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Abstract

Dye-sensitized solar cells (DSSCs) are low-cost solar energy conversion devices with variable color and transparency advan-
tages. DSSCs' potential power efficiency output, even in diffuse light conditions with consistent performance, allows them to
be used in building-integrated photovoltaics (BIPV) window applications. Significantly, the development of bifacial DSSCs
is getting significant scientific consideration. Triiodide/iodide (I;/I") redox couple-mediated DSSCs require highly effective
and stable electrocatalysts for I;~ reduction to overcome their performance constraints. However, the commonly employed
platinum (Pt) cathodes have restrictions on high price and unfavorable durability. Here, we report platinum nanoparticles (Pt
NPs) incorporated into multiwalled carbon nanotubes (MWCNT) composites with lower Pt content as an efficient bifacial
counter electrode (CE) material for DSSC applications. Pt NPs were homogenously decorated over the MWCNT surfaces
using a simple polyol method at relatively low temperatures. CEs fabricated using Pt/MWCNT composites exhibited excel-
lent transparency and power conversion efficiencies (PCE) of 6.92% and 6.09% for front and rear illumination. The results
are expected to bring significant advances in bifacial DSSCs for real-world window applications.
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Introduction a potential candidate owing to their high energy conversion

efficiency, efficient work in diffuse light, and ease of fabri-

Low-cost and energy-efficient solar energy conversion
technology to reduce electricity costs is the most significant
challenge of this century. Among the other well-established
solar cells, dye-sensitized solar cells (DSSCs) stand out as
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cation protocols [1, 2]. A typical DSSC functions upon the
interface interaction of the anode, electrolyte, and counter
electrode (CE). On illumination, a nanostructured dye-coated
TiO, photo anode produces photo-injected electrons, which
are then transferred to an iodide/triiodide (I"/I;7) redox cou-
ple electrolyte. A subsequent generation of the redox couple
occurs at the metal CE [3-6]. The CE has essential effects
on the photovoltaic parameters of DSSCs. An effective CE
should have strong electrocatalytic activity and excellent
conductivity to reduce the redox couple.

Till now, noble metal platinum (Pt) has been the most
successfully employed and efficient CE in DSSCs due to its
corrosion resistance and exceptional electrocatalytic activity
toward the I"/I;~ redox couple [7]. However, Pt NPs' high
price and tendency to aggregate frequently prompt material
scientists to look at viable substitutes. Counter electrodes
based on carbon, conducting polymers, transition metal
sulfides, reduced graphene oxide, and composites are often
employed as CEs [8—10]. However, the electrodes' catalytic
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activity and stability obtained were not as excellent as nano-
Pt [11-13].

Dropping the quantity of catalyst Pt and dispersing the
catalyst homogenously over a suitable, cost-effective cat-
alytic support are the two strategic ways to minimize the
DSSC manufacturing costs instead of sacrificing the elec-
trocatalytic performance. Several studies on transition metal
oxides, acetylene black, carbon black, etc., were reported in
the literature as competent support materials for Pt [14—17].
Notably, low Pt-containing composites with diverse support-
ing materials are a viable class of CE material for DSSC
and are currently gaining considerable attention [18-20]. In
this regard, multi-walled carbon nanotubes (MWCNTs) are a
highly promising supporting material as they are chemically
stable and have favorable electrical and thermal conductivity
[21-25]. Moreover, the functionalized MWCNTs can nicely
disperse and hold various metal NPs firmly over their sur-
face with the advantage of having a large surface area [26].

In addition to the scientific advancement to find a substi-
tute for Pt CEs with low-cost materials, high transparency
should be considered for real-world window applications. In
recent years, considerable progress has been made in devel-
oping solution-processed transparent electrodes (TEs) for
DSSC applications [27-29]. Faster throughput and reduced
energy requirements make solution-processed TEs cost-
effective in solar cells [30]. Additionally, the technique per-
mits the homogeneous deposition of electrode materials with
strong adhesion and remarkable mechanical resilience on
flexible and even curved surfaces. Because of their transpar-
ent electrodes, these bifacial DSSCs can produce up to 50%
more electrical energy than conventional DSSCs [31-34].
TEs fabricated using various polymers are strong candidates
for low-cost bifacial DSSCs [35-39]. However, the thermal
stability of these polymeric electrodes limits their commer-
cial application. Therefore, the fabrication of TEs utilizing
thermally stable materials is crucial.

In this context, this work aims to explore the use of the
MWCNT application for transparent DSSCs by hybridiz-
ing it with Pt NPs. A simple polyol method synthesized Pt/
MWCNT catalysts. The synthesis of composites was carried
out at relatively low temperatures. The MWCNT with highly
dispersed Pt NPs was spin-coated over a fluorine-doped tin
oxide (FTO) glass to obtain highly transparent CEs. The
material characterization and DSSC device performance
were analyzed via front and back illumination.

Materials

All the chemical reactants such as hexachloroplatinic acid
(~40% Pt, CAS No 18497-13-7), ethylene glycol (99.8%)
MWCNTs (>95%, CAS No. 308068-56-6), HNO; (70%,
CAS No. 7697-37-2) and H,SO, (95-98%, CAS No.
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7664-93-9) were purchased from Sigma Aldrich, used as
received without further purification.

Functionalization of MWCNTSs

The acid functionalization of the MWCNT was carried out
to introduce functional groups (-COOH, —-CHO, —CO) on
the surface using a mixture of concentrated acids. For this,
0.05 g of MWCNT was added to 40 mL of acid solution
(Containing 3:1 of H,SO, and HNO;) followed by continu-
ous stirring of contents for 24 h. The precipitate was washed
three times with deionized water and then dried.

Synthesis of Pt/MWCNT composite

A simple solvothermal method prepared Pt-MWCNT com-
posite by the in-situ reduction of chloroplatinic acid with
ethylene glycol (EG) as the solvent. During the solvothermal
reaction, EG acts as a mild reducing agent to get Pt°. The
chelating effect of EG avoids the agglomeration of Pt NPs
on the surface of MWCNT. In a typical procedure, 0.036 g
of acid-functionalized MWCNT was dispersed into 40 mL
of ethylene glycol by sonication of the mixture for 15 min.
To this 0.05/0.1/0.15 g H,PtCl, was added, and the whole
solution was subjected to a solvothermal reaction for 6 h at
180 °C. The precipitate obtained is washed with acetone
several times and dried in air for further characterization.
The obtained sample weighed 0.078 g, 0.126 g, and 0.177 g,
respectively.

Fabrication of DSSCs

The DSSCs and their components were fabricated using
the method described in previous works [40]. At first, pho-
toanodes were prepared on cleaned FTO glass. A homog-
enous viscos paste of pristine TiO, with 2 mL ethanol and
1-2 drops of Triton® X-100 was doctor-blade into the FTO
glass with an active area of 0.25 cm”. The substrate is then
heated at 450 °C for 1 h to obtain a transparent photoanode
layer with an approximate film thickness of 10 +5 um. The
photoanode was cooled below 80 °C for dye loading and
kept in 0.5 mM N719 dye for 12 h. The Pt counter elec-
trode was prepared by drop casting one drop H,PtCl solu-
tion (~0.05 mL, 0.001 g Pt) into FTO glass and heating
them in a furnace at 400 °C for 20 min. To compare the
CE performance, the PUMWCNT composites synthesized
using 0.05 g Pt precursor were used to fabricate cells. The
composite is dispersed in 2 mL of isopropanol solution and
sonicated for 5 min. From the obtained homogenous solu-
tion, ~0.05 mL (0.0006 g Pt and 0.0004 g MWCNT) of the
solution is drop-casted onto the cleaned FTO and dried in
a vacuum oven for 100 for 2 h. The fabricated photoanode
and counter electrode sandwiched together using a surlyn
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film spacer with a thickness of 30 um to fabricate the cell.
One or two drops of redox couple electrolyte consisting of
0.06 M 1-butyl-3-methyl imidazolium iodide, 0.03 M of
iodine (12), 0.10 M guanidinium thiocyanate, 0.5 M 4-tert-
butylpyridine was prepared in a mixed solvent containing
acetonitrile and valeronitrile in 85:15 (volume ratio) was
injected into DSSCs using a glass syringe prior to photo-
voltaic measurements.

Characterization

The crystal phase identification of all the samples was
inspected using a high-resolution X-ray diffractometer
(RIGAKU, ULTIMA 1V, JAPAN) with Cu Ka radiation
(1=1.54 A) at 40 kV and 30 mA. The phase was compared
with standard ICDD (International Centre for Diffraction
Data). The surface morphology of the samples was per-
ceived by a field emission scanning electron microscope
(FESEM-SUPRA-55-Carlzeiss, Germany). Raman spec-
troscopic analysis was carried out using a confocal Raman
microscope (RENISHAW, UNITED KINGDOM) using a
semiconductor diode laser of excitation energy 514 nm.

Three DSSC devices made of identical samples were
fabricated for PV measurements for each case. The cur-
rent—voltage (J-V) measurements were executed under simu-
lated light of power 100 mWcm™2 with Newport® 150 W
96000 solar simulator using AM1.5 Global filter. Prior to the
J-V characterization, the light intensity of the xenon lamp
was calibrated using a standard silicon photodiode. The J-V
data were recorded using a Keithley 2400 source meter at
RT in the air. CV and EIS measurements were done using
a potentiostat—galvanostat instrument (Biologic-SP-150).

Results and discussion

The Pt/MWCNT composites were prepared via acid func-
tionalization of MWNT followed by glycothermal reduction
of H,PtClg and MWCNT mixture. The schematics of the
whole synthesis process are given in Scheme 1.

The adopted polyol synthesis methodology is a versa-
tile and low-cost route for synthesizing various metals,
alloys, and metal oxides, where ethylene glycol is used as

Scheme 1 Schematics of syn-

thesis of PYMWCNT compos-
ites using a facile glycothermal
process

the solvent. The EG solvent can simultaneously serve as a
solvent, stabilizer, and reducing agent, limiting the Pt par-
ticle growth and preventing agglomeration [41, 42]. The
Pt/MWCNT composites prepared after washing and dry-
ing are used to further characterize and fabricate CEs. Fig-
ure 1 shows the powder XRD pattern of the synthesized Pt/
MWCNT nanocomposite and MWCNT. Diffraction peaks
obtained were matched with the standard ICDD data of
Platinum and graphite (platinum: 87-0647 and graphite:
75-1621). For MWCNT, characteristic graphitic carbon
peaks observed at 25.9 and 43.4 corresponds to (002) and
(100) planes [43]. For the PtYMWCNT composite, the (002)
peak intensity was reduced (enlarged spectra), and charac-
teristic peaks (111), (200), and (220) of the face-centered
cubic (fcc) structure of platinum were observed [44, 45].
No oxidized Pt peaks were observed. This specifies the suc-
cessful formation of Pt-MWCNT composite. The average
particle size of Pt was calculated using Scherrer’s equation is
7 nm. No other impurity peaks were observed, revealing the
completion of the reaction and the purity of the as-prepared
composite.

The morphologic features of the samples were ana-
lyzed using the FESEM analysis. Figure 2 shows the low
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Fig. 1 Powder XRD patterns of the MWCNT and PUMWCNT com-
posites prepared by glycothermal reduction

Pt/ MWCNT
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Fig.2 The low and high-mag-
nification FESEM images of Pt/
MWCNT composite sample
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Fig.3 The Raman spectra of the MWCNT and PYMWCNT compos-
ites

and high-magnification FESEM images of the prepared
Pt-MWCNT nanocomposite. The fiber-like morphological
features of MWCNTs were maintained after incorporating
Pt nanoparticles, as evident in the SEM image. From Fig. 3c,
Pt NPs are visible as light dots spread over the surface lay-
ers of MWCNT. Also, the Pt NPs (red circle) were found to
be decorated all over the surface of MWCNT. The surface
of MWCNT acts as an adequate support to hold the Pt NPs
[46]. This unique hybrid structure is beneficial for provid-
ing strong catalytic sites with a good electron conduction
pathway [43].

The Raman spectroscopy examination (Fig. 3) provided
further details regarding the phase and purity of the sub-
stance. The two prominent peaks at 1564 and 1334 cm™!
correspond to the G-band and the D-band of CNTs [47].
The existence of impurities and structural flows or disor-
ders were linked to the D-band at around 1334 cm™!. The
-band at 1564 cm™! denotes the E2g stretching vibration
of HCP carbon atom [48]. The ID/IG ratio represents the
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Fig.4 The CV spectra of fabricated CEs with Pt and PYMWCNT
composites recorded at a scan rate of 50 mV s~

defect caused in CNT during chemical processing [49]. The
insertion of functional groups on the surface, which causes
structural deformations, results in a greater (ID/IG) ratio for
the functionalized MWCNTs (0.94), compared to the non-
functionalized MWCNTSs (0.67). These findings are consist-
ent with those in the literature.

Using a three-electrode setup with Ag/AgCl as the ref-
erence electrode and Pt wire as the CE with a scan rate of
50 mV s~!, the electrocatalytic performance of CEs made
using P/MWCNT and Pt was examined. The samples were
drop cast for preparing the working electrode. The electro-
lyte consisted of 10 mM Lil, 1 mM I, and 0.1 M LiCIO, in
acetonitrile. Both samples showed two pairs of redox peaks
in the CV, as seen in Fig. 4. The oxidation and reduction of
I"/1;~ were attributed to the negative redox pair (Ox-I and
Red-I), while I,/I;~ was given to the positive redox pair (Ox-
II and Red-II), as shown by the equations below:

I + 27 & 310 D
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3, + 2 < 205 2)

Analyzing the negative redox pair of the PYMWCNT
samples is crucial since the CE in DSSCs is responsible
for the catalytic reduction of I;~ to I". Peak currents and
peak separation, which are two distinctive metrics, may be
used to assess the catalytic activity of the manufactured CE
(Epp). According to an estimation made using the follow-
ing equation, the peak-to-peak separation (Epp) is inversely
proportional to the rate constant of a redox reaction:

Epp = |Ep(anodic) — Ep(cathodic)|

Two sets of redox peaks were observed corresponding to
the I"/I;™ redox couple (Ox-I/Red-I) and I; /I, (Ox-II/Red-
II) in both the CEs employed. The peak-to-peak potential
separation between the redox peaks (Ox-I/Red-I) for Pt is
0.43 mV, while for the PUMWCNT it is reduced by 0.41 mV.
This indicates a more facile reduction of the I™ species tak-
ing place on the PUMWCNT. The increased peak current
for the oxidation of I" (in the first redox pair) and I;~ (sec-
ond redox pair) also suggests to the increased oxidation of
the iodine species on the PUMWCNT compared to the Pt.
However, the difference between the oxidation peak currents
and the reduction peak currents is lower in the Pt-MWCNTs
compared to Pt. This may suggest an irreversibility of the
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Fig.5 The J-V characteristic curves for the fabricated DSSCs using
the Pt and PYMWCNT composites

redox pairs in the Pt-MWCNT compared to the Pt. Though
agreeably, the MWCNTSs do provide an enhanced surface
area for the I"/I;~ redox couple, the redox kinetics could be
hampered by the inaccessibility of the electrolyte solution
inside the MWCNTs [50, 51].

Figure 5 shows the photocurrent—voltage (J-V) charac-
teristic curves for the DSSCs employing best-performing
Pt/MWCNT CEs. The measurements were conducted
under standard AM 1.5G conditions with a 100 mW/cm?
light intensity. To understand the performance under front-
illumination and back-illumination conditions, 0.25 cm? cell
area-based DSSCs were made. The extracted photovoltaic
parameters from the J-V characteristic curves are presented
in Table 1.

It is evident that the bare Pt CE exhibited a better elec-
trical conductivity than the P/MWCNTs CE and showed
maximum PCE (7.97%) and J (15.62 mA/cm?) among
all the fabricated CEs with FF of 0.71. However, the front-
illuminated P/MWCNT composites-based DSSCs showed
significant PCE (6.92%) with remarkable current (13.9 mA/
cm?), voltage (0.73 V), and FF (0.68). The V. of CEs fabri-
cated using PYMWCNT composites is higher than Pt imply-
ing better adhesion of the prepared CE material to the FTO
surface. The FF values show that the PUMWCNT CE with
back illumination shows less recombination loss.

The charge-transfer characteristics of the cells were stud-
ied using electrochemical impedance spectroscopy (EIS).
EIS analysis was carried out using dummy cells fabricated
in a symmetric cell configuration with PUMWCNT CE:s.
Figure 6 demonstrates the Nyquist plots of CEs. The inset
presents the equivalent circuit for the perfect fit of plots to
obtain the charge transport and transfer parameters inside
the cells. The semicircle obtained denotes charge transfer
resistance (Rct). The lowest Rct was related to a quicker
charge-transfer kinetics, which could be due to the larger
electrocatalytically active area of CE. It was observed that
Pt/MWCNT CEs exhibited higher Rct values, resulting in
reduced catalytic activity. Compared to PUMWCNT nano-
hybrid CEs, Pt exhibited much lower Rct, indicating higher
catalytic activity. Thus, EIS studies demonstrated the effec-
tive charge transfer at the redox electrolyte/ MWCNT CE
interface, resulting in enhanced electrocatalytic performance
of Pt toward the electrolyte reduction reaction. The compos-
ite samples showed 6.92% PCE on front illumination and
6.09% on back illumination. There is only 12% efficiency

Table 1 The PV parameters

f Cell Jsc Voc Jmax Vmax FF PCE
extracted. ror.n the J-V (m A/crn’z) V) (m A/cm’z) % (%)
characterization curve
Pt/MWCNT-F 139 0.73 12.37 0.55 0.68 6.92
Pt/MWCNT-B 11.71 0.72 10.99 0.55 0.72 6.09
Pt 15.62 0.71 14.30 0.55 0.71 7.97

@ Springer



Materials for Renewable and Sustainable Energy (2023) 12:257-265

262
-25
@® Pt/MWCNT-b
-20 O Pt
V Pt/MWCNT-f
__-15
g Y, CPE
L
< 10 (R, ]
N
-5
0 :
0 5 25

Z’ (ohms)

Fig.6 Comparative impedance spectra of PUMWCNT CEs with the
inset representing the equivalent circuit used to fit the impedance
spectra

loss compared to front illumination. The data obtained were
corroborated with the EIS studies.

The stability test for the fabricated cells was carried
out under ambient conditions for 20 days, and the PV data
extracted are given in Table 2. The cells exhibited very
little loss in PV parameters. Hence, the composite CEs

demonstrated can be applied for highly efficient stable
DSSCs.

The promising PV performance of the devices is due to
the high transparency of the CEs. The MWCNT content
in the composite can provide a high surface area that can
uniformly distribute the Pt NPs over its surface [52, 53].
Moreover, the high transparency of the CE can provide bet-
ter LHE and reduced internal recombination loss and acts
as an efficient electrocatalyst, as obtained from EIS studies
[54, 55]. Such bifacial DSSCs are very beneficial for com-
mercializing DSSCs as window panels. Table 3 provides
the comparative PV performance of DSSCs fabricated using
different composite CEs using MWCNT.

From Table 3, it can be understood that the fabri-
cated Pt/MWCNT-based CEs are very promising in
terms of delivering good PCEs. ZnCo,S,@MWCNT and
SrCo,S,@f-MWCNTs@N-RGO CEs showed high per-
formance compared to PtYMWCNT CEs. However, the
synthesis process adopted for the study was complex with
respect to the polyol method reported in this study. Hence,
it is believed that the current work will throw some light
on the better and ultimate usage of PUMWCNT as CEs in
DSSCs and other solar cells. We further studied the cost
effectiveness of the DSSCs using PYMWCNT. The amount
of Pt used to fabricate the pristine Pt electrode using one

Table 2 Stabilities of the best-performing DSSCs studied over 20 days under ambient conditions

Cell PCE Voc
0 days 5 days 10 days 20 days 0 days 5 days 10 days 20 days
Pt/MWCNT-F 6.92 6.77 6.69 6.57 0.73 0.73 0.72 0.72
Pt/MWCNT-B 6.09 5.96 5.88 5.78 0.72 0.72 0.72 0.71
Pt 797 7.73 7.63 7.49 0.71 0.71 0.70 0.70
Jsc FF
Pt/MWCNT-F 13.9 13.83 13.76 13.62 0.68 0.67 0.66 0.66
PYMWCNT-B 11.71 11.65 11.59 11.48 0.72 0.71 0.71 0.71
Pt 15.62 15.54 15.46 15.31 0.71 0.70 0.69 0.69
;Z?;gr?naizggﬁggngv References Materials xoc fsg . FF 1%
fabricated using MWCNT-
based counter electrodes [56] ZnCo,S,@MWCNT 0.74 17.99 0.65 8.55
[57] NiCo,S,/MWCNT 0.71 9.02 0.55 4.14
[58] SrCo,S,@f-MWCNTs @N-RGO 0.74 16.32 0.70 8.06
[59] MWCNT-NixSn,xS,x 0.71 10.85 0.60 4.67
[60] f-MWCNT @NiMOSe, 0.70 19.93 0.53 7.39
[61] MoS,/ MWCNTs 0.36 2.41 0.64 0.55
[62] MWCNT 0.75 11.67 0.57 5.01
[63] Sb,S; @ MWCNT 0.68 12.70 0.49 5.00
This work Pt/MWCNT-F 0.73 13.90 0.68 6.92
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drop of composite was calculated as 0.001 g, while for the
Pt/MWCNT electrode, it was 0.0006 g Pt and 0.0004 g
MWCNT. Thus, the amount of Pt used per cell was reduced
almost by half. Furthermore, the market price of Pt is more
than double that of MWCNT, the approach has resulted in
a 25% reduction in the cost of the counter electrode per unit
cell. This reduction significantly contributes to lowering the
overall cost of the solar cell.

Conclusion

The Pt/MWCNT composites were prepared by a simple
one-pot polyol method. The crystal planes of both Pt and
MWCNT observed in XRD which confirm the successful
formation of PYMWCNT composites. Highly dispersed Pt
NPs over the MWCNT surfaces were identified with SEM
analysis. Raman spectroscopic techniques further confirmed
phase purity of the MWCNT. Homogeneously anchored Pt
NPs, over MWCNTSs, were drop cast on FTO to get highly
transparent CEs that can be used as bifacial CEs for DSSCs.
The fabricated electrodes demonstrated the best cell efficien-
cies, such as 6.92% and 6.09%, respectively, for the front
and rear-illuminated DSSCs. The promising PV parameters
obtained are J (13.9 mA/cm?), V. (0.73 V), and FF (0.68)
for front illumination. Whereas back-illuminated DSSCs
showed J, (11.71 mA/cm?), Vo (0.72 V), and FF (0.72),
respectively. The obtained PCE results from the highly con-
ductive and transparent nature of the composite CEs. The
polyol synthesis adopted facilitated the homogeneous dis-
tribution and strong adhesion of Pt NPs over the MWCNT
surfaces. The catalytic activity of the Pt NPs decorated
MWCNT was characterized by CV measurements and
showed lower R and higher peak current for I;~ reduction.
From the study, it is revealed that the cost of the counter
electrode per unit cell has decreased by 25%. Consequently,
using MWCNT is anticipated to significantly reduce the cost
of DSSC without sacrificing PCE for large-scale production.
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