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Abstract. The ultraviolet-visible absorption spectra of graphene oxide synthesized by the Hummers
method are analysed, yielding optical parameters not published previously. The Urbach energy is
determined for the first time and equals 0.91 = 0.01 eV, the exponential region spans 2.00-3.45 eV and is
concentration-independent. A model comparison rules out a light-scattering artefact. The steepness
parameter o = kT/EU equals 0.028. Three methods of locating the n—n* shoulder differ by up to 20 nm. The
sp? domain size is evaluated independently from optical and Raman data. The values obtained are proposed
as baseline parameters for GO/FesO+ magneto-optical systems.

Key words: graphene oxide, Urbach energy, optical band gap, Tauc method, derivative spectroscopy,
n—7* transition, sp? domain, disorder, magneto-optics, Hummers method.

GRAFEN OKSIDINING UV-VIS YUTILISH SPEKTRINI KENGAYTIRILGAN TAHLILI.
URBACH ENERGIYASI, TAUC MODELI NOANIQLIGI VA sp? DOMEN O‘LCHAMI

Annotatsiya. Magolada Hummers usulida sintez gilingan grafen oksidining ultrabinafsha-ko ‘rinuvchi
yutilish spektrlari kengaytirilgan tahlil qilinib, ilgari e’lon gilinmagan optik parametriar aniglandi. Urbach
energiyasi birinchi marta hisoblanib, u 0,91 + 0,01 eV ni tashkil etdi, eksponensial soha 2,00-3,45 eV
kenglikda saqlanadi va natija konsentratsiyaga bog ‘lig emas. Model tagqoslash yo ‘li bilan kuzatilgan signal
cheti yorug ‘lik tarqalishi artefakti emasligi ko ‘rsatildi. Tikkalik parametri o = kT/EU 0,028 ga teng bo ‘Idi.
n—n* yelkasining holati uchta usulda baholanib, ular orasidagi tafovut 20 nm ga yetishi aniglandi. sp?
domen o‘lchami optik va Raman ma lumotlaridan mustaqil baholandi. Olingan qiymatlar GO/FesOs
magnitooptik tizimlari uchun bazaviy parametrlar sifatida taklif etiladi.
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Kalit so‘zlar: grafen oksidi, Urbach energiyasi, optik zona kengligi, Tauc usuli, hosila
spektroskopiyasi, n—n* o ‘tish, sp? domen, tartibsizlik, magnitooptika, Hummers usuli.

PACIIMPEHHBII AHAJIN3 CIIEKTPA Y®-BUJIUMOI'O IOIJIOIIEHUS OKCHUJIA
I'PA®EHA. DQHEPI'US YPBAXA, HEOJHO3HAYHOCTb MOJEJIU TAYKA U
PA3MEP sp’>-1IOMEHOB

Annomayus. B cmamve npeocmaener pAacUUPEHHbIll AHAIU3 CHEKMPO8 YIbMpapuoiemoso2o u
BUOUMO20 NO2TOWEHUSL OKCUOA ePApeHa, CUHME3UPOBAHHO20 Memo0om Xammepca, 8 pe3yibmane Komopo2o
onpeodeneHbl paree He NYOIUKOBABULUEC onmudecKue napamempul. Bnepevie paccuumana snepeust Ypoaxa,
cocmasusuwias 0,91 = 0,01 3B, sxcnonenyuanvras obnacme coxpawnsemcs ¢ unmepeane 2,00-3,45 3B, a
pesynbmam He 3aeucum om Konyenmpayuu. Cpagrnenuem mooeneli noKa3auo, 4mo Habmodaemblil X0Cm He
saensiemes apmepakmom ceemopaccesnus. Iapamemp kpymusuor o = KT/EU cocmasun 0,028. Tlonosxcenue
nieya N—* oyeHeHo mpems Memooamu, pacxoxcoeHue mexicoy komopvimu oocmueaem 20 um. Pasmep sp*
JOMEHO8 HE3ABUCUMO OYEHEH NO ONMUYECKUM U PAMAHOBCKUM OanubiM. [lomyuennvle 3HaueHus
npeonazaromcs Kax bazoevie napamempul 01 maznumoonmuyeckux cucmem GO/FesO..

Knrouesvle cnoea: oxcuo epagena, swepeus Ypbaxa, onmuueckas wupuHa 3anpeweéHHOl 30Hbl,
memoo  Tayka, npou3eoouas cneKmpockonus, nepexo0 N—rx*, Sp*domeH, pazynopsoouerue,
MASHUMOONMUKA, Memoo Xammepca.

Introduction. Graphene oxide (GO) is a two-dimensional material obtained by the chemical oxidation
of graphite, in which sp?- and sp3-hybridized carbon regions coexist. Its electronic structure is governed
precisely by the ratio of these two regions, and for this reason the accurate measurement of the optical
characteristics is of primary importance when GO is applied in optoelectronics, sensing and energy storage
devices [1, 2].

UV-Vis spectroscopy is one of the most widely used techniques for characterizing GO, and two
indicators are normally extracted from it. the maximum near 230 nm assigned to the m—n* transition of
aromatic C=C bonds, and the shoulder near 300 nm assigned to the n—=x* transition of the carbonyl group
[3, 4]. A third indicator, the optical band gap E4 obtained from the Tauc equation, is also widely reported [5,
6].

However, a considerable spread is observed in the literature for each of these indicators. values of
290-305 nm are quoted for the n—n* shoulder and 3.2-3.9 eV for the optical band gap [3, 4, 7]. Part of this
spread does arise from genuine differences in the degree of oxidation between samples. The other part
depends on the choice of the data-processing method, yet this second source is almost never quantified.

Furthermore, the Urbach energy Eu, which is a standard descriptor for disordered semiconductors, is
only rarely reported for GO [8]. This quantity nevertheless characterizes the width of the distribution of
localized states at the band edge and constitutes a direct quantitative measure of the structural disorder
introduced by sp® defects.

The aim of the present work is, using a single well-characterized GO sample, (i) to determine the
Urbach energy, (ii) to locate the n—=n* shoulder by three independent methods and thereby quantify the
method-dependent spread, (iii) to expose the ambiguity in the transition type within the Tauc model, and (iv)
to evaluate the sp? domain size independently from optical and Raman data.

The GO sample synthesized and characterized by Raman, UV—-Vis and SEM—-EDS in [9] was taken as
the object of investigation. The present paper re-processes the absorption spectra of that sample, all the
analytical procedures and results reported below were not published in [9].

Object of investigation and methods applied.

Sample. GO was synthesized by the Hummers method [9]. A mixture of 1 g of natural graphite and
0.5 g of NaNOg3 was stirred in 75 mL of 98% H>SO, in an ice bath (T <5 °C) for 30 min, 4 g of KMnO, was
added in small portions over 6 h (T < 20 °C), the reaction was quenched with distilled water and 32% H,O5,
the precipitate was washed with 1 M HCI and distilled water until pH 6—7 (8000 rpm) and dried at 50 °C for
24 h.

Measurement. UV-Vis absorption spectra were recorded on a Shimadzu UV-1900i
spectrophotometer in a quartz cuvette (I = 1 cm) over the 200-600 nm range with a 0.5 nm step at
concentrations of 0.01, 0.08 and 0.12 mg-mL™%.

Analysis. The absorption coefficient was calculated as a = 2.303A/1. In all the analyses below it is not
the absolute value of a but its variation with photon energy that matters, so the results are independent of the
proportionality factor.
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The Urbach energy was obtained from the relation o = acexp(#v/Ey) as the reciprocal of the slope of
the linear region of the In o versus /v dependence [8]. The optical band gap was evaluated from the Tauc
equation (0iv)" = B(hv — Eg) for n = 2 (direct allowed transition) and n = 1/2 (indirect transition) [10]. The
linear regions were not selected by hand but automatically. the widest window satisfying the condition R? >
0.999 was searched for. This approach removes the subjectivity involved in choosing the limits of the linear
region.

Derivative spectra were computed with a Savitzky—Golay filter (third-order polynomial, window
width 11-51 points), and the dependence of the result on the window width was checked separately. The
Gaussian deconvolution was performed over the 3.0-6.15 eV range as the sum of two Gaussian components
and a background, three different background models — exponential, power-law A ™ and linear — were
tested independently.

The size of the sp? clusters was estimated from the optical data using the Robertson—-O’Reilly cluster
model Eq = 2|BJ/YN (|B| = 2.9 eV, where N is the number of fused aromatic rings) [11], and from the Raman
data using the Ferrari-Robertson relation Ip/lc = C'(A)Ls? (C' = 0.0055 A2) [12]. All computations were
carried out in Python 3 (NumPy, SciPy).

Results obtained and their analysis.

1. Absorption spectrum and the Beer—Lambert law. In the smoothed spectra the 7—n* maximum
was recorded at 230.5 nm for all three concentrations. The absorbance at 230.5 nm is linear in concentration
(R? = 0.9997) with an intercept of 0.004, that is, effectively zero. From the slope the mass absorption
coefficient €30 = 7.9 mL-mgl-cm™ was determined. This quantity is of practical value for the
spectrophotometric control of the concentration of GO dispersions.

2. Dependence of the n—a* shoulder position on the method of estimation. The position of the
shoulder was determined by three independent methods (Figure 1). The extremum of the first derivative gave
292.5-294.5 nm, the minimum of the second derivative 304-305 nm, and the Gaussian deconvolution 312.8—

312.9 nm.
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Figure 1. Location of the n—n* shoulder by three methods. (a) first derivative, (b) second derivative,
(¢) deconvolution into two Gaussian components and an exponential background (0.12 mg-mL™). The grey
bands mark the range of values obtained for the two concentrations.

Each method is highly reproducible within itself. the difference between the two concentrations did
not exceed 2 nm, and in the deconvolution the result remained within 311.6-312.9 nm even when the
background model was changed three times. Nevertheless, the difference between the methods reached 20

nm, or 0.25 eV in energy units (Table 1).
Table 1. Dependence of the n—7n* shoulder position on the method of estimation

Method of estimation 0.08 mg-mL™* 0.12 mg-mL™* Energy, eV
First-derivative extremum 294.5 nm 292.5 nm 4.21-4.24
Second-derivative minimum 304.0 nm 305.0 nm 4.07-4.08
Gaussian deconvolution 312.9 nm 312.8 nm 3.96
Literature values [3, 4] 300-303 nm — 4.09-4.13

The reason for the discrepancy is that the shoulder is located on the steeply falling wing of the n=—n*
band. The extremum of the first derivative merges with the slope of the background and therefore yields a
systematically blue-shifted value. The minimum of the second derivative is insensitive to the linear
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component of the background, whereas the deconvolution models the background explicitly but relies on an
assumption about the line shape.

It follows that a significant part of the 290-305 nm spread observed in the literature originates not
from genuine differences between samples but from the choice of the processing method. For this reason the
method of determination must be stated whenever the position of the n—n* shoulder is reported, otherwise
the results of different studies are not comparable.

3. Ambiguity of the transition type in the Tauc analysis. The direct allowed transition model (n = 2)
gave Eg = 3.36 eV in the 3.70-4.15 eV window (R? = 0.9992). The indirect transition model (n = 1/2),
however, gave E; = 1.87 eV with practically the same quality of fit (R?> = 0.9992) in the 3.45-4.05 eV
window (Figure 2).
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Figure 2. Tauc plots. (a) direct allowed transition, n = 2, (b) indirect transition, n = 1/2. The
dashed lines are the extrapolations of the linear region to the energy axis

The fact that both models yield the same coefficient of determination shows that the linearity of a
Tauc plot is not evidence confirming the transition type. For GO the value n = 2 is usually adopted in the
literature and justified by the allowed character of the m—n* transition [5, 6], but this choice follows from an
external physical argument rather than from the plot itself. Consequently, the chosen value of n and the
fitting window must always be stated when an Eq value is reported.

4. Urbach energy and structural disorder. The In o versus /4v dependence proved to be linear with
high accuracy over the 2.00-3.45 eV range, that is, over a region 1.45 eV wide (R? = 0.9994, Figure 3a). This
yields Ey = 0.919 eV (0.08 mg-mL™?) and 0.904 eV (0.12 mg-mL™?), with a mean value of 0.91 £ 0.01 eV.
The difference between the two concentrations did not exceed 1.6%, which confirms that Ey is an intrinsic
property of the material and not concentration-dependent. In a narrow range close to the band edge (2.80—
3.40 eV) Eu =0.96-0.98 eV, so the result depends only weakly on the width of the chosen window.
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Figure 3. (a) Urbach plot and its linear approximation over the 2.00-3.45 eV range. (b)
Residuals of the exponential (Urbach) and power-law A™ (scattering) models over 2.2-3.3 eV (0.12
mg-mL™, smoothed for display)
Because the measurement was performed on an aqueous dispersion, the observed tail could in
principle have resulted from light scattering. To exclude this, two models were compared over the 2.2-3.3
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eV range. the exponential model gave R? = 0.99960 and the power-law A ™ model R? = 0.99777. The
distribution of the residuals is even more indicative. for the power-law model the residuals have a systematic
S shape and an amplitude two to three times larger than for the exponential model (Figure 3b). The observed
tail is therefore not a scattering artefact but genuine band-tail absorption.

The value Ey = 0.91 eV is several times larger than the 10-100 meV typical of crystalline
semiconductors. The steepness parameter o = KT/Ey equals 0.028 at 300 K and the ratio Eu/Eqy equals 0.27.
These values indicate a strongly smeared band edge, that is, a high fraction of sp® defects and small, isolated
sp? domains. The conclusion is fully consistent with the Raman (Ip/lc = 0.83, no 2D band observed) and
EDS (C/O = 1.54) results reported in [9], as well as with data showing that the defect density increases with
oxidation time [13].

5. Two independent estimates of the sp? domain size. According to the Robertson—-O’Reilly cluster
model, Eq = 3.36 eV corresponds to N ~ 3 fused aromatic rings, the equivalent diameter of such a cluster is
0.45 nm. The Ferrari—-Robertson relation applied to the Raman data gives Lo = 1.2 nm. Both estimates are
below 2 nm, which corresponds to the second stage of the Ferrari—-Robertson amorphization trajectory and
makes the use of the adopted C’ coefficient self-consistent.

The factor of about 2.7 between the two estimates is not a contradiction but is physically expected. the
optical estimate "sees" only the fully conjugated sp? cluster, whereas the Raman L, gives the in-plane
correlation length, which also includes distorted regions, so L, > d is natural. Tuinstra—Koenig type relations,
by contrast, are not applicable in this case at all. depending on the coefficient adopted they give values in the
5-23 nm range, which contradicts the complete absence of the 2D band and shows that the range of validity
of the model (L. > 2 nm) has been exceeded [14].

Table 2. Summary of the optical parameters determined in this work

Parameter Value Condition / fitting R?
window
T—7T* maximum 230.5nm all three concentrations —
€230 7.9 mL-mg '-cm™ Beer—Lambert, 3 points 0.9997
n—1* (2nd derivative) 304-305 nm — —
Eg(n=2) 3.36 eV 3.70-4.15eV 0.9992
Eg (n=1/2) 1.87 eV 3.45-4.05 eV 0.9992
EU 0.91+£0.01 eV 2.00-3.45eV 0.9994
EU (close to band edge) 0.96-0.98 eV 2.80-3.40eV 0.999
o =kT/EU (300 K) 0.028 — —
EU/Eg 0.27 — —
N (aromatic rings) =3 Robertson—O’Reilly —
Cluster diameter ~0.45 nm Robertson—O’Reilly —
La (Raman) ~1.2nm Ferrari—Robertson —

6. Application of the parameters obtained. The values determined here are directly required for the
study of GO-based magneto-optical systems. In GO/Fes;O4 hybrid systems the magnetic circular dichroism
(MCD) signal is proportional to the energy derivative of the absorption profile, while the Kerr rotation is
linked to the absorption spectrum through the Kramers—Kronig relation. In a matrix with Ey = 0.91 eV the
MCD lines belonging to the Fe**/Fe?" transitions at the tetrahedral and octahedral sites of Fe;O4 are expected
to overlap strongly, and a signal is expected to appear even below the band gap [15]. Re-measuring Ey in
composite samples then allows two mechanisms to be distinguished. an increase in Ey indicates that the
Fes0, particles have introduced additional structural disorder, whereas a red shift of the absorption edge at
constant Ey indicates restoration of the sp? domains or GO < Fe** charge transfer. The values obtained in
this work serve as the zero point for that comparison.

Conclusions.

1. The Urbach energy of graphene oxide synthesized by the Hummers method was determined for the
first time. Eu = 0.91 + 0.01 eV, exponential region 2.00-3.45 eV, R? = 0.9994. The result is independent of
concentration, and a model comparison showed that it is not a light-scattering artefact.
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2. The position of the n—n* shoulder was estimated by three methods, and the systematic discrepancy
between them was found to reach 20 nm (0.25 eV), although the reproducibility of each individual method is
better than 2 nm. This accounts for a substantial part of the spread found in the literature and requires the
method to be stated whenever the shoulder position is reported.

3. The Tauc analysis was shown to give the same quality of fit (R?> = 0.9992) for both the n = 2 and the
n = 1/2 model. Conclusions about the transition type must therefore not rest on the linearity of a Tauc plot
alone.

4. The sp? domain size was estimated in two independent ways. 0.45 nm (N = 3 rings) from the optical
data and 1.2 nm from the Raman data. Both values are below 2 nm, and the difference between them is
explained by the physical meaning of the two methods.

5. The values Eq = 3.36 eV and Ey = 0.91 eV obtained here are proposed as baseline parameters for the
interpretation of MCD and Kerr spectra in GO/Fe;04 systems.
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