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EtOH/H,0 ratio modulation on carbon
for high-V,. (1.03 V) printable mesoscopic
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With a work function close to that of gold, carbon is theoretically a good substitute for gold as a
counter electrode in perovskite solar cells (PSCs). Recently, carbon-based printable mesoscopic
perovskite solar cells (p-MPSCs) have attracted much attention on account of their all-screen-printing
process, assembly in air-atmosphere and ultra-high stability. Herein, based on an improved Stober
strategy, a phenol-formaldehyde resin-based carbon (PFc) material is developed for p-MPSCs as counter
electrodes. By the modulation of solvent polarity (EtOH/H,O ratio) during synthesis, PFc materials with
different morphologies were obtained effectively. At the optimal ratio (EtOH/H,O = 4/3), the infiltration
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of the perovskite precursor in carbon electrodes was effectively improved due to the interaction
between the surface functional groups (C-O/C~N and C—O) of the prepared carbon material and Pb**
and homogeneous porous structure. Furthermore, the open-circuit voltage (V) of PFc-based p-MPSCs
increased from 0.97 V to 1.03 V (without any passivation treatment) with a maximum PCE of 17.64%
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1. Introduction

Owing to the increase in the power conversion efficiency (PCE)
of single-junction devices for perovskite solar cells (PSCs) from
3.8%" to 25.7%,” they are attracting worldwide attention as one
of the most promising photovoltaic devices. However, the
higher cost of electrode materials (such as gold or silver)
and organic hole transport materials (such as 2,2’,7,7'-tetrakis
[N,N-di(4-methoxyphenyl) amino]-9-9'-spirobifluorene, spiro-
OMEeTAD) limit their commercialization to some extent. Carbon,
with a similar work function (—5.0 eV) to that of gold (—5.1 eV),’ is
theoretically a good substitute for gold as a counter electrode of
PSC devices.

In 2014, Prof. H. Han et al. presented firstly a new type of
HTM (Hole transport Materials)-free fully printable mesoscopic
perovskite solar cell (p-MPSC) based on carbon electrodes.*
It stands out due to its simplicity and low cost of preparation,
coupled with its ultra-high stability. Thus far, its highest

Key Laboratory for Advanced Materials, Feringa Nobel Prize Scientist Joint Research
Center, Shanghai Key Laboratory of Functional Materials Chemistry, School of
Chemistry and Molecular Engineering, East China University of Science &
Technology, 130 Meilong Road, Shanghai 200237, P. R. China.

E-mail: wjwu@ecust.edu.cn

i Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2ma01090a

1 These authors contributed equally to this work.

1534 | Mater. Adv,, 2023, 4,1534-1545

certified PCE has reached 17.7% (Vo
24.14 mA cm? and FF = 74.6%).’

To further enhance their photovoltaic performances, exten-
sive research studies have been conducted on the conductivity,
energy level matching, hydrophobicity and specific surface area
of carbon electrode materials.>” For example, Prof. H. Han
et al.® have systematically optimized the flaky graphite compo-
nent in the carbon electrode consisting of graphite and carbon
black and obtained PCE exceeding 11% due to the low square
resistance and large pore size of graphite-based electrodes,
facilitating electron/hole separation in the photoelectric con-
version process. Then, Y. Yang et al.’° made the first attempt
to chlorinate the graphite component for carbon electrode
materials to obtain chlorinated graphite (C-Cl,, x = 0.2, 0.4
and 0.6). For x = 0.4, the PCE was 1.46 times higher than that of
the control group.'® In addition, the introduction of needle
coke can also contribute to the wettability of perovskite pre-
cursors and inhibits charge recombination and dark current
formation, enhancing the charge collection capacity of carbon
electrodes."” Recently, the use of carbonized cellulose as elec-
trodes for p-MPSCs was found to yield a PCE value of 15.5% (Vo
(open circuit voltage) = 0.937 V).'> Thus, for enhancing the
photovoltaic performances of p-MPSCs, the selection and modi-
fication of carbon materials are one of the key breakthroughs.

The Stober method involves the hydrolysis and condensa-
tion of silanol salts such as tetraethyl orthosilicate (TEOS) in an
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Scheme 1 Schematic diagram of the PFc porous carbon preparation and photovoltaic application.

alcohol solvent (e.g., ethanol) in the presence of water and an
alkaline catalyst (e.g., ammonia solution) to produce colloidal
silica spheres.'® Using the Stéber method, excellent control of
the particle size and a narrow particle size distribution can be
achieved, resulting in spherically smooth silica, microporous
silica and mesoporous silica particles. In 2011, Lu et al. pre-
pared monodisperse resin polymer spheres with uniform and
controlled submicron particle size based on the method."* This
synthesis method is a very simple and versatile way of prepar-
ing polymer balls, and is considered to be low-cost and suitable
for industrial production.

In this work, phenol-formaldehyde resin-based carbon (PFc)
was developed via co-assembly engineering with improved
Stober strategy (tetraethyl orthosilicate (TEOS) as the hard
template, and cetyltrimethyl ammonium bromide (CTAB) as
the structure guidance)'>'® (as shown in Scheme 1). Through
an EtOH/H,O ratio modulation, morphological control of PFc
was achieved, and its specific surface area and graphitization
were enhanced. As the carbon electrode of p-MPSCs, the V,,. can
be increased from 0.97 V to 1.03 V (without any passivation
treatment). Furthermore, the champion device obtained a PCE
value of 17.64%. A novel strategy is presented for the high-V,,
carbon electrode materials in the p-MPSCs.

2. Experimental section

2.1. Materials

Formaldehyde (37%), ammonia aqueous solution (NH3-H,O,
25%), 3-aminophenol (3-AP, 99%), cetyltrimethylammonium
bromide (CTAB, 99%) and tetraethoxysilane (TEOS, AR) were
purchased from Shanghai Titan Technology Co., Ltd. Sodium
hydroxide (NaOH, AR) was purchased from Shanghai Macklin
Biochemical Technology Co., Ltd. MAI (CH3NH;1, 99.5%), Pbl,
(lead(u)iodide, 99.99%), hydroxypropyl cellulose and titanium
diisopropoxide bis(acetylacetonate) (75 wt% in IPA) were
obtained from TCI (Shanghai). MACI (CH3NH;Cl) was obtained

© 2023 The Author(s). Published by the Royal Society of Chemistry

from Alfa Aesar. DMF (N,N-dimethylformamide, 99.8%), anhy-
drous EtOH (99.7%), and DMSO (dimethyl sulfoxide, 99.7%) were
obtained from ACROS. ZrO, (nanometer zirconium oxide) was
obtained from QingDao Huifeng Science, Inc. Graphite (99%) and
a-terpineol (98%) were obtained from Adamas-beta. TiO, paste
(30NR-T) (titanium(iv)dioxide) was obtained from GreatCell Solar
Materials. Unless otherwise stated, all of the aforementioned
materials were used as received without further purification.

2.2. The synthesis of PFc carbon

According to reference,'® 0.22 g 3-AP and CTAB were dispersed
in 32 mL EtOH-H,O mixture solvent with different ratios as
PFc-x (x =0, 1, 3, 4, 6 and 7, corresponding to EtOH/H,O ratios
of0:7,1:6,3:4,4:3,6:1,7:0, respectively). After the solid was
completely dissolved, 0.22 mL ammonia aqueous solution and
0.31 mL formaldehyde were added under continuous stirring
for 20 minutes. When the mixed solution changed from a clear
color to an emulsion, 1.1 mL of TEOS was added immediately
and stirred with a magnetic stirrer for 24 hours. The obtained
solution was transferred to a stainless-steel autoclave lined with
Teflon, and reacted at 80 °C for 24 h under hydrothermal
conditions. After the autoclave was cooled to room tempera-
ture, the lining was taken out, and the brick-red precursor was
collected by suction filtration and washed repeatedly with
deionized H,O. The precursor of PFc-x was obtained after
drying at 70 °C for 30 min. It was then placed in a tube furnace
and heated to 800 °C at a heating rate of 2 °C per minute, and
reacted for 3 h under an argon atmosphere. After cooling to
room temperature, the silica was removed by soaking in 1 M
NaOH solution for 24 h, and the final PFc-x was obtained.

2.3. Preparation of the carbon electrode pastes

Graphite powder (4.3 g) were mixed with 0, 0.25, 0.75 and 1.0 g,
PFc-x, respectively, in 15 mL terpineol. Then, 1 g nano-ZrO,
powder and 1 g hydroxypropyl cellulose were added. Finally, the

Mater. Adv.,, 2023, 4,1534-1545 | 1535
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mixture was processed by ball milling for 48 h to obtain the
carbon paste with different contents of PFc-x.

2.4. Preparation of the perovskite precursor

The perovskite precursor solution was prepared by mixing
159 mg MAI, 461 mg Pbl,, 27 mg MACI, 800 uL N,N-dimethyl-
formamide (DMF) and 200 uL dimethyl sulfoxide (DMSO), and
stirred until completely dissolved in the glove box.

2.5. Device fabrication

The FTO substrates were ultrasonically cleaned with detergent,
deionized H,O, acetone, and anhydrous EtOH for 20 min,
respectively. The compact TiO, layer was deposited onto the
conductive surface of FTO by spray pyrolysis at 500 °C with 2%
(v/v%) titanium diisopropoxide bis(acetylacetonate) solution in
anhydrous EtOH, and then maintained at 500 °C for 30 min.
The mesoporous TiO, (m-TiO,) was deposited onto the compact
layer by screen-printing the 30NR-T, and then sintered at 500 °C
for 40 min. After that, a mesoporous ZrO, (m-ZrO,) and a
carbon electrode were deposited by screen-printing layer-by-
layer. Then, both m-ZrO, and carbon layer were sintered at
400 °C for 40 min. After cooling down, the perovskite solution
was dropped on the carbon layer to fill the triple mesoporous
layer structure, and annealed at 100 °C for 2 h. All these
processes were done in ambient air.

2.6. Device characterizations

The photocurrent density-voltage characteristics were measured
by a Keithley 2400 source meter under air mass 1.5 (AM1.5)
illumination at 100 mW cm 2 using an Oriel 91106 solar
simulator (Newport, USA) with a scan rate of 20 mV s~ . The
active area of the device is approximately 0.64 cm?, and a mask
with an oblong aperture (0.0875 cm?”) was applied under J-V
tests. The IPCE spectra were recorded by a Newport-74125
system (Newport Instruments). Electrochemical impedance
spectroscopy (EIS) was measured on Zahner Ennium electro-
chemical workstations in the frequency range from 1 Hz to
3.92 MHz. Scanning electron microscope (SEM) images were
characterized by using a Helios G4UC scanning electron micro-
scope. Transmission electron microscopy (TEM) images were
characterized by a Talos F200X. X-ray photoelectron spectro-
scopy (XPS) was conducted on a Thermo Scientific™ K-Alpha™"
spectrometer equipped with a monochromatic Al Ko X-ray
source (1486.6 eV) operating at 100 W. Samples were analyzed
under vacuum (P < 10~ % mbar) with a pass energy of 150 eV
(survey scans) or 30 eV (high-resolution scans). X-ray diffraction
(XRD) spectra were obtained from an X-ray diffractometer
(Rigaku D/Max 2550 VB/PC). Fourier transform infrared
spectroscopy (FTIR) was measured by a Thermo Nicolet Cor-
poration (7800-350/cm 0.01/cm/6700) instrument. The work
function of the perovskite film was characterized by ultraviolet
photoelectron spectroscopy (UPS, Thermo Escalab 250XI) (Hel,
hv = 21.2 eV). Fluorescence spectra (PL) and photolumines-
cence lifetimes (TRPL) were determined by an Edinburgh
FLS890 spectrometer. N, adsorption and desorption isotherms
were measured using a Micromeritics ASAP-2020 instrument at
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liquid nitrogen temperature (77 K), and the samples were
pretreated at 300 °C for 3 h. The specific surface area and pore
size distribution were determined by the Brunauer-Emmett—
Teller (BET) and Barret-Joyner-Halenda (BJH) methods. The
contact angle measurement was done using the contact angle
surface analyzer. Contact angles were obtained on a SDC-80
(SINDIN) drop shape analysis system, using water and organic
solvent as probe liquids (0.5 pL). Several drops (typically three
repetitions) were quickly placed on the surface, the needle was
pulled back, and the drop shape was captured immediately with
the camera. Images were analyzed with drop shape analysis
software to determine the contact angle by the method most
suitable for each given drop, usually circle fitting. The space
charge limiting current (SCLC) was measured using a Keithley
2400 source meter, with the applied voltage increasing from 0 V to
2 V in 0.01 V intervals with a delay time of 20 ms.

3. Results and discussion

As shown in Scheme 1, the phenolic resin precursors were
synthesized by a solvothermal method in which CTAB was used
as a soft template and structural guide, and silica (derived from
the decomposition of TEOS) was used as a hard template to
produce SiO,/phenol-formaldehyde (PF) microspheres by
ammonia-catalyzed polymerisation of 3-aminophenol (3-AP)
with formaldehyde. In the Stober-like system, TEOS was used
as silica oligomers from hydrolysis to form a mesoporous
structure in PF. The SiO,/PF spheres were then pyrolyzed under
nitrogen protection to remove the CTAB and form a porous
carbon structure, and then the SiO, core was etched with a 1 M
NaOH solution. The target product PFc material was then
carbonized by heating in a nitrogen atmosphere at 1073 K in a
tube furnace. Furthermore, the solvent polarity of the Stober-like
system directly affects the relative rates of TEOS hydrolysis and
resin polymerisation, and thus the product morphology can be
effectively tuned by varying the ratio of EtOH and water (changing
the polarity of the solvent mixture)."”

In order to analyze the variation of functional groups on the
surface of PFc during the carbonization process, Fourier trans-
form infrared spectroscopy (FTIR) characterization of PFc-4 was
first performed (Fig. 1(a) and (b)). As shown in Fig. 1(a), the broad
and strong peak at 3417 cm ™' before carbonization corresponds
to the O-H and N-H stretching vibrations. The weak peaks at
2927 em™" and 2857 em " correspond to the C-H stretching
vibrations of the methyl and methylene groups, respectively. The
strong peak at 1623 cm ' corresponds to the C=C stretching
vibrations in aromatic rings, and the shoulder peak at 1243 cm ™"
corresponds to the C-N stretching vibrations of aromatic amines."®
It is worth noting that the broad and strong peak at 1080 cm ™'
corresponds to the antisymmetric stretching vibration of Si-O-Si.
The narrow and sharp peak at 808 cm ' corresponds to the
symmetric bending vibration of O-Si-O, and the sharp and strong
peak at 460 cm ™" corresponds to the bending vibration of Si-O-Si."

After carbonization (Fig. 1(b)), the peaks at 2927 cm ™' and
2857 cm ™" almost disappeared, and the intensity of the peak at

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FTIR spectra of the sample (a) before and (b) after carbonization. XPS spectra of Cls, Ols, N1s of the sample (c), (e), (g) before and (d), (f), (h) after

carbonization, respectively.

3417 em™ ' is significantly weakened. This indicates that the

—-OH and N-H bonds still remained on the surface of PFc. The
C—C stretching vibration peak at 1562 cm™" indicates that
the phenolic resin was successfully carbonized.'* A significant
decrease in the intensity of the C-O stretching vibration at
1116 cm™ " indicates a partial loss of the hydroxyl group during
the carbonization process. In contrast, the disappearance of the
0-Si-0 bending vibration at 808 cm™" indicates that the silicon
oxide was successfully removed during the etching process.
In addition, a new = C-H bending vibration absorption peak
appears at 610 cm ', indicating that the conjugation of the
material is enhanced to some extent after carbonization, which
facilitates charge transfer within the electrode.”®

To further investigate the effect of the carbonization process
on the material elements and their chemical state, X-ray photo-
electron spectroscopy (XPS) measurements were conducted to
characterise PFc before and after carbonization (Fig. 1(c)-(f)).
As shown in Fig. 1(c), the C 1s spectrum of PFc before
carbonization exhibits peaks at binding energies of 284.7,
286.2 and 288.3 eV, which correspond to graphitic C, C-O/C-
N and C=0O0, respectively. After carbonization (Table S1, ESI}),
the graphitic carbon content decreases, and the C-O/C-N and
C=0O0 peaks increase with the increase of oxygen probably from
the NaOH etching process. The C—=O is partly from the oxida-
tion of surface hydroxyl groups.*"** The elevated C-N content,
on the other hand, may be from the conversion of NH;
adsorbed on the surface. In contrast, the XPS spectra of O 1s
(Fig. 1(e) and (f)) and N 1s (Fig. 1(g) and (h)) present the
conversions between the doped forms of oxygen and nitrogen
before and after carbonation. As shown in Fig. 1(e) and (f), in

© 2023 The Author(s). Published by the Royal Society of Chemistry

conjunction with Table S2 (ESIt), the content of surface hydro-
xyl groups is reduced, while the content of C=O is increased,
which is consistent with the results from Table S1 (ESIT).
In addition, some hydroxyl groups shift to higher oxidation
states (carboxylic acids). The peak at 537 eV can be attributed to
the CO, adsorbed on the pore surface, indicating that carboni-
zation does increase the porosity and specific surface area of
the material. From Table S4 (ESIt), the total surface oxygen
content decreased from 12% to 4.57% after carbonization.
As shown in Fig. 1(g) and (h), the surface N exists as pyridine
N (N-6), pyrrole N (N-5), graphite N (N-Q) and oxidized N (N-X)
with binding energies at 399.2, 399.9, 401.0 and 402.7 eV,
respectively.*® In combination with Table S3 (ESIt), the content
of N-6 and N-5 on the surface of the carbon material decreases,
and that of N-Q and N-X increases substantially after carboni-
zation. In particular, N-Q, the N atom embedded in the carbon
matrix and bound to three carbon atoms, can improve the
electrical conductivity of the carbon material, favouring its
internal electron transfer. According to the ref. 23 and 24 the
increase in surface N-X content also favours the increase in
conductivity of PFc. According to Table S4 (ESIt), the surface
total N content decreased from 8.38% to 4.88%, indicating that
there is a loss of N during the carbonization process.

For the solvent mixture in this Stober-like system, the effect
of different EtOH/H,O ratios and subsequent polarity changes
on the morphology and internal structure of PFc was investi-
gated. The morphology of the PFc samples with different EtOH/
H,O0 ratios was characterized using (SEM) and (TEM). As shown
in Fig. S2 (ESIt), the PFc-0 and PFc-7 have completely different
microporous structures, showing the determining effect of the

Mater. Adv., 2023, 4,1534-1545 | 1537
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Fig. 2 SEM and TEM images of the PFc samples: PFc-1 (a), (e), PFc-3 (b), (f), PFc-4 (c), (g), PFc-6 (d), (h) cross section of a lemon, (i)-(k) elemental

mappings of PFc-4, (1) granulometric distribution of PFc-4.

solvent ratios on the morphology. This is because the addition
of EtOH into H,O regulates the hydrolysis rate of TEOS under
the bridging effect of CTAB by changing the polarity of the
solution, which in turn affects the interaction with the phenolic
resin.”® The electron micrographs of PFc-1, 3, 4 and 6 obtained
by varying EtOH/H,O are shown in Fig. 2. As shown in Fig. 2(a)
(SEM) and 2e (TEM) combined with Fig. S3a (ESIf), for the
hollow carbon sphere structure of PFc-1, the particle size, shell
thickness and internal pore size are 70, 14 and 25 nm, respec-
tively. From SEM (Fig. 2(b) and (c)) and TEM (Fig. 2(f) and (g)),
the particle sizes of PFc-3 and PFc-4 increased to 0.8 and
1.2 um, respectively. As presented in Fig. 2(h) (cross section
SEM), a lemon-like porous structure is found in PFc-3 and
PFc-4. As the EtOH/H,O ratio continues to increase, the core—
shell structure of PFc-6 increased and began to agglomerate.
The larger particle size of the core-shell structure forms due to
a greater amount of ethanol slowing down the hydrolysis rate of
TEOS and increasing the polymerization rate of resin, so that a
larger resin core is obtained.”® With the hydrolysis of TEOS, it
coats the outer surface of the resin core with silica at the same
time. Through etching and sintering, a uniform mesoporous
structure finally formed as the PFc carbon materials. The
mesoporous structure is beneficial to increase the specific
surface area of PFcs, promoting the contact between the
perovskite crystal and counter electrode, and improving the
interfacial charge transfer properties. On the other hand, for
the assembly process of p-MPSCs devices, the mesoporous
carbon structure can promote the downward penetration of
the perovskite precursor solution to the M-TiO, and ZrO, layers
and reduce the internal defects of the devices.'* In addition, the
elemental distribution of C (Fig. 2(j)) and O (Fig. 2(k)) was
obtained from the TEM image of the sample PFc-4 (Fig. 2(i)).
As shown in Fig. 2(k), the O element in PFc-4 is not only well

1538 | Mater. Adv., 2023, 4,1534-1545

distributed but also abundant, which will help to enhance the
wettability of the perovskite precursor on the surface of the
carbon electrode.

To confirm the effect of different morphologies with various
polarities of solvent on the electrical conductivity of the carbon
material, the square resistance of the films made from samples
PFc-1, PFc-3, PFc-4 and PFc-6 are listed in Table S5 (ESIf).
The average square resistances of the four samples are 11.72,
19.44, 16.57, 19.00 and 18.58 Q sq ' respectively. The square
resistances do not show any regular change with the EtOH/H,0
ratios. To investigate the effect of morphology with different
EtOH/H,O0 ratios on the photovoltaic performance of p-MPSCs
devices, we characterized the degree of graphitisation of the
PFc samples by Raman spectroscopy (Fig. 3(a)) with an excita-
tion wavelength of 532 nm. As shown in Fig. 3(a), two peaks
near 1350 and 1580 cm™ ' can be attributed to the sp3 defective
site (D band) and crystalline graphite (G band), respectively.>®
The peak intensity ratios of the D-band to G-band (ID/IG) for
PFc-0, PFc-1, PFc-3, PFc-4, PFc-6 and PFc-7 are 0.667, 1.353,
0.434, 0.392, 0.610 and 0.637, respectively. With an increase of
the EtOH/H,O ratios, the ID/IG values decrease first and then
increase, and PFc-4 reaches the lowest one. The lowest ID/IG
value for PFc-4 indicates its highest degree of graphitization,*”
a high uniformity of particle size, a lower density of defect
states and fewer dangling bonds. For p-MPSC, the high degree
of graphitisation facilitates the charge transport within the
carbon electrode,*® which in turn increases the open circuit
voltage (V,) and fill factor (FF) (Fig. 5(a)). In Fig. S5 (ESIY), the
XRD pattern shows a higher graphite peak around 26° for PFc-4
compared to the control group, which is consistent with the test
results of Raman spectroscopy.

To further detect their internal structures, nitrogen isother-
mal adsorption/desorption curves (Brunauer-Emmett-Teller

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Raman spectra of PFc-0, PFc-1, PFc-3, PFc-4, PFc-6, and PFc-7. (b) Raman spectra of PFc-4, (c) pore size distribution of PFc-4, (d) and

nitrogen adsorption/desorption isotherms of PFc-4.

method, BET) were used to characterise the porosity and specific
surface area of the samples. As shown in Fig. 3(d) and Fig. S4a
(ESIY), the PFc samples prepared with different ECOH/H,O ratios
show a typical type IV isothermal circuit with clear H3 hysteresis
loops in the range of relative pressure from 0.3 to 0.9, indicating
a rich pore structure.”>?° The shifts of the adsorption curves
towards the Y-axis at the low pressure end indicate a strong
interaction between the samples and nitrogen.>! From the pore
size distribution curves of PFcs (Fig. 3(c) and Fig. S4b, ESIY),
all samples have a sharp peak within 10.00 nm, corresponding to
the micro-pores formed by the decomposition of CTAB during
the carbonization process. As shown in Table S6 (ESIt), the
specific surface area and pore volume of the PFc samples
obtained from the BET tests do not show much regularity.
However, it demonstrates that all the samples (exception of
PFc-6) exhibit excellent microporous structures with specific
surface areas and pore volumes of 620-970 m> g~ ' and 0.5-
1.3 em® g7, respectively. The PFc-3 and PFc-4 samples have
similar specific surface areas (699.948 and 703.636 m”> g ',
respectively) and pore volumes (0.585 and 0.590 cm?® g™,
respectively).

Based on the above characterization results regarding the
morphology, graphitization and specific surface area, we selected
PFc-3, PFc-4 and PFc-6 to replace 50% of the carbon black in the
original carbon paste for the carbon electrodes of the p-MPSCs
devices. As shown in Fig. S9 (ESIT) and Table 1, the relatively high
photoelectric conversion efficiencies of the devices based on
PFc-3, PFc-4 and PFc-6 are obtained for all three samples
compared to control. The fill factor (FF) of all three samples

© 2023 The Author(s). Published by the Royal Society of Chemistry

Table 1 Photovoltaic parameters of the p-MPSC devices based on the
control and PFc-3-6

JSC PCE max
Electrodes [mA cm 2] Vi [V] FF [%)] PCE [%]  [%]
PFc-3 23.00 £ 1.2 0.94 £ 0.01 71.61 + 4.5 15.46 + 0.4 16.14
PFc-4 22.68 + 0.5 0.98 & 0.04 73.06 + 4.6 16.33 + 0.5 17.64
PFc-6 20.94 + 0.1 0.93 + 0.03 75.28 + 3.1 14.69 + 0.7 15.49
Control  21.35 + 1.4 0.96 & 0.06 61.96 + 8.4 14.19 + 1.4 15.31

exceeded 70% due to the improved contact properties between
the perovskite crystals and carbon materials, which reduce the
interfacial charge transfer resistance. As for PFc-6, due to the
poor homogeneity and occurrence of agglomeration, its Js. and
Voc are lower and FF is higher than those of control. An average
PCE of 14.69% is also obtained, which is higher than that of the
control group (14.19%). For PFc-4 with the best morphological
homogeneity and highest graphitization, the highest average
PCE of 16.33% is obtained with high V,. (average value of
0.98 V) and FF (average value of 73.06%). The optimized
photovoltaic parameters of the champion p-MPSC devices
based on PFc-4 and control are listed in Table 2. The highest
PCE for PFc-4 and control are 17.64% (Voo = 1.03 V, Js. =
21.54 mA cm 2, FF = 79.93%) and 15.31% (Vo = 0.96 V, Jo. =
21.60 mA cm 2, FF = 73.15%), respectively. In particular, with-
out any passivation treatment, PFc-4 gives a V,. of up to 1.03 V
and a FF of 79.93%. This is close to the device’s current
maximum efficiency of 18.86%.>

So, the optimal amount of PFc-4 to be used for the fabrica-
tion of devices (partially replace the amount of carbon black in

Mater. Adv., 2023, 4,1534-1545 | 1539
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Table 2 Photovoltaic parameters of the champion p-MPSC devices
based on the control and PFc-4

Electrodes Jse [MA cm 2] Voe [V] FF [%] PCE [%]
PFc-4 21.54 1.03 79.93 17.64
Control 21.60 0.96 73.15 15.31

the carbon paste of control group) was next investigated. The
amounts selected are 25%, 50%, 75% and 100%, respectively,
and denoted as 25-PFc-4, 50-PFc-4, 75-PFc-4 and 100-PFc-4.
The relative photovoltaic parameters obtained are shown in
Fig. 510. The highest V,, FF and PCE are obtained for 50-PFc-4.
So, for all subsequent assembled devices, the amount of PFc-4
used is 50%.

To further investigate the deeper reasons for the best
photovoltaic conversion performance of PFc-4, we proceeded
to test the XRD spectra of the devices based on PFc-4 and the
control group. As shown in Fig. 4(a), the main diffraction peaks
located at 14.14° and 28.40° correspond to the (100) and (200)
crystal planes of perovskite, respectively. Compared with the
control group, there are no peak shifts or new diffraction peaks
for PFc-4, indicating that its morphology does not enter the
crystallization process of perovskite. Contrary to the expected
results, the intensity of the perovskite diffraction peaks based
on the PFC-4 devices was slightly lower than that of the control
group. This is mainly due to the perovskite crystals being
basically distributed inside the device, rather than on the
surface for the specific structure of the p-MPSCs devices
(Fig. S8, ESIt). From the partial magnification (Fig. 4(b)) of
Fig. 4(a), all of the main crystalline peaks of perovskite based on
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that the increase in the size and crystallinity of the perovskite
grains helps to reduce the boundaries and suppress non-
radiative recombination. This, in turn, can promote hole trans-
port in the perovskite crystals, facilitating enhancement of the
current density®® of the p-MPSCs device based on PFc-4 (as
listed in Table 1). The increase in J,. is also related to the work
function (WF) of the carbon material. As shown in the UPS test
results in Fig. S7 (ESIt), the WF of control and PFc-4 are 5.47
and 5.41 eV, respectively. The reduced WF of PFc-4 indicates a
lower binding of the excited state electrons, in favor of electron
transport within the carbon electrode and at the interface
between carbon and perovskite. In addition, the /-V curves of
the cells prepared from PFc-4 with forward and reverse scans
are shown in Fig. S13 (ESIt), showing a slight hysteresis effect.

For the devices with the same structure, their V,. is mainly
controlled by the defect state density of the device. Compared
with control (Vo = 0.96 V), the higher V. of PFc-4 (V. = 1.03 V)
is due to its lower density of defect states. To confirm this
conclusion, the space charge-limited current (SCLC) curves
were tested with the FTO/compact-NiO/mesoporous(mp)-ZrO,/
carbon structure (Fig. 4(c)). For the SCLC, the voltage at the
intersection of the first and second regions corresponds to the
trap-filled limit voltage (Vrgy1). As shown in Fig. 4(c), the smaller
Vrr, Of PFc-4 compared with the control indicates its lower
density of defect states (Ngefect), Which is attributed to the
improvement of the crystalline quality of the perovskite
and contact property between the perovskite and carbon
electrode.** According to ref. 35 and 36, Ngetee can be calcu-
lated according to eqn (1).

the PFc-4 devices shift to smaller angular directions, indicating Naefeet = 2606 Vorpr/eL? (1)
a) - control ’ b) (100) (200) c) 1024 control
S| T PRed (200) - e A o PFod4
% (100) £ / / \
f: | s /N /\ g0° ,
] WS VY DO = / 1 =
< > / f] o
£ @ . E ] Vi =0.175
I 7\ E10t i
T c \ /
% - - \ Y/ 1 Vi =0.271
= = pN T A 108
10 20 30 40 136 140 144 280 284 288 0.01 0.1 1
26(degree) 26(degree) Voltage
d) PFc-4 e)
9.994° i
control control

18.579° i

Fig. 4

mag @ H i
5000x 200KV 01084

(a) and (b) XRD spectra of PFc-4 and the ontrol. (c) The SCLC plot of hole-only devices. The device structure is Glass/FTO/compact-NiO/mp-

ZrO,/porous carbon, and the deposition process of perovskite is identical to that of the complete device. The contact angle of the (d) perovskite
precursor solution and (e) H,O on the control and PFc-4 modified p-MPSCs. (f) Cross-section SEM image of p-MPSCs based on PFc-4.
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where ¢, is the vacuum dielectric constant, e is the electronic
charge, ¢ is the relative dielectric constant and L is the
thickness of the perovskite in the mesoporous zirconia
layer. With Vi, obtained from Fig. 4(c) and other device
parameters, Ngefece Values for Control and PFc-4 are calcu-
lated to be 2.4 x 10'® and 1.5 x 10"® cm >, respectively.’” A
37.5% decrease in the density of defect states means the
reduction of trap-recombination centers in PFc-4, which helps
to suppress the non-radiative recombination of photoexcited
electrons.

To further determine the non-radiative recombination
inhibition capability, photoluminescence spectroscopy (PL)
(Fig. 5(b)) and time-resolved photoluminescence spectroscopy
(TRPL) (Fig. 5(c)) based on the Control group and PFc-4
containing perovskite were conducted on the conductive
substrates. As shown in Fig. 5(b), PFc-4 exhibits weaker PL
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intensity compared with the Control group, indicating its
faster carrier transfer rate and higher charge extraction effi-
ciency at the interface of carbon and perovskite. In addition,
the blue shift of the PL peak of PFc-4 from 774 nm to
766 nm shows the decrease of the trap state density at the
grain boundary,*® which is consistent with the result from
Fig. 4(c).

To get the charge transport lifetime inside the materials, the
TRPL spectra of control and PFc-4 (Fig. 5(c)) were fitted using
the double exponential decay eqn (2).*°

1(6) = 4, exp(—i) + A exp(—i) +B )

T1 ]

where A; and 4, are the relative decay amplitudes, and 7, and 1,
are the fast and slow decay time constants, respectively.
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Fig. 5 (a) J-V curves of p-MPSCs with the control and PFc-4. (b) Photoluminescence (PL) and (c) time-resolved PL (TRPL) spectra of perovskite
deposited on the half devices (p-MPSCs with mesoscopic ZrO, and carbon layers on the glass). (d) The steady-state output and current density of the
corresponding devices measured at a bias of 0.708 V for the PFc-4 device under 100 mW cm~2 AM 1.5G irradiation. (e) Nyquist plots of PSCs based on the
control and PFc-4 modified p-MPSCs at 600 mV under dark conditions. (f) Vo versus light intensity of PSCs based on the control and PFc-4 modified
p-MPSCs. (g) Ambient stabilities of the devices based on the control and PFc-4 modified p-MPSCs by storing the unencapsulated device in ambient
condition (temperature: 25 °C; relative humidity: 40-60%) for 131 days.
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The average decay time constant (t,.) is then calculated
using eqn (3).

Tave = (A1T1° + Ar127)/(ArTy + A1) (3)

The relevant parameters obtained from the fitting results are
listed in Table S7 (ESIf). As shown in Table S7 (ESIt), the
average carrier lifetime of PFc-4 decreases from 155.06 ns of the
control group to 76.55 ns, indicating a faster charge transfer
rate inside the PFc-4 electrode.

For the improvement of the charge transport characteristics,
the role of the built-in potential (V,;) should also be considered.
Mott-Schottky is often used to elucidate the effect of the built-
in potential (V},;) on the charge transfer performance of the
solar cells.*® As shown in Fig. S11 (ESIf), the straight-line
portion between 0.4 and 0.8 V of the Mott-Schottky curves for
the control group and PFc-4 devices can be fitted with eqn (4).

C™? = 2(Viy — V)/(A%geeoN) (4)

where C is the capacitance, V is the applied bias voltage, A is the
active area of the device, ¢ is the relative dielectric constant of
the perovskite (¢ = 32), ¢, is the vacuum dielectric constant and
N is the charge density.

From the horizontal coordinate intercept of fitted lines,
C2=0,5s0 V=W, As a result, the V}; for the control and
PFc-4 groups are 0.68 and 0.71 V, respectively. The higher V;
indicates that the device based on PFc-4 has less carrier
accumulation at the interface and faster carrier transport rate,
suppressing charge recombination. In Fig. 5(d), the p-MPSC
devices with PFc-4 as the counter electrodes also exhibit good
steady-state output Ji. (21.9 mA cm™?) and PCE (16.44%) at a
bias of 0.708 V.

For the charge transfer and recombination properties of the
p-MPSC devices, they can also be reflected in the electroche-
mical impedance spectroscopy (Nyquist plot) test results.*® As
shown in Fig. 5(e), the diameter corresponding to the half-circle
in the high frequency region represents the charge transfer
resistance (R.). Compared to the control group, the devices
based on PFc-4 have a smaller R (Fig. S12, ESIT). A lower R,
results in a smaller interfacial contact resistance between
carbon and the perovskite crystals, favoring interfacial charge
transfer. In the low frequency region, the diameter of the
semicircle corresponds to the charge recombination resistance
(Rrec)- The larger Ry of PFc-4 indicates that the recombination
of photoexcited electrons can be effectively suppressed, which
is consistent with the Nyefec: value fitted from Fig. 4(c).

In contrast, the suppression of non-radiative recombination
of the device can be characterised by a V, versus light intensity
curve fitted using eqn (5).

nkT,
q

Voe = In(Z)+ 4 (5)
where 7 is the ideal factor, £ is the Boltzmann constant, g is the
elementary charge, T, is the absolute temperature and A is a
constant.

As the light intensity increases, more photogenerated car-
riers are produced, ultimately leading to a high open-circuit
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voltage.?>*" A value of n that is close to 1 indicates less carrier
recombination. As shown in Fig. 5(f), the V,, of the PFc-4-based
device is higher than that of the control-based one under any
light intensity. The fitted results of the n-value for the control
and PFc-4 groups are 2.20 and 1.64, respectively, exhibiting the
higher non-radiative recombination suppression capability for
PFc-4. This is consistent with the results from Fig. 5(e) and
Fig. S12 (ESI¥).

During the fabrication process of the m-PSCs devices, the
perovskite precursor is added dropwise on the top of the carbon
electrode and penetrates the device. Thus, the wettability of the
carbon electrode to the perovskite precursor significantly
impacts the device performance.

As shown in Fig. 4(d), the contact angle of the perovskite
precursor on PFc-4 is reduced from 18.579° to 9.994° compared
with the control group. The better wettability of PFc-4 facilitates
the diffusion and distribution of perovskite within the device,
and improves the contact property between carbon and per-
ovskite. The superior wettability of PFc-4 is also evidenced by
the SEM image of the device interface (Fig. 4(f)). As shown in
Fig. 4(f), the perovskite is densely filled in the ZrO, and TiO,
layers. In addition, functional groups, such as C-O/C-N and
C=O0, are present in PFc-4 and can interact with Pb>" to further
enhance the contact and interaction between the carbon elec-
trode and perovskite.”” The cross-sectional elementary analysis
from energy dispersive X-ray spectroscopy (Fig. S8, ESIt) further
supports the evidence of perovskite distribution within the
device. As depicted in Fig. S8 (ESIf), the elements C, Ti and
Zr represent the C, TiO, and ZrO, layers, respectively. Pb and I
are mainly distributed in the ZrO, and TiO, layers and a small
amount in the C layer close to the C/ZrO, interface, showing
good wettability between PFc-4 and perovskite with good
permeability.

For the perovskite solar cells, H,O, which can cause decom-
position of perovskite crystals, is one of the main factors
affecting its stability.** As shown in Fig. 4(e), the contact angles
of H,O on control and PFc-4 groups are 68.821° and 76.642°,
respectively. The high capability of PFc-4 to suppress water
penetration can improve the stability of the device due to the
inhibition of the perovskite crystal decomposition.

Finally, the long-term stabilities of the p-MPSCs devices
based on the control and PFc-4 carbon electrodes were
observed at 25 °C (RH = 40-60%). As shown in Fig. 5(g), the
PCE of the control group retained 81% of the initial value after
131 days, while that of PFc-4 reached 110% of the initial
efficiency®*™*® due to the recrystallization process of perovskite
under a certain humidity.**>*

4. Conclusion

In summary, a phenol-formaldehyde resin-based carbon (PFc) was
developed via co-assembly engineering with improved Stober
strategy (tetraethyl orthosilicate (TEOS) as the hard template,
cetyltrimethyl ammonium bromide (CTAB) as the structure gui-
dance) for p-MPSCs as counter electrodes. The open-circuit

© 2023 The Author(s). Published by the Royal Society of Chemistry
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voltage (V,.) of PFc-based p-MPSCs increases from 0.97 V to 1.03 V
(without any passivation treatment) with a maximum PCE of
17.64%, exhibiting excellent stability by modulation of solvent
polarity (EtOH/H,O ratio). By means of infrared spectroscopy,
SEM, TEM, SCLC, PL, TRPL, Raman and XRD, it is found that
the new PFc carbon material has good infiltrative property to
the perovskite precursor, and shows superior defect state and
non-radiation recombination inhibition effect. It has a promi-
sing prospect due to its low-cost, simple method and high
performance.
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