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ARTICLE INFO ABSTRACT

Keywords: Templated electrodeposition is an efficient technique for the bottom-up fabrication of nanostructures and can
Templated electrodeposition effectively control the size and shape of the electrodeposits. Here, mesoporous silica thin films with highly or-
Nanoparticles

dered mesopores and a regular three-dimensional mesostructure were synthesised as templates for electrode-
position. The mesoporous silica films have small mesopores (~8 nm) and complex mesopore channels (Fmmm
mesostructure with the [0 1 0] axis perpendicular to the substrate). Electrodeposition of bismuth, tellurium and
bismuth-tellurium was investigated from electrolytes containing [N"Buy][BiCls], [N"Bu4]2[TeClg] and [N"Buy]Cl
dissolved in dry dichloromethane. Top-view SEM images showed Bi, Te and Bi doped-Te nanoparticles in the
mesopores and cross-section SEM showed there were a few Te nanowires, in addition to the particle aggregations
on the surface. This is a promising observation as it demonstrates the possibility of preparing sub-10 nm
nanowires by templated electrodeposition even though the deposits are not uniformly electrodeposited in all the
mesopores. EDX shows the deposited Bi-Te nanoparticles were tellurium-rich, XRD shows they were trigonal
tellurium (ICSD 65692). A variety of parameters including the choice of pulsed electrodeposition conditions and
[N"Bug] [BiCl4] concentration (2.25 mM and 3 mM) were investigated in order to control the composition of the
deposit. All samples prepared by pulsed electrodeposition showed very low Bi:Te ratio (Bi/Te<0.02), whereas
samples deposited for 5 min at —0.6 V achieved high Bi content (Bi/Te=0.49).

Mesoporous thin films
Halometallate electrolyte system

dimensional bismuth, tellurium and bismuth telluride nanomaterials
have been fabricated using a variety of “top-down” and “bottom-up”

1. Introduction

Bismuth has a small band overlap (38 meV), small effective mass
(~0.001 me), long mean free path (~1 mm) and large Fermi wave-
length (~70 nm). These contribute to unusual transport phenomena in
Bi nanomaterials, such as high electrical and magnetoresistance, bipolar
electrical resistivity and conductive surface states [1-3]. Tellurium is a
well-known p-type semiconductor with a narrow indirect bandgap (0.33
eV), and shows some semimetal properties [4]. The semiconducting
features of Te make it widely applied in thermoelectric devices [5], solar
cells [6], photoconductors [7], gas sensors [8] and piezoelectric energy
harvesters [9]. Several tellurium nanostructures with different shapes
and sizes have been reported over recent years. Bismuth telluride
(BisTes) is one of the most efficient thermoelectric materials [10]. It is
also a well-studied topological insulator [11]. The properties of bismuth,
tellurium and bismuth telluride nanomaterials are significantly altered
by their morphologies and dimensions. As a result, zero to three
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methods, including hydrothermal and solvothermal methods [12],
electron-beam irradiation [13], microwave assisted synthesis [14-15],
physical vapour deposition [16-17], chemical reduction [18], and
electrodeposition [19-24].

The synthesis approach of using pore channels as the template for
electrodeposition is called templated electrodeposition. Published work
generally uses commercial track-etched polycarbonate (PC) membranes
or porous anodic aluminium oxide membranes (AAO) as templates [25].
Using electrodeposition with AAO templates, Jin et al. successfully
fabricated uniform, single-crystal bismuth nanowire arrays with a high
filling rate and large area (~75 mm?), the average nanowire diameter
was 60 nm [26]; Zhao et al. fabricated ~60 nm amorphous Te nanowires
[21]; Bartlett et al. produced Te nanowires of diameter ranging from 13
nm to 55 nm and tens of micrometres in length, through supercritical
difluoromethane-based electrodeposition into AAO templates [27].
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Most of the diameters of the resulting nanowires are above 20 nm due to
the limitation of the porous templates. Martin-Gonzalez’s group ach-
ieved small electrodeposited BizTe; nanowires, down to 15 nm, by
electrodeposition into modified AAO templates [28]. On the other hand,
mesoporous silica films are excellent candidates as templates for elec-
trodeposition as they have tuneable pore sizes and structures, high
specific surface areas, and high pore volumes [29].

The morphology and size of nanostructures can significantly influ-
ence their properties. For example, for thermoelectric materials Bi and
BisTes, theory predicts that characteristic length scales of <10 nm are
necessary to achieve high thermoelectric figures of merit (ZT > 3),
which encourages the current work to focus on fabricating nanowires of
the smallest diameter possible, along with controlling other parameters
such as crystallinity and stoichiometry [30-31]. For high-performance
transistors, gate-tunability requests to reduce the dimension of tellu-
rium nanostructures [30,32]. By tuning the surfactants used to prepare
the mesoporous silica films, the resulting mesopore size can be adjusted
between 2 and 30 nm [33], which is generally smaller than the pores of
AAO membranes (20 nm to 400 nm)[34] or PC track-etch membranes
(20 nm to 14 um) [35]. Synthesis of nanostructures with sub 10 nm size
is difficult with AAO and track-etch membranes. Moreover, AAO
membranes only have cylindrical and vertical pore channels, whereas
mesoporous silica films can be made with a variety of mesostructures
with 3D interconnected pores, vertical or horizontal pores, or lamellar
structures [33]. Hence, mesoporous silica films have significant advan-
tages and potential for the templated electrodeposition of nano-
materials. When using mesoporous silica films as templates, arrays of Au
and Pt nanoparticles (2.5 nm diameter) have been produced in
one-dimensional mesopores (pore diameter 2.7 nm) [36].

Electrodeposition of bismuth, tellurium and bismuth telluride has
been widely investigated from aqueous solution. A non-aqueous elec-
trolyte system of tetrabutylammonium halometallate salts dissolved in
the organic solvent dichloromethane (CH,Clp, DCM) was introduced in
our previous work in 2013 [23]. DCM has low surface tension and vis-
cosity, making it a promising solvent to electrodeposit materials into
nanopatterned substrates or templates. Tetrabutylammonium hal-
ometallate salts have high solubility in DCM, allowing preparation of
electrolytes with high concentration. The precursor species of the elec-
trolyte are all chlorometallate salts and thus they are compatible with
each other, allowing alloys to be made by combining the relevant
chlorometallates in appropriate ratios. Based on this system, a variety of
p-block materials including In, Sb, Se, Bi, Te and InSb have been suc-
cessfully electrodeposited[23] and this non-aqueous halometallate
electrolyte system has been widely used to prepare binary and ternary
materials. For example, bismuth telluride thin films were electro-
deposited and the composition of these films was successfully controlled
[37]. Thermoelectric properties of these films have also been examined
[24]. Electrodeposition of germanium antimony telluride alloys and
crystalline HgTe were investigated, the composition and morphology
was adjusted by tuning the precursor concentrations and the electro-
deposition conditions [38].

In this work, templated electrodeposition of bismuth, tellurium and
bismuth-tellurium was carried out from the non-aqueous halometallate
electrolyte system. Mesoporous silica thin films with Fmmm meso-
structure coated on conductive Pt substrates were used as the templates
for electrodeposition. To improve the adhesion between the Pt surface
and the mesoporous silica films, (3-mercaptopropyl)trimethoxysilane
was grafted on the Pt to form strong Pt-S chemical bonds and covalent
—C-Si—(0Si),(OH)3 _ ;, bonds with the silica. To improve the perme-
ation of halometallate salt solution in the mesopores, 3-chloropropyldi-
methyl methoxysilane was grafted on to the silica films to encourage the
DCM electrolyte to wet the mesopores.
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2. Experimental
2.1. Chemicals

98 % Tetraethoxysilane (TEOS) and 95 % (3-mercaptopropyl)tri-
methoxysilane (MPTMS) were obtained from Alfa Aesar. Triblock
copolymer F127, 99 % tetrabutylammonium tetrafluoroborate [N"Buy]
[BF4], >99.0 % tetrabutylammonium chloride ([N"Bu4]Cl), 95 %
dichloromethane (DCM) and 37 wt.% hydrochloric acid were from
Sigma-Aldrich. Solvents 99.5 % isopropanol, 99 % dichloromethane,
99.8 % absolute ethanol and acetonitrile were from Fisher. 3-Chloropro-
pyldimethyl methoxysilane was from Fluorochem. Deionised water (18
MQ cm) was from a Suez Select Fusion ultrapure water deionisation
unit. Pt substrates were made by sputtering 200 nm of Pt and 20 nm Ti
onto a 700 mm thick silicon wafer. The Ti layer is to improve adhesion of
Pt on the silicon wafer. The substrate size was 8 x 20 mm. Dichloro-
methane was stored in the nitrogen-purged glovebox after being dried
and degassed by refluxing with CaHy. The halometallate precursors
[N"Buy] [BiCl4] and [N"Buygl2[TeClg] were synthesised by previously
published methods [23,39-42]. These chemicals were all stored in the
glove box.

2.2. Modification of Pt substrates

Mesoporous silica films display poor adhesion on unmodified Pt
substrates. Therefore, (3-mercaptopropyl)trimethoxysilane (MPTMS)
was electrografted on Pt substrates to improve the adhesion between
mesoporous silica films and Pt substrates. The electrografting process
was conducted by scanning three consecutive cyclic voltammograms
between 0 V and 1.8 V on Pt substrates in a solution of 2 mmol L™?
MPTMS and 100 mmol L} [N"Buy4] [BF,4] in acetonitrile at 200 mV s’l,
as shown in Fig. 1(a). The counter electrode and reference electrode
were a Pt mesh and a steel rod respectively.

MPTMS binds to the Pt substrate via the thiol (-SH) functionality and
its alkoxysilane moiety enables condensation with the mesoporous silica
film. However, MPTMS can also block the Pt surfaces. Therefore, the
electroactive probe [Ru(NH3)6]3+/ 2+ was used to characterise the
MPTMS-grafted Pt substrates. The aqueous solution includes 1 mmol L™}
[Ru(NHj3)6]Cl5 and 100 mmol L™ NaNOs. As shown in Fig. 1(b), three Pt
substrates modified with 2 mmol L~ MPTMS for 3, 5, 10 voltammogram
cycles were characterised by cyclic voltammetry with probe [Ru
(NH3)6]3+/ 2+ an unmodified Pt substrate was measured for comparison.
The current densities for [Ru(NHg)f-,]3+ on Pt substrates modified for 3,
5, and 10 cycles are similar with the unmodified Pt substrate. It indicates
that the MPTMS grafted-Pt substrates’ surfaces are not blocked over a
wide area after 10 voltammogram cycles grafting. In Fig. 1(b), the 3-cy-
cles grafted Pt substrate shows highest current density, indicating it has
the least surface coverage. This modified substrate also displays excel-
lent adhesion between the Pt substrate and mesoporous silica film in the
tape test. Therefore, 3-cycles grafting were used to modify the Pt sub-
strates for supporting the mesoporous silica films.

2.3. Preparation of mesoporous silica films

The precursor solution was prepared using the method developed by
Zhao et al. [33]. 1.0 g TEOS was dissolved into 5.64 g ethanol, 0.80 g
deionised water and 0.10 g of 1 mol dm~ hydrochloric acid at 338 K
and stirred for 45 min. 0.3024 g Triblock copolymer F127 was dissolved
into 5.64 g ethanol. The precursor solution was prepared by mixing
these two solutions and stirring at room temperature for 60 min. Pt
substrates were cleaned with isopropanol then deionised water by
ultrasonication and were dried with a nitrogen jet. Dip-coating was used
to coat the silica films onto the modified Pt substrates. The cleaned and
modified Pt substrates were vertically immersed into the prepared pre-
cursor solution and withdrawn at 150 mm min~! under 75 % relative
humidity at 298 K. The as-made films were aged at 120 °C for 10 h. The
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Fig. 1. (a) Three consecutive cyclic voltammograms of a bare Pt substrate in the electrografting solution of 2 mmol L~* MPTMS and 100 mmol L~ [N"Bu,][BF,] in
acetonitrile at 20 mV s~ 1. The reactive area was controlled by the front seal cell as 12.56 mm?. Counter electrode (CE): a Pt mesh; Reference electrode (RE): a steel
rod; Working electrode (WE): Pt substrates. (b) Cyclic voltammograms of 1 mmol L' [Ru(NH3)6]Cl3 and 100 mmol L! NaNOs in aqueous solution. The potential
scan rate was 20 mV s, The reaction area is 12.56 mm?. CE: a Pt mesh; RE: a homemade Ag/AgCl electrode (saturated KCL inH,0); WE: MPTMS grafted Pt

substrates and an unmodified Pt substrate.

surfactant F127 was removed by bathing the films in the DCM solution
for 4 h and calcined in air at 350 °C for 5 h after ramping of the tem-
perature at a rate of 1 °C min~L. As reported in our previous study using
the same silica production method, the as-made mesoporous silica films
are highly ordered with pore diameters of 6-10 nm and the thickness of
films are between 100 and 200 nm [29]. The mesostructure displays the
Fmmm unit cell structure with the [0 1 0] axis perpendicular to the
substrate.

3-Chloropropyldimethyl methoxysilane was grafted to the prepared
mesoporous silica films coated on Pt substrates. Its Si-O-CHgs groups
anchor to the mesoporous silica surface through forming Si-O-Si bonds
and its chloro-substituent groups allow DCM solutions to wet the surface
and hence the chlorometallate salts in the electrolyte to go into the
mesopores. This procedure needs to be conducted under anhydrous
conditions as the silane reacts with water. First, the samples and the
glassware were dried under vacuum overnight at 120 °C. After cooling
the glassware to room temperature and flushing No into the closed
glassware, 40 ml dry toluene and 1.8 ml of 3-chloropropyldimethyl
methoxysilane were injected into the glass tube to avoid including any
moisture from the air. The synthesis was carried out at 65 °C for 24 h.
Finally, the mesoporous silica films on Pt substrates were washed twice
with dried toluene, twice with DCM, and twice with absolute ethanol
under sonication. The samples were then dried under vacuum at 120 °C
overnight. After grafting and cleaning, the samples were stored in the
nitrogen-purged glovebox before conducting electrochemistry.

2.4. Electrodeposition

All cyclic voltammetry and electrodeposition experiments were
performed in a three-electrode system with a Metrohm EcoChemie
Autolab PGST AT100 potentiostat/galvanostat, controlled by NOVA
1.10 software in a nitrogen-purged recirculating glove box (Belle
Technology). Before being used as the templates for electrodeposition,
MPTMS grafted-Pt substrates coated with mesoporous silica films were
dried at 120 °C under vacuum overnight to remove the moisture in the
pores. Electrolyte solutions for Te or Bi electrodeposition were 100
mmol L' [N"Buy]Cl, and either 10 mmol L' [N"Buy],[TeClg] or 5
mmol L' [N"Buy][BiCly] dissolved in 10 mL anhydrous CHCl,.
Bismuth-tellurium electrodeposition used 100 mmol L! [N"Bug]Cl,
2.25 or 3 mmol L™! [N"Buy] [BiCl4] and 3 mmol L™ [N"Bu,]2[TeClg] in
10 mL anhydrous CH3Clp. The working electrodes were Pt substrates

coated with mesoporous silica films after MPTMS was grafted to the Pt
surface. A home-made Ag/AgCl electrode (0.1 M [N"Bu4]Cl in anhy-
drous CHyClp) and a platinum disk were used as the reference and
counter electrodes, respectively. The three electrodes were sealed into a
specially designed one-compartment electrochemical cell within a wire
mesh Faraday cage. The reactive area was controlled as a circle with
diameter of 4 mm, thus the reaction area was 12.56 mm?.

2.5. Characterisation

The SEM images were collected with a ZEISS Sigma 500 VP FE-SEM
with an Oxford Instruments Ultim 170 energy-dispersive X-ray (EDX)
detector. High resolution X-ray diffraction patterns were obtained using
a Rigaku Smartlab over the 20 angle region from 10° to 90°.

3. Results and discussion
3.1. Electrochemistry

Cyclic voltammetry (CV) was used to study the initial stages of
electrodeposition from the halometallate electrolyte system. Fig. 2
shows typical results for the voltammetry of [N"Bu4][BiCly] and
[N"Bu4l2[TeClg] separately and then together in DCM solution with
[N"Buy]Cl electrolyte (replicate voltammograms are shown in
Figure S1). Results for both bare Pt and mesoporous silica coated Pt
electrodes are shown for comparison.

Electrochemistry on bare Pt. We begin by considering the results on
the bare Pt electrodes, Fig. 2(a), (c) and (e). For the [N"Buy][BiCl4]
(Fig. 2(a)) two reduction peaks were observed at —0.72 V and —1.60 V
on the first cycle, whereas only one reduction peak was observed around
—0.75 V on the second and the third cycles. These results agree with
those reported previously for this system [23] with Bi(IIl) being reduced
to Bi. For [N"Bus]2[TeCle] (Fig. 2(c)) the potential was initially scanned
from 0.4 Vto —1.0 V and then between —1.0 Vand 1.0 V for three cycles.
On the first scan, the deposition started at around —0.25 V and increased
gradually to a peak at —0.77 V. Two stripping peaks are seen on the
reverse scan. On the second and third scans, the reduction peaks shifted
to significantly to more positive potential because of the presence of Te
on the electrode surface. After three scans, the Pt electrode was covered
by a visible black film. These results are consistent with our previous
work on Te electrodeposition from [N"Bu4lz[TeClg] where a full




L. Shao et al.

On bare Pt

Electrochimica Acta 505 (2024) 144989

On silica film coated Pt

/ 4 (a) CV on a Pt substrate from Bi- 44 (b) CV on a mesoporous silica film coated \
3 DCM solution 3 on Pt substrate from Bi-DCM solution
&2 & 24
IS IS
L 4] L 4]
Bi & £
= 04 = 04
-1 14
B 1st - 1s(
-2 I 2nd -2 - 2nd
— 3y — 3y
'3 T T T T T T T T T T T T T '3 T T T T T T T T T T T T T
20 15 1.0 -05 0.0 0.5 1.0 20 -15 10 -05 0.0 0.5 1.0
E vs. Ag/AgCl (0.1 M [N"Bu,]Cl in CH,Cl,) / V E vs. Ag/AgCl (0.1 M [N"Bu,]Cl in CH,Cl,) / V
3 0.3
(c) CV on a Pt substrate from Te- (d) CV on a mesoporous silica film coated
> | DCM solution 0.24 on Pt substrate from Te-DCM solution
cﬂE‘ 14 th\ 0.1
p- g 0.0
Te <2 o T
4 01
— 1y — g
-27 — an -0'27 - 2nd
e 3rd - 3rd
'3 T T T T T -03 T T T T T
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
\ E vs. Ag/AgCI (0.1 M [N"Bu,]Cl in CH,Cl,) / V E vs. Ag/AgCI (0.1 M [N"Bu,]Cl in CH,CI,) / V/
1 1
(e) CV on a Pt substrate from (f) CV on a mesoporous silica film coated
Bi, ,5Te;-DCM solution on Pt substrate from Bi, ,;Te;-DCM
solution
0 04
. o (&)
Bi& < =4
E 1. E 1
Te = =
st - 1sl
2 24 -2 2
— 3y — 3
-2I.0 ' -1I.5 ' -1I.0 ' -0I.5 ' OTO ' OT5 ' 1?0 -2I.0 ' -1I.5 ' -1I.0 ' -0I.5 ' 010 ' 015 ' 110

E vs. Ag/AgCI (0.1 M [N"Bu,]Cl in CH,CL,) / V

\_

E vs. Ag/AgCI (0.1 M [N"Bu,]Cl in CH,CL,) / V/

Fig. 2. Cyclic voltammograms of (a, b) 5 mmol L! [N"Buy4] [BiCly], (¢, d) 10 mmol Lt [N"Buy],[TeClg] and (e, f) 2.25 mmol Lt [N"Buy],[BiCl4] and 3 mmol Lt
[N"Bu,],[TeCls] in anhydrous CH,Cl, containing 100 mmol L~! [N"Bu,]Cl as the supporting electrolyte on a bare Pt substrate and a mesoporous silica film coated on
Pt substrate. The potential scan rate was 50 mV s~!. The reaction area is 12.56 mm?. CE: a Pt disk; RE: a homemade Ag/AgCl electrode (0.1 M [N"Buy]Cl in
anhydrous CH,Cl,); WE: Pt substrates or mesoporous silica film-covered Pt substrates.

discussion of the mechanism can be found [43]. In that work it was
shown that there is a large overpotential (>1 V) to deposition of Te on
the first reduction scan at clean Pt electrodes because of the thermo-
dynamic barrier to the initial reduction of Te(IV) to Te(IIl) but this was
not evident for the electrodeposition of Te onto a Te coated electrode. To
account for this a catalytic mechanism involving the formation of a
Lewis acid-base adduct between the Lewis acidic [TeCls]~ ion and the
Lewis basic tellurium (0) surface was proposed. This was shown to be

consistent with the results of DFT calculations for the speciation equi-
libria for the Te(IV) chloride complexes and the results of experiments at
different chloride concentrations [43].

In the case of the mixture of [N"Buy][BiCl4] and [N"Bug]s[TeClg]
(Fig. 2(e)) the potential was initially scanned from 0 V to —2.0 V and
scanned between —2.0 V and 1.0 V for the second and third cycles. All
three scans show similar features with two pronounced reduction peaks
at —0.65 V and —1.80 V. This voltammetry is consistent with previous
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work on TiN electrodes [44] where bismuth telluride was shown to be
deposited between —0.6 and —2.0 V vs. Ag/AgCl, with the composition
being essentially independent of the potential but controlled by the ratio
of Bi to Te concentration in the solution.

Electrochemistry on mesoporous silica coated Pt. Turning our
attention to the deposition through the mesoporous silica we can see
that for [N"Buyg][BiCl4] (Fig. 2(b)) the results are almost identical to
those on bare Pt (Fig. 2(a)) except that the current density, based on the
geometric area of the electrode, is about 25 % lower. This is consistent
with the reduction of the exposed Pt surface area due to the presence of
the mesoporous silica combined with a possibly slower rate of diffusion
through the 8 nm pores of the mesoporous film. However, the fact that
the voltammetry and current densities are so similar clearly indicates
that a large number of mesopores are accessible and the silica film is a
suitable template for bismuth electrodeposition.

In contrast the voltammetry of [N"Buy]2[TeClg] at the mesoporous
silica coated electrode (Fig. 2(d)) shows significant differences from the
behaviour at bare Pt (Fig. 2(c)) and the current density is an order of
magnitude smaller. There is clearly still some electrodeposition of Te as
shown by the pair of stripping peaks at 0.54 and 0.67 V (in the third
scan) but reduction peaks are drawn out and much less distinct with the
current gradually increasing on the first negative scan from the starting
potential at 0.4 V. After three scans, the mesoporous silica coated Pt
electrode was covered by a visible black film due to Te deposition. An
obvious explanation for the reduced current density for Te deposition on
the mesoporous silica could be that in this case the pores were blocked
by unremoved surfactant from the preparation of for some other reason.
However, this is not the case. Figure S1 in the SI shows results for a
number of replicate experiments at bare Pt and mesoporous silica coated
Pt electrodes. For each electrolyte solution, one replicate experiment
was recorded on bare Pt and two replicate experiments were carried out
for the mesoporous silica coated Pt electrodes. All the mesoporous silica
films used for Bi, Te and Bi-Te voltammetry were prepared at the same
time following the same procedure and the voltammetry was carried out
in the glove box on the same day. Fig. 2(d) and Figures S1(e) and S1(f)
show that voltammetry of the Te solution on the mesoporous silica
coated electrodes is consistent and the current is always an order of
magnitude lower than for the Bi and Bi-Te cases, showing that the low
current is not caused by blocked mesopores either due to unremoved
surfactant or due to some interaction of the [TeClg]?>~ with the pore
walls. This suggests that the reduction in current density is a conse-
quence of the effect of confined diffusion within the pores on the Te
electrodeposition reaction presumably caused by the effect of the build-
up in chloride concentration at the electrode surface on the tellurium
speciation.

For the voltammetry of the [N"Bu4][BiCl4] and [N"Bugl2[TeClgl
mixture on the mesoporous silica coated Pt (Fig. 2(f)) the current den-
sities are comparable to those on the bare Pt, confirming that the pores
are not blocked, but the shape of the voltammograms are different
(compare to Fig. 2(e)). On the first scan, after a small reduction peak at
—0.5V, the current increases steeply from —0.96 V reaching a reduction
peak at —1.73 V. On the return scan the current is now larger until the
relatively small, compared to the charge passed for reduction, stripping
peak at 0.31 V. On the second and the third scans, the reduction currents
are larger and increase from —0.25 V finally reaching a peak at —1.5 V.
The stripping peaks are now even smaller. The same behaviour can be
seen in the replicates (Figure S1(h) and (i)).

We know from studies of mesoporous films in aqueous solution that
the charge on the redox species can affect the permeability for anionic
complexes such as [Fe(CN)6]3'/ 4 being much lower than that for neutral
or cationic complexes due to the surface negative charge on the silica.
However, we do not believe this is the cause in the present case because
the modification of the mesoporous silica with 3-chloropropyldimethyl
methoxysilane, used here to improve wetting with CH,Cl,, will have
modified the surface -OH groups and significantly reduced the surface
charge on the silica. In addition, both reactive species used in the
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electrodeposition, [BiCl4]™ and [TeCls] , are anions and of similar size
so should be affected very similarly. The differences in the voltammetry
for the Bi/Te on the bare Pt and mesoporous silica coated Pt again
suggest that this is caused by the effect of confined diffusion on the Te
speciation due to the build-up in chloride concentration at the electrode
surface during electrodeposition since we know from our previous work
(and the results in Fig. 2) that the electrodeposition of Bi from [N"Buy]
[BiCly]lin DCM is rather well behaved [23], whereas the deposition of Te
from [N"Buy]»[TeClg] in DCM is a very complex process and affected by
Cl™ concentration [43]. The differences in the voltammetry for the Bi/Te
on the bare Pt and mesoporous silica coated Pt again suggest that this is
caused by the effect of confined diffusion on the Te speciation due to the
build-up in chloride concentration at the electrode surface during
electrodeposition.

3.2. Electrodeposition experiments

Ideally, to electrodeposit materials uniformly into 3D mesoporous
channels, nuclei need to form simultaneously at the bottom of as many
of the pore channels in the mesoporous silica film template as possible,
and then grow at the same rate to avoid faster deposition in regions
where deposits have already grown closer to the template/electrolyte
interface. Therefore, a pulsed electrodeposition method was used to
rapidly form a large number of nuclei and then to grow these more
slowly to maximise the likelihood of uniform growth through the pore
channels, avoiding diffusion control [9,20]. This approach was used in
our previous work on electrodeposition of gold into mesoporous silica
[29]. A schematic of the pulsed electrodeposition procedure is shown in
Figure S2. It starts with a short potential pulse (0.1 to 3 s) to a more
negative potential to create nuclei. Then, after a 10 s rest time at 0.0 V,
growth pulses (0.8 to 1 s) to less negative potentials were applied to
grow the deposit. There is a pulse-off time of 10 s between each depo-
sition pulse to allow the relaxation of the concentration of the precursor
species in the pores. A variety of electrodeposition conditions were
applied for Bi, Te and Bi-Te templated electrodeposition. Table 1 gives

Table 1
The applied conditions for pulsed electrodeposition and the transferred charge
calculated from the current transient.

Sample  Electrolyte Nucleation Growth Charge /
conditions conditions C
Bi-1 Bismuth -1.5V,2s —-0.35V, 1 s; 500 —0.078
cycles
Bi-2 Bismuth -2.0V,3s —0.40 V, 1 5; 500 —0.020
cycles
Bi-3 Bismuth —-15V,1s —-0.25V, 1 s; 500 —0.045
cycles
Bi-4 Bismuth -2.0V,3s —0.6 V, 1s; 500 —-0.037
cycles
Te-1 Tellurium -20V,1s —-0.50V, 15s;1000 —0.044
cycles
Te-2 Tellurium -20V,1s —-0.70V, 1 s; 850 —0.240
cycles
Te-3 Tellurium -1.5V,0.1s —0.60V, 0.8s; —-0.010
600 cycles
Te-4 Tellurium -15V,1s —-0.80V, 1 s; 850 —0.062
cycles
Te-5 Tellurium —-2.0V,1s —-0.80V, 1s; 850 -0.190
cycles
BiTe-1 Bismuth, -15V,1s —0.60 V, 1 s; 500 —0.261
tellurium cycles
BiTe-2 Bismuth, -1.5V,3s —0.60V, 1 s; 500 —0.195
tellurium cycles
BiTe-3 Bismuth, -2.0V,1s —0.35V, 15; 500 —0.085
tellurium cycles
BiTe-4 Bismuth, -20V,3s —0.50V, 0.8s; —0.150
tellurium 500 cycles

*All the potentials in Table 1 are relative to Ag/AgCl (0.1 M [N"Bu4]Cl in
CHCly).
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details of the electrodeposition conditions. Current-time plots for the
first 100 pulsed electrodeposition potential sequences for typical sam-
ples are shown in Figure S3.

Bi and Te electrodeposition. A variety of electrodeposition condi-
tions were applied to deposit Bi and Te into the mesoporous silica films.
Figs. 3 and 4 show the top-view and cross sectional FE-SEM images of
four typical samples at different magnifications. For the Bi electrode-
position samples, a few microsize/nanosize particles are observed on the
surface of the film, indicating that most of the deposited Bi is within the
film. The top-view SEM images of other bismuth deposition samples (Bi-
3 and Bi-4) in Figure S4 display a similar surface morphology to the
typical samples Bi-1 and Bi-2. Under high magnification (100,000 x) the
mesoporous silica film shows a highly ordered and crack-free surface
with the mesopore size of around 8 nm. There are a few nanodots
observed in the mesopores, these are likely to be deposited Bi that has
reached the surface. When applying a more negative nucleation poten-
tial (—2.0 V for 3 s), more nanoparticles were found on the surface and
more Bi features were also observed in the mesopores.

Te electrodeposition samples display more particles and aggrega-
tions on the surface of the film compared to the Bi electrodeposition
samples. The smaller surface structures comprise chains of nano-
particles, as shown in Fig. 3 Te-1. Under high magnification (100,000 x)
some further growth was observed in the mesopores. There are large
particle aggregations seen for Te-2, indicating that further particles tend
to grow on the particles on the surface rather than in the mesopores. The
size of the growths in the pores in Te-2 are the same as the diameter of
the mesopores, which indicates that the Te nanoparticles are growing in
the pores. Figure S5 shows top-view FE-SEM images of Te-3,4,5, which
display similar surface features.

The cross-section FE-SEM images in Fig. 4 show that there are a few
Te nanowires grown through the pores and just beyond the surface. The
crystal structure of tellurium comprises spiral chains of bonded Te atoms
packed in a hexagonal array and, as a consequence Te often shows 1D
growth [45]. For both samples, even though only a small fraction of the
mesopores have wires growing out to the surface, the observation of
nanowires is significant as it shows the possibility of fabricating sub-10
nm nanowires through templated electrodeposition.

The structures of the electrodeposited materials were investigated
using XRD. All the bismuth and tellurium electrodeposition samples
showed similar XRD patterns. Typical XRD patterns of bismuth and
tellurium deposited in mesoporous silica films are shown in Fig. 5,
together with diffraction patterns for the mesoporous silica film coated
Pt substrate (red) and standard hexagonal bismuth ICSD-64703 and
trigonal tellurium ICSD-65692 patterns (green). In Fig. 5(a), the re-
flections for the Bi deposit match well with the hexagonal bismuth [46].
The003,101,012,104and1 1 0 peaks are observed at 22.5°, 23.7°,
27.3°, 37.8° and 39.2°, respectively. Other peaks are identified in Fig. 5
(a). The sharp peak at 52.6° originates from the silicon wafer of the Pt
substrate. The broad feature between 10° to 20° arises from the meso-
porous silica film. Compared to the silica film on the Pt substrate, the
peak of the silicon wafer for the Bi in mesoporous silica film shifts to a
slightly lower angle. This is likely to be a result of a small sample
alignment error. The peaks at 40.1°, 46.6°, 67.8° and 81.8° correspond
tothe111,020,220and 11 3 peaks of the face-centred cubic Pt
structure (ICSD-243678). The XRD pattern indicates that Bi has been
electrodeposited successfully. In Fig. 5(b), the100,101,102,110,1
11,00 3 and 0 2 1 reflections of trigonal tellurium are observed at
23.0°, 27.5°, 38.3°, 40.4°, 43.6°, 46.4° and 49.5°, respectively [47]. The
tellurium 1 1 0 and 0 0 3 peaks overlap with the Pt 1 1 1 and 0 2 0. The
XRD pattern shows the presence of Te. The EDS mapping images in (c-f)
prove that the deposited particles on the film are Bi and Te.

Bi-Te codeposition. As there are two species involved and three
reduction peaks observed in the CV (Fig. 2(f)), a wide range of deposi-
tion conditions were applied to conduct the pulsed electrodeposition on
mesoporous silica films coated on Pt substrates. The top-view SEM im-
ages in Fig. 6 show the morphologies of the deposits in and on the
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mesoporous silica films. The details of the deposition conditions are
labelled in each image. For each sample, the images collected at 1000 x
and 200,000 x magnification are displayed. In 1000 x images, there are
micro-size bulk particle aggregations at the surface of thin films for all
samples. The highly ordered mesopores can be seen in the high
magnification (200,000 x) images. There are a few small features seen
in the mesopores, in particular for the sample with longer nucleation
times, the SEM images of BiTe-2 and BiTe-3 show deposited nano-
particles emerging from the mesopores. The observation of deposition in
individual mesopores is significant as it shows the conditions used result
in electrodeposition through the pores.

In our previous work, HF evaporation was used to etch mesoporous
silica film away so to observe the deposits better [29]. It has been
observed that the deposits’ size of most particles are bigger than the
templated mesopore sizes, but the mesopore sizes can still affect the
deposit particle sizes [29]. In this work, it was found that HF can etch the
deposited Bi, Te Bi-Te nanoparticles away, only bulk materials left after
HF etching. Therefore, HF etching was not adopted. The top-view SEM
images (Figs. 3 and 6) show that the particle sizes on the surface have a
wide distribution. There are small nanoparticles in the mesopores,
nanoparticles covered mesopores and bulk aggregations. It indicates
that the deposits unevenly growing in the mesopores.

As shown in Fig. 7, XRD along with EDX were conducted to inves-
tigate the crystalline structure and chemical composition of the bismuth-
tellurium deposited in the mesoporous silica films under different pulsed
conditions. The XRD patterns of the samples deposited under different
conditions are all similar. They are all indexed to tellurium (ICSD-
65692). The sharp peak at 52.6° comes from the silicon wafer of the Pt
substrate and the strong peak at 67.8° is attributed to the Pt 0 2
0 reflection. Other peaks are attributed to trigonal tellurium. The
thickness of the mesoporous silica films is about 120 nm [29]. EDX was
conducted with an electron acceleration of 15 kV, corresponding to a
penetration depth of about 1 pm. Thus, EDX is able to give information
over the electrodeposition area. There is very low bismuth content
detected in all the samples, and this is consistent with the XRD patterns.
Fig. 7(b) shows the EDX mapping of BiTe-2. It is proposed that the
electrodeposited particles are bismuth-doped tellurium.

Compared to the deposition of bismuth or tellurium on its own,
electrodeposition of bismuth-tellurium here generally gives higher
currents and hence greater charge passed. The cyclic voltammetry cur-
rent for [N"Bug]l2[TeClg] in Fig. 2(d) is >10 times lower than that of
electrolyte containing Bi and Te in Fig. 2(f). The deposition current for
Te electrodeposition is low, while on mixing Bi and Te in the electrolyte,
the current increases significantly even though the resulting electrode-
posit is mainly Te. Using the same non-aqueous halometallate electro-
lyte system and the similar electrodeposition conditions, previous work
has successfully electrodeposited BisTes on bare TiN substrates [23-24].
However, here when using mesoporous silica templates on Pt, the de-
posits are very Te rich by EDX and show trigonal tellurium structure by
XRD. To try to understand this paradox further experiments were carried
out varying the deposition conditions and comparing the bare Pt and
mesoporous silica coated Pt electrodes. Details of the experimental
conditions are given in Table 2. A variety of pulsed electrodeposition
conditions were applied on bare Pt substrates for comparison, the effect
of deposition time was investigated, and the concentration of [N"Buy]
[BiCl4] was increased since it has been reported that upon increasing the
concentration from 2 to 3 mmol L™} the deposit composition changed
from BiTe, (33 & 3 % Bi) to BisTes (55 + 5 % Bi) [44]. The bismuth and
tellurium atomic percentage ratios calculated from EDX of each samples
are listed in Table 2.

XRD patterns in Fig. 8(a) show the deposits on the bare Pt substrates
display the same trigonal tellurium. EDX of BiTe-Pt-1 and 2 show that
the Bi content is again very low and are similar to the deposits in the
mesoporous silica films. These results indicate that the low Bi content is
not caused by the effect of confinement in the mesopore channels.
However, when conducting potentiostatic electrodeposition, BiTe-Pt-4
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Fig. 3. Top-view FE-SEM images of Bi and Te electrodeposited in the mesoporous silica films with different nucleation and pulsed growth potentials. The elec-
trodeposition conditions are labelled in each image.
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Fig. 5. (a,b) XRD patterns collected for the mesoporous silica film (red) and bismuth or tellurium deposited in the mesoporous silica film (black). The patterns at the
bottom of the figure are the standard intensities for hexagonal bismuth ICSD-64703 and tellurium ICSD-65692 XRD (green), and the key reflections are labelled; (c-f)
The EDS mapping of the Bi and Te electrodeposited on mesoporous silica films.

displays the expected, much higher, Bi:Te ratio of 0.36:1 although the
XRD pattern still shows the presence of trigonal tellurium.

For BiTe-5 and BiTe-6, Fig. 8(b), longer pulse times (5 s per depo-
sition pulse) and potentiostatic growth were used to deposit bismuth-
tellurium in the mesoporous silica films. For the 5 s pulses, BiTe-5 still
shows very high Te content by EDX. However, potentiostatic deposition
through mesoporous silica, sample BiTe-6, shows higher bismuth con-
tent (Bi:Te = 0.49:1), close to the BisTe3 composition (Bi:Te = 0.67:1).
However, the XRD pattern still shows the presence of trigonal tellurium.
The peaks at 23.0°, 27.5°, 38.3°, 40.4°, 43.6°, 46.4°, 49.5°, 57°, 62.9°,
66.0°, 72.7° are identified as the 100, 101, 102,110, 111, 003, 021, 022,
113, 231 and 232 reflections of trigonal tellurium (ICSD 65692). The

BiyTes pattern generally has obvious peaks at 17.5°, 27.8°, 37.9°, 41.1°,
44.7°, 50.5°, 57.1°, 62.3°, 66.8° and 72.7° [48]. Ordered Bi,Te3 nano-
wire arrays have a strong peak at 40°, corresponding to the (110) plane
[49]. A few peaks of Te and BisTes are at similar positions. Figure S6
compares the XRD patterns of BiTe-2 and BiTe-6 with Te (ICSD-65692)
and BiyTes (ICSD-7743) standard patterns. It is obvious that BiTe-2 and
BiTe-6 are Te phase. The diagnostic peaks of BiyTes are at 17.5°, 37.9°
and 41.1°. There are no peaks observed at around 17.5° in the deposited
samples. The positions and intensities of peaks between 37° and 57°
suggest they belong to Te phase. Therefore, the obtained BiTe-6 deposits
have the trigonal Te structure even though EDX shows a high Bi content.

Note that XRD patterns for the different bismuth-tellurium
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Fig. 6. Top-view SEM images of bismuth-tellurium electrodeposited in the mesoporous silica films with different nucleation and pulsed growth potentials. The

electrodeposition conditions are labelled in each image.
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Fig. 7. (a) XRD patterns of bismuth telluride deposited in the mesoporous silica film with different electrodeposition conditions. (b) The EDS mapping of BiTe-2.

Table 2

The table of bismuth concentration in electrolyte, electrodeposition conditions
and the bismuth and tellurium atomic percentage ratios calculated from EDX. 3
mmol L™ [N®Buy],[TeClg) and 2.25/3 mmol L~ [N"Bu,] [BiCl4] were dissolved
in 10 mL anhydrous CH,Cl, containing 100 mmol L' [N"Bu4]Cl as the
electrolyte.

Sample Bi / mmol L™! Nucleation Growth Bi: Te (at
No. concentration conditions conditions %: at%)
BiTe-Pt-1  2.25 -2.0V,0.5s -0.60V,1.0s; 0.02
50 cycles +0.01:1
BiTe-Pt-2  2.25 -1.5V,0.5s -0.60V,1.0s; 0.03
50 cycles +0.01:1
BiTe-Pt-3  2.25 -1.5V,3.0s -0.60V,1.0s; -
50 cycles
BiTe-Pt-4  2.25 - -1V, 10 min 0.36
+0.03:1
BiTe-5 2.25 —-1.4V,5.0s —-0.60V, 5.0s; 0.02
200 cycles +0.01:1
BiTe-6 2.25 -1.4V,5.0s —0.60V, 5.0 0.49
min; +0.01:1
BiTe-7 3.00 -1.5V,1.0s —-0.25V,0.8s; 0.02
1000 cycles +0.01:1
BiTe-8 3.00 —-2.0V,1.0s -0.25V,0.8s;  0.02
1000 cycles +0.01:1

*All the potentials in Table 2 are relative to Ag/AgCl (0.1 M [N"BuylCl in
CHgClg).

compounds share many reflection positions because their structures are
strongly related [37] and this makes unequivocal assignment difficult.
The standard patterns of other common bismuth-tellurium compounds
including BigTey4, BiTe, BisTes were also compared but they do not
match with the pattern observed. For example, BiTe (ICSD 7742) has
prominent peaks at 27.8°, 38.2°, 41.2° and 50.5° [48]. BisTez (ICSD
7747) shows obvious peaks at 27.5°, 37.8°, 40.8° and 49.9° [48]. These
main peak positions are similar to those found with Te and BisTes.
However, the peaks at around 18.5° and 23.7° do not match with
diffraction patterns of BiTe-6 here. As a result, it is thought that
potentiostatic electrodeposition produced a deposit of tellurium doped
by a high ratio of bismuth.

For BiTe-7 and 8, Fig. 8(c), bismuth-tellurium was electrodeposited
in the mesoporous silica film coated on Pt substrates from the electrolyte
with higher bismuth concentration. The deposits also have low Bi con-
tent from EDX and their XRD patterns match well with Te ICSD 65,692.
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In summary, when conducting pulsed electrodeposition in Bi-Te
electrolyte solution, the composition of the deposited materials was
found to be independent of the potential over the range from —0.35 to
—0.6 V and also to be independent of the concentration of bismuth in the
electrolyte (2.25 and 3 mM). In all cases pulsed electrodeposition
resulted in very Te-rich materials by EDX with a trigonal tellurium phase
by XRD. In contrast, when applying potentiostatic electrodeposition
deposits with much higher bismuth content by EDX were obtained
although XRD still showed a trigonal tellurium crystal structure. With
similar electrodeposition conditions, there is no significant difference in
the compositions of the deposits on bare Pt and on mesoporous silica
film-coated Pt substrates. Therefore, the effect of confinement within the
mesoporous structure did not affect the composition of the deposit
significantly in this study.

Takahashi et al. reported that electrodeposited BiyTes films were
composed of two layers with a Te enriched layer nearest the substrate
surface [19]. Later, Frantz et al. templated electrodeposited bismuth
telluride nanowires from a water/DMSO electrolyte within poly-
carbonate etched ion-track membranes covering by a Pt substrate [22].
Similarly, they found the base of the nanowire was tellurium-rich and
the cap of the nanowire was bismuth-rich. This variation of composition
spreads over the first 500 nm. These observations indicate that at the
start stage of electrodeposition, tellurium-rich deposits tend to be ob-
tained. This is consistent with the observation in this study that the
short-time pulsed electrodeposition contributes to tellurium-enriched
deposits on both bare Pt substrates and mesoporous silica films coated
on Pt substrates. In this study, the thickness of film is relatively thin, 100
nm to 200 nm, which is in the very tellurium-rich area in these previous
studies.

4. Conclusions

Bismuth, tellurium and bismuth-doped tellurium nanoparticles have
been fabricated by templated electrodeposition based on halometallate
salts in a non-aqueous system. Silane-grafted mesoporous silica films
with three-dimensional orthorhombic mesostructure were used as the
templates for electrodeposition. The mesopore size is around 8 nm and
the thickness of film is between 100 and 200 nm. A two-step pulsed
electrodeposition process was used to deposit into the mesochannels. A
variety of deposition conditions was applied to conduct Bi and Te
electrodeposition. XRD and EDX shows the presence of Bi and Te. Top-
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Fig. 8. XRD patterns of Bi-Te deposited on bare Pt substrates (a) and on mesoporous silica film coated-Pt substrates (b,c), the applied electrodeposition conditions
were listed in Table 2.
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view FE-SEM shows Bi/Te in the mesopores and Bi/Te aggregations on
the surface of silica films. Cross-sectional FE-SEM showed a few Te
nanowires protruding from individual pores. This showed the possibility
to use templated electrodeposition to prepare sub-10 nm nanowires.

A wide range of pulsed electrodeposition conditions were applied for
bismuth-tellurium electrodeposition. Top-view FE-SEM showed patchy
growth but that some pores were filled by Bi-Te. The deposits are all
tellurium-rich, they show trigonal tellurium structure from XRD and
very rich tellurium content from EDX. By conducting the same experi-
ments on Pt substrates, it has been demonstrated that confinement
within the mesoporous channels does not affect the composition and
structure of the electrodeposited Bi-Te in pulsed electrodeposition.
Constant electrodeposition time is the essential parameter to influence
the composition of the deposit. All samples from pulsed electrodeposi-
tion (0.3 s - 5 s) show very low bismuth ratio by EDX (Bi/Te<0.03); the
sample of which was electrodeposited for 5 min at —0.6 V achieved high
bismuth ratio (Bi/Te=0.49). The deposition current of Te electrodepo-
sition is low in Fig. 2(d) and Figure S1(e,f), while when mixing Bi and Te
in the electrolyte, the current increases significantly even though the
deposits are mostly tellurium.
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