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Abstract

Noble transition metal chalcogenide gold selenide is a relatively unexplored layered material.
Herein, we report on the synthesis and characterization of polymorphic mixed-valent AuSe
(Au'"Au’*Se,) by varying the sequence of the addition of the precursors in a colloidal synthesis.
Despite the variations, all produced materials showed the co-existence of a- and B-AuSe.
Although both polymorphs were observed, XRD showed that the addition of the gold precursor
at higher temperatures resulted in a-AuSe being the dominant phase while the addition at lower
temperatures resulted in B-AuSe being preferred. The crystal structures of both a- and B-AuSe
consist of repeating units of linearly bonded Au'* ion to two Se atoms and Au’>" ion bonded to
four Se atoms in a square planar geometry. The Audf core level spectrum of the XPS, showed
only the Au'! oxidation state, however, using the Se3d core level spectrum, the formation of
AuSe (Au"'AuSe;) was evident. Using DFT calculations, the Raman spectra of - and B-AuSe
were simulated and only the square planar geometry was found to be Raman active. The square
planar geometry (Au**Ses) ions belonging to the Dan point group produced three Raman active
vibrational modes, namely, a symmetric stretch (A1g), a planar bending (Big) and an asymmetric
stretch (Bag) for a-AuSe as well as Az and By, for B-AuSe. Experimentally, all samples showed
Raman vibrational lines from both phases. Moreover, Raman spectroscopy confirmed the
presence of Au®" in AuSe which was not detected using XPS. From the TEM and SEM results, it
was evident that the morphologies of the predominantly a-AuSe samples were nanobelts while
the predominantly B-AuSe samples showed plate-like structures. The predominantly a-AuSe
samples showed a broad absorption band with a maximum at 853 nm while the predominantly -

AuSe samples showed evidence of absorption however with no defined excitonic peak.
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1. Introduction

The discovery of graphene and its benefits in the early 2000s brought much interest to this two-
dimensional material and opened new avenues into the investigations of similar materials and
their potential in various applications. It revolutionized the way in which bulk layered materials
were perceived, i.e. they could now exist as low-dimensional structures (zero-, one- & two-
dimensional) with completely different physical, chemical, and optical properties. These layered
materials consist of monolayers of covalently bonded atoms held together by relatively weak van
der Waals forces [1]. Most emerging 2D materials are derived from structures that are layered in
the bulk [2]. When determining material properties, dimensionality is a defining parameter
because restrictions in one or more dimensions can alter the properties of the material. For
example, the optical and electronic properties of the transition metal dichalcogenide MoS»
change from indirect to direct bandgap when transitioning from a multilayer structure to a
monolayer, a behaviour arising from d-orbital related interactions [3, 4]. Some qualities and
properties of these 2D materials that have made them advantageous include (i) being atomically
thin and providing a larger surface area due to the complete exposure of surface atoms, (ii)
having the edge sites chemically more reactive than basal planes and the open van der Waals
gaps enabling the intercalation and (iii) the mechanical strength and flexibility at atomic

dimensions allowing them to be used in next-generation wearable electronics [5].

A reasonable amount of research has been conducted and reported on some layered transition
metal chalcogenides such as MoS;, InSe, In2S3, CuSe; [6-8] however, very little information is
available on the noble metal chalcogenide gold selenide (AuSe), a layered material in the bulk.
Due to its metallic conductivity, it can find use in applications similar to those of graphene such
as being electrode materials in batteries, supercapacitors, and solar cells. The mixed valent
inorganic compound Au*Au’**Se,, simplified/reduced as AuSe, has a highly crystalline structure
and belongs to the C2/m space group with two known phase modifications a- and B-AuSe [9,
10]. The two polymorphs can be easily distinguished by their most intense reflections along the
(310) crystal plane for a-AuSe and the (111) crystal plane for f-AuSe. In a recent publication,
Machogo et al. detailed the first colloidal synthesis of AuSe and noted the co-existence of both
alpha and beta phase in the material regardless of the Au/Se mole ratios or time or temperature

employed [11]. In addition to co-crystallization of both the alpha and beta form, elemental gold



and selenium have also been found to readily crystallize out as impurities. Finally, the last of the
crystallization challenges is the conundrum of the oxidation state of gold in gold selenide. As
previously mentioned, using crystallography, AuSe has been shown to be a mixed valence
compound with gold present at oxidation state +1 and +3 [12]. However, a few studies using X-
ray photoelectron spectroscopy have shown only the existence of Au'" oxidation state, therefore
making it difficult to corroborate the crystallography results [11]. Herein, in an added attempt to
produce pure phase AuSe, the order of precursor addition was varied. Previously, Ntholeng et al.
showed that the sequence of adding the precursor can result in the elimination of impurities as
the result on the influence on the nucleation and growth process [13]. In addition, XPS and
Raman (theoretical and experimental) spectroscopy studies were performed to further probe the

structure of AuSe in order to establish the mixed valency of gold.

2. Experimental

2.1 Chemicals

Gold (IIT) chloride hydrate 99%, 99% elemental selenium powder, 70% oleylamine (OLA),
toluene and 96% absolute ethanol were obtained from Sigma Aldrich and used without any

further processing.

2.2 Synthesis of the different materials of gold selenide

A. In a three-neck round bottom flask, inert conditions were achieved by passing nitrogen
gas 20 min before precursor addition and continued until the reaction was terminated.
Under strong magnetic stirring and reflux, 15 mL of clear OLA was heated to 100 °C
followed by the addition of 0.28 g selenium dissolved in 5 mL of OLA which turned the
solution light grey, the temperature was further raised to 200 °C and at this point 0.17 g
gold chloride dissolved in 5 mL of OLA was subsequently added turning the reaction
mixture black. The reaction was carried out at 200 °C and aged for 1 hour.

B. Reaction B was a reverse to the one mentioned in A above; in a three-neck flask, under
strong magnetic stirring, 15 mL of clear OLA was heated to 100 °C followed by the
addition of gold chloride in 5 mL OLA upon which the solution turned orange, the
temperature was raised to 200 °C and 5 mL Se-OLA was then added finally changing the



colour of the solution to black. The reaction was carried out at 200 °C under inert
conditions and aged for 1 hour.

C. In a simultaneous addition reaction; 25 mL clear OLA was placed in a three-neck flask
and heated to 200 °C under inert and strong magnetic stirring conditions. At this
temperature both selenium powder and gold chloride crystals were added turning the
mixture to black as a result of the immediate nucleation. The reaction was maintained at
200 °C, stirred and aged for 1 hour.

D. In a gradual heating reaction, oleylamine, selenium powder and gold chloride were all
placed in a three-neck flask and the temperature was raised to 200 °C over a period of 20
min. The reaction mixture was initially light grey in colour but gradually turned black
during the heating process. Once the temperature was reached the reaction was aged for
1 hour. The mixture was subjected to strong magnetic stirring and inert conditions during
the heating as well as aging processes. The different addition sequences are summarised
in Table 1.

After aging, the samples collected and allowed to cool naturally. Ethanol was added to

flocculate the particles as well was to wash off any excess OLA. Following, the particles

were collected by centrifugation at 7000 rpm and the black resultant powders were left to

dry at room temperature.

Table 1: Table showing the sequence of precursor addition (where A denotes heating)

100°C 200°C
Reaction A | OLA ey A € ey Add Au
A A
100°C 200°C
ReactionB | OLA .y  AddAU ey Add Se
A A
200°C
Reaction C OLA — Add Au & Se
A
Reaction D | OLA, Au & Se T 200 °C




2.3 Characterization

X-ray diffraction

A Bruker D2 phaser (D2-205530) diffractometer using secondary graphite monochromated
CuKa radiation (A 1.5418 A) at 30 kV and 10 mA was used to measure powder XRD patterns on
the as-synthesized material. Measurements were taken using a glancing angle of incidence
detector at an angle of 2°, for 20 values over 5 - 90° in steps of 0.036° with a step time of 0.5s
and at a temperature of 294 K.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were performed with a Physical
Electronics PHI 5700 spectrometer with a multi-channel hemispherical electron analyzer. Non-
monochromatic MgKa X-ray (300 W, 15 kV, 1253.6 eV) was used as excitation source. The
spectrometer energy scale was calibrated using Cu 2p3/2, Ag 3d5/2, and Au 4f7/2 photoelectron
lines at 932.7, 368.3, and 84.0 eV, respectively. Samples were mounted on a sample holder
without adhesive tape and kept overnight at high vacuum in the preparation chamber before
being transferred to the analysis chamber for testing. The spectra were collected in the constant
pass energy mode at 29.35 eV. The residual pressure in the analysis chamber was maintained

below 1.33 x 107 Pa during the spectra acquisition.

Raman spectroscopy

Raman analysis was performed using a T64000 series II triple spectrometer system from
HORIBA scientific, Jobin Yvon Technology. The Raman spectra were obtained using 514.5 nm
argon laser, through an Olympus microscope with a 50 X objective lens and laser power of 1.5

mW.

Computational calculations

The first-principles calculations based on density functional theory (DFT) [14] was executed
using CASTEP module in Materials Studio developed by Accelrys Software Inc. The
generalized gradient approximation with the scheme of Perdew—Bruke—Ernzerhof (GGA-PBE)
[15] was utilized to represent the exchange-correlation functional in the DFT formalism. The a-

and B-AuSe were generated using the crystal data reported by Rabenau et al. [12] as the initial



structure and was optimized using CASTEP. Norm conserving pseudopotential was employed to
describe the electron—ion interactions and plane-wave basis sets were used to represent electronic
wave functions. The custom energy cut-off of plane wave basis was set to 990 eV, and the

convergence criterion of electronic self-consistency was set to 5.

Electron microscopy

Transmission electron microscopy (TEM) was carried out on a FEI Technai T12 TEM
microscope operated at an acceleration voltage of 120 kV with a beam spot size of 2 in TEM
mode and an EDX detector, operated at 120 kV. The samples were initially suspended in toluene
this was followed by placing a drop of the suspended nanomaterials, on a lacey-carbon copper
grid. The grid with the sample was then allowed to dry at room temperature before analysis.
Scanning electron microscopy (SEM) was carried out on a FEI Nova Nanolab 600 FIB/SEM
microscope. The powder samples were mounted on aluminium stubs with carbon tape and coated
with one layer (5nm) chromium. High angle annular dark field (HAADF) scanning transmission
electron microscope (STEM) images and energy dispersive X-ray (EDX) mapping images were

acquired using a JEOL JEM 2100 instrument operated at 200 kV.

Ultra Violet-Visible spectroscopy
A Specord 50 AnalytikJena UV-Vis spectrophotometer was used to carry out the absorption
measurements. The nanomaterials were dispersed in toluene and placed in a quartz cuvette of 1

cm path length for absorption analyses.

3. Results and discussion

Colloidal synthesis is a favourable approach in that it is convenient and reproducible for
fabricating nanocrystals with controlled size and shape using simple inexpensive and less
energy-demanding processes and equipment [16]. During synthesis, various parameters such as
time, temperature, solvent and starting materials can be altered thereby producing nanomaterials
of a desired nature. Herein, the sequence in which the precursors were added was altered, thus,
obtaining the following results. The black powdered samples were characterized by X-ray
diffraction and the diffractograms are shown in Figure 1. All four reactions showed the presence

of both o-AuSe (JCPDS card 00-020-0457), and B-AuSe (JCPDS card 00-020-0458).



Nevertheless, it was evident that the addition of gold at 200 °C (reaction A and C) resulted in the
a-phase being more predominant whilst the B-phase became more dominant when the gold
source was added at lower temperatures (reaction B and D). The formation of particles in a
colloidal synthesis is thought to be governed by the nucleation and growth process described by
Lamer and Dinegar [17]. The formation of the nuclei is a critical step and determines the overall
properties of the resultant particles. In reaction A and C, initially, selenium nuclei are formed and
upon the addition of the gold precursor at 200 °C, a-AuSe is produced. The concentration of
selenium ions thereafter drops and this favours the formation of f-AuSe as there is excess of gold
ions. The excess gold nuclei then form gold nanoparticles hence the observed gold peaks

(JCPDS card 00-004-0784) with relatively high intensities.

On the contrary, the addition of the gold precursor at low temperatures results in a gold-rich
environment and favours the formation of B-AuSe as previously reported by Rabenau et al. [18].

However small traces of gold are still observed in reaction B; previously Machogo ef al. showed
that regardless of the Au:Se ratio, gold still persists [11]. In addition there’s a large excess of
selenium (JCPDS card 00-006-0362) observed for the reaction D. The heating up of both
precursors from room temperature (reaction D) is evidently a less desirable route as it produces

both Se and Au impurities at significant amounts.
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Figure 1: Standard XRD patterns of a-AuSe, B-AuSe, elemental Au and elemental Se together
with XRD patterns of as-synthesised materials using the different reaction methods A - D.

(Key: o = a-AuSe, p = B-AuSe, $ = elemental Au and * = elemental Se)



To further probe the structure of the nanomaterials, XPS was performed. The structure of gold
selenide has presented some controversy as previously articulated by Machogo ef al. and most
recently by Vorobyev et al.; in particular, the presence of both Au" and Au®" in the crystal
structure [11, 19]. The crystal structures of the two a- and B-AuSe polymorphs consists of Au'*
ions coordinated linearly by two selenium atoms while Au®** ions are bonded to four selenium
atoms in square planar geometry as shown in Figure 2 [12]. Aside from the reported

crystallographic data, there is no other confirmation of the existence of both oxidation states.
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Figure 2: Crystal structure of (a) a-AuSe and (b) B-AuSe [12].

Shown in Figure 3 is the XPS survey spectrum of sample A. The spectrum shows a strong Cls
peak confirming the presence of carbon due to the capping agent on the surface of the
nanostructures. The attribution of the carbon peak to the capping agent is consistent with other
reported work on capped nanoparticles and XPS has in fact been used to trace ligand exchange
on the surface of the nanocrystals [20, 21]. The Ols peak is attributed to the oxidation of the
capping agent due to the adsorption of oxygen from the atmosphere. Also observed were the

selenium and gold peaks attributed to gold selenide.
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Figure 3: XPS survey spectrum of gold selenide sample produced from method A.

The high resolution XPS spectra with the focus on Cls, Ols, Au4f, and Se3d were done to
evaluate the surface in more detail (Figure. 4). The Cls core level spectrum showed a single C-C
peak attributed to the oleylamine. The Ols peak also showed a single peak ascribed to the
oxidation of the capping agent. Shown in Table 2 is the atomic % composition and peak area %.
The large amount of carbon, 79.5%, is of course expected and is attributed to the capping agent
that forms a large organic shell around each particle. The relatively low amount of oxygen
(8.9%) further suggests that the AuSe core is protected from oxidation by the thick capping agent
shell. The Au4f core level spectrum is characterized by four components composed of the 417,
peaks at 83.7 eV and 84.9 eV attributed to Au® and Au'" respectively. In addition, 4fs» peaks
were also observed for Au® and Au'" oxidation states at 87.4 and 88.7 eV. The presence of Au’
suggests the formation of gold nanoparticles. The presence of zerovalent gold was detected by
XRD, however, the particles were not observed in the TEM. a-AuSe and B-AuSe as previously

stated are mixed-valent compounds comprising of Au'* and Au*" ions, however, the XPS results
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only shows the presence of Au'" species. The complexities of probing both the +1 and +3 states
of mixed-valent compounds have also been observed in AgO [22]. AgO has an identical crystal
structure to AuSe where Ag'* is coordinated linearly to two oxygens and Ag>" is coordinated to
four oxygens in a square planar geometry [23]. The XPS studies of AgO have been a subject of
controversy where a number of explanations have been suggested as indicative of the presence of
the Ag’" peak. Observations of small peak shifts and large FWHM of the Ag!™ peaks as
compared to the Ag® peaks have been attributed to the presence of the Ag>" [24, 25]. These
conclusions are however not quite accurate for AuSe as the Au®" shows a distinct peak at =~ 87
eV as previously reported in HAuCls [26] and therefore does not overlap closely with the Au'*
peak as opposed to Ag!* and Ag** peaks.

Counts (a.u)
Counts (a.u)

T T T T
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Binding energy (eV) Binding energy (eV)
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Figure 4: High resolution core level spectra of AuSe with focus on Cls, Ols, Au4f and Se3d.
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To ascertain whether indeed gold is bonded to selenium, a Se3d core level spectrum is shown in
Figure 4. The spectrum can be deconvoluted to three peaks attributed to the 3ds» (54.50 eV),
3d32(55.42 eV) and Au5p (56.40 eV). The negative shift in the binding energies of the selenium
peaks as compared to Se’ can be attributed to the charge transfer from Au to the more
electronegative selenium (Allred-Rochow electronegativity of Se is 2.48 versus 1.42 for Au)
[27]. This, therefore, suggests the formation of AuSe. In addition, the presence of the Au5p peak,
further suggests the bonding of the selenium to gold. Therefore, the Se core level spectrum

strongly suggests the formation of AuSe and is thus in agreement with the observed XRD data.

Table 2: Summary of the atomic composition stoichiometric assignments obtained from the

fitting of the XPS spectra reported in Figure 4

Element Atomic % Peak Binding Assignments Peak area %
energy (eV)

C 79.5 284.8 C-C 100

Q) 8.9 532.3 C-O 100

Au 2.7 83.7 A’ (4f70) 34.1
84.9 Au'" (4f71) 223
87.4 AU’ (4fsp) 31.1
88.7 Au'* (4f51) 12.4

Se 7.6 54.5 3dsp 73.9
554 3ds2 16.2
56.4 AuSpsp 9.9

Raman spectroscopy was used as an additional tool to further probe the structure of gold
selenide. Calculations of the Raman spectra of both a-AuSe and B-AuSe were executed using
crystal data emanating from the crystal structure in Figure 2 [12]. Using the data, only the square

planar geometry showed Raman activity.
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Figure 5: Schematic representation of D4, point group Raman active vibrational modes of square

planar (Au**Ses) molecule.

Square planar molecules of MX™ nature such as (ICls), (PtCls)* and (AuCls) belong to the Dup
point group and their similarity to the (Au**Ses) ions in the current study was used to explain the
obtained data. According to molecular symmetry, molecules belonging to Day point group give
rise to seven vibrational normal modes of which three are Raman active and Figure 5 gives a
schematic representation of these Raman active normal modes. Figure 6(i) shows the theoretical
Raman spectra of a-AuSe and -AuSe together with the experimental data for samples A and C,
while Figure 6(i1) shows the theoretical Raman spectra of a-AuSe and B-AuSe together with the
experimental data for samples B and D. From the theoretical a-AuSe spectrum, three peaks are
observed. The intense shift at 232 cm™ is attributed to the A1, normal mode and is due to the
symmetric stretching of the Au—Se bond. The peak at 265 cm™! is attributed to the antisymmetric
stretching B2z mode while the low intensity peak at 176 cm™ is assigned to the Bz normal mode
for planar bending. The calculated Raman spectrum of B-AuSe showed two prominent
vibrational peaks at 201 cm and 306 cm’ which were assigned to symmetric Ajg and
antisymmetric stretching Bag, respectively. These theoretical assignments were in agreement with
reported experimental vibrational modes of square planar pentatomic complex halides [28]. With
mixed valent AgO (Ag"Ag**0.) being an analogue to AuSe, i.e. Ag" is linearly bonded to two
oxygen atoms while Ag®* takes on a square planar geometry, it was of interest and therefore
fitting to compare the Raman activity of AgO with that of AuSe. Three vibrational normal modes

were observed similar to that of a-AuSe [29].
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Figure 6: (i) Calculated Raman spectra of a-AuSe and -AuSe and experimental Raman spectra
of as-synthesized AuSe of sample A and C, (ii) calculated Raman spectra of a-AuSe and B-AuSe

and experimental Raman spectra of as-synthesized AuSe of sample B and D.

The Raman spectra of the particles synthesized via methods A, B, C and D are also shown in
Figure 6. The particles synthesized using methods A and C (Figure 6(i)) revealed a mixture of a-
and B-AuSe. The bending vibrations (Big) in both samples (A and C) was observed at slightly
lower wavenumbers at 173 cm™ and 174 cm’!, respectively compared to the theoretical Raman
peak of a-AuSe where the peak was observed at 176 cm™'. The a-AuSe symmetric and
antisymmetric stretching vibrations of A and C were observed at 224 cm™!, 226 cm™ and 263 cm
1,269 cm’!, respectively. In addition to the a-AuSe peaks, one peak assigned to P-AuSe
symmetric stretching vibration at 196 cm™' for both samples A and C was observed. The shifts in
the Raman peaks can be as a result of a number of things such as (i) peaks shifts are observed

when layered materials transition from bulk to 2D monolayers [30], (ii) through presence of
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defects including extrinsic impurities [31] and (iii) lattice strain induced by defects or type of
morphology [32]. The Raman spectra of samples B and D are shown in Figure 6(ii). Of evidence
was the disappearance of the a-AuSe antisymmetric stretching vibration (Bzg) in both samples B
and D. The bending mode (B1) of a-AuSe phase for sample B was observed at 168 cm™ and that
of sample D was observed 170 cm™, while the A, symmetric stretching vibration of the a-AuSe
phase was observed at 235 cm™! and 229 cm™! respectively. A symmetric stretching vibration of
B-AuSe phase was observed at 198 cm™ and 199 cm™ for B and D, respectively. These results
revealed that all samples (A, B, C and D) contained both a- and B-AuSe phases, with sample A
and C dominated by peaks of the a-phase. Bands not identified may be either very weak or
obscured by highly intense bands. The frequencies of the Raman shifts are summarized in Table

3.

Table 3: Summary of the Raman frequencies and their vibrational assignments

Assignments Big Planar Ai1g Symmetric B2g
bending (cm™?)  stretching (cm')  Antisymmetric

stretching (cm™)

Theoretical a-AuSe 176 232 265
Reaction A 173 224 263
Reaction B 168 235 -
Reaction C 174 226 269
Reaction D 170 229 -

Theoretical B-AuSe 201 306
Reaction A - 196 -
Reaction B - 198 -
Reaction C - 196 -
Reaction D - 199 -

To get the morphological properties of the nanomaterials, electron microscopy was performed.
Figure 7 shows TEM micrographs of the different nanocrystals. Reactions A and C produced

lightly contrasted AuSe nanobelts of various lengths and widths. Deposited on these nanobelts

16



were tiny spherical particles, these are shown as an insert in Figure 7A. This was also observed
in previous experiments [11] and it was confirmed that the nanobelts were a-AuSe while the
spherical particles deposited on top of the nanobelts were of B-AuSe nature. These findings also
hold for the present study as XRD and Raman spectroscopy confirmed the presence of both
polymorphs in samples A and C. Reaction B and D showed densely contrasted AuSe nanoplates
with those in sample B having a larger size than in D. The nanoplates in B were hexagonal in
shape with defined facets while those in D had more cylindrical edges. Also observed on the
Figure 7B and 7D, were trace amounts of nanobelts. The nanoplates were the predominant
morphologies observed in reactions B and D and were therefore attributed to PB-AuSe as

confirmed by XRD as the dominant phase.
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Figure 7: TEM images of as-synthesized AuSe nanocrystals using the different reaction methods

A - D (insert highlighting the nanospheres deposited onto the belts).

18
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Figure 8: (i) HAADF STEM images of single nanocrystals from each sample A - D, (ii)
elemental mapping of Au, (iii) elemental mapping of Se and (iv) summed elemental mapping of

both Au and Se for samples A - D.

XRD and XPS confirmed the coordination of Au to Se and therefore the formation of AuSe, but
in order to see the extent of homogeneity of the samples, TEM EDX mapping was performed
and the results are shown in Figure 8. Column (1) shows the HAADF STEM images of the single
nanostructures which were used as focus regions for each sample. Elemental mapping analysis in
column (ii) depicts an even distribution of Au on the nanocrystals, equally, an even distribution
of Se is observed in column (iii), for all samples. The summed mappings in column (iv)
illustrates the uniformity in distribution of both elements giving complete homogenous AuSe

nanomaterials.
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Shown in Figure 9 are the SEM images of the synthesized materials. As previously observed in
the TEM images, the nanobelts were obtained from reactions A and C whilst nanoplates were

obtained in reactions B and D. For the nanoplates, the SEM images confirm that they are plates.

The rod-like shapes appear to be plates lying on one side.

Figure 9: SEM images of AuSe nanocrystals using the different reaction methods A - D.
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Figure 10: UV-Vis absorption spectra of the as-synthesized AuSe.

To investigate the optical properties of the nanostructures, UV-Vis absorption spectroscopy was
employed, and the obtained spectra are presented in Figure 10. The a-AuSe dominant samples
from reaction A and C showed a large absorption band with a maximum at 853 nm. The
broadness of the band is indicative of polydispersed samples. Metal chalcogenides with metallic
conductivity such as CuzSe (x > 0) and in this case AuSe have been shown to possess NIR
localized surface plasmon resonance (LSPR) [33]. Samples from reactions B and D, the B-AuSe
dominant samples illustrated an even larger absorption spectral window which spans from 400
nm well beyond 1100 nm (which is the spectral limit of the instrument). This together with the
various shoulders observed, suggest that the samples are extremely polydispersed. This is
consistent with the electron microscopy images presented above. The surface plasmon resonance
(SPR) of gold nanoparticles is well known to be between approximately 500 nm - 600 nm
depending on the size and shape [34]. XRD confirmed the presence of gold particle impurities
for all samples, for sample A and C, a small shoulder peak slightly red-shifted from 600 nm can
be attributed to large Au nanoparticles however it is impossible to assign any peaks for samples

B and D.

4. Conclusion
In summary, colloidal synthesis was employed and produced polymorphic gold selenide
nanomaterials. In all experiments, both a-AuSe and B-AuSe were formed, however, a level of

dominance was observed depending on the sequence of precursor addition. XRD showed that a-

21



AuSe was the dominant phase when gold precursor was added at an elevated temperature
contrary to the addition of gold at lower temperatures which presented f-AuSe as dominant. The
Audf core level spectrum in XPS was able to probe the Au ions, additionally the Se3d core level
spectrum showed evidence of the formation of AuSe with the presence of the AuSp peak
suggesting bonding of the selenium to gold. Density Functional Theory calculations gave
theoretical Raman spectra which were composed of 3 and 2 lines of Raman-active vibrational
modes for a-AuSe and B-AuSe, respectively. Modes of both a- and B-AuSe were present in all
four samples, further confirming the co-existence of both phases. Moreover, Raman confirmed
the existence of Au®" in the crystal structure further validating the mixed valency of the material.
Electron microscopy highlighted the different shapes of these phases; a-AuSe being nanobelts
while B-AuSe having plate-like morphology. Elemental mapping of the nanostructures illustrated
an even distribution of gold and selenium across all samples confirming the homogenous nature
of the nanomaterial. The broad absorbance bands in the UV-Vis spectra of both a-AuSe and B-
AuSe showed LSPR in the NIR. These investigations accentuated the co-existence of both
polymorphs of AuSe despite various attempts to isolate pure mono-phased AuSe nanomaterials.

This could suggest some sort of co-dependence of one form on the other.
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