1. General features of the UV-Vis spectra

At all three concentrations an absorption maximum was observed at 230.5 nm (5.38 eV), which
corresponds to the m—n* transition in aromatic C=C bonds [15]. A shoulder at 300-310 nm (4.00—
4.13 eV) attributed to the n—n* transition of C=0O groups was also observed [15, 16]. The
independence of the maximum position from concentration indicates that aggregation effects in the
dispersion are weak.

3.2. Urbach analysis

Figure 1a shows the In a versus hv dependence. It is linear over 2.00-3.45 eV, i.e. over a 1.45
eV wide region, with R? = 0.9994. Using Eq. (2), Eu = 0.919 eV (0.08 mg-mL™") and 0.904 eV (0.12
mg-mL™!) were obtained, with a mean value of Eu = 0.91 + 0.01 eV. The relative difference between
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the two concentrations is 1.6 %. The fact that Ey remains practically unchanged when the
concentration increases by a factor of 1.5 shows that it is an intrinsic property of the material. In the
narrow near-edge window (2.80-3.40 eV) Eu = 0.96-0.98 eV was obtained, which is 5.5-7.7 % higher
than the main value. Hence the result depends only weakly on the choice of the linear window.

0.0fF T T T = LI T T T T T
(@) © 0.08 mg:mL~? [ b
O 0.12 mg-mL-t 40 + .
_o5t i o 0.0§ mg-mL
o 0.12 mg-mL~?! y
- 330} |
2 10| 2
s N
c < 20F
- -15F} 4 &
ol -7 E,=091+001ev | 10T
: 2.00-3.45 eV, R?2=0.9994
//
1 1 1 | 1 Al//l 1 | | 1 1
2.0 2.5 3.0 3.5 8.00 3.25 3.50 3.75 4.00 4.25 4.50
hv (eV) hv (eV)

Figure 1. (a) Urbach plot In a versus hv and its linear fit in the 2.00-3.45 eV range. (b) Tauc plot
(chv)? versus hv for a direct transition and extrapolation of the linear region to the energy axis.

3.3. Test for the scattering contribution

Light scattering in a dispersion also produces a background that varies monotonically at low
energies and may resemble an Urbach tail. Therefore two models were compared in the range 2.2-3.3
eV. The exponential model gave R? = 0.99960, and the power-law scattering model gave R? = 0.99786.
The residual variance (1 — R?) of the exponential model is 5.4 times smaller. This indicates that the
exponential model is preferable, but since both R? values exceed 0.997, the scattering contribution
cannot be ruled out completely. For this reason the obtained Ey is interpreted below as an effective tail
width.

3.4. Tauc analysis

The (ahv)? versus hv plot (Fig. 1b) gave Eg = 3.36 €V in the 3.70-4.15 eV window and E; = 3.35
eV in the 3.70—4.00 eV window used previously. These values agree with the earlier result of 3.34 eV
within 0.01-0.02 eV. The n = 1/2 model gave E, = 1.87 €V in the range 3.45-4.05 eV with R? =
0.9992. The fact that both models give fits of practically the same quality shows that the Tauc plot
alone cannot determine the transition type unambiguously [7]. This issue is discussed in Section 4.2
using the Raman data. All optical parameters are summarized in Table 1.
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Parameter Value Window, eV R?
Urbach energy, Eu 091+0.01 eV 2.00-3.45 0.9994
Eu (near-edge 0.96-0.98 eV 2.80-3.40 0.999
window)

E; (Tauc, n =2) 3.36eV 3.704.15 >0.999
E; (Tauc, n =2, 3.35eV 3.70-4.00 >0.999
previous window)

E, (Tauc, n=1/2) 1.87 eV 3.45-4.05 0.9992
T—7* maximum 230.5 nm (5.38 eV)

n—n* shoulder 300-310 nm

3.5. Parameters derived from the Urbach energy

Table 2 lists the quantities derived from Eu. At T =298 K, kgT = 25.7 meV, and Eq. (4) gives ¢
= 0.028. Within the 2.00-3.45 eV linear window the absorption coefficient changes by a factor of

exp(AE/Eu) = 4.9. The ratio Eu/Eg is 0.27 for the n =2 model.

Table 2. Parameters derived from the Urbach energy (T = 298 K)

Parameter 0.08 mg-mL™! 0.12 mg-mL™! Mean
Eu, eV 0.919 0.904 0.91
o = ksT/Eu 0.0279 0.0284 0.0282
exp(1.45 eV/Ev) 4.84 4.97 4.92
Eu/Eq (Eg = 3.35 eV) 0.274 0.270 0.272

3.6. sp? cluster size from Raman and EDS data

The Raman intensity ratio of the D and G bands is Ip/Ic = 0.83, and no 2D band was observed.
The upshift of the G band to about 1609 cm™' and the absence of the 2D band indicate that GO
belongs to the second stage of the amorphization trajectory, i.e. the transition from nanocrystalline
graphite to amorphous carbon [13]. The Tuinstra—Koenig relation is not applicable in this stage,
therefore L. was calculated with Eq. (8), giving L. = 1.16 nm. For comparison, the Tuinstra—Koenig
relation would give L. = 6.0 nm, which is inconsistent with the absence of the 2D band. According to
EDS, C/O = 1.54, i.e. O/C = 0.65, and the oxygen fraction is 39.4 at.% when only C and O are taken
into account. This corresponds to a high degree of oxidation [16, 17]. The cluster sizes obtained by
three independent approaches are compared in Table 3.
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Table 3. Estimates of the sp? cluster size by different approaches

Approach Input quantity M L, nm Eg, eV
Tauc n=2 and E;=3.35¢eV 3.2 0.46 3.35
Eq. (5)

Tauc n=1/2 and E;=1.87¢eV 10.3 0.83 1.87
Eq. (5)

Raman Eq. (8) I/l = 0.83 20.1 1.16 1.34
and Eq. (5)

4. Discussion

4.1. Degree of disorder and nature of the Urbach tail

The value Eu = 0.91 eV is much larger than the values typical of crystalline and even amorphous
semiconductors. For example, in hydrogenated amorphous silicon Ey is about 0.05 eV [9]. The curves
calculated with model (2) in Fig. 2a illustrate this difference clearly. At Euv = 0.05 eV the absorption
decreases by six orders of magnitude 0.7 eV below Eg, whereas at Ey = 0.91 eV the decrease is only
about a factor of two. Hence the density of states inside the band gap of GO is very high. The main
reason is the broad size distribution of the sp? clusters. According to Eq. (5) the gap of each cluster
depends on its size, so the sum of contributions from clusters of different size produces a broad
absorption tail [4, 12]. The ratio Eu/Eg = 0.27 and the value ¢ = 0.028 also point to strong disorder,
since in ordered crystals ¢ is typically an order of magnitude higher [10].

At the same time, it should be taken into account that o changes by only a factor of 4.9 within
the linear window (Table 2). In a classical Urbach analysis the linear region usually spans several
orders of magnitude. It is therefore more appropriate to regard the obtained Eu not as the classical
temperature-dependent Urbach parameter but as an effective disorder parameter of GO. Measuring the
temperature dependence of Eu would allow this question to be resolved.
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Figure 2. (a) Normalized absorption tails calculated with model (2) for E; = 3.35 eV and three values
of Eu. The shaded area marks the linear window for GO. (b) Dependence of E, on sp? cluster diameter
according to Eq. (5) and the estimates from Table 3. The dashed line marks the Raman-based L..

4.2. Choice of the transition type

Figure 2b shows the dependence of E; on cluster diameter according to Eq. (5), together with the
three estimates from Table 3. The value E; = 3.35 ¢V from the n = 2 model corresponds to a cluster of
only 3.2 aromatic rings with a diameter of 0.46 nm, while the n = 1/2 model gives a cluster of 0.83 nm.
The value L. = 1.16 nm obtained independently from Raman data is closer to the n = 1/2 estimate,
since by Eq. (5) it corresponds to Eg =~ 1.3 eV. In addition, the model originally proposed by Tauc for
amorphous semiconductors has exactly the (ahv)!? form [6]. Thus both the Raman estimate and the
theoretical basis support the n = 1/2 model.

However, Eq. (5) is only approximate. Moreover, the 3.70-4.15 eV Tauc window lies in the
high-energy part of the spectrum and mainly reflects the contribution of the smallest clusters, whereas
the Raman method gives an average size. Therefore both E; values are retained for further
comparisons and are regarded as two limits of the cluster size distribution.

4.3. Implications for magneto-optical studies

The MCD spectrum measured on a GO/Fe;04 hybrid consists of contributions from the GO
matrix and the Fe3;O4 particles. Because the A-term is proportional to the derivative of the absorption
band [2], a broad absorption tail also broadens the MCD lines. In a matrix with Ey = 0.91 eV, strong
overlap of the MCD lines associated with transitions of Fe** and Fe?" ions at the A and B sites of
Fe304 [3] is expected, as well as a signal at energies below Eg. For this reason Eu is needed as a
background parameter when decomposing the spectra into components.

Remeasuring Ey, E; and Ip/lc on GO/Fe3Os samples makes it possible to distinguish the
mechanisms listed in Table 4. An increase in Ey would mean that the FesO4 particles introduce
additional structural disorder into GO. A red shift of the absorption edge with unchanged Ey would
indicate restoration of sp? domains or charge transfer between GO and Fe**. The Raman ratio Ip/Ig
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serves as an additional criterion for separating these two cases. The values obtained in this work serve
as the reference point for such a comparison.

Table 4. Expected changes in GO/Fe3O4 samples and their interpretation

Scenario Eu E, In/Ic Interpretation

Increased increases unchanged or increases Fe304 introduces

disorder increases additional defects
into GO

Partial reduction unchanged decreases increases sp? domains are
restored

Charge transfer unchanged decreases unchanged electron
exchange
between GO and
Fe

Simple mixture unchanged unchanged unchanged spectrum equals
the sum of
components

4.4. Limitations

The analysis was carried out on aqueous dispersions, so o represents the volume absorption of
the dispersion. Ey, which is obtained from the slope, does not depend on this, whereas the absolute
value of oo depends on concentration. In thin films the scattering contribution is reduced and the
results become closer to the sample geometry used in MCD measurements. The temperature
dependence of Ey and a series of samples with different degrees of oxidation will be studied in future
work.

5. Conclusions

The optical absorption edge of GO synthesized by the Hummers method was analyzed
comprehensively. The In a versus hv dependence is linear over 2.00-3.45 eV (R? = 0.9994), and Ey =
0.91 £ 0.01 eV, a value that does not depend on concentration and is only weakly sensitive to the
choice of window. Model comparison showed that the exponential tail is preferable to the scattering
model, but the obtained value should be interpreted as an effective disorder parameter. Tauc analysis
gave fits of equal quality for n = 2 and n = 1/2, yielding 3.35 eV and 1.87 eV, respectively. The
Raman-based L. = 1.16 nm together with the Robertson—O’Reilly relation supports the n = 1/2 model.
The values Eu/Eg; = 0.27 and 6 = 0.028 confirm the strong disorder of GO. The obtained Eu, Eg and L.
values are proposed as baseline parameters for interpreting MCD and Kerr spectra of GO/FezO4
hybrids, and a scheme for distinguishing the mechanisms (Table 4) is presented.
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