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® The synthesis of a Bi,S3@GO compo-
site is proposed using a faster and ea-
sier method.

® Bi,S; on GO grows as rods, which
tends to grow along the [0 1 0] axis.

® Oxygen functional groups in GO ap-
pear to bias the formation of rod-
shaped Bi,Ss.
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TEM analyses. 231’
® Spherical NPs were achieved when

pure Bi,S; was obtained under the

same conditions.
ARTICLE INFO ABSTRACT
Keywords: The preparation of rod-like bismuth sulfide structures, effectively anchored to graphene oxide (GO) sheets, is
Graphene oxide informed using a fast and trouble-free method. This strategy, which incorporates elemental sulfur as S~ source,
Bismuth sulfide hot dimethylsulfoxide as solvent, and a short reaction time, has been used to obtain Bi,S3;@GO composites. The
Bismuth sulfide-graphene oxide composites products were characterized by powder-XRD, Raman Spectroscopy, electron absorption spectroscopy in

Rod-shaped particles

- UV-vis-NIR region, SEM, HR-TEM, and XPS. All the characterization techniques showed pure, well-structured,
Graphene oxide TEM assays

rod-shaped Bi,S;3 particles with sizes around 150 nm in diameter and hundreds of nanometers in length, which
were anchored parallel to graphene oxide matrix. These elongated structures tended to grow along the [0 1 0]
axis. Noteworthy, the presence of GO was undoubtedly detected on the surface of elongated bismuth sulfide by
HR-TEM assays. In order to test the GO effect on the formation of the rod-like structures, a sample of pristine
Bi,S; was synthesized under the same conditions. XPS results indicate the presence of oxygen functional groups
in GO as the main factor for the development of the lengthen bismuth sulfide structures, achieving this through
the formation of Bi—O bonds.
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1. Introduction

Bismuth sulfide (Bi,Ss) is a p-type semiconductor [1] with a narrow
direct band gap or 1.3 eV [1-3] whose structure consists of a lamellar
arrangement of alternate Bi®* and S?~ infinite chains [2] that tends to
crystalize in an orthorhombic system [1-3].

The utility of this compound lies on its properties like charge carrier
mobility, structural flexibility or light absorption capacity [4], which
make it a promising specie for a number of applications. However, there
are a considerable number of studies devoted to photocatalytic appli-
cations of Bi»S3, many of them devoted to degradation of pigments [5],
such as methylene blue [6,7], malachite green [4], acid black [8].

The majority of the methods used to obtain Bi,S; are based on either
autoclave-solvothermal [1,5,9-12] or autoclave-solvothermal polyol
[13] techniques. Some other techniques such as: microwave-assisted
[14], sonochemical-assisted [15], and liquid phase method [16-18]
were also found. However, all these methods require long reaction
times, high temperatures, pressures and/or great energy consumption.
For this reason, it was chosen an early developed technique by Zumeta
et al., which employs only 30 min of reactions and temperatures below
120 °C, under room pressure [19,20].

Regarding the sulfide sources, we found that Na,S salt [2,10,18] and
Na,S,03 salt [15] are the most popular. However, these sodium salts
have the disadvantage that during the firsts hours of reaction they
produce a binary sodium-bismuth sulfide (NaBiS,) product [19,20].
And in order to convert this mixed sulfide species into pure Bi,S5 it is
necessary to apply extensive reaction times (72h), temperatures of
160 °C, and pressure higher than the atmospheric (using autoclave)
[20]. Other less used sulfide sources, which do not present the afore-
mentioned problem, are CS, [13,21,22], thioacetamide [23], and
thiourea [5,14]. However, these compounds are either toxic/carcino-
genic and difficult to manipulate. Thus, in the present investigation it
was chosen elemental sulfur as a sulfide source; since is cheaper, easier
to handle, and it allows softer reaction conditions [19,20], despite the
fact that only very few researches employ this reactant [3,20], and it is
mostly involved in solid-state reactions [3,24].

There are comparatively few examples of synthesis of Bi»S3 on re-
duced graphene oxide (rGO) [9,11,12,25,26] or nitrogen modified-
graphene oxide (NG) [27] composites. Nevertheless, we located just one
publication where graphene oxide was used without GO reduction step,
as support for bismuth sulfide particles [28]. In this case, the synthesis
method chosen included an autoclave-hydrothermal technique and poly
(3,4-ethylenedioxythiophene) polymer as scaffold agent. Hence, we
selected an easier method, which does not require extensive reaction
times or harsh conditions.

In literature, there are noteworthy methods to obtain 1D rod-like,
ribbons, or wire structures with the aforementioned techniques
[1,3,12,13]. It has been argued that the anisotropic habit of Bi,S; na-
norods is due to the existence of infinite chains of Bi and S ions one on
top of other directed along the [0 0 1] axis in Pcnm space group [3], in
an orthorhombic Bi,S3 cell structure. Some authors emphasize the im-
portance on the formation of these S and Bi element pillars, which may
be the principal reason for the formation of the detected rods [3], since
this parallel growing of atoms would favor elongated structures. Thus,
according to recent studies, the only difference between spherical
structures and elongated ones would be the concentration of the pre-
cursors [1]. In contrast, other researchers propose that the main reason
behind the formation of 1D structures would be the utilization of ap-
propriate sulfide precursors which may work as slow, steady, and high
release sources of $2~ [29,33]. Finally, some other reports argue that
the main factor is the employment of suitable supports that are able to
stabilize the surface of particles during growing step [13], such as
surfactants [1,2,16,30,31] or polymers [9,32], which may act as tem-
plate agents.

In addition, some researchers claim that the solvent plays an im-
portant role on the formation of specific structures [33,34]. During our
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investigation, it was evident that solvents with —OH groups, as ethanol
[5,18,21,33,34] ethylene glycol [13,16,17,27,32] or water
[2,6,10,12,15,16,25,28,31], tend to enhance the formation of rod, wire
or tubular Bi,S; structures. Capping agents with —OH and carbonyl
—OH functional groups also heighten the formation of these assemblies
[1,2,16,29,31]. Surprisingly, dimethylformamide (DMF) [4,29,30] and
formaldehyde [14], which do not have —OH groups in their skeleton,
improve the formation of these elongated structures. However, this
behavior might be due to the characteristic hygroscopy of these sol-
vents. In contrast, this comportment was not observed in dimethyl
sulfoxide where only spherical particles were reported [20]. Despite all
these changes in forms depending on solvents and capping agents, as far
as we know, any investigation has shed some light into the previously
mentioned preferential growth, and none of them examine the role of
graphene oxide during the formation of Bi,S3 elongated structures.
The present paper reports an easy method of synthesis to obtain rod-
like Bi,S3 structures anchored to graphene oxide sheets, suspended in
heated DMSO, during 30 min. The samples have been characterized by
powder-XRD, Raman, and electronic absorption (in UV-vis-NIR re-
gions) spectroscopies; along with SEM, HR-TEM, and XPS analyses. All
the characterization techniques showed pure, well-structured, rod-
shaped Bi,S3 particles with sizes around 150 nm in diameter and hun-
dreds of nanometers in length, which were anchored parallel to gra-
phene oxide matrix. It was possible to propose a reason behind the
formation of these assemblies, which was related to the importance of
graphene oxide presence and its functional groups during the formation
of bismuth sulfide rod-like structures. Since XPS, HR-TEM, and XRD
assays obtained during our investigation strongly suggest that presence
of graphene oxide support is the decisive factor in the formation of the
rod-like assemblies, through the formation of Bi—O bonds between the
GO and the bismuth sulfide structures. These results contrast with most
of the studies about the preparation of elongated Bi,S; arrangements.

2. Experimental
2.1. Materials

All the precursors and solvents were reagent grade and were used as
received without further purification. Pyrolytic graphite was purchased
from B&A Chemicals (98%); sodium nitrate (NaNO3) from Mallinckrodt
(99.9%); bismuth nitrate pentahydrate (Bi(NO3)35H,0) from STREM
Chemicals (98%); dimethylsulfoxide (DMSO) from Tecsiquim (99.9%);
ammonium hydroxide (NH4OH) concentrated solution (28.3% NHjs),
concentrated sulfuric acid (H,SO4, 97.3%) and concentrated hydro-
chloric acid (HCl, 36.5-38% v/v) from J.T. Baker; potassium perman-
ganate (KMnO,) from Merck (99%); hydrogen peroxide solution (H,0,
30% v/v) from Consorcio Quimico Mexicano; and elemental sulfur (Sg)
from Sigma-Aldrich (99.5%). Deionized water and acetone were used as
washing solvents.

2.2. Characterization analysis

X-ray diffraction (XRD) studies of the Bi,S3 structures were mea-
sured in a Bruker D2-Phaser diffractometer using Cu Ko radiation
(10mA, 30kV, A = 1.5418 f\); electronic absorption spectra, in diffuse
reflectance mode, were obtained in a Cary-5E Varian; HR-TEM images
were acquired at the Centro de Nanociencias y Micro y Nanotecnologias
at Instituto Politécnico Nacional, using an aberration corrected cold-
field emission Jeol JEM-ARM200CF HRTEM, operated at 200kV ac-
celerating voltage, and the Fourier analysis have been obtained via the
use of freely available JEMS software, version 4.6531 for MacOSX, and
DigitalMicrograph software version 2.1 attached at the microscope;
whereas scanning electron microscopy (SEM) studies were carried out
in a JEOL-SEM 7600F operated at 20 kV; dispersive Raman spectra were
acquired in a EZRaman-L-905 (Enwave Optronics) Raman analyzers
coupled to a Leica DM300 microscope (with a Leica objective with a
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magnification/numerical aperture ratio of 40x/65) using an excitation
laser source of 532 nm (maximum power ~400mW), respectively; fi-
nally, X-ray photoemission spectroscopy (XPS) analysis were measured
in a ESCA/SAM Perkin-Elmer model 560, with a spot diameter of
400 pm.

2.3. Synthesis of graphene oxide (GO)

Graphene oxide was synthesized following the widely spread
Hummers’ method [35] with some modifications: 2 g (166.53 mmol) of
pyrolytic graphite and 1g (11.76 mmol) of sodium nitrate (NaNO3)
were mixed in concentrated sulfuric acid (H,SO4, 100 mL, 1.88 mol).
The reaction flask was left in a sodium chloride-water-ice bath during
5 h, until the mixture was stabilized at 2-5 °C. Next, 6 g (37.96 mmol) of
potassium permanganate (KMnO,) were added very slowly in order to
avoid a significant rise in the reaction temperature. Once the addition
finished, the reaction mixture was heated to 42-44°C and it was
maintained at those conditions during 18 h. After that time, 120 mL of
water (H,0) were added to the reaction flask very slowly and kept at
constant agitation until the mixture reached room temperature. Fol-
lowing, 30 mL of hydrogen peroxide (H>O,, 30% v/v) were added very
slowly. The addition caused an increase in the temperature of the
mixture along an evolution of gases. The reaction was allowed to settle
during 24 h; subsequently, it was centrifuged until a dark brown solid
was obtained. The solid was washed with 2 X 30 mL of a concentrated
solution of chloride acid (HCl, 36.5-38%). Then, it was extensively
washed with water until the pH reached 6. Finally, the product was
rinsed with 3 X 50 mL of acetone and left it to dry in vacuum. A
grayish-brown solid was obtained.

2.4. Synthesis of rod-shaped Bi,S3-GO composites (Bi»S3@GO)

Bi,S3-GO composite was synthesized according a previously devel-
oped method by Zumeta-Dubé et al. [20] with few modifications. 50 mg
of graphene oxide (GO) were ultrasonicated in dimethylsulfoxide
(DMSO) during 3.5h. Once the black solid was dispersed in the liquid
media, the volume was adjusted to 50 mL to obtain a GO dispersion
with a 0.5mg/mL concentration. To this dispersion, it was added
121.27mg (0.25mmol) of bismuth nitrate pentahydrate (Bi
(NO5)35H,0) in order to obtain an initial concentration of 5 x 10™3M
of Bi**. This mixture was tagged as M1 and was kept under magnetic
agitation during 72h. Subsequently, 20mL of dimethylsufoxide
(DMSO) was heated to 110 + 2°C and, once that temperature was
reached, 64.12 mg (0.25 mmol) of elemental sulfur was added. After the
yellow solid was completely dissolved, M1 solution was slowly poured
into the later hot solution. At this stage a dark mixture has developed.
The new mixture was allowed to reach 110 + 2°C; then, 5mL of a
concentrated solution of ammonium hydroxide (28.3% NH3) were
added and kept under heating and vigorous stirring during 20 min. The
original dark brown mixture evolved into a black-grayish dispersion.
The final mixture was cooled down to room temperature. The black
solid was isolated from the liquid media by centrifugation. The product
was purified with successive washings of ~3 X 15mL of acetone,
~3 x 15mL of water, and ~3 x 15mL of acetone. Finally, the com-
posite was dried in a vacuum oven at 120 °C during three days.

2.5. Synthesis of BiS3

The synthesis procedure is the same route used to obtain the com-
posites Bi,S3;@GO. Briefly, a 5 x 1073M dimethylsulfoxide (DMSO)
solution of bismuth nitrate pentahydrate (121.27 mg, 0.25 mmol) was
prepared. In another flask, 20mL of DMSO were heated up to
110 £ 2°C and, once this temperature was reached, it was added
64.12 mg (0.25 mmol) of elemental sulfur. Once the entire yellow solid
was dissolved, the Bi** solution was slowly poured into the sulfur so-
lution. The new mixture was allowed to reach 110 + 2 °C; then it was
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added 5 mL of a concentrated solution of ammonium hydroxide (28.3%
NHj3) and left under heating and stirring during 20 min. The final
mixture was cooled down to room temperature. The black solid was
isolated from the liquid media by centrifugation. The product was
purified with successive washings of ~15 x 3 mL of acetone, ~15 X 3
mL of water, and ~15 X 3 mL of acetone. Finally, the composite was
dried in an oven at 120 °C during three days.

3. Results and discussion
3.1. Synthesis of graphene oxide (GO)

Once the graphene oxide (GO), a dark brown solid, was obtained
and purified, it was characterized and compared with its precursor
species, the pyrolytic graphite, with the objective to analyze the
changes taken place in the spectra profiles, diffractograms and micro-
graphs of the product.

From the structural point of view, the pyrolytic graphite used as
precursor presented a diffractogram that corresponds to the one in-
formed in the card (PDF No.41-1487), shown in Fig. S1 a. Pure pyr-
olytic graphite has an hexagonal crystal system with a space group P63/
mmc and cell parameters a = 5.195 A, b =11.701 ;\, ¢ =5.092 i\, and
B = 90.379°. The diffractogram from the graphite precursor exhibited
just one intense diffraction peak at 20 = 26.5° corresponding to {0 0 2}
family planes and an interlayer graphite distance of 3.4 A. In contrast,
once the graphite has undergone the Hummer's process [35] aimed to
synthesize graphene oxide (GO), the diffraction peak at 26 = 26.5°
broadened and its intensity decreased. Further still, the effective ex-
foliation of the tridimensional assembly in the graphite structure was
confirmed by the appearance of a new, intense, and broad peak at
20 = 12.1°, which indicated an interlayer spacing increment from
3.35A to 7.35A [36-39], as shown in Fig. S.1.b. Nonetheless, the re-
maining broad and minor diffraction peak around 26 = 25.5° was as-
sociated with the existence of a minor fraction of the product that re-
mained as stacked non-oxidized graphene. These still stacked layers
were exfoliated when the product was treated with an ultrasound bath
during 3-4h.

Dispersion Raman analysis of the dark brown solid and the pre-
cursor raised similar results. Raman spectrum of graphite, shown in Fig.
S.2 a, exhibited two distinct peaks at 1582cm ™! and 1314cm ™%, la-
beled as G and D, respectively [40-42]. The G band was associated with
the doubly degenerated (transversal and longitudinal optical) phonon
mode with an E,, symmetry at the Brillouin zone [40]. In pristine
graphite the signal at ~1350 cm ™! called D band should not appear,
since it is originated from a double resonance Raman process that it is
only permitted in a disordered defected graphite structure [40]. Yet it
was possible to detect it in our initial graphite precursor at 1314 cm™?,
which indicates the presence of defects in the reagent. Nonetheless, this
should not represent a problem in further process.

Once the graphene oxide was obtained (Fig. S.2 b), the D band, now
centered at 1311cm™!, grew, widened and shifted to lower wave-
numbers indicating an additional disordering in the AB stacking tridi-
mensional graphite structure. This result can be explained as an effec-
tive exfoliation of the graphitic AB order into graphene, alongside an
increasing oxidation level of the structural aromatic hexagonal rings,
which help to further exfoliate the AB layers [36,43]. Accordingly, the
original G signal widened, as can be seen in Fig. S.2 b. From this ex-
perimental peak, we were able to deconvolute two new bands at
1606 cm ™! and 1517cm™?, in addition to the original band at
1583 cm ™~ '. The first signal, at higher wavenumbers resembles the D’
band, informed to appear when extensive structural disorder in gra-
phene oxide is present in its structure [36]; further still, the appearance
of the second band, at 1517 cm ™!, might indicate changes in the strain
of the aromatic rings, presumably due to graphene oxide layers folding
[40].

The electronic absorption spectrum using diffuse reflectance mode
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showed only an intense band centered around 270 nm (Fig. S.3) that
can be assigned to m—ut* transition in C=C remaining bonds in gra-
phene oxide structure [44]. The presence of a shoulder near 300 nm
indicated a minor existence of C=0 bonds, since a n—t* transition is
informed [45] when high concentrations of carbonyl bonds were
formed during oxidation process.

Even further, the correspondent Tauc plot with a linear extrapola-
tion to determine a band gap value of 4.02 eV is shown in the inset in
Fig. S.3. This energy value can be associated with a highly oxidized
graphene oxide specie, as a result of the extensive oxidation times
employed in the present investigation, this is in agreement with pre-
vious reports in the literature [43,45].

XPS was used to study the surface chemical structure. Initially, a
survey spectrum was acquired to determine an elemental analysis over
the GO sample. The results are displayed in Fig. 1 a where only peaks
assigned to C and O could be detected undoubtedly. An additional small
peak associated to S was identified, probably as a result of an insig-
nificant contamination due to sulfuric acid used to oxidize and exfoliate
graphene sheets. These types of contaminants have been detected in
previous studies [37].

Then, high-resolution spectra in the C 1s and O 1s zones were
achieved in order to determine the functional groups present in the GO
surface. In the C 1s zone of the spectrum of the graphene oxide, four
bands could be deconvoluted from the original C 1s spectrum (black
dotted line, Fig. 1 b) to obtain the fitted spectrum in red. The first peak
at 284.48 eV, blue line, was located at lower bind energy and could be
associated to less oxidized species, thus it was assigned to C—C and
C=C sp? carbons belonging to the residual aromatic graphene structure
[46,47]. The signal at 284.80 eV, in pink, is the typical band associated
to C—C sp® carbons in every XPS analysis performed, consequently here
it was related to sp® carbons in the newly formed graphene oxide
structure [43,46,48]. The band at 286.97 eV, in green, could be asso-
ciated to alcohol species. However, since alcohol functional groups tend
to appear between 286.3 and 286.6 €V [49,50] and our band appeared
at higher binding energies, it was proposed that the species present in
the graphene oxide were probably in the form of alcoxi- anionic species
[50-52]. Finally, the peak at 289.01 eV in orange, was fitted to a highly
oxidized specie which was subsequently assigned to C=0 carboxylic
carbon functional groups [48,51]. It was not detected a band associated
to epoxide functional group, a very common specie detected in gra-
phene oxide samples synthesized by Hummer's method. Although it is
possible that the specie could not be distinguished from the alcohol-
species, as has been previously reported in other works [53].

The spectrum obtained in the O 1s zone (shown in Fig. 1 c), con-
firmed previous results, since it was possible to deconvolute three dis-
tinct peaks from experimental results (black dotted line) to obtain the
fitted spectrum labeled in red: The first signal, at 531.55 eV in blue, has
the lower binding energy, thus it was associated to the least oxidized
specie, in this case it was undoubtedly related to carbonyl oxygen [54]
from carboxylic functional groups formerly detected from C 1s spec-
trum; the second deconvoluted peak at 532.8 eV (in orange) was as-
signed as —OH in previous works [52], thus it is reasonable to assume
this signal arises from alcoholic oxygen and probably carbon single-
bonded carboxylic oxygen; finally, the band at higher binding energy
(535.11 eV, in blue) was assigned to —OH present in water [55]. The
last result is in agreement to previous studies where the authors de-
termined the existence of water between the graphene oxide sheets
[37,38,56].

TEM analysis of the resulting graphene oxide (GO) product showed
long and wide carbon sheets of hundreds of nanometers and very few
stacked layers, which are scarcely seen in the micrographs (Fig. S.4 a).

Although the presence of extensive layers of graphene oxide were
not evident in most parts of the micrographs, since carbon coats do not
tend to present enough contrast in TEM studies, fast Fourier transform
(FFT) were carried out on different parts of the background of the
micrographs, where a slightly textured contrast is observed, as the one
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Fig. 1. XPS analyses on a GO sample: (a) Survey spectrum, on the sample,
where it was possible detect the elements C, S and small quantities of S; (b)
High-resolution spectrum on the C 1s band and on (¢) O 1s band, where C=C
spz, C-C sp3, —C—O0H, C=0, and H,O0 species were detected.

showed in Fig. 2 b. In the case of Fig. 2 a, from the magenta square
region, it was possible to detect a dim hexagonal spot pattern with a
mean distance of 2.0A (Fig.e 2 b). The spots in the hexagonal ar-
rangement correspond with {1 0 1} family planes in graphene oxide,
and they match with the six-fold crystal symmetry of original graphene
layers [57], which is still present in the graphene oxide obtained de-
spite the oxidation process fulfilled. Additionally, a couple of spots at a
distance of 1.6 A that match with {1 0 3} family planes were found.
The reconstructed inverse fast Fourier Transform (IFFT) was per-
formed; therefore the image shown in Fig. 2 ¢ could be drawn. This
image showed clearly the honeycomb hexagonal arrangement of carbon
representative of graphene layers, which can be seen in the red inset in
Fig. 2¢, from the red area. It is noteworthy that this organization was
not discernible in the original micrograph (Fig. 2 a), yet once the re-
constructed IFFT was performed the typical carbon framework was
certainly detected. All the magenta squared area seemed to be covered
by a coating of graphene oxide composed of few layers. With this assay,
it was possible to undoubtedly identify the presence of graphene films
covering different surfaces. It is important to mention that graphene
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Fig. 2. High-resolution transmission electron micrograph (HR-TEM) of synthesized graphene oxide (GO) (a). Even if it was not very evident the presence of GO in the
micrograph (a), once a fast Fourier transform (FFT) pattern was performed at the magenta square region, a spot pattern corresponding to a few sheets of GO was

detected (b).

and graphene oxide patterns, similar to the ones we identified, were
already informed in other works [57-59]. The possibility to detect thin
graphene oxide sheets by FFT-TEM analysis gave us a powerful tool to
identify graphene oxide on bismuth sulfide surfaces.

Subsequently, Fig. S.4 b show a SEM image obtained with secondary
electrons for a GO sample, where smooth surfaces could be detected.
When energy-dispersive X-Ray spectroscopy analysis on the sample was
performed, C and O were the main elements detected in accordance
with XPS survey analysis performed previously. Small quantities of S
were also detected (less than 2%), probably due to the media used to
synthesize GO.

Finally, to evaluate the possibility of constructing Bi,S;@GO com-
posites, the surface potential of a sample of 6.5mg of GO was de-
termined. The dark solid was exfoliated and suspended in 13 mL of
deionized water and exfoliated by sonication. Then, the GO dispersion
was analyzed with a particle charge detector (Miitek) [60]. The dis-
persion was titrated with the cationic polyelectrolyte poly(dimethyl
dially)ammonium chloride. The resulting surface potential value was
—51.06 C/g. This cypher means that the surface of graphene oxide has
a net negative charge, which agrees with the result obtained by XPS
about the partial deprotonation of —OH functional groups and existence
of alcoxi-anionic (—O7) species on the GO structure. This information
allowed us to establish an experimental condition, the previous mixing
of bismuth salt cation (Bi>") and the exfoliated GO, in order to favor
the coordination/impregnation of graphene with the Bi** precursor
and the successful synthesis of Bi,»S3-GO composites.

All analysis techniques supported the positive synthesis of well-ex-
foliated graphene oxide sheets with a high-level of oxidation. One of the
most important methods to detect the GO layers was HR-TEM analysis;
since the employment of reconstructed IFFT analyses allowed us to
reveal thin coatings of GO in places where they were not clearly visible
by direct visualization on the graphene oxide micrographs.
Additionally, according to XPS studies GO sheets had attached —OH
and —OOH functional groups to their C—C skeleton structure. Small
quantities of water were detected, an expected result according other
studies [37,38,56]. The negative surface potential determined agrees
with the XPS interpretation related with the possible existence of par-
tially ionized methoxy groups (C—O") in the graphene oxide structure,
which would result in an advantage for the fortunate composite pre-
paration.

3.2. Synthesis of BizSs@GO composites

Dimethylsulfoxide was used as solvent in the Bi,S3@GO composite
synthesis due to the better solubility of bismuth nitrate in DMSO than
water and to avoid formation of (Bi0),CO3, a typical by-product when
Bi®* ion is kept in water in presence of ambient CO, [13].

Additionally, elemental sulfur was used instead of sodium sulfide
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(Na,S) since it was previously reported by our group that Na™* presence
leads to formation of mixed sodium-bismuth sulfide (NaBiS,) [19].

According to literature [61,62], elemental sulfur (Sg) tends to un-
dergo a disproportion reaction in presence of hydroxide species (OH ™),
as shown in equation (1). The main products formed during the reaction
are thiosulfate (S,0527) and polysulfides species (S32~ and S»27). The
later species tend form sulfide ions (s27), according to equations (2)
and (3). With these reactions, it was possible to avoid by-products such
as NaBiS, and it made it possible to feed the reaction media with en-
ough sulfide ions to form the pure product (Bi,Ss3).

Sg +60H™ — 2537 + S, 03~ +3H,0 @
S 4 2e — 282~ 2)
S27 4 4e” — 382 3)

Once the Bi,S;@GO composite was obtained, the first analysis
performed to the clean sample was Raman dispersion spectroscopy,
which can be shown in Fig. S.5 a.

In previous studies performed by Zhao's et al., the authors calcu-
lated 27 Raman-active phonon modes in an orthorhombic Bi,S; cell
structure [63], from these calculated signals, they detected experi-
mentally 17 of them. Based on this research, the signals located at
32em™!, 53ecm™', 70cm™!, 86cm”!, 173cm”!, 184cm”’,
237cm ™Y, and 253 cm ™! could be matched with the deconvoluted
signals from the spectrum acquired for our Bi,S;@GO composite at
35ecm™Y, 50ecm™), 69cm~!, 89cm~!, 165cm”!, 183cm”},
234cm ™, and 254 cm ™! (Fig. S.5 a). Accordingly, the first, third and
fourth peaks can be associated to B;; phonon modes, whilst the rest of
them were assigned to A, phonon modes. There is a slightly difference
between the reported values and the ones we determined in our sample,
nonetheless the variation may be due to the deconvolution method
employed and its limited accuracy. The rest of the signals appeared to
be too weak to be detected in our Raman spectrum.

Additionally to the peaks corresponding to Bi,S; component, two
small and broad signals centered around 1350 cm ™! and 1580 cm™*
were detected (Figure S.5 a), indicating the presence of graphene oxide
in the sample. In this zone, once a deconvolution method was applied,
the same bands previously achieved for pure graphene oxide were de-
tected. Hence, this analysis allowed us to suggest the positive existence
of Bi;S;@GO composite.

In concordance with Zumeta-Dubé et al. no other peaks were de-
tected beyond 300 cm ™! in the Bi,S3@GO composite sample, using a
laser power of 1W. The absence of other peaks beyond 300 cm ™!
agreed with the suitability of this synthetic method to obtain pure
bismuth sulfide samples, since there are no by-products such as $,052~
or SO~ present during the formation step. However, once the laser
power was increased, signals arisen above 500 cm ~*. In concordance to
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the aforementioned authors, the appearance of these signals would
implicate the degradation of bismuth sulfide rods into thiosulfate, sul-
fate, sulfite and other oxianionic species.

Consistent with the previous assay, in pristine bismuth sulfide par-
ticles almost the same bands were deconvoluted form the original
Raman spectrum (Fig. S.5 b, dark green spectrum), with an extra band
at 227 cm ! (shown in dark blue in Fig. S.5 b), which could be assigned
to a B3, phonon mode and it was also present in the research performed
by Zhao et al. [63].

Then, XRD analysis was performed in order to undoubtedly de-
termine if Bi,S; was present, as hinted by Raman spectroscopy. The
result from pristine Bi,S; sample is exhibited in Fig. 3 a, dark green line.
The diffraction pattern matched perfectly with the powder diffraction
file PDF # 17-0320 (pattern in red). All the diffraction peaks corre-
sponded to orthorhombic bismuth sulfide with a space group Pbnm; cell
parameters a = 11.170 10\, b =11.319 108, and ¢ = 3.992 A; and twenty
atoms per unit cell [64], according to the crystal cell displayed in Fig. 3
b. Not other species were detected with this technique.

Further, the diffraction pattern of the Bi,S;@GO composite was
acquired (Fig. 3 a, pattern in black). Likewise, all the peaks matched
with the PDF # 17-0320 card, which means that the bismuth sulfide in
the aforementioned composite had the same orthorhombic structure,
the same space group, cell parameters, and number of atoms in the unit
cell. However, an important difference was detected: the diffraction
peak corresponding to {3 1 0} plane family had a higher relative in-
tensity than the intensity reported in the proper PDF card. This elon-
gated peak gave us the first hint about a preferential growth along one
direction, presumably along the {3 1 0} plane family, which runs pre-
dominantly along the y axis and encloses a pile of Bi** ions, green
spheres as shown in Fig. 3 c. This first evidence would be later re-
inforced by other techniques.

In order to determine if the implied components GO and Bi,S;
structures were present as a composite or as a physical mixture, TEM
assays were performed. First, low-resolution microscopy assays were
implemented to detect the thin fragile GO sheets. The resulting mi-
crographs are displayed in Fig. 4 Images in Fig. 4 a and b show elon-
gated assemblies having diameters of more than 150 nm and lengths of
approximately 0.5 pm. This form matched with the previously detected
bismuth sulfide preferential growth, presumably along the {3 1 0} fa-
mily planes, according to XRD analyses (Fig. 3 a, black diffractogram).

Remarkably, in the images, the Bi,S; rods appeared to be sur-
rounded by semitransparent wrinkled layers, which seem to correspond
to GO. These films seem to be torn due to the implementation of an
ultrasound procedure in order to improve the dispersion of the samples
to be better analyzed by TEM technique.
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Fig. 3. (a) X-ray diffraction patterns of pure Bi,S; (dark
green line) and the Bi,S;@GO composite (black line), where
it was determined the orthorhombic crystal cell structure
obtained (b); the former pattern has a very intense diffrac-
tion peak {3 1 0} as a result of a presumably preferential
growth along the {3 1 0} plane, as shown in (c). (For in-
terpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

@:°
¢

Fig. 4. Low-resolution TEM images (a) and (b) of a Bi»S3@GO sample. In every
micrograph, elongated structures with approximately 100-150 nm in diameter
and 0.5 pm in length were observed. Additionally, all the rods seem to be en-
closed in semitransparent layers of what appears to be GO.

Afterwards, high-resolution micrographs were acquired from a Bi»S3
rod edge; the results are shown in Fig. 5. From the image presented in
Fig. 5 a, it was possible to establish that the bars are very well crys-
tallized structures and they were indeed surrounded by thin and scar-
cely perceptible layers, like the one barely observable in the magenta
square region. In order to establish the identity of both structures, a FFT
analysis was performed all along the micrograph. However, the pre-
sence of some small crystals on the surface of the rod made difficult the
correct examination of the spot pattern obtained, since we obtained
overlapped patterns that corresponded to different crystals. For this
reason, it was decided to focus on the yellow squared area, where it was
possible to acquire a mono crystalline theoretical diffraction pattern
that allowed us to study the zone (Zone 1).

The resulting FFT obtained from this Zone 1 is shown in Fig. 5 b.
This array consisted of two elements: The most intense points belonged
to Bi,S; in the elongated structure. All the intense diffraction spots,
which were also piled along the y axis, could be matched with the {0 k
0}, {1 k 1}, and {2 k 2} family planes, as indicated in Fig. 5 b (Miller
indexes labeled in yellow). Furthermore, it was possible to detect a
second series of dim spots with a mean distance of 1.6 A, which could
not be indexed to the Bi,Ss structure. These faint dots resembled the
distances established in the GO layers previously presented in Fig. 2,
where two faint points with the same distance were detected. The
presence of these spots, which had a multiplet at a mean distance of
0.8 A, would indicate the presence of sheets of graphene oxide on the
surface of the rod (diffraction points with Miller index labeled in ma-
genta). It is worth to mention that this dim dots arrangement appeared
not only in this zone, but also in most part of the composite's rods.
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Fig. 5. High-resolution TEM micrograph (a) of a Bi»S; rod edge. The micrograph presents a well-crystallized rod that is surrounded with a thin layer of GO. From
zone 1 in (a) an FFT assay was performed in (b) to determine that in the region two components are present: reflections indexed to Bi,S3 crystals (Miller indexes in
yellow), which formed the IFFT image shown in (d) that reconstruct the edge of the analyzed rod; and dim reflections indexed to GO thin films (Miller index in
magenta). The indexing of this spots was confirmed when a FFT assay was performed on Zone 2. This FFT pattern is shown in (c), which was used to reconstruct the
image in (e) that reveals the carbon honeycomb hexagonal structure typical in GO. Employing the FFT from the rod edge (Miller indexes in yellow), it was established
the zone axis as [—1 0 1] (f), which made possible to calculate the growing axis as [0 1 0] (g). Hence, it was determined that the rod tends to grow along the y axis.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Nevertheless, this micrograph was chosen since it allowed a better
scrutiny of the composite.

With the purpose to verify the identity of the last set of reflections,
an additional FFT was performed, but in this occasion, centered at a
zone where only GO seems to be present (magenta squared region la-
beled as Zone 2 in Fig. 5a). This area was selected due to the presence of
a thin semi-transparent sheet that resembles the layers previously de-
tected when GO was examined by TEM assays (Fig. 2 a). When the FFT
was implemented at the magenta zone, the dots arrangement shown in
Fig. 5 ¢ was detected. Four of these spots had a mean distance of 2.0 A,
which could be compared with the reflection dots corresponding to the
{1 0 1} diffraction family planes in graphene oxide. The {1 0 1} ar-
rangement resembled the hexagonal pattern obtained for pure GO
(Fig. 2 b), but in an incomplete form. Another couple of points, with a
mean distance of 1.6 A, clearly corresponded to the previously detected
dim spots in the FFT from the yellow squared region. These reflections
corresponded with the {1 0 3} family planes in GO. This assay con-
firmed undoubtedly the presence of GO in this part of the micrograph.

The former spots, matching the {1 0 1} family planes, do not seem
to be present in the FFT design shown in Fig. 5 b, where both Bi,S; and
GO reflections are present. However, it was expected that these dots
might be hidden by the more intense Bi,S; reflection arrangement.

Further still, using the FFT patterns obtained from the Zone 1 and
Zone 2, it was possible to perform the reconstructed IFFT for the two
different sets of diffraction patterns present in FFT in Fig. 5 b. First,
from the intense spots labeled in yellow, the image shown in Fig. 5 d
was reconstructed. In the recreated image, the rod's edge is clearly
appreciated. Thus, these reflections unquestionably correspond to the
Bi,S3 elongated structures.

In contrast, when the FFT pattern in Fig. 5 ¢, corresponding to GO,
was used to perform the IFFT, it was possible to generate the image
shown in Fig. 5 e. In this case, the reconstructed image showed a thin
coating with hexagonal honeycomb arrangement, as seen in the inset in
Fig. 5 e. This film is in concordance with the typical structure of carbon
hexagonal pattern, previously detected in graphene oxide layers (Fig. 2
c). Hence, these reflections certainly correspond to the graphene oxide
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thin layers on top of the rods.

It is important to mention that in order to reconstruct the original
micrograph, the spots corresponding to GO in Fig. 5 b were not used,
since the diffraction pattern seems to be incomplete due to the mayor
intensity of the diffraction dots from bismuth sulfide elongated struc-
tures that appear to hide the dim GO diffraction specks. Due to this fact,
the performance of a reconstructed IFFT with only the presence of the
spots from Fig. 5 b would not create the whole recreated structure,
making the assay meaningless.

Another evidence to reinforce the existence of GO on the surface of
Bi,»S3 rods was the employment of the spot arrangement corresponding
to Bi,Ss rods to calculate the zone axis. This direction was established
as: [—1 0 1]. From this direction, it was possible to recreate the exact
diffraction pattern shown in Fig. 5 f., which is identical to the original
FFT pattern displayed in Fig. 5 b. This constructed diffraction pattern
does not exhibit a spot where the GO specks are present (Miller index in
magenta).

Furthermore, since the growing axis should be perpendicular to
zone axis (the length of the rod runs perpendicular to the axis zone) in
the as-synthesized rods, the preferential Bi»S3 rod growth would be
given in along the [0 1 0] direction, meaning that the unit cells would
be piled up one on top of other lengthwise the y axis. This finding is in
agreement with previously mentioned tendency of the Bi»S; orthor-
hombic unit cell and the natural tendency of this structure to grow in
infinite chains of Bi and S ions, one on top of other directed along the [0
1 0] axis [3] (in Pbnm space group), as seen in Fig. 5 g.

However, if the formation of infinite chains of —Bi— and —S— ele-
ments along the y axis were the only reason for preparing rod-like
structures, and the presence of GO did not affect the formation of these
shapes, we would obtain the same elongated arrangements under the
same reaction conditions, even if the GO is absent; perhaps we would
obtain some variations in length/width ratio.

Therefore, to test the abovementioned suggestion, pristine bismuth
sulfide structures were synthesized under the same reaction conditions
and concentrations, but without graphene oxide sheets, in order to
compare with the composite Bi,S3-GO. The result is shown in Fig. 6.
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Fig. 6. High-resolution transmission electron images of pure Bi,S; synthesized under the same conditions as the Bi»S3;@GO composite. Outstandingly, spherical

particles partially agglomerated with mean size of 5.6 nm were detected.

Fig. 7. Scanning electron microscopy studies on the Bi»S3;@GO composite. Rod-like structures anchored to semitransparent GO sheets are detected throughout the
analysis (a) and (b). The EDS analysis revealed the presence of C (c), O (d), Bi (e), and S (f), all the elements present in the composite. In particular the Bi and S
elements were detected in the zones corresponding to rod populations, whilst the C and O were located where more semitransparent sheets were placed.

From pure bismuth sulfide TEM micrographs it was possible to de-
tect small spherical crystals with mean size value of 5.6 nm and stan-
dard deviation of 1.7 nm (Fig. 6 a). When the FFT was acquired from
the selected areas included in the red squares, displayed in Fig. 6 ¢ and
Fig. 6 d, it was feasible to obtain the appropriate theoretical electron
diffraction patterns of these images (insets in Fig. 6 ¢ and Fig. 6 d).

From these diffraction patterns the identity of the nanocrystals was
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corroborated, since all of them show diffraction spots corresponding to
{211}, {410}, and {4 2 0} planes, which match with d = 3.11 ;\,
d=2.70A4, and d = 2.50 A distances, respectively.

The most relevant result was the detection of spherical particles
obtained by the same synthesis procedure, but now in absence of GO.
This contrasting discovery strongly suggests that there is a further
reason for the formation of bismuth sulfide rods on GO beyond the pile



N.-G. Garcia-Pefia et al.

up of Bi and S elements along the [0 1 0] axis, as mentioned before.
Since there are previous studies where scientists analyze the role of
stabilizing agent on the formation of elongated structures
[1,2,9,16,30,31], and in this research there was not a solvent change
(another factor in growth with preferential shape, as we discussed be-
fore), we propose that the reason behind the formation of rods in the
present investigation was due to a strong GO influence on the formation
of the elongated structures achieved. Then, the graphene oxide might
cap certain planes, perhaps the {3 1 0} planes family that contains the
infinite Bi®* chains, and favor the crystal growth along [0 1 0] axis.
This capping effect would elapse through a coordination effect between
—OH and C=0 functional groups present on the GO surface and Bi**
cations. However we had to prove this claim.

Further scanning electron micrographs (SEM) of the Bi,S;@GO
composites obtained with secondary electrons, clearly showed ex-
tensive populations of rod-shaped Bi»S; particles with sizes between
150 and 200 nm in wide, and hundreds of nanometers in length. These
elongated structures were intercalated between sheets of graphene
oxide, as shown in Fig. 7a and b. Populations of rods can be detected
behind the GO sheets at those micrographs, since the GO layers did not
disperse completely the electron beam, thus they were partially trans-
parent. Furthermore, the thinnest rods tend to assemble in parallel, and
all the rods seemed to grow parallel to graphene oxide sheets. This
regular and parallel anchorage of rods on the graphene oxide layers
support the suggestion about GO and Bi®>* preferential coordination.

Energy-dispersive X-Ray spectroscopy (EDS) analyses were further
performed in order to determine the presence of elements and im-
purities in the sample. When EDS was applied on a small area (in Fig. 7
b), it was possible to detect the Bi, S, C and O elements. These elements
match well with the components of the composite. Moreover, when EDS
in mapping mode was acquired (Fig. 7 ¢, d, e, and f), it was possible to
verify the homogeneity in the dispersion of S and Bi elements present
along the whole micrograph, according to EDS results, which would
suggest a good dispersion of the rods on the graphene oxide sheets, as
well as a high purity of the Bi,S; nanorods. Even if on the image there
were zones where layers were present, the presence of S and Bi on the
mapping analysis reflected the existence of more rods behind the GO
leaves. In contrast, the O and C detection was focused on the zones
corresponding to graphene sheets (Fig. 7 ¢ and d). This mapping sup-
ported the claim that the rods were homogeneously dispersed on the
graphene oxide matrix.

In order to get a better comparison of the surface chemical com-
position between Bi,S;@GO composites and the pristine Bi,S; NPs and
a deeper understanding on the bismuth sulfide-graphene oxide inter-
action, XPS analyses were performed on samples of both type of species.

The spectra obtained from pristine bismuth sulfide nanoparticles
were obtained and are displayed in Fig. 8. The survey spectrum on the
sample showed peaks corresponding to C, O, S, and Bi, all the elements
composing the pristine Bi,Ss3, as exhibited in Fig. 8 a. The first and
second signals were not surprising, since XPS analyses are superficial,
thus it is possible to detect surface species not always seen by other
techniques, usually solvent remaining. This low and superficial ex-
istence of the C and O species detected became evident when the area
under the bands, related with the concentration of the species, were
calculated for the S and Bi species; since for every C count there were 30
counts for Bi (1:30 ratio).

When the sample was analyzed in the C 1s region, it was possible to
obtain the experimental spectrum shown in Fig. 8 b (black dotted line),
which was deconvoluted giving two signals, at 284.80 eV (pink line)
and 285.97 eV (green line). The first peak is attributed to the typical
adventitious carbon associated with sp®> C—C bonds, which can be found
in almost every sample analyzed by XPS [43,46,48] and comes from
aliphatic carbon sources. The second peak, located at higher binding
energy, it was possible to relate it with short chain alcohols, perhaps
methanol, typically present in technical acetone used to wash the
samples [65], or acetone itself [54]. Both species were found in low
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concentrations on the surface of the Bi,S3; NPs.

Further still, in the O 1s region it was possible to deconvolute three
peaks from the experimental spectrum obtained (Fig. 8 c., black dotted
line) at 530.10 eV (violet line), 531.49 eV (orange line), and 532.99 eV
(green line). The first curve produced by deconvolution at lower
binding energy, which was not detected before, could be assigned to
Bi—O bonds [66]. It cannot be attributed to Bi,Os, since this oxide
compound peak appears near 529.5eV [67], 0.6 eV below the value
determined for this band. Hence, we propose that, as determined by
Hoste et al., this feature would be associated with an organic/inorganic
Bi—O specie. In this instance, it would come from the formation of a
bond between bismuth and oxygen species present on the surface of the
Bi»S3 sample (either acetone or methanol, previously detected). The
second peak, at 531.49 eV (orange line), can be attributed to remaining
acetone [54,68] at the surface of the sample, as previously detected in C
1s region. Finally, the peak centered at 532.99 eV (green line) corre-
sponds to the deconvolution of the last band, whose value may be at-
tributed to the presence of —OH species on the sample [52].

In the Bi 4f region (Fig. 8 d), it was possible to deconvolute two
doublet peaks from the original experimental spectrum (black dotted
line), each with a doublet separation of 5.3 eV (corresponding to Bi 4f;,
2 and 4f5,, bands). The first doublet signal at 158.41 eV and 163.71 eV
(light green line) was the result of Bi—S bonds in Bi,S3 NPs, according
to Ettema [24] and Debbies [69]. This result was expected, since the
formation of the compound has been determined previously by other
techniques. Unexpectedly, an extra doublet signal could be deconvo-
luted from the experimental spectrum (violet line), which was located
at 159.33 eV and 164.63 eV. Taking in account that the doublet ap-
peared at higher binding energies, it must belong to a bismuth specie
bonded to a more electronegative element that in our case it was pre-
viously hinted as oxygen. Hence, this band may confirm the existence of
organic/inorganic Bi—O bonds [70,71], which would be present on the
surface of the Bi,S; sample (either acetone or methanol, previously
detected). However, the concentration of the Bi—O specie was com-
paratively low to the Bi—S bonds existence (1:9 counts ratio for
Bi—O0:Bi—S bonds).

In the same region as Bi 4f (Fig. 8 d), it was possible to detect a
doublet band associated with the S 2p signal (cyan line), whose sole
values at 161.75eV and 162.85eV (2p;5,, and 2p3,, bands), clearly was
correlated to S2~ specie bonded to —Bi [69].

Then, the XPS spectra of Bi,S3@GO composite were recorded. Once
again, the elements C, O, S, and Bi elements were detected when the
survey spectrum was obtained (Fig. 9 a), just as it happened with pure
Bi,S3 sample. However, the O and C bands appeared more intense, as a
result of the extensive presence of graphene oxide in the composite (1:9
counts ratio for C:Bi elements). Not other element was detected.

Afterwards, the high-resolution XPS spectrum in the C 1s region was
obtained (Fig. 9 b), in that case three signals were deconvoluted from
the experimental spectrum (black dotted line), three bands were de-
termined. The first band, centered at 284.14 eV (blue line), can be as-
sociated to the signal found at 284.47 eV in the initial GO sample,
which corresponded to C=C sp? functional groups still present in the
graphene structure [46,47]. The second band located at 284.80 eV
(pink line), once more was correlated to C—C sp3 bonds [43,46,48]
formed after the Hummers oxidation process [35]. These two bands
were already present in the pure GO product before the formation of
Bi,S3@GO composite. However, the third and fourth bands, at
286.06 eV (green line) and 287.99 eV (orange line), were not observed
before and might be related to the interaction between the Bi,S; and
the GO present in the composite. The signal positioned at 286.06 eV
should correspond to —OH alcoholic functional groups, which were
detected previously at higher binding energy (286.97 eV) as a result of a
ionized —O~ specie. However, in this case the —OH bonds did not seem
to be deprotonated and it is possible that these groups may be co-
ordinated to Bi®>*, as a result of the lower binding energy determined,
compared with the original signal determined for the GO synthesized
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Fig. 8. XPS studies of a pure Bi,S3 sample. Survey spectrum (a) and high-resolution analyses on C 1s (b), O 1s (c) and Bi 4f (d) regions. Aside the detection of Bi—S

bonds, the appearance of Bi—O bonds was established.

and the values found in literature for the —OH functional groups
[49,50,65,72]. The fourth band, centered at 287.99 eV, according to
literature, seemed to correspond to C=O0 carbonyl groups [48,51],
which were once more shifted to lower binding energy when compared

to initial GO (288.99 eV). For this reason it is reasonable to assume that
these functional groups might be coordinated to Bi** ions.

On the high-resolution XPS studies on the O 1s region, it was pos-
sible to deconvolute three bands from the original experimental
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Fig. 9. XPS studies of a Bi,S3@GO sample: Survey spectrum (a) and high-resolution analyses on C 1s (b), O 1s (c) and Bi 4f (d) regions. It was proposed the existence
of Bi—O bonds as the responsible for the preferential formation of rod-like structures.
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spectrum (Fig. 9 c, black dotted line). The initial band in 530.13 eV
(violet line) was again related to the Bi—O specie, and as it was de-
termined by Hoste et al. [66], it belonged to a Bi—O organic/inorganic
functional group. This bond would represent a further hint to the im-
portance of these bonds in the formation of Bi,S3 rods. The second
signal at 531.33eV (orange line) [54,68] was associated to C=0
functional groups from the graphene, as it was previously detected in
the pristine GO. Finally, at 532.48 eV (green line), it was located a
signal which could be associated to —OH groups [52], once more
shifted to lower binding energy than the original band located in the
pristine graphene oxide (532.81 eV). Hence, it is feasible to assume a
coordination of C—OH groups to the surface of the Bi,Ss; structures. No
water was located in the actual structure, since the product was vacuum
heated at 120 °C during three days.

The alleged coordination of Bi>* cations with oxygen functional
groups was corroborated by high-resolution XPS analysis in the Bi 4f
zone, since two distinct species were detected, as shown in Fig. 9 d. The
first doublet band was situated at 158.47 eV and 163.77 eV (light green
line), corresponding to Bi—S bonds present in Bi,S3 [24,69]. Ad-
ditionally, at higher binding energy it was located another more intense
doublet band at 159.47 eV and 164.77 eV (violet line), meaning the
existence of a specie more oxidized than Bi,S; compound, alleged the
presence of Bi—O bonds [70,71,73]. Thus, this band would confirm the
existence of organic/inorganic Bi—O bonds in the sample [70,71], as
seen in the pure bismuth sulfide sample. However, the existence of
these species was far more extensive (2:3 counts ratio for Bi—O:Bi—S
bonds) than the one observed in the pristine Bi,S3, where its presence
seemed to be only as the result of remaining solvent on the surface of
the sample. As a result of this noteworthy presence, we propose that,
this Bi—O bond has an important role in the preferential formation of
rod-like particles in the Bi,S;@GO composite. The Bi** ions in the
Bi,S3 tend to be aligned along the {3 1 0} family planes in the Bi»Ss3
crystalline structure (as seen in Fig. 3 c). The favored formation of the
Bi—O bonds using the oxygen functional groups present in the graphene
oxide are most likely responsible for the preferential growth of the Bi»S3
rods lengthwise the y-axis as represented in Fig. 10. This proposal
would explain the different results obtained when the Bi,S; was syn-
thesized underneath the same reaction conditions in presence and ab-
sence of the graphene oxide.

Finally, once more in the same Bi 4f region in Fig. 9 d there was
located an extra doublet band at 161.67 eV and 162.77 (cyan line), with
a splitting of 1.1 eV, which corresponded to S~ bonded to Bi®*, as
determined by Debbies et al. [69]. With this extra signal it was con-
firmed the presence of Bi,S; in the sample.

As a final analysis pure Bi»S; and Bi,S;@GO composite were

Fig. 10. Representation of a B,S3 crystal rod growing parallel to the graphene
oxide matrix as a consequence of the formation of Bi—O bonds.
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analyzed by electron absorption spectroscopy in diffuse reflectance
mode in order to determine the experimental band gap. Although Bi,S3
material has been experimentally evaluated as a direct band gap
semiconductor [6,18,23], theoretical studies point out that this material
posses a large number of bands [64], whose the smallest of them is an
indirect band gap with a value among the 1.2-1.4 eV, depending on the
different theoretical methods and calculation accuracy [64,74-77]. A
very near direct band gap was also determined [75], at 1.54 eV ac-
cording to Koc et al. [76]. This theoretical circumstance, linked to the
alleged dissimilar structural nature of the samples obtained as a result
of the diverse methods of synthesis employed, tend to make difficult to
determine the real nature of the band gaps obtained for bismuth sulfide
systems [76]. Taking into account this information, it was determinate
that the band gaps for our products as both direct and indirect gaps.

Initially, a sample of pure bismuth sulfur was analyzed and the
experimental spectrum is shown in Fig. 11 a, where a broad band, from
200 nm to 900 nm, was recorded. From these data, the Tauc plot was
drawn assuming the existence of a direct band gap, (F(R)*E)2. With this
new graphic, it was determined a lineal section, which was used to
calculate a direct band gap value of 1.36eV for the pristine Bi,Ss3
(Fig. 11 b). This cipher is concordance with the experimental data re-
ported [6,18,23]. Although it was evident that the mean size (5.6 nm)
obtained for the nano-crystalline Bi,S3 particles are not small enough to
be able to detect a real quantum confinement effect in the pristine Bi,Ss3
NPs sample [19].

Additionally, it was obtained the Tauc plot corresponding to an
indirect band gap ((F(R)*E)'/?), as seen in Fig. 11 c. From this graphic,
it was also located a very clear lineal segment (red line in Fig. 10 c),
which was used to determine an indirect gap at 1.08 eV. This result
would support the findings made by theoretical studies [64,74-771],
where the authors claim the existence of an indirect gap at slightly
smaller values than the direct gap, which was usually determined in
experimental studies. Although, in our case the quantities obtained
were smaller than the calculated ones. Nevertheless, this may respond
to the different theoretical methods used and calculation level, as
mentioned by Zhan et al. [76].

Then, the Bi;S;@GO composite was analyzed with the same tech-
nique. The obtained spectrum is shown in Fig. 11 d. Using this data, the
Tauc plot for a direct band gap was performed ((F(R)*E)?), where it was
possible to determine a lineal portion (red line in Fig. 11 e), which was
used to calculate a value of 1.34 eV for the Bi,S;@GO powder sample.
This numeral is practically the same as the one calculated for pristine
Bi,S;. The aforementioned result would imply that neither pristine
Bi,S3 nor Bi»,S3@GO composite present a quantum confinement effect.
In the last case, the reason is evident when the SEM micrographs are
reviewed.

In contrast, when the Tauc plot was drawn for an indirect band gap,
the presence of a lineal segment was not clearly present, as seen in
Fig. 11 f. If this region were indeed present, the calculated value for this
indirect band gap would be 1.23 eV, a bigger difference than the one
calculated for pristine bismuth sulfide. The clear appearance of this gap
is hindered by a presumable dispersion effect in the near-infrared re-
gion.

4. Conclusions

A successful synthesis of bismuth sulfide-graphene oxide composites
(Bi>S3@GO) has been reported. The characterization techniques pro-
vided enough evidence about the achievement of pure, well-structured,
rod-shaped Bi,S; particles with diameters of more than 150 nm and
hundreds of nanometers in length, which are anchored parallel to
graphene oxide matrix, and with a direct band gap of 1.34 eV. These
elongated structures tended to grow along the y axis, according to XRD
and HR-TEM analysis. Noteworthy, according to the HR-TEM analyses,
the rod assemblies seem to be enclosed in graphene oxide layers, which
were detected on the Bi,S3 bars surface by FFT and IFFT assays. In
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Fig. 11. Absorption electron spectrum of pristine Bi»S3 (a) and Bi,S3@GO composite (d). And Tauc plots of both spectra. From spectrum of pristine Bi2S3 (a), two
very clear band gaps are evident, a direct gap (b) at 1.36 eV, and an indirect gap (c) at 1.08 eV. In constrast, when Bi,S3@GO composite spectrum (d) was analyzed,
only a direct band gap was clearly present in the Tauc graphics developed (e) with a value of 1.34eV.

further XPS studies, it was proposed the crucial presence of graphene
oxide in the formation of the rod-like structures, due to the occurrence
of O—Bi bonds between the Bi*™ ions in the rod-like structures, which
run in infinite chains along the aforementioned axis, and the oxygen
species in GO (—HO functional groups). These Bi—O bonds formations
seemed to direct the preferential growth along the [0 1 0] axis, since it
was determined that the sole concentration of the precursors was not
sufficient to form the elongated particles. Then, consistent and solid
evidence was provided by XPS and HR-TEM images, related to the
formation of elongated nanostructures of Bi2S3 promoted by GO en-
velopes.

As a significant by-product, the present research was able to prove
the presence of an indirect bang gap in pristine Bi,S3, a result predicted
by theoretical calculations.
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