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Copper zinc tin sulfide, Cu,ZnSnS, (CZTS) is being considered a viable option for a counter electrode due
to its abundance, cost-effectiveness, catalytic activity, and other advantageous properties. However,
CZTS has low electron transport capabilities, a shortcoming that can be addressed by combining it

with high electron mobility carbon nanomaterials. Nitrogen-doped multi-walled carbon nanotubes
(N-MWCNTs) exhibit higher electron conductivities than their pristine counterparts. This improvement
is attributed to the disruption of the sp?-hybridized carbon arrangement, as some of the carbon atoms
are replaced by nitrogen atoms. In this study, a counter electrode composed of a 70% CZTS and 30%
N-MWCNTs mixture produced a higher electrochemical current density compared to the individual
materials. This suggests that it is more electrocatalytic than CZTS and N-MWCNTs alone, ultimately
leading to the highest power conversion efficiency of 6.52%.

Dye-sensitized solar cells (DSSCs), also known as Grétzel cells
are rapidly gaining momentum. These cells utilize relatively sim-
ple manufacturing technologies, offer promising efficiency, and
have low cost of fabrication [1]. However, their commercializa-
tion has been hindered by the use of Pt as a counter electrode
(CE), among other factors. The noble Pt counter electrode can
thus be replaced with more abundant, yet environmentally
friendly materials that exhibit similar properties. While Pt
demonstrates good catalytic activity toward the common I~ /I
DSSCs electrolyte, it is not without its drawbacks; Pt undergoes
oxidation to PtI, upon prolonged exposure to I~ /I3 [2, 3].
Transition metal sulfides such as WS,, CoS, and NiS have
been studied as alternative CE materials [4-6]. However, their
catalytic properties do not surpass those of Pt, mainly due to
their relatively low conductivities. Chalcogenides, particularly
Cu,ZnSnS, (CZTS), consist of earth-abundant, relatively inex-
pensive constituent elements, easily optimized synthesis meth-
ods, and exhibit decent electrocatalytic activity [7-9]. Nonethe-
less, a study conducted by Nemala et al. obtained only a 4.5%
power conversion efficiency (PCE) when CZTS was employed
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as a counter electrode, primarily attributed to its limited con-
ductivity [10]. To address the poor conductivity of CZTS and
the subpar catalytic behavior of N-MWCNTs (nitrogen-doped
multi-walled carbon nanotubes), a CZTS/MWCNT hybrid can
be employed as a counter electrode to enhance catalytic activity
and electron transfer in DSSCs [10, 11].

Multi-walled carbon nanotubes (MWCNTs) are cylindri-
cal structures composed of stacked graphene sheets that exhibit
stability at high temperatures, elasticity, and conductivity [12].
However, their electrical conductivity can be further enhanced
by disrupting the hybridization of sp? carbon atoms in the gra-
phitic structure. This is achieved through doping with atoms
such as nitrogen to create nitrogen-doped multi-walled carbon
nanotubes (N-MWCNTs) [13, 14].

Various hybrid systems combining carbon nanotubes and
inorganic nanoparticles have been developed and applied in
photovoltaic and energy storage devices, catalysis, and antimi-
crobial applications [15-18]. Typically, inorganic nanoparticles
are dispersed on the surface of the nanotubes, a process that
can be accomplished using either in-situ or ex-situ preparation
methods.
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CNT-chalcogenide hybrid systems have been employed as
counter electrodes in dye-sensitized solar cells (DSSCs), where
the increased surface area and electron conductivity resulting
from the presence of carbon nanotubes enhance the catalytic
activity of the counter electrode toward the electrolyte [10]. In
this study, we evaluate the performance of CZTS/N-MWCNTs
as an efficient alternative counter electrode to Pt for the first
time. This evaluation is conducted through cyclic voltammetry

studies carried out in a DSSC electrolyte.

The X-ray diffraction (XRD) pattern [Fig. 1(a)] of CZTS reveals
three prominent peaks at 20 =28°, 47°, and 56°, correspond-
ing to the [112], [220], and [312] crystal planes, respectively.
These peaks are characteristic of CZTS and are consistent with
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the kesterite CZTS phase (JCPDS no. 01-075-4122). Upon mix-
ing CZTS with N-MWCNTs, an additional peak is observed
at 28° [002], attributed to the presence of carbon material
(N-MWCNTs) within the sample matrix. Notably, the inten-
sity of the carbon peak does not exhibit a consistent trend as
the concentration of carbon nanotubes increases from 10 to 30
wt %. This variation may be attributed to the uneven distribu-
tion of the nanotubes within the CZTS sample. In the XRD pat-
tern of the composites, two small peaks also appear between
30 and 35°, and these are attributed to the presence of metal
oxides. Raman spectra of the prepared CZTS, N-MWCNTs,
and CZTS/N-MWCNTs are presented in Fig. 1(b)-(d), respec-
tively. The spectrum of CZTS displays two prominent peaks at
316 and 1573 cm™, corresponding to kesterite CZTS and the
organic ligand (OLA) attached to the CZTS nanoparticles. The

peak at 316 cm ™' arises from sulfur vibrations in the crystal
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Figure 1: (a) XRD pattern of CZTS and CZTS/N-MWCNTSs with increasing N-MWCNT concentration (*denotes metal oxides peaks and (002) is attributed
to N-MWCNTs). Raman spectra of (b) CZTS, (c) N-MWCNTs, and (d) CZTS/N-MWCNTs(0.2) nanocomposite.
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structure of CZTS, while the other peaks at 1402 and 1573 cm™
are attributed to OLA, which serves as the capping agent used in
the CZTS synthesis process [19].

In comparison to the Raman spectrum of CZTS/N-MWC-
NTs, the CZTS peak is observed at a higher wavenumber of
327 cm™, This shift confirms the existence of an interaction
between the nanoparticles and carbon nanotubes, causing an
increase in the energy of sulfur vibration. The Raman spectrum
of N-MWCNTs exhibits two prominent peaks at 1365 cm™
(D-band), attributed to flaws in the graphene sheet within the
carbon structure, and around 1588 cm™! (G-band), associated
with carbon-carbon bond stretches. The shift in the G-band
peak position or the change in peak width can help determine
whether the CZTS nanoparticles interact with the walls of the
carbon nanotubes in the N-MWCNTs [20].

The observed shift in the G-band peak to a lower wavenum-
ber of 1545 cm™ in the composite material suggests a decrease
in the energy of vibration of the carbon-carbon bond due to the
interaction between the nanotube walls and the CZTS nano-
particles [21]. Determining the formation of a nanocomposite
is crucial in this study because our goal is to combine the cata-
lytic properties of CZTS with the high electron conductivity of
N-MWCNTs. This combination can only be achieved if a nano-
composite is indeed formed.

TEM images of the prepared nanocomposites are presented
in Fig. 2(b), (c). In these images, it is evident that the carbon
nanotubes exhibit varying diameters, open ends, and are entan-
gled. Meanwhile, the CZTS nanoparticles appear as spherical,
polydisperse particles, agglomerated, and unevenly distributed

on the surfaces of the carbon nanotubes. Notably, the presence
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Figure2: (a) XPS survey spectrum of CZTS/N-MWCNTs (0.2). TEM micrographs of CZTS/N-MWCNTSs with increasing carbon nanotube mass ratio (b) 0.1,

(c) 0.2,and (d) 0.3.
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of bamboo compartments within the nanotube structure sug-
gests the incorporation of nitrogen within the graphene layers
of the nanotubes [22]. However, the TEM images do not pro-
vide clear evidence of whether there is any interaction, either
physical or chemical, between the CZTS nanoparticles and the
N-MWCNTs.

To confirm the presence of both CZTS and N-MWCNTs
in the prepared composites, XPS analysis was conducted. Fig-
ures 2(a) and 3 show the XPS survey spectrum of CZTS/N-
MWCNTs(0.2) and high-resolution spectra of copper, zing, tin,
sulfur, oxygen, carbon, and nitrogen, respectively. In the XPS
survey scan, all atoms present in the constituent materials of the
composite are detected, providing solid evidence of successful
hybrid formation. Specifically, the Cu, Zn, Sn, and sulfur atoms
originate from CZTS, while carbon and nitrogen are found in
both CZTS and N-MWCNTs samples.

N-MWCNTs are composed of rolled-up graphene sheets
with sp?-hybridized carbons and nitrogen atoms, as evidenced
by the bamboo-like structure observed in the TEM images of the
nanotubes. On the other hand, CZTS is stabilized by an organic
ligand, oleylamine, which binds to the CZTS core through its
nitrogen head group, as confirmed by proton NMR analysis of
both pure oleylamine and OLA-capped CZTS. These organic
structures account for the carbon detected in the XPS survey
spectrum of the composite. The high-resolution spectra in
Fig. 3(a)-(d) further confirm the presence of CZTS. The O 1 s
and C 1 s core-level spectra reveal the oxidation of the surface
ligand and the presence of N-MWCNTs. Additionally, a small
M-O peak is detected, indicating metal oxidation, which aligns
with the XRD results.

The light scattering properties of CZTS, N-MWCNTs, and
CZTS/N-MWCNTs hybrids were assessed through diffused
reflectance measurements of the powdered samples [Fig. 4]. It
was observed that all materials exhibited low reflectance, below
10%, indicating poor light scattering ability. However, this
characteristic is not critical for DSSC counter electrode (CE)
materials, as the photoanode is primarily responsible for light
absorption and should possess good light scattering properties.
Among the materials tested, CZTS and CZTS/N-MWCNTs(0.3)
exhibited the lowest reflectance, while CZTS/N-MWCNTs(0.1)
and CZTS/N-MWCNTs(0.2) showed higher reflectance. Nota-
bly, the slightly higher reflectance of CZTS/N-MWCNTs(0.2)
suggests that DSSCs employing this CE may have improved
light-trapping capabilities [23].
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Figure 4: Diffuse reflectance spectra of CZTS, N-MWCNTs, and CZT/N-
MWCNTs composites.
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Figure 3: XPS high-resolution spectra of (a) Cu, (b) Zn, (c) Sn, (d) S, (e) C, (f) O, and (g) N the CZTS/N-MWCNTs.
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Cyclic voltammetry (CV) was conducted at a scan rate of
50 mVs™! to assess the electrocatalytic properties of the counter
electrode (CE) materials. Figure 5(a) displays the anodic and
cathodic reactions associated with iodide (I~) oxidation and
triiodide (I3") reduction, respectively. Peak analysis of the CV
was performed using EC-Lab software, and the results, including
peak-peak separation (AEpp) and reduction peak current den-
sity, are presented in Table 1. The reduction peak current density
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TABLE 1: CE electrochemical performance parameters obtained from a

three-electrode half-cell setup.

CE Joe (MACM™)  AE, (V) AJy(mAcm™)
czTs 1.267 0.887 0629
N-MWCNTs 1.012 0.846 0.178
CZTS/N-MWCNTs(0.1) 0.905 1.406 0259
CZTS/N-MWCNTs(0.2) 1.289 0.967 0321
CZTS/N-MWCNTs(0.3) 0517 1.212 0.088
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Figure 5: (a) Comparison of CV scans of the prepared CE materials at 50 mVs™', cyclic voltammograms of (b) CZTS, (c) N-MWCNTSs, (d) CZTS/N-MWCNTs
(0.1), (e) CZTS/N-MWCNTSs(0.2), and (f) CZTS/N-MWCNTSs(0.3) at increasing scan rates.
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is highest for CZTS/N-MWCNTs(0.2) at 1.289 mAcm™?, fol-
lowed by CZTS with a value of 1.267 mAcm ™2, while CZTS/N-
MWCNTSs(0.3) exhibits the lowest current density at 0.517
mAcm ™2, This observation aligns with the findings of Tong and
colleagues, indicating that CZTS possesses reduction activity
and, relative to N-MWCNTs, exhibits a faster reduction reac-
tion rate. Therefore, CZTS can be applied as a CE material in
dye-sensitized solar cells [24, 25]. Notably, an increase in the
N-MWCNT content to 30 wt % in the composite leads to a CE
material with poor catalytic effects on the I~ /I; electrolyte. This
may result from the excessive population of CZTS by nanotubes,
leading to the clogging of CZTS’s catalytic sites. However, at 20
wt % N-MWCNTs and 80 wt % CZTS, we observe a signifi-
cant improvement in the catalytic activity of N-MWCNTs and
a slight increase in that of CZTS. Nevertheless, the ‘duck-line’
shape of the CV spectrum is more pronounced for the CZTS/N-
MWCNTs(0.2) composite compared to pure CZTS.

The AEpp (peak-peak separation) follows the following
trend: N-MWCNTs < CZTS < CZTS/N-MWNTs(0.2) < CZTS/
N-MWNTs(0.3) < CZTS/N-MWNTs(0.1). Both CZTS and
N-MWCNTs exhibit low AEpp values. Notably, at 20 wt %
N-MWCNTs, the AEpp is slightly larger than that of the
individual constituent elements. This suggests that CZTS/N-
MWNTs(0.1) requires more energy for facilitating the electro-
lyte reduction process. Although CZTS exhibits a higher current
density and a lower potential, using CZTS/N-MWCNTs(0.2)
as the DSSC counter electrode offers the advantage of a more
reversible reaction without compromising the activity of CZTS.
Figure 5(b)-(f) depict the change in anodic and cathodic peak
current densities of the I~ /I; electrolyte with the square root
of the scan rate. In an electron transfer reaction on an electrode
surface, the active species undergoes mass transfer, adsorption,
and desorption steps. A diffusion-controlled reaction implies
that electron transfer depends on mass transfer (movement
of ions in solution), and the current density is expected to be
directly proportional to the square root of the scan rate. The
graphs for all the composites demonstrate a linear relation-
ship between current density at both the anode and cathode
electrodes and the square root of the scan rate. This linearity is
evident from the plots with R? values approximately equal to 1
[Fig. 6], indicating that the oxidation and reduction reactions
depend on the diffusion of the electrolyte ion pair in the solu-
tion [25-27].

Desirable properties of a good counter electrode (CE)
material in dye-sensitized solar cells (DSSCs) include excel-
lent chemical stability in the electrolyte, high electrocatalytic
activity, low overpotential, and cost-effectiveness [28]. To assess
the stability of the prepared CE materials in the I~ /I3 elec-
trolyte, cyclic voltammetry (CV) tests were conducted. Typi-
cally, numerous CV cycles are run at a selected scan rate [29].
Figure 7 illustrates the stability evaluation of the composites

©The Author(s) 2024

after 50 scan cycles at a scan rate of 100 mV/s. The changes
in reduction peak current density after 50 cycles are presented
in Table 1. The stability ranking of the CE materials is as fol-
lows: CZTS/N-MWCNTs(0.3) > N-MWCNTs > CZTS/N-MWC-
NTs(0.1) > CZTS/N-MWCNTs(0.2) > CZTS. CZTS exhibits the
lowest stability. Despite its high catalytic activity toward I~ /I3,
CZTS alone displays poor recyclability and is not a preferred
choice for a DSSC CE. However, increasing the concentration
of N-MWCNTs in the composites from 10 to 30% enhances the
stability of CZTS. It is assumed that at 30%, a significant por-
tion of the CZTS nanoparticles is supported on the walls of the
nanotubes.

In a DSSC, the CE plays a crucial role in extracting electrons
from the photoanode through an external circuit and facilitat-
ing the reduction of I ions (I; + 2~ <> ™). Therefore, the
CE material should offer low resistance to electron transfer,
both from the external circuit and to the electrolyte. The charge
transfer resistance at the CE/electrolyte interface was investi-
gated using electrochemical impedance spectroscopy (EIS)
spectra in the I /I electrolyte, employing a symmetrical cell
configuration (CEl|electrolyte| CE). The obtained spectra exhibit
an arc at high frequency and a semi-circle at low frequency
[Fig. 8(a)], and the equivalent circuit is depicted in Fig. 8(c).
Notably, the lowest charge transfer resistance (R.,) value was
observed for N-MWCNTs, which aligns with expectations due
to the excellent electron transport properties of carbon nano-
tubes. For CZTS, an R, of 45 Q) was recorded, which is three
times higher than reported by Ngubeni et al. and twice as high as
that obtained by Chen et al. [10, 30]. This high R, value can be
attributed to the semiconductor nature of CZTS, which limits its
suitability as an electrode material. However, the incorporation
of 10% and 20% N-MWCNTs into CZTS does not improve the
R, of CZTS; instead, it results in a higher R, value. A significant
enhancement in the R, of CZTS, decreasing from 45 to 12 Q,
is observed when 30% N-MWCNTs are incorporated into the
composite CZTS/N-MWCNTs(0.3). It is evident that a higher
loading of nanotubes leads to improved electron transport prop-
erties of the semiconductor.

To assess catalytic activity and determine the best-perform-
ing counter electrode (CE) material, Tafel polarization curves
were obtained from the symmetrical cell in the I~ /I3 electrolyte
[Fig. 8(b)]. Tafel plots illustrate the change in Log/ with potential
and provide two essential parameters: the exchange current den-
sity (J,) and the limiting current density (Ji;,)). /i, is estimated
from the Tafel curve at high potential, while ], is determined from
the current density value at the intersection of the linear regions of
the anodic and cathodic sections of the curve when the potential is
zero [31]. ], is inversely proportional to charge transfer resistance
(R and is related by Eq. 1. A high ], indicates a low R, signifying
good electrocatalytic activity of the CE material. Table 2 confirms
the relationship between R, and J; CE materials with high R
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values exhibit low ], values. Therefore, among the three composite
materials, CZTS/N-MWCNTs(0.3) demonstrates higher electro-
catalytic activity.

Jo=RT/,pp,, (1)

©The Author(s) 2024

where R is the gas constant, T is the temperature (298 K), F is
Faraday’s constant, n (n = 2) is the number of electrons, and R,
is the charge transfer resistance.

Equation 2 relates Jj;,, to diffusion coefficient, D. J;;, is the

maximum current density that can be passed through the
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o
>

electrolyte [32]. CZTS has the highest value of J;;;, suggestinga  where D is the diffusion coefficient of the I, I is the electrolyte

high diffusion coefficient when CZTS is employed in DSSC elec-  thickness, 7 is the number of electrons involved in the reduction
trolyte, which in turn shows a more electrocatalytic material [28]. of I3 at the counter electrode, F is the Faraday constant, and C
is the iodic concentration.
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Figure8: (a) Nyquist and (b) Tafel for the |~ /I3 symmetrical cells based on CZTS, N-MWCNTs and CZTS/N-MWCNTs composites, (c) equivalent circuit for
the symmetrical cells, and (d) J-V curves of DSSCs using CZTS, N-WCNTs and CZTS/N-MWCNTs composites.

TABLE2: Electrochemical

R/Q  J,/(mAcm™)

Jim/(MACM™)  J /(mAcm™) VNN FF/%  n/%

CE R/Q
performance parameters of
CE mater'lals obtained from czTS 221
symmetrical cells and J-V

N-MWCNTs 108

parameters obtained from DSSCs

fabricated using the CE materials. CZTS/N-MWCNTs (0.1) 242
CZTS/N-MWCNTs (0.2) 105

CZTS/N-MWCNTs (0.3) 127

45.2 0.106 0.293 4.51 099 67 3.0
3.8 0.443 0.160 1.31 099 40 0.52
92.1 0.035 0.118 - - - -
101.3 0.076 0.029 8.04 098 71 5.58
12.57 0.397 0.023 9.03 099 73 6.52

The CZTS/N-MWCNTs nanocomposites are deposited on
a glassy carbon substrate and immersed in an electrolyte solu-
tion (I”/I;). During cyclic voltammetry, electrons traverse
through the glassy carbon and the nanocomposite. At the inter-
face between the electrolyte and the composite material, elec-
trons facilitate the reduction of I; to I™. In this process, CZTS
catalyzes the reduction reaction, while N-MWCNTs provide
high conductivity [33, 34]. Three potential electron transport
pathways within the nanocomposite can be proposed. First, elec-
trons may travel from the contact surface to the catalytic sites

on CZTS, where the reduction reaction takes place. However,

©The Author(s) 2024

this route is relatively slow due to the semiconductor nature of
CZTS. Second, electrons can move through the CZTS nano-
particles and laterally through the nanotubes. Lastly, electrons
may be conducted through the core of the nanotubes to reach
the CZTS. The latter two processes occur more rapidly because
nanotubes exhibit superior electron conductivity. Additionally,
nitrogen doping of the nanotubes, which introduces defects,
may further enhance electron mobility through the tubes as they
navigate these defects. As a result, CZTS/N-MWCNTs compos-
ite CE demonstrates a higher current density compared to the
CEs composed of CZTS and N-MWCNTs.

www.mrs.org/jmr

February 2024

Issue 4

Volume 39

Journal of Materials Research

697



Journal of
MATERIALS RESEARCH

%m

Based on the current density, stability, J,, and R results,
only CZTS, CZTS/N-MWCNTs(0.2), and CZTS/N-MWC-
NTs(0.3) CEs were integrated into DSSCs. Figure 8(e) illustrates
the photocurrent density-voltage curves (J-V curves) of the
DSSCs featuring CZTS, N-MWCNTs, CZTS/N-MWCNTs(0.2),
and CZTS/N-MWCNTs(0.3) composite counter electrodes
under simulated solar illumination of 100 mWcm™2 (AM 1.5).
From the J-V curves, key parameters of the DSSCs, including
short-circuit current (J,.), open-circuit voltage (V,.), power con-
version efficiency (1), and fill factor (FF), were obtained and are
summarized in Table 2. The V_ values are relatively consistent
across all devices and have a negligible impact on the catalytic
performance of the device, as they depend on electron injection
efficiency and charge recombination. In contrast, the . values
exhibit the following trend: CZTS/N-MWCNTs(0.3) > CZTS/N-
MWCNTs(0.2) > CZTS > N-MWCNTs. The same trend is
observed for power conversion efficiency (PCE). CZTS/N-
MWCNTSs(0.3) demonstrates synergistic properties, resulting

in improved efficiency.

The successful synthesis of CZTS/N-MWCNTs nanocomposites
was confirmed through XRD, TEM, Raman, and XPS spectros-
copies. In this study, the incorporation of N-MWCNTs into the
CZTS matrix aimed to enhance the surface area and electron
transport properties of CZTS. Among the tested compositions,
the CZTS/N-MWCNTs(0.2) sample with 80 wt % CZTS and
20 wt % N-MWCNTs exhibited a high electrochemical cur-
rent density. Notably, CZTS/N-MWCNTs(0.3) demonstrated
superior stability, low exchange current density, and low charge
transfer resistance, indicating its relatively higher electrocata-
lytic activity compared to other materials, including the 20 wt %
sample. These findings are consistent with the results obtained
from dye-sensitized solar cells (DSSCs), where the CZTS/N-
MWCNTs(0.3) device exhibited the highest power conversion
efficiency (PCE) of 6.52%.

Chemicals

The following chemicals were purchased from Sigma-Aldrich
and used as received; oleylamine (OLA) (C,3H;,N, 70%), stan-
nic chloride (SnCl,.5H,0, 98%), zinc chloride (ZnCl,, > 98%),
copper (I) chloride (CuCl, 298%), elemental sulfur (S, 99.0%),
chloroform (CHCl,, 99%), absolute ethanol (CH,CH,OH, 96%),
acetonitrile (C,H;N,299.9%), lithium iodide (Lil, 99.9%),
lithium perchlorate (LiClO,, 295.0%), iodine (I,,>99%), N,N-
dimethyl formamide (DMF) (C;H,NO, ” 99.5%), nafion (5 wt
%), anhydrous ethylene glycol (C,H¢O,, 99.8%), N719 ruthe-
nium dye (95%), 4-tert-butylpyridine (CoH,;N, 98%), Titania

©The Author(s) 2024

paste (TiO,, 20 wt %), Whatman glass microfiber filter paper,
and Flourine-doped tin oxide (FTO) glass.

Colloidal synthesis of Cu,ZnSnS,

The synthesis of CZT'S followed the same method as Ngubeni
et al. [10], 24 mL of OLA in a three-neck round bottom flask
connected to a Schlenk line was heated and refluxed to 100 °C
[10]. Then, CuCl, ZnCl, and SnCl,.5H,0 were sequentially
added. The temperature was then increased to 220 °C, upon
which elemental sulfur was added. The molar ratio of the pre-
cursors added was 2:1:1:4. The color of the solution changed
from clear to green upon addition of copper and zinc salts to
orange after addition of tin chloride to a black as sulfur was
added. The reaction was run for 45 min after which the solu-
tion temperature was lowered to 60 °C, and ethanol added to
precipitate the colloidal particles out. The nanoparticles were
then isolated by centrifugation for three cycles while washing

with ethanol, and then dried at room temperature.

N-MWCNTs preparation by chemical vapor deposition
method

The preparation of N-MWCNTs involved two steps. Firstly, the
bimetallic Fe-Co catalyst supported on CaCO; (Fe-Co/CaCO,)
was prepared using a known method [22]. Thereafter, 0.3 g of the
prepared catalyst was spread on a quartz boat, which was then
placed in the middle of a tubular quartz reactor in a horizontal
furnace. Nitrogen (40 mL/min) was initially passed through the
reactor for 1 h to remove any oxygen within the reactor while
increasing temperature of the furnace to 800 °C. Then, C,H, and
N, gases were bubbled through CH;CN concurrently at 100 mL/
min and 240 mL/min, respectively, for 1 h. CH,CN was used as
both a carbon and nitrogen sources, while C,H, was the carbon
source and N, transporting medium. Thereafter, bubbling of the
respective gases through CH,CN was terminated and the reac-
tor cooled under flowing nitrogen at 40 mL/min. The prepared
carbon compound was weighted, and then acid treated with 3:1
98% H,S0,/55% HNO; to remove the catalyst, while oxidizing
the terminal carbon atoms, filtered, and washed with distilled
water. The acid functionalized sample was named N-MWCNTs.

Preparation of Cu,ZnSnS,/N-MWCNTs nanocomposites
by agitation

A sonication procedure in DMF for nanocomposite prepara-
tion was adapted from Das S. and co-workers [35, 36]. The
CZTS samples obtained, and acid-treated N-MWCNTs denoted
N-MWCNTs, were used for the preparation of nanocomposites.
In a typical reaction, CZTS/N-MWCNTs (10 wt %) (denoted
as CZTS/N-MWCNTs(0.10)) was prepared by from 90 mg of
CZTS and 10 mg of N-MWCNTs. The composite precursors
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were each sonicated in 4 mL of DMF at 40 °C for 1 h. The
composite precursor solutions were then mixed and sonicated
further for 1 h at the same temperature. Thereafter, the compos-
ite material was isolated by centrifuging for three cycles while
washing with ethanol, air dried, and ground to a fine powder.
Composite materials with 20 and 30 wt % of N-MWCNTs
(denoted as CZTS/N-MWCNTs(0.2) and CZTS/N-MWC-
NTs(0.3), respectively) in CZTS/N-MWCNTs were prepared

in a similar manner.

Electrode fabrication

Counter-electrode fabrication

Fluorine-doped tin oxide (FTO, 7 Q/cm?) cut into 1 by 1 cm
pieces was washed by ultrasonicating in soap and rinsed with
ultra-pure water, followed by further rinsing with acetone
and isopropanol. Prior to use, FTO glass was dried with an
air gun. The CE inks were prepared by dissolving 40 mg of
CZTS, N-MWCNTs and CZTS/N-MWCNTs hybrid materials
in 1 mL of ethanol and isopropanol mixture (1:4 v/v) and 25
uL of Nafion, which acts as a binder. 20 L of the inks was
drop casted on FTO glass and heated to 100 °C in an oven to
facilitate drying. The CEs were then used as working electrodes
in the three-electrode half-cell setup to study their catalytic
activity and stability by cyclic voltammetry. The CEs prepared
in the same way were then used in the dummy cell to determine
the charge transfer resistance as well as the exchange current
density by impedance spectroscopy and linear sweep voltam-
metry, respectively, using the I~ /I3 electrolyte. The electrolyte
was prepared by dissolving 0.27 g of Lil (0.01 M), 0.1 g of I,
(0.001 M), and 2.1 g of LiClO, (0.1 M) in 40 mL of acetonitrile.
In cyclic voltammetry, a potential of — 1.5 to 1.5 V was applied
between the working and reference electrodes and current
response between the working and counter electrode recorded
at increasing scan rates of 25, 50, 75, and 100 mV/s. The stabil-
ity of the working electrode in the electrolyte was evaluated by
running 50 scans at the maximum scan rate of 100 mV/s. For
the DSSC device setup, the inks were deposited on 1 cm? of the
1 by 2.5 cm FTO glass.

Photoanode fabrication

The photoanode was prepared by depositing TiO, paste on 1 cm?
area of 1 by 2.5 cm area FTO glass by doctor blade method, then
sintered at 350 °C for 30 min in a furnace. The electrode area
covered with TiO, was then dipped in a dye sensitizer solution
(N719 dye, 0.3 mM in methanol) for 5 times and left to dry at
room temperature in a dark place for 24 h.

©The Author(s) 2024

DSSC assembly
The DSSC was assembled by sandwiching the sensitized TiO,

photoanode electrode and the counter electrode (FTO modi-
fied with CZTS, N-MWCNTs, and CZTS/N-MWCNTs), and
the electrodes were spaced by a Whatman filter paper. The
redox electrolyte (0.05 M iodine, 0.1 M KI, 0.1 M Nal, 0.1 M
Lil, 0.5 M 4-tert-butylpyridine in acetonitrile) was injected into
the filter paper and the device was secured with binder clips.
Photocurrent-voltage measurements were then carried out on
these devices using HP 4141B source measure unit (SMU) under
controlled illumination of 100 mW cm? (AM 1.5 G).

Characterization

The crystallographic parameters, phase purity of CZTS, and
the presence of carbon nanotubes in the CZTS sample matrix
were determined by Bruker D2 Phaser Powder X-ray diffrac-
tometer using CuKa light source with 2-theta scan from 10 to
90°. The extent of interaction between the CZTS nanoparticles
and N-MWCNTs was evaluated by TEM, Raman spectroscopy,
and XPS run on FEI Technai T12 TEM microscope, John-Yvon
T64000 microRaman spectrophotometer, and Thermo ESCAlab
250Xi, respectively. Cyclic voltammetry, linear sweep voltam-
metry, and impedance spectroscopy measurements were carried

out using the Biologic SP 300 potentiostat.
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