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ABSTRACT: Graphene exhibits exceptional properties, including high
tensile strength, mechanical stiffness, and electron mobility. Chemical
functionalization of graphene with boron and nitrogen is a powerful
strategy for tuning these properties for specific applications. Molecular
self-assembly provides an efficient pathway for the tailored synthesis of
doped graphene, depending on the molecular precursor used. This study
presents a scalable approach to synthesizing large-area boron- and
nitrogen-doped graphene using two borazine precursors bearing thiol
functionalities. After self-assembly on electropolished polycrystalline
copper foil, the precursors undergo photopolymerization under UV
irradiation, and subsequent annealing in vacuum transforms the cross-
linked BN-doped layer into a graphenoid structure. X-ray photoelectron
spectroscopy confirms the integration of the borazine rings into the
BNC architecture, while Raman spectroscopy reveals a red shift in the characteristic G bands along with intense and broad D bands,
highlighting boron−nitrogen contributions. Transmission electron microscopy provides insight into the morphology and structural
quality of the BNC films. The BNC films were successfully integrated as counter electrodes in dye-sensitized solar cells, achieving a
power conversion efficiency of up to 6% under 1 sun illumination and 11.8% under low-intensity indoor ambient light. Hence, this
work not only establishes a straightforward, controllable route for heteroatom doping but also introduces a novel concept of Pt-free
counter electrodes for efficient indoor energy harvesting applications.
KEYWORDS: BN-doped graphene, borazine, self-assembly, photopolymerization, indoor and outdoor energy harvesting,
dye-sensitized solar cells

1. INTRODUCTION
With its extraordinary electronic, mechanical, and thermal
properties,1 graphene has emerged as a key 2D material for
optoelectronics, fuel cells, energy storage devices (super-
capacitors), sensors, and photovoltaic devices.2−5 However,
one of the major limiting factors for the full-scale
implementation of graphene in device applications is its
gapless semiconducting character. A promising approach to
address this challenge is heteroatom doping, which can modify
graphene’s semiconducting properties by introducing boron
(B) or nitrogen (N) atoms into the graphene lattice.6,7 Various
experimental and theoretical studies have shown that doping
graphene with these atoms converts it into a p- or n-type
semiconductor whose band gap and transport properties can
be tuned by varying the dopant concentration.8,9 Borazine
rings (B3N3) present an ideal dopant structure, as they are
isostructural and isoelectronic to graphene’s carbon rings, and
their bond length (1.44 Å) is nearly identical to that of
benzene (1.40 Å).10 These similarities allow borazine to
integrate seamlessly into the graphene lattice, where the

electron-donating nitrogen atoms and the electrophilic boron
atoms give rise to unique electronic properties (refs 11, 12 and
references therein), such as a widened HOMO−LUMO gap or
a reduced HOMO energy compared to benzene.11 In this
context, borazine can be an attractive choice for graphene
doping when aiming for applications in UV-emitting OLEDs,
H2 storage, ceramics, coatings, sensors, or catalysis.10,13,14

However, despite promising optoelectronic properties, the
practical implementation of a BN-doped graphene film in
photovoltaic devices as electrode components remained
problematic due to several factors. First, the fabrication and
implementation of heteroatom-doped graphene require
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complicated synthesis and transfer steps that present a high
risk of introducing defects and tears in the film, which degrade
its quality.15,16 In addition, contact with various organic/
inorganic solvents in the device architecture significantly
reduces the film’s electrical conductivity, surface area, and
optical transparency. This behavior deteriorates mass transfer
kinetics, which makes the application of graphene-based films
in photovoltaic and/or other optoelectronic devices still a key
challenge.17,18 As leading examples, implementing B-doped
reduced graphene oxide as hole transport layers in perovskite
solar cells exhibited a power conversion efficiency (η) of up to
8.96% and N-doped graphene, codoped with zinc oxide
nanorods as an electron transport layer, achieved an η of up to
16.82%.4,19 However, both designs required rather complicated
fabrication steps and the addition of metallic nanorods to
enhance efficiency.4,19 In another type of photovoltaic device,
dye-sensitized solar cells (DSSCs) have reached η values of up
to 6.73% and 9.38% when B-doped reduced graphene oxide20

and N-doped graphene on a platinum film sputtered onto a
fluorine-doped tin oxide (FTO) substrate21 were employed as
counter electrodes (CEs), respectively. Here, the time-
consuming preparation, low production yield, and requirement
of toxic precursors still call for improvement. Hence,
implementing a BN-codoped film, produced in a simpler and
more sustainable approach, as a CE in DSSCs represents a
frontier solution that is aimed for in this work.

Doping of graphene is still in its early stages, and no
mainstream method comparable to chemical vapor deposition
for the growth of pure graphene exists.6,9,22,23 Current methods
for preparing BN-doped graphene often rely on multistep
chemical routes and hydrothermal processes, which limit their
scalability.22,24 Initial efforts using chemical vapor deposition
to codoped graphene have encountered issues with dopant
segregation, where BN nanodomains formed in the carbon
sheet.6 To mitigate segregation, Xu et al. used plasma
treatment to create defects in graphene, which were filled
with dopants by thermal annealing in the presence of
borazine.9 However, this approach yielded only low dopant
concentrations. Another attempt to synthesize codoped
graphene via the decomposition of hexaphenylborazine on
heated metallic substrates has been hindered by the loss of

dopant atoms at relatively low annealing temperatures (402
°C).23

Herein, we report an alternative bottom-up approach for
synthesizing B- and N-codoped graphene, utilizing thiolated
BN-containing precursors (see Figure 1). Starting with a
molecular precursor bearing a preformed BN core, i.e., a
borazine ring, is key to avoiding dopant segregation or the loss
of dopant atoms during synthesis. Borazine derivatives can
easily be synthesized through various organic reactions (e.g.,
thermal cleavages, weak bases, hydrogenolysis, etc.).10,25 The
B3N3 core motif allows for the attachment of various functional
groups to each nitrogen and boron atom, forming inner and
outer shells depending on the chemical nature of the
substituents. These functional groups are critical for stabilizing
the borazine core, which is inherently sensitive to hydrolysis,
and they can influence both the synthesis process and the
material’s properties, expanding its potential applications. The
borazine derivatives used in this study are thiol borazines 1SH
and 2SH (Figure 1). These molecules serve as starting materials
for the self-assembly, where the thiol groups anchor the
molecules to copper foil. The self-assembled layer is then
irradiated with UV light to induce cross-linking and prevent
sublimation during subsequent annealing in a vacuum to
transform it into doped graphene (Scheme S1). Previous
studies by Turchanin26 (and references therein) have
demonstrated the growth of graphene by UV light- or
electron-induced polymerization and annealing of self-
assembled monolayers (SAMs). This work aims to adapt this
method to self-assembled borazine molecular precursors to
produce codoped graphene with boron and nitrogen integrated
into the lattice.

After sufficient experimental evidence was collected to
confirm that this goal was achieved, the next step was to test a
device application by implementing the BN-doped graphene
(BNC) film as a CE in DSSCs (Scheme S2). Before realizing
the device, the electrocatalytic behavior was tested and found
to be propitious. DSSCs with the BN-doped graphene film as
the CE exhibited a promising η of up to 6% under standard
conditions (AM 1.5G, 1 sun illumination) and 11.8% under
indoor illumination. The latter resulted in a significant indoor
energy harvesting power of up to 235 μW/cm2. To our

Figure 1. General scheme of a borazine derivative (left).10 Chemical structure of thiol-terminated borazines 1SH and 2SH.
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knowledge, this is the first BN-doped graphene-based CE
effectively operating under low-light conditions, while under
standard conditions, this device performs slightly better than a
recent type of BNC-CE prepared by laser induction technology
(5% DSSC power conversion efficiency).27,28 Extensive
research has already been conducted to improve the catalytic
behavior of counter electrodes.29−32 The present work makes a
significant contribution by demonstrating promising perform-
ance under outdoor and indoor conditions, with ample
potential for further optimization.

Hence, this work highlights two major findings. First, it
demonstrates a straightforward method for preparing BNC
layers and the simpler transfer techniques of such layers onto
the FTO substrate, which might pave the way for transfer onto
large-size substrates. Second, it proves that DSSCs with BN-
doped graphene-based CEs deliver a promising performance
under both standard and low-light conditions, thereby offering
a viable pathway toward developing Pt-free, sustainable
counter electrodes for next-generation DSSCs.

2. RESULTS AND DISCUSSION
2.1. Synthesis of Thiol Borazines. The synthetic strategy

to access thiol borazines 1SH and 2SH has been envisaged
through the click reaction of the relative borazine precursors

bearing peripheral ethynyl groups 1yne and 2yne with (2-
azidoethyl)(trityl)sulfane 4,33 a key step to install thiol groups
on the outer shell of the borazines (Scheme 1). Borazine
precursors were prepared from 4-(phenylethynyl)aniline (1An)
and aniline (2An) upon reaction with BCl3 under refluxing
conditions.34−36 Treatment of the resulting B,B′,B″-trichloro-
N,N′,N″-triaryl borazines with the trimethylsilyl (TMS)-
protected aryllithium derived from 337 afforded TMS-
protected borazines 1TMS and 2TMS in 13% and 26% yield,
respectively. Subsequent removal of the TMS protecting
groups with tetra-n-butylammonium fluoride (TBAF) pro-
duced alkyne-terminated borazines 1yne and 2yne with 54% and
75% yields, respectively.37 The terminal 2,6-dimethylphenyl-4-
acetylene moieties at the boron sites enabled the introduction
of the trityl-protected thiol groups through Cu-catalyzed
cycloaddition with 4, affording borazines 1STr and 2STr in
22% and 62% yield, respectively. Ultimately, trityl deprotection
with TFA and triisopropylsilane (TIPS) gave access to thiol
borazines 1SH and 2SH in quantitative yields.
2.2. X-Ray Photoelectron Spectroscopy Character-

ization. 2.2.1. Film Growth from Thiol Borazine Precursor
1SH. To ascertain that the molecular precursor self-assembled
without degradation on electropolished copper foil and could
be processed to yield BN-doped graphene, we used X-ray

Scheme 1. Synthesis of Thiol Borazinesa

aReagents and conditions: (a) BCl3, toluene, reflux, 18 h; (b) 3, tBuLi, THF, −84 °C to room temperature (rt), 16 h; (c) TBAF, THF, 0 °C to rt, 1
h; (d) sodium ascorbate, CuSO4·5H2O, DMF, H2O, rt, 16−40 h; (e) TFA, TIPS, CH2Cl2, 0 °C to rt, 1−3 h.
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photoelectron spectroscopy (XPS). Figure 2 shows the spectra
of the C 1s, B 1s, N 1s, and S 2p core level regions collected for

1SH SAM after deposition (a), after UV light-induced
polymerization (b), and after annealing to transform it to
BN-doped graphene (c). After deposition, the C 1s region
(Figure 2 top left panel, a) can be deconvoluted into four
components: the main component was observed at a binding
energy (BE) of 284.4 eV, which corresponds to sp2 aromatic
carbon−carbon bonds; additional components at BEs of 283.7
and 285.1 eV stem from C−B and C−N/C−S bonds,
respectively, while the last contribution at 286.2 eV
corresponds to C−O, likely due to surface contamination
during the sample transfer.6,7,38 The B 1s photoemission signal
for the same as-prepared self-assembled layer (Figure 2 top
right panel, a) is peaked at 190.0 eV, as expected for the C−B−
N2 structure of the borazine core.6,39 The absence of additional
components in the B 1s spectrum after self-assembly suggests
that the central borazine ring remains intact after deposition.
The N 1s spectrum (Figure 2 bottom left panel, a) requires
four components for a good fit: the one at a BE of 398.9 eV
corresponds to C−N−B2 (nitrogen bound to boron in the
thiol-borazine ring). The additional components at 399.8 eV,
400.7 eV, and 401.5 eV originated from N�N−N (nitrogen
bonding with two nitrogens), N�N−C (nitrogen bonding
with carbon), and C−NC−N (three-coordinated nitrogen);

these peaks are consistent with the triazole aryl moiety from
the molecule.6,39,40 The higher intensity of the first peak
(borazine ring) compared to triazole components is probably
due to X-ray-induced degradation during XPS analysis, which
has been reported in other work.40 The S 2p region (Figure 2
bottom right panel, a) has three components. The main peak
located at a BE of 163.6 eV corresponds to C−SH (free thiol
groups not bound to Cu). Another component peaked at 162.2
eV, which is attributed to C−S−Cu (copper sulfides) and
hence confirms that a layer of covalently anchored, integer
borazine derivatives was produced. Although the self-assembly
was carried out in a desiccator in the dark, a small peak at
167.9 eV due to C−SOx (oxidized sulfur) is detected, possibly
from adsorbed oxygen.41 The composition of the self-
assembled layer was deduced from the XPS intensities of
78.7 at % carbon, 3.2 at % boron, 9.7 at % nitrogen, 3.9 at %
sulfur, and 4.5 at % oxygen, which agrees with the
stoichiometry of the molecule.

The next step in the synthesis of BN-doped graphene
involved inducing photopolymerization of the adsorbed
molecules. Without polymerization, the borazine derivatives
would likely desorb from the surface during annealing rather
than converting into graphene, as previously observed for
biphenyl thiol (BPT).42 Based on prior optimized experiments
with BPT exposed to UV radiation,42 an irradiation time of 6 h
was chosen (see Experimental Section). In the XPS spectra of
the UV-irradiated (polymerized) sample (see Figure 2, b), the
main components of all spectral lines exhibited a slight shift of
0.2 eV toward higher BE, indicating a change in the chemical
environment, as expected when dehydrogenation takes place
and a cross-linked structure is formed.41 The C 1s spectrum
(Figure 2 top left panel, b) was deconvoluted into the same
four components discussed for the spectrum taken after self-
assembly. The S 2p spectrum (Figure 2 bottom right panel, b)
shows that the relative spectral intensity of the C−SH
component decreased from 67% (after deposition) to 61%
(after UV irradiation), while the C−S−Cu peak increased from
24% (after deposition) to 30% (after UV irradiation), proving
that at least one out of three anchoring groups of the molecules
chemisorbed on the surface. In the B 1s spectrum (Figure 2
top right panel, b), the line shape did not change after UV
irradiation, implying no major changes in the bonding
environment. In the N 1s spectrum (Figure 2 bottom left
panel, b), the relative intensities of the components associated
with N �N−C and C−NC−N moieties decreased by 8% after
UV irradiation.

After polymerization, the sample was transferred to a
vacuum furnace and annealed at 827 °C for 2 h to convert
the polymerized SAM into a graphitic layer. After this heat
treatment, we moved the sample back to the UHV system,
where it was quickly annealed at 250 °C to desorb any
contaminants and then taken to the photoemission spec-
trometer to collect again the C 1s, N 1s, B 1s, and S 2p XPS
spectra.

Comparing the C 1s core-level region of the XPS spectrum
after annealing with that of the polymerized SAM of 1SH shown
in Figure 2 top left panel, (b) and (c), one notes that the main
component of the C 1s line is now peaked at a BE of 284.2 eV,
a slightly lower binding energy than that of CVD-grown
graphene43 but still typical for graphitic carbon.44 The smaller
contribution at lower BE (283.6 eV) corresponding to C−B is
still present. At higher BEs, there are contributions at 285.1 eV,
now attributed to C−N alone because there is no more S in

Figure 2. XPS spectra of the C 1s (top left panel), B 1s (top right
panel), N 1s (bottom left panel), and S 2p (bottom right panel) core
level regions of a self-assembled monolayer of a thiol-terminated
borazine derivative 1SH on electropolished copper foil after deposition
(a), after UV light-induced polymerization (b) and annealing (c). The
corresponding fits are shown as well. For the discussion of the color-
coded components see text.
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the layer (see S 2p core-level region, Figure 2 bottom right
panel, c); at 286.0 eV assigned to C−O, even if slightly shifted.
Moving further to higher BE, there are new components at
287.1 eV, 288.2 eV, 289.4 eV, and 291.0 eV, corresponding to
C �N, C�O, O−C�O, and the (π−π*) shakeup (see
Figure S33 for a more detailed view of the smaller
components).6,39 Comparing the C 1s spectral intensity after
annealing with that after UV irradiation, one notes that no
carbon was lost in the heat treatment, indirectly confirming
that the UV light indeed polymerized the SAM.

One can get a first idea of the thickness of the annealed layer
by comparing the intensity ratio of the C 1s and Cu 2p XPS
signals with those retrieved from the spectrum of a single layer
of CVD-grown graphene on copper foil, where IC 1s/ICu 2p ∼ 1
(see Figure S34). For the polymerized 1SH SAM, after
annealing IC 1s/ICu 2p > 4 for some samples, the copper signal
was no longer visible because it was completely attenuated
(Figure S35), thus indicating that there is more than a single
layer of carbon on the surface.

By comparing the B 1s spectra in Figure 2 top right panel,
(b) and (c), one notes that the spectrum after annealing
comprises three additional components: next to the one at
189.6 eV corresponding to C−B−N from the borazine ring,
there are also contributions at BE 188.6 eV due to B−C3, at
190.7 eV deriving from B−N bonds (similar to h-BN, where B
is bound to three N atoms),6,45,46 at 192.0 eV attributable to
B−O that possibly formed during the transfer of the sample
through air.47 The B 1s spectrum after annealing (c) suggests
that borazine rings remained isolated in the carbon matrix,
while some rings decomposed during heat treatment or
segregated into small BN domains surrounded by sp2-graphitic
carbon.6

This picture is supported by the N 1s spectrum (Figure 2
bottom left panel, c), which consists of four components: the
component at a BE of 397.7 eV arises from N−B, similar to h-
BN domains;6,9 the component at 398.7 eV stems from C−N−
B (nitrogen bonds to both carbon and boron) from the
borazine ring.39 The last two components at 399.9 and 401.4
eV correspond to N�C and N−C, two bonding structures
that commonly remain after the triazole’s thermal decom-
position or ring breakdown.48,49 The total amount of nitrogen
decreased by 2/3 after annealing, and, as already mentioned, S
disappeared completely (Figure 2 bottom right panel, c). In
other words, the boron to nitrogen ratio changed from 1:3 in
the as-deposited SAM to 1:1 after photopolymerization and
annealing. Since B and N are still present in isolated borazine
rings surrounded by C and some segregated small BN
domains, a 1:1 ratio is considered suitable for use in electronic
devices6,9 and better than what can be obtained by bulk
synthesis methods.9,50 In summary, from the analysis of the
annealed samples, one concludes that there is nitrogen- and
boron-codoped carbon on the surface and that this carbon is
graphitic in nature.

2.2.2. Film Growth from Thiol borazine 2SH. Borazine
molecular precursor 2SH (C54H57B3N12S3), with a reduced
carbon content, was then investigated. As in the previous
experiment, we confirmed the molecules’ successful deposition
via self-assembly on electropolished copper foil using XPS.
Figure 3 shows the C 1s, B 1s, N 1s, and S 2p photoemission
lines of 2SH collected after deposition (a), after UV light-
induced polymerization (b) and after annealing to transform it
into B- and N-codoped graphene (c).

The spectra after the self-assembly of 2SH on electropolished
Cu foil were similar to those of 1SH, indicating consistent
deposition behavior. The main component in the C 1s core
level region (Figure 3, top left panel, a) was observed at a BE
of 284.6 eV, which corresponds to sp2 aromatic carbon−
carbon bonds; the additional components at BEs of 283.9 eV
and 285.5 eV stem from C−B bonds and C−N/C−S bonds,
respectively, while the last contribution at 286.6 eV
corresponds to C−O, likely due to surface contamination
during sample transfer.6,7,38,51 The B 1s photoemission signal
for the same as-prepared self-assembled layer (Figure 3 top
right panel, a) is peaked at 190.3 eV, as expected for the C−B−
N2 structure of the borazine core.6,7 The absence of additional
B 1s components suggests that, also for this system, the central
borazine ring remains intact after deposition. The N 1s
spectrum (Figure 3 bottom left panel, a) requires again four
components for a good fit; the one at a BE of 399.1 eV
corresponds to C−N−B2 (nitrogen bound to boron in the
thiol-borazine ring), while the component at 400.0 eV is due to
N�N−N (nitrogen bonding with two nitrogens). Another
component at 400.8 eV is ascribed to N�N−C, and the
fourth component at 401.7 eV derives from three-coordinated
nitrogen (the last three peaks stem from the triazole aryl of the
molecule).6,9,39,40 Figure 3 shows a higher intensity for the first

Figure 3. XPS spectra of the C 1s (top left panel), B 1s (top right
panel), N 1s (bottom left panel), and S 2p (bottom right panel) core
level regions of a self-assembled monolayer of the thiol-terminated
borazine derivative 2SH on electropolished copper foil after deposition
(a), after UV light-induced polymerization (b) and annealing (c). The
corresponding fits are shown as well. For the discussion of the color-
coded components, see text.
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peak (borazine core) than other peaks (triazole components)
due to possible X-ray-induced degradation, as discussed for 1SH
and reported in the literature.40

As for 1SH, the S 2p spectrum (Figure 3 bottom right panel,
a) showed a component peaked at a BE of 164.0 eV attributed
to C−SH (free thiol groups not bound to Cu). Another
component peaked at the lower BE of 162.9 eV testifies to the
formation of C−S−Cu (copper sulfides) and hence points to
the fact that we produce a layer of integer borazine molecules,
covalently anchored during the self-assembly. A small
component at 168.0 eV attributed to C−SOx (oxidized sulfur)
was detected, possibly from adsorbed oxygen while introducing
the sample in UHV conditions, as it happened with 1SH.41 The
composition of the 2SH SAM was 72.9 at % carbon, 3.9 at %
boron, 14.2 at % nitrogen, 4.3 at % sulfur, and 4.7 at % oxygen,
which agrees with the stoichiometry of the molecule.

Photopolymerization for 6 h is mirrored by the same
changes in the XPS spectra (Figure 3b) as discussed for 1SH,
namely a shift of the main components of all spectral lines to
higher binding energies, pointing to dehydrogenation. The N
1s line (Figure 3 bottom left panel, b) shows a different relative
intensity of the components: three-coordinated nitrogen
decreased by 6% in favor of the other two components due
to the decomposition of the triazole during the UV irradiation
and XPS measurements. In the S 2p spectrum (Figure 3
bottom right panel, b), the relative spectral intensity due to
copper sulfide increased from 38% of the total S 2p intensity
before the UV irradiation to 48% after UV irradiation. This
suggests that when hydrogen is lost from C-SH moieties
during the UV irradiation, the sulfur binds immediately with
Cu. After these light-induced reactions take place, half of the
anchoring groups of 2SH are grafted to the surface.

After photopolymerization, the sample was annealed in
UHV at 500 °C for 2 h to convert the polymerized molecules
into graphitic carbon, aiming for graphene formation at a lower
temperature. Unlike in the experiment with 1SH, we kept the
sample in UHV during heat treatment to avoid contaminants
from air exposure. In Figure 3, all core level photoemission
lines (c) collected after annealing are shifted by ∼0.4−0.8 eV
toward lower binding energies. In the C 1s spectrum, shown in
Figure 3 (top left panel, c), the main component is now peaked
at a BE of 284.3 eV, a typical value for graphitic carbon (C−
C), as also observed for 1SH (vide supra). The smaller
contribution at lower BE (283.6 eV) corresponds to C−B. The
contributions of C−N, C−O, C�N, and C�O are located at
285.1, 286.0, 287.2, 288.5, and 290.5 eV, respectively. There is
the (π−π*) shakeup (for a more detailed view of the small
contribution of the peaks, see Figure S33).6,39,52 The C 1s line
after annealing confirmed indirectly that UV light indeed
polymerized the self-assembled layers, but the ratio of the
carbon and copper photoemission intensities IC 1s/ICu 2p (see
Figure S35) indicates that there is more than a single layer of
carbon on the surface. As seen for 1SH, comparing with IC 1s/
ICu 2p of a single layer of CVD-grown graphene on copper foil
(Figure S34) leads to the conclusion that also the BN-doped
graphene produced from 2SH comprises several layers, even
though 2SH has 24 carbon atoms less than 1SH.

The B 1s spectrum collected after annealing (Figure 3 top
right panel, c) consists of four components. Despite the
precautions taken to avoid contamination from air exposure, at
the BE of 191.9 eV, there is the spectral fingerprint of B−O
bonds.45 The second component at 190.6 eV corresponds to
B−N bonds as in hBN,6,45 the third and most intense one at

189.5 eV is due to C−B−N2 from the borazine rings,39 and the
small fourth component at 188.3 eV stems from B−C3.

44 It is
important to note that as discussed for 1SH, also the B 1s
spectrum of the BN-doped graphene obtained from 2SH
indicates that molecules decomposed or segregated BN
domains formed during annealing, but the relative intensity
of the component due to integer borazine rings is higher when
2SH is used as the precursor molecule. Similar components
with higher intensities were observed after annealing the
photopolymerized 1SH SAM. Presumably, the higher annealing
temperature used in the case of 1SH led to more segregated BN
domains and favored molecular decomposition (Figure 2).

The presence of borazine surrounded by sp2-graphitic
carbon in the film obtained from 2SH is supported by the N
1s spectrum (Figure 3 bottom left panel, c), which consists of
four components; the component at a BE of 398.2 eV arises
from N−B similar to h-BN domains,6 while the component at
398.9 eV stems from C−N−B2 (nitrogen bound to boron from
the borazine rings).39 The other two components at 400.1 and
401.3 eV stem from N�C or pyridinic nitrogen and N−C or
graphitic nitrogen (also found in annealed N-doped carbon
samples),47,53 both presumably the result of the triazole
decomposition. The intensity of the N 1s peak decreased by
50% after heat treatment, and sulfur disappeared completely.
In other words, the boron to nitrogen ratio changed from 1:3
in the as-deposited SAM of 2SH to 1:1 in the polymerized and
heat-treated sample. The composition of this film, as deduced
from XPS, was 88.0 at % carbon, 5.8 at % nitrogen, 4.1 at %
boron, and 2.1 at % oxygen. This final stoichiometry shows
higher atomic percentages of N and B, along with reduced
oxygen content compared to the doped graphene derived from
1SH (see Figure S35). A higher BN content in the graphitic
carbon, especially when associated with integer borazine rings,
significantly enhances the chemical reactivity or charge carrier
mobility, making the BNC film obtained from 2SH more
promising for further testing and device applications.
2.3. Raman Spectroscopy Characterization of the

BNC Films. Raman spectroscopy was employed to examine
the effects of incorporating borazine rings into the graphitic
backbone of the BNC films. Figure 4 shows the deconvoluted
Raman spectra of the films prepared by using thiol borazine
precursors 1SH and 2SH. The deconvolution was performed by
fitting each spectrum with five symmetric Voigt-type peaks
corresponding to the D*, D, D″, G, and D′ bands
characteristic of graphene-based materials with defects (ref
54, and references therein). The curve-fitting parameters are
presented in Table S1, and the calculated intensity ratios, i.e.,
the peak area ratios, are presented in Table S2.

The spectra reveal intense and broad D bands positioned at
1330−1340 cm−1, which typically correspond to the presence
of structural defects in the planar sp2 carbon network of
graphene.55 It is also worth noting that the D bands of both
films overlap with those corresponding to the E2g vibrational
mode in hBN at 1366 cm−1.56 The presence of borazine rings
is evidenced by the redshifts of the G band positions of both
films relative to those of single-layer graphene, multilayer
graphene, and graphite (∼1584 cm−1).57,58 Similar G band-
shaped redshifts originating from doping graphene with
heteroatoms have been reported in other works and attributed
to the sensitivity of the G band to the charge carrier
concentration and to dopants. Furthermore, the redshift of
the G band suggests that borazine rings are n-type dopants (ref
59 and references therein).
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The D-to-G and D′-to-G band intensity ratios (ID/IG and
ID′/IG, respectively), which are directly proportional to the
defect concentration in graphene-based materials (refs 54 60
and references therein) are correlated with the level of BN
doping in the films. As can be seen in Table S2, ID/IG and ID′/
IG of the film prepared from 2SH are higher than those of the
film obtained from 1SH. This result is corroborated by the
stronger redshift of the G band for this sample and agrees with
the XPS data, which indicated that more borazine rings are
integrated into the graphitic lattice of the film prepared from
2SH than in the one prepared from 1SH. However, the ID/IG
ratio can also serve to estimate the average in-plane crystallite
size (La) of the sp2 carbon domains in each film using the
following equation:61

[ ] = ×L I Inm (2.4 10 ) ( / )a
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D G
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where λlaser is the laser excitation wavelength in nanometers.
For the films prepared from 1SH and 2SH, the calculated La
values were 10.7 and 5.8 nm, respectively. Following a different
approach, the average distance between the in-plane lattice
defects (LD) can be calculated using
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For BNC films obtained from 1SH and 2SH, the calculated LD
values were found to be 5.3 and 3.9 nm, respectively. This
analysis concludes that the film prepared from 2SH has smaller
crystalline domains and a higher defect density than the one
fabricated using 1SH.

2.3.1. Transmission Electron Microscopy Characterization
of the BNC Films. Direct insight into the morphological
properties of the codoped graphene films obtained from 1SH

and 2SH was gained from transmission electron microscopy
(TEM). For this, the BNC films were transferred from the Cu
foil to a TEM grid by chemically etching the copper substrate,
as detailed in the Experimental Section.

The TEM images (see Figure S36) demonstrate that both
molecular precursors yield continuous films that can be easily
transferred to a TEM grid, albeit with some macroscopic folds,
as most clearly seen for the film from 2SH and some minor Cu
residues. Figure 5 shows the high-angle annular dark field

scanning TEM (HAADF STEM) images from the BNC films
obtained from 1SH (b) and 2SH (d), both taken at the edge of
the respective film. The difference in morphology between the
two is striking. While the film obtained from 1SH clearly
presents a layered structure that resembles few-layered
graphene,62 the BNC film from 2SH is much more disordered,
and no clear layered structure could be identified. Figure 5a
shows the film obtained from 1SH at higher magnification, but
no clear crystal structure could be seen, nor was it possible to
identify segregated small domains of BN. We attempted to
image the film from 2SH at higher magnification but were
unsuccessful. Figure 5c hints that this film contains nanopores.
The differences in morphology can be attributed to the
difference in annealing temperature: 827 °C for the photo-
polymerized SAM of 1SH and 500 °C for the one obtained
from 2SH.

Having proven that BNC films can be fabricated and
transferred to another substrate, we moved on toward device
application by implementing the film prepared from 2SH as a
state-of-the-art BN-doped graphene (BNC) film as the CE in a
DSSC architecture (see Scheme S2). The reasons for this
choice are 2-fold − (i) thiol borazine 2SH comes with simpler
synthesis steps along with a higher production yield (15% vs.
1% for 1SH), minimizing the challenge of heteroatom-doped
graphene compounds yield;18 (ii) more importantly, the film
produced from 2SH exhibited more intact borazine rings along
with less segregation in BN domains, as confirmed by the XPS
study.

Figure 4. Raman spectra acquired after annealing of the polymerized
thiol-borazine SAM on electropolished copper foil. Bottom spectrum
corresponds to the film from 1SH and the top spectrum corresponds to
the film from 2SH. The excitation wavelength was 632.8 nm.

Figure 5. TEM micrographs of codoped graphene samples resulting
from annealing a polymerized 1SH SAM (a, b) or a 2SH SAM (c, d) on
electropolished copper foil; the images were collected after transfer to
a TEM grid.
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2.3.2. Electrocatalytic Behavior of the BNC Films. First, we
investigated the electrocatalytic behavior of the BNC films by
carrying out linear sweep voltammetry (LSV) in a symmetric
cell configuration (FTO/BNC film/tri-iodide electrolyte/BNC
film/FTO using FTO/Pt electrodes as reference, see
Experimental Section).63 Figure 6 shows that both BNC and
Pt cells feature symmetrical redox behavior with well-defined
oxidation and reduction peaks. In detail, BNC cells exhibit a
slightly lower cathodic (JPC) and anodic (JPA) peak current
density (Figure 6B; JPC and JPA of −22.4 mA/cm2 and +18.2
mA/cm2 for BNC cells vs. JPC and JPA of −26.6 mA/cm2 and
29.2 mA/cm2 for Pt cells). In addition, the peak-to-peak (EPP)
potential for BNC cells was slightly higher than that of Pt cells
(0.89 V vs. 0.64 V). Thus, the BNC cells can be considered
good enough to perform as CEs in DSSCs (refs 17, 18, 64 and
references therein).

2.3.3. DSSC Fabrication and Characterization. After
having demonstrated the promising electrocatalytic behavior
of BNC electrodes, the next step was their integration as CEs
in classical DSSCs with N719-sensitized TiO2 photoanodes
and a liquid iodine/tri-iodide-based electrolyte (see Exper-

imental Section). At first, the photocurrent−voltage (J−V)
performance was measured under standard 1 sun AM 1.5G
conditions. As expected from the electrocatalytic behavior of
the above BNC cells, the short-circuit current (Jsc) reached a
value of 11.80 mA/cm2, which is lower than that of the
reference Pt CEs (16.34 mA/cm2). This was also confirmed by
the incident photon conversion efficiency (IPCE) measure-
ments that showed a lower conversion for the BNC-DSSCs
with an overall calculated Jsc of 9.64 mA/cm2 (14.70 mA/cm2

for Pt-reference devices); see Figure 7. However, the fill factor
(FF) amounted to ca. 60% for both Pt- and BNC-DSSCs and
was thus not strongly impacted by the type of CE chosen. To
understand the effect of the CE on device performance, we
carried out an electrochemical impedance spectroscopy (EIS)
analysis at 1 sun and open-circuit voltage (Voc) conditions
using the equivalent model shown in Figure 7C.65 In detail, the
Nyquist plot consists of two semicircles (Figure 7C): a small
semicircle associated with the catalytic electrolyte regeneration
at the CE interface and a large semicircle related to charge
collection at the TiO2 electrode. This is confirmed by the Bode
phase plots that exhibit two frequency peaks associated with

Figure 6. BNC symmetric cell sketch (A) and linear sweep voltammograms of BNC and Pt cells (B).

Figure 7. (A) Light J−V (under standard 1 sun condition), (B) IPCE spectrum, (C) Nyquist plot (the equivalent circuit model applied for fitting is
shown in the inset), and (D) Bode phase plot of DSSCs fabricated with BNC and Pt counter electrodes.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c23116
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/10.1021/acsami.4c23116?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c23116?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c23116?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c23116?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c23116?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c23116?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c23116?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c23116?fig=fig7&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c23116?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the CE and TiO2 electrodes.66 Specifically, both BNC and Pt
CEs showed similar charge transfer resistances of 10.2 and 7.1
Ω at frequencies of around 3800 and 5,200 Hz − Figure 7D.
This value is remarkable, taking into account the difference in
electrode thickness compared to the reference Pt nanoclusters
− see the Experimental Section. Finally, the resistance
associated with the TiO2 electrode is significantly higher for
BNC-DSSCs than for Pt-DSSCs, as expected from the lower Jsc
values − Figure 7C and Table 1.64 Overall, the BNC CEs
demonstrate a promising η of up to 6%, close to that of the
reference Pt-DSSCs (8%). The device parameter distribution is
tabulated in Figure S37. Interestingly, our BNC electrodes
provide outstanding η values considering the recent prior art,
in which, for example, nitrogen and boron dual-doped porous
graphene counter electrodes prepared by one-step laser
induction achieved around 5% DSSC efficiency.27,28 Although
graphene-based counter electrodes have been previously
investigated, there are relatively few reports, to the best of
our knowledge, on the use of boron- and nitrogen-doped
graphene as counter electrodes in DSSCs. A comparison with
previous works is provided in Table S3.

As a final step to further demonstrate the potential of BNC-
CEs, we evaluated the performance of BNC-DSSCs under low-
intensity ambient light conditions relevant for indoor energy
harvesting.67 Specifically, we measured the J−V characteristics
of the devices across a range of incident power densities from
140 to 1980 μW/cm2, using a commercial white LED
(WINGER 3 W 6500 K; see Experimental Section).68 Under
these dim light conditions, the BNC devices displayed well-
defined J−V curves, achieving a remarkable η of up to 11.8% at
Pin = 1980 μW/cm2 (Figure 8 and Table 2). Notably, these

devices were able to harvest energy (Pout) within the range of
5−235 μW/cm2, highlighting their strong potential for
powering indoor household devices and Internet of Things
devices.69

3. CONCLUSION
This work demonstrated that two different thiol-bearing
borazine derivatives can serve as molecular precursors for

synthesizing boron- and nitrogen-codoped graphenoid films.
The experimental approach consisted of self-assembling the
borazine derivatives on copper foil, followed by photo-
polymerization with UV light to prevent desorption during
the subsequent heat treatment to transform the cross-linked
molecules into codoped graphene. The success of the synthesis
was demonstrated by X-ray photoelectron spectroscopy, which
also revealed key differences between films derived from the
two precursors. Films derived from 2SH, the precursor with
fewer carbon atoms, exhibited a higher proportion of intact
borazine rings within the graphene matrix and showed reduced
segregation of BN domains. These results were partly
attributed to the lower annealing temperature used for 2SH,
which also largely influenced the morphology, as deduced from
Raman and electron microscopy studies. TEM evidenced a
few-layer graphene-like structure for the film from 1SH but a
more defect-rich architecture for the film from 2SH. The
electrocatalytic behavior of BNC films prepared from 2SH when
employed as CE in DSSCs was judged promising, reaching an
η of up to 6% under standard conditions (AM 1.5G, 1 sun
illumination) and 11.8% under indoor illumination conditions.
Importantly, this BNC-CE effectively operated under low-light
conditions, resulting in a significant indoor energy harvesting
power of up to 235 μW/cm2. Despite the success of this
bottom-up self-assembly method to prepare BN-doped
electrodes, work is ongoing to control the defect density and
doping level better to establish clear correlations between these
parameters and the electronic and catalytic performance, which
are of paramount relevance for optimizing device behavior.
Overall, this work has proven to be a straightforward synthesis
strategy for B- and N-doped graphene films that can be
employed as effective CEs in DSSCs, offering promising
performance under both standard solar and indoor lighting
conditions. Hence, a new route toward the milestone of Pt-free
and sustainable CEs in DSSCs can be envisaged.

4. EXPERIMENTAL SECTION
4.1. Synthesis of Precursors. Experimental details for the

synthesis of borazines 1SH and 2SH are found in the Supporting
Information.
4.2. Synthesis of the BNC Films. Copper foils were used

for the deposition of the two molecular precursors. The copper
foils (thickness 25 μm, 99.99% purity, Goodfellow and Alfa
Aesar) were cleaned by electropolishing before the self-
assembly of the molecular precursors. For this, the Cu foil
was connected to the positive terminal of the power supply
(E0300−0.1-L, Delta Elektronika) and immersed in the
electrolyte (with another copper foil as the anode), an aqueous
solution (2:1:1) of Milli-Q water, phosphoric acid (85 wt % in
H2O, Sigma-Aldrich), and acetic acid (purity 99%, Sigma-
Aldrich). After a voltage of 2.5 V was applied for 5 min, the
surface oxide had dissolved in the electrolyte due to a
hydrogen reduction reaction, which took place at the cathode.
After electropolishing, the surface was smooth and showed no
more traces of oxide, as confirmed by XPS (not shown). The

Table 1. Figures of Merits of DSSCs Fabricated with BNC and Pt CEs.a

CE JSC (mA/cm2) VOC (mV) FF (%) η (%) RCT (Ω) RTiO2
(Ω)

Pt 16.34 ± 0.62 778 ± 8.38 63 ± 2.5 8.01 ± 0.38 7.1 ± 0.6 12.15 ± 0.74
BNC 11.8 ± 0.47 866 ± 10.91 59 ± 1.9 6.03 ± 0.17 10.2 ± 0.86 31.18 ± 3.75

aThe figures of merit of the devices tabulated in the table correspond to the most representing, and the standard error is calculated based on the
three independent devices measured under the same conditions.

Figure 8. J−V curves of the DSSC devices fabricated with BNC CEs
fabricated from 2SH under indoor ambient condition.
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electropolished foils were thoroughly rinsed with Milli-Q
water, ethanol (≥99.50%, ACS reagent, Sigma-Aldrich), and
chloroform (≥99.0% purity, Lab-Scan) before being immersed
in one of the thiol borazine solutions. The self-assembly
occurred by immersing the Cu foil in a 0.3 mM solution of 1SH
in chloroform for 24 h or in a 0.2 mM solution of 2SH in
chloroform for 15 h, both in the dark at room temperature.
After self-assembly, the substrates were rinsed with chloroform,
thoroughly dried with an argon gas stream (5.0 purity, Linde),
and introduced immediately into the UHV system (base
pressure ∼9 × 10−10 mbar). There, the adsorbed layers were
first characterized by X-ray photoelectron spectroscopy, and
then polymerization was induced by irradiation with a
commercial He−I discharge lamp (VUV-Discharge lamp
HIS-13 Omicron Focus, photon energy 21.22 eV, operating
at a pressure of ∼10−8 mbar). After polymerization, samples of
1SH/Cu foil were transferred through the air to a vacuum
furnace (EHA 12/150B, Carbolite Gero) operating at a base
pressure of ∼10−5 mbar, where they were annealed at 827 °C
for 2 h to induce the transformation to doped graphene. 2SH/
Cu foil samples instead never left the UHV chamber, and after
polymerization, they were annealed to 500 °C for 2 h (p = ∼1
× 10−9 mbar) to induce the transformation to doped graphene.
4.3. Graphene Growth by Chemical Vapor Deposi-

tion. As a reference sample, a single layer of graphene was
grown by chemical vapor deposition on Cu foil (thickness 25
μm, 99.99% purity, Goodfellow) in a vacuum furnace (base
pressure 10−5 mbar). Before transferring to the oven, the
copper surface was etched in 0.25 mM sulfuric acid (H2SO4,
Sigma-Aldrich) and rinsed with deionized water (Milli-Q,
resistivity 18 GΩ cm) to remove the oxide layer from the
surface. The Cu foil was then annealed in a mixture of 0.5
mbar hydrogen (Messer, purity 5.0) and 0.1 mbar argon
(Linde, purity 5.0) for 40 min. The graphene was grown by
exposing the Cu foil to 0.1 mbar argon, 0.5 mbar hydrogen,
and 0.5 mbar methane (Messer, purity 4.0) for 2 min at 907
°C. The sample was subsequently cooled to room temperature
in 0.1 mbar argon at a cooling rate of 10 °C/min.43

4.4. Characterization of the BNC Films. XPS spectra
were collected with a Scienta R4000 spectrometer, equipped
with a monochromatic Al Kα X-ray source (hν = 1486.6 eV)
and a hemispherical electron analyzer, operating at a base
pressure of ∼9 × 10−10 mbar. The overall experimental
resolution was 0.4 eV. XPS spectra analysis was done using the
least-squares curve-fitting program WinSpec developed at the
LISE, University of Namur, Belgium, and included a Shirley
baseline subtraction and a peak deconvolution using a linear
combination of Gaussian and Lorentzian functions, taking into
account the experimental resolution. The spectra were fitted
with a minimum number of peaks, consistent with the
structure of the molecules on the surface. The binding
energies of isolated peaks are given at ±0.05 eV; when more

than one component was needed to reproduce the raw data,
the error in the component position was ±0.1 eV. The
uncertainties in the intensity determinations were approx-
imately 1%. In this study, all measurements were conducted by
using freshly prepared samples. Three SAMs were analyzed for
each thiol borazine; spectra of the as-deposited SAM and of
the photopolymerized SAM before and after annealing were
collected in three distinct spots of each sample to check for
reproducibility. Raman spectra in the range of 500−3000 cm−1

were collected with an Olympus BX51 microscope, fiber-
coupled to an Andor Technology DU416A-LDC-DD camera
coupled to a Shamrock 163 spectrograph, and a 500 l/mm
grating blazed at 750 nm. A HeNe laser (Thorlabs, random
polarization) with a wavelength of 632.8 nm was used; the
laser power was 9 mW, and the spot size diameter was
estimated at 1.0 μm with a 100× objective and 2 μm with a
50× objective. Each spectrum was the average of 40 scans (0.5
s per scan) collected at a 4 cm−1 resolution. Spectra were
acquired in five different spots of each sample to check for
homogeneity. Transmission electron microscopy (TEM)
images for the films from 1SH and 2SH were acquired with a
JEOL 2010F TEM and an aberration-corrected Thermo Fisher
Scientific Titan Cubed electron microscope, equipped with a
field emission gun and operated with an accelerating voltage of
200 and 300 keV, respectively. TEM images in bright-field
mode were collected with a Gatan CCD camera.
4.5. Transfer of the BNC Films to Other Substrates.

For inspection with TEM, the BNC films grown on copper
foils were transferred onto Quantifoil2/2 TEM grids
(Quantifoil Micro Tools GmbH), consisting of a 100 μm-
spaced Au mesh onto which an amorphous carbon membrane
of 12 nm thickness has been deposited. This membrane
contains circular holes (2 μm diameter) with a spacing of 2 μm
(except for the TEM grid Quantifoil for the micrograph in
Figure S36b, which had a 200 μm diameter). Free-standing
BNC films, free of residues and impurities, were prepared on
TEM grids by the following procedure. The Quantifoil2/2
TEM grid was directly placed on the copper foil with the
amorphous carbon membrane in contact with codoped
graphene. A drop of 2-propanol alcohol (IPA, 99.95% purity,
Merck) was deposited onto the codoped graphene. During the
evaporation of IPA, the codoped graphene and amorphous
carbon membrane attached to one another. The sample was
then placed in a 5 mM solution of FeCl3 (99.99%, Sigma-
Aldrich) in water to etch away the copper foil. The TEM grid
with graphene was then thoroughly rinsed three times with
ultrapure deionized water (Milli-Q, resistivity 18 GΩ cm),
followed by annealing at 130 °C for 5 min in an oven (UNE
200, Memmert) to remove the excess water.

For the electrochemical studies of electrodes and device
fabrication purposes, the BNC films obtained from thiol
borazine 2SH were transferred from Cu foils to fluorine-doped

Table 2. Figures of Merit of DSSCs Fabricated with BNC CEs Were Measured under Light Indoor Ambient Conditions.a

Input power (μW/cm2) JSC (mA/cm2) VOC (mV) FF (%) η (%) Output power (μW/cm2)

1980 511 ± 11 727 ± 17 63 ± 0.37 11.89 ± 0.54 235 ± 11
910 280 ± 5 668 ± 14 56 ± 0.54 11.51 ± 0.53 104 ± 4
440 126 ± 3 595 ± 16 48 ± 0.66 8.18 ± 0.45 36 ± 2
230 60 ± 2 530 ± 11 43 ± 0.68 5.94 ± 0.30 14 ± 1
140 32 ± 1 444 ± 11 35 ± 0.63 3.55 ± 0.21 5 ± 0.3

aThe figures of merit of the devices tabulated in the table correspond to the most representing, and the standard error is calculated based on the
three independent devices measured under the same conditions.
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tin oxide (FTO) glass slides − Pilkington TEC15 (12−15 Ω/
sq, 84% total transmittance, 74% direct transmittance, 0.6%
haze, 12.5 nm roughness, and 2.2−3.2 mm glass thickness)
purchased from XOP glass. Before the transfer, the FTO
glasses were cleaned as reported elsewhere. The samples were
placed (BNC side facing up) in a container with the Cu
etching solution (iron trichloride, hydrochloric acid, Sigma-
Aldrich) until all the copper was removed. The copper etching
solution was slowly changed by deionized water (Milli-Q) in
order to wash away any contamination from the BNC film.
When all the etching solution was replaced by water, the FTO
glass slide was cautiously placed below the floating film, and
the film was transferred onto the FTO glass by reducing the
water level in the container and letting the film to land on the
new substrate. This process was carried out with great care to
avoid trapping bubbles between the FTO glass and the film.
The films on the new substrate were dried in air at room
temperature for 12 h before being used for device fabrication.
4.6. Device Fabrication and Characterization. Ti-

nanoxide T/SP paste was purchased from Solaronix; 18NR-
AO Active Opaque TiO2 paste was purchased from Greatcell
Solar Materials. H2PtCl6, used to fabricate counter electrodes,
as well as tetra-butyl ammonium iodide (TBAI), 4-tert-
butylpyridine (TBP), iodine (I2), sodium iodide (NaI), and
acetonitrile (ACN), were purchased from Sigma-Aldrich. FTO
glass substrates were cleaned with Derquim soap solution,
deionized water, and isopropanol in an ultrasonication bath
each for 15 min. Afterward, these substrates were dried gently
with nitrogen gas flow and further treated with a UV-ozone
cleaner (Model No. 256−220, Jelight Company) for 20 min to
eliminate any organic residue from the electrode surface. The
cleaned FTO glasses were immersed in a 0.4 mM aqueous
TiCl4 solution (titanium(IV) chloride solution, 0.09 M in 20%
HCl, purchased from Sigma-Aldrich) at 70 °C for 30 min and
washed with water and ethanol, followed by blow-drying with
nitrogen. The treated electrodes were annealed further at 450
°C for 30 min at a rate of increase of 3.5 °C/min. After cooling
down, the first T/SP TiO2 paste was doctor-bladed using
circular Scotch tape with 0.196 cm2 active area on FTO glass
and dried at 125 °C for 6 min. Similar steps were followed with
the 18NR AO Active Opaque TiO2 paste. The electrodes were
then sintered at 325 °C for 5 min, 375 °C for 5 min, 450 °C
for 15 min, and finally 500 °C for 15 min. After cooling, the
electrodes were immersed in a 0.5 mM dye solution. The
ruthenium dye N719 (ditetrabutyl ammonium cis-bis-
(isothiocyanato) bis(2,2 ́-bipyridyl-4,4 ́-dicarboxylato)-
ruthenium(II)) was prepared in an acetonitrile and tert-
butanol solution (0.5 mM in ACN:TBA 1:1 v/v). The
reference counter electrodes were fabricated with 5 mM
H2PtCl6 in an absolute ethanol solution by drop-casting on
FTO glass (26 μL) and annealed at 400 °C for 20 min. The
sealing of the device was done in three steps: (i) a
thermoplastic polyamide heat-resistant biadhesive tape was
placed across the periphery of the N719-soaked TiO2 film, (ii)
2−3 drops of iodide/triiodide (I−/I3−) redox electrolyte spread
over the TiO2 film. The I−/I3− electrolyte solution was
composed of 0.4 M NaI, 0.1 M TBAI, 0.5 M TBP, and 0.05 M
I2 in an acetonitrile solution, and (iii) the CEs were placed on
top of the TiO2 films and clamped. The symmetric cells were
prepared by assembling two CEs (two platinum and two BNC
films deposited on FTO) separately by the thermoplastic
polyamide heat-resistant biadhesive tape and sealed with the
above iodide/triiodide electrolyte.

The photocurrent−voltage measurements of the DSSC
device were carried out with a Solar Simulator, Sol3A Class
AAA (450 W xenon lamp; Newport) calibrated with a KG5-
filtered silicon reference cell (Newport/Oriel, Model 91150
V). J−V curves were recorded in the range of 0−1.0 V with a
scan rate of 0.1 V/s using a potentiostat (PGSTAT204,
Metrohm Autolab) under standard 1 sun illumination. The
incident photon-to-current conversion efficiency (IPCE) was
measured with a QEPVSI-b (Newport) in the spectral range of
300−900 nm using the Lasing Scan software. The electro-
catalytic behavior of the symmetric cells was measured with
linear sweep voltammetry in the range of −1.0 V to +0.8 V at a
scan rate of 0.1 V/s and using the same potentiostat.
Electrochemical impedance spectroscopy (EIS) of the devices
was performed under constant AM 1.5G 100 mW/cm2 by
applying a bias at the open-circuit voltage of each device (VOC)
with an amplitude of 10 mV within the frequency range of 0.1
Hz to 105 Hz. Upon measurement, the data were fitted with an
equivalent circuit model (see inset of Nyquist plot in Figure
7C) for a dye-sensitized solar cell. The indoor ambient was
simulated with a standard daylight white LED lamp (WINGER
3W, 6500K). The input power density (Pin) was calibrated
using an Oriel 91150V reference cell and power meter by
increasing the distance of the LED, as reported in the
literature.70
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