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Abstract Biobased aerogels were used as environ-
mentally friendly replacement for synthetic polymers
as electrolyte carrier membranes in quantum dot-
sensitized solar cell (QDSC). Integration of polymeric
components in solar cells has received increased
attention for sustainable energy generation. In this
context, biobased aerogels were fabricated to apply as
freestanding, porous and eco-friendly electrolyte
holding membranes in QDSC. Bacterial cellulose
(BC), cellulose nanofibers (CNF), chitin nanofibers
(ChNF) and TEMPO-oxidized CNF (TOCNF) were
selected because of their fibrilar structures and water-
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holding capability to investigate their inherent differ-
ences in terms of surface groups and electrostatic
charge on the electrolyte redox reaction and the
photocell function. BC, CNF, ChNF and TOCNF were
selected due to different surface functional groups
(hydroxyl, N-acetylglucosamine and carboxyl units)
and fibrilar structures that can form highly intercon-
nected and robust network. These aerogels enabled
easy handling, effective electrolyte filling and efficient
redox reactions, while keeping the solar cell perfor-
mance on par to that of traditional reference cells
without membranes. The aerogel membranes main-
tained the photocell performance since they took only
a very small space of the electrolyte volume, which
allowed efficient charge transfer. The results indicated
that aerogels did not interfere with the cell operation,
as confirmed by quartz crystal microgravimetry with
bio-interphases in contact with the polysulfide-based
electrolyte. The electrochemical measurements also
suggested that the respective functional groups (hy-
droxyl, N-acetylglucosamine and carboxyl units) did
not interfere with the redox reaction of the polysulfide
electrolyte.

Keywords Cellulose nanofibers - TEMPO-oxidized

cellulose - Bacterial cellulose - Chitin nanofiber - Solar
cells - Electrolyte membrane
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Introduction

Recently, nanocellulose has become an attractive
component for electronic and photovoltaic devices
from ink and electrolyte formulation to self-standing
and transparent substrates (Zhu et al. 2014; Hoeng
etal. 2016). Their integration in solar cell technologies
stems from benefits related to the fact that they are
fully recyclable, scalable, and environmentally-
friendly (Zhou et al. 2013; Zhu et al. 2016). Quantum
dot-sensitized solar cells (QDSC), are third generation
photocell technology utilizing quantum dot semicon-
ductors as sensitizers because of their quantum
confinement effect and multiple exciton generation
(Jiang et al. 2016; Shen et al. 2016). Despite high
theoretical conversion efficiency of QDSC, one of the
major problems is the limited conversion efficiency
due to the insufficient light absorption of QDs and
recombination of electrons and holes at the QD-
electrolyte interface. In recent years, a lot of efforts
have been conducted to expand the light absorption
range within the solar spectrum by tuning the photo-
electrode via selection of various QDs with different
bandgaps. As presented in Table 1, conversion effi-
ciencies were improved significantly using integrated
QD systems from almost 0.5% in conventional CdS-
based photocells (Duan et al. 2014, 2015a), to 2-6% in
CdS/CdSe systems (Chen et al. 2013; Kim et al. 2014;
Huo et al. 2015), and finally reaching to 9-11% using
CdSeTe (Feng et al. 20164, b; Jiang et al. 2016; Wei
et al. 2016). In spite of the progress in the photoelec-
trode, another prevalent challenges is the evaporation
of electrolyte solvent and the loss of electrolyte and
performance (Duan et al. 2015b; Sharma et al. 2016).
Therefore, replacement of common liquid electrolytes
with solid-based or quasi-solid hole-transport material
is a feasible option. As presented in Table 1, polymer-
based PEO-PVDF (Yang and Wang 2015), plastic
crystal succinonitrile (Duan et al. 2015a), PEDOT
(Xia et al. 2008), inorganic/organic hole-transport
materials (Chang et al. 2010), as well as inorganic
p-type CuSCN (Larramona et al. 2006) have been
applied as solid-state alternatives. However, there are
challenges to overcome the low ion mobility and
difficulties in electrolyte filling of the mesoporous
oxides. On the other hand, quasi-solid state elec-
trolytes have been reported by introducing gelling
agents to common polysulfide electrolytes such as
fumed silica nanoparticles (Kumar et al. 2015; Wei
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etal. 2016), dextran (Chen et al. 2013), hydroxystearic
acid (Huo et al. 2015), polyacrylamides (PAAM) (Yu
et al. 2010; Narayanan et al. 2013), sodium polyacry-
late (PAAS) (Feng et al. 2016a) or polyethylene glycol
(PEG) (Du et al. 2015). More recently, bio-organic
components such as agar (Raphael et al. 2017),
carboxymethyl cellulose (CMC) (Feng et al. 2016b),
methylcellulose (Mingsukang et al. 2017) and Konjac
glucomannan (Wang et al. 2013) have been
considered.

Considering the importance of developing natural-
based components in QDSC, we applied different
polysaccharide materials, namely, bacterial cellulose
(BC), cellulose nanofibers (CNF), TEMPO-oxidized
cellulose nanofibers (TOCNF) and chitin nanofibers
(ChNF), as carriers for the polysulfide electrolyte
(Fig. 1). Specially, the respective nanofibers form
three-dimensional, highly interconnected networks
upon controlled drying. This enables efficient trapping
of the liquid electrolyte in the soft cages of the fibrilar
network, which is expected to provide electrolyte
accessibility and ionic conductivity. In addition, their
abundant surface hydroxyl groups endow hygroscopic
and water-holding properties, as well as metal-ion
coordination capabilities, rendering better attachment
with porous TiO, films (Feng et al. 2016b). In this
work, the classical architecture of a QDSC consists of
CdS-sensitized photoanode, Pt counter electrode and,
polysulfide redox electrolyte containing S™%/Sz redox
couples was used as shown in Fig. 1. Here, we would
like to specifically investigate the influence of the
different surface functional groups (hydroxyl, N-
acetylglucosamine and carboxyl units) on polysulfide
redox reaction via quartz crystal microgravimetry and
electrochemical measurements. The fiber network
obtained were comparable for all fiber sources while
the surface charges were significantly different: bac-
terial cellulose having the least charged groups,
TOCNF with strongly negative surface charge and
ChNF containing high positive charges. Thus, we not
only evaluate nanofiber materials as high water
holding aerogels but also benchmark the effects of
surface charges on electrolyte transport and electro-
chemical polysulfide redox reaction.
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Table 1 Summary of QDSC performance parameters using different photoelectrode, counter electrode and electrolyte components.

The QDSC performance parameters for the traditional reference cells (liquid-electrolyte) are presented in parentheses

Polymer used in Photoelectrode Counter Electrolyte Joe mMA/ Voo (V) n (%) FF (%) References
electrolyte electrode cm?)
PEO-PVDF FTO/TiO,/CdSe/  FTO/Pt TMAS'/S - - - - Yang and
ZnS Wang
(2015)
3% Fumed silica FTO/TiO,/ Brass/ - 22.21 0.710 11.23 71.2 Wei et al.
CdSeTe/TiCly/ Cu,S (21.18) (0.643) (8.73) (64.1) (2016)
ZnS
20%PVP FTO/TiO,/ FTO/Cu,S 2 M Na,S/S2 M KCl 2049 0.723 9.77 66.0 Jiang et al.
CdSeTe/TiCly/ (20.58) (0.694) (9.06) (63.4) (2016)
ZnS/Si02
CMC-Na FTO/TiO,/ FTO/Cu,S 2 M Na,S/S 21.89 0.667 9.21 63.0 Feng et al.
CdSeTe (22.32) (0.655) (9.18) (62.8) (2016b)
15% PAAS FTO/TiO,/ FTO/Cu,S 2 M Na,S/S 20.49 0.662 8.46 62.4 Feng et al.
CdSeTe/ZnS (20.98) (0.655) (8.44) (61.4) (2016a)
15% PEG FTO/TiOy/TiCly/  FTO/Cu,S 1 M Na,S/S 15.81 0.643 6.81 66.9 Du et al.
CdSe/ZnS/Si0, (15.39) (0.604) (5.87) (63.1) (2015)
20%PEGDME- FTO/ZnO/CdS/ FTO/Pt/ 2 M S/0.5 M Na,S/ 17.84 0.719 5.45 42 (45) Kim et al.
fumed silica NP CdSe CNT- 0.2 M KCl in (17.32) (0.732) (5.69) (2014)
RGO MeOH:W
Konjac FTO/TiO,/CdS/ Brass/ 1 M Na,S/S 12.76 0.503 4.06 63 (63) Wang et al.
glucomannan CdSe/ZnS Cu,S (13.05) (0.512) (4.22) (2013)
PAM FTO/TiO,/CdS/ Brass/ 1 M Na,S/S 124 0.534 4.0 60.1 Yu et al.
CdSe/ZnS Cu,S (12.8) (0.548) 4.3) (61) (2010)
4.1% Fumed silica ~ FTO/TiO,/TiCly/  FTO/ 0.1 M Na,S (Me/W)  10.43 0.920 3.65 38 Kumar et al.
CdS/Ag nanorod ~ MWCNT (11.67) (1.021) 4.27) (35.8) (2015)
15% Dextran FTO/TiOy/TiCly/  FTO/Pt 1 M Na,S/S KC1 15.86 0.466 3.23 44 (46) Chen et al.
CdS/CdSe (16.72) (0.482) (3.69) (2013)
Agar/glycerol FTO/TiO,/CdS/ FTO/Cu,S/ 2M Na,S/S 13.51 0.575 2.98 38 (43) Raphael
ZnS and RGO (10.95) (0.587) (2.80) et al.
CulnS,/ZnS (2017)
3% FTO/TiO,/CdS/ FTO/Pt 1 M Na,S/S 0.1 M 12.18 0.49 2.40 42 (41) Huo et al.
12-hydroxystearic CdSe NaOH (14.42) (0.47) (2.88) (2015)
acid
methylcellulose FTO/TiO,/CdS/ 1M Na,S/S 7.30 0.56 1.42 34 (33) Mingsukang
ZnS/SiO, S/Na,S (4.66) (0.51) (0.78) et al.
(2017)
Plastic crystal FTO/TiO,/CdS FTO/CoSe Na,S 3.65 0.670 1.29 52.7 Duan et al.
succinonitrile (2015a)
PVP FTO/TiO,/CdS FTO/CoSe  Na,S/S (1:10) 2.84 0.67 0.55 28.9 Duan et al.
(2014)
Polyacrylamide and ~ FTO/ZnS/CdS/ FTO/ - - - 0.34 - Narayanan
CuPc ZnS/C-dot MWCNT (0.35) et al.
(2013)
BC, CNF, ChNF, FTO/TiO,/CdS FTO/Pt 0.5 M Na,S/S0.1 M 5.1 (4.8) 0.604 0.52 17.1 This work
TOCNF KCl in MeOH:W (0.590) (0.58) (20.3)

“Tetramethylammonium sulfate
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Biobased
membranes

FTO-glass

O Tio, ® pt NP © Cds QDs

Fig. 1 Schematic illustration of biobased aerogels as elec-
trolyte-retaining membranes in a QDSC containing CdS-
sensitized photoelectrode and Pt counter electrode on fluorine-
doped tin oxide (FTO)-glass substrates. The magnified aerogel

Experimental
Biobased aerogels

Bacterial cellulose (BC) was harvested as pellicles that
were grown at the air-liquid interface of culture media
contained in Erlenmeyer flasks that were seeded with a
BC-producing bacterium, Komagataeibacter medelli-
nensis. The flasks were incubated for 2 days at 28 °C.
The BC pellicles were removed and purified by
treatment with 0.1 M NaOH (60 °C, 2 h) followed
by washing with water.

CNF was prepared from never dried bleached wood
(birch) fibers by fibrillation from an aqueous disper-
sion (2% solid content) after six passes through a high-
pressure M-110 P fluidizer (Microfluidics corp. New-
ton, MA, USA). TEMPO-oxidized cellulose nanofib-
rils (TOCNF) were prepared according to our previous
report (Orelma et al. 2016). Purified chitin flakes from
shrimp shells were purchased from Sigma Aldrich,
with the degree of acetylation (DA) of ~ 72%. Chitin
nanofibers (ChNF) were prepared by disintegration of
chitin flakes dispersion (1% solids in HCl aqueous
solution at pH 4) after six passes through the fluidizer.
For aerogel preparation, 40 mL of 0.1% dispersion of
CNF, ChNF and TOCNF were dispersed using tip
sonication (Branson 450 EC sonicator) for 10 min and
10% amplitude. The respective dispersion was
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Bacterial cellulose (BC)
Cellulose nanofibrers (CNF)

Chitin nanofibers
(ChNF)

TEMPO-oxidized cellulose nanofibers
(TOCNF)

illustrates the electrolyte redox ions at the interface of nanofibers
with different surface charges and groups (hydroxyl groups in
BC and CNF, amide groups in ChNF and carboxyl groups in
TOCNF)

vacuum filtered through a hydrophilic polyvinylidene
fluoride filter (0.45 pm, GVWP, Millipore) until a gel-
cake was formed, and then it was transferred to a glass
petri dish and the filter paper was peeled off according
to a previous report (Toivonen et al. 2015). Subse-
quently, the free-standing gel-cake was subjected to
solvent exchange with ethanol (three times) and tert-
butanol (three times) followed by freezing at — 80 °C
and freeze-drying using Labconco system (74200
series). BC aerogels were prepared from the as-
obtained wet BC membranes after solvent exchange
and freeze-drying (Fig. S1).

Electrode preparation

The photoelectrode substrates containing TiO, layer
were made on fluorine-doped tin oxide (FTO) glass
(TEC-15, Pilkington) according to our previous report
(Miettunen et al. 2014). Three layers of TiO, were
deposited using screen-printer (AT-60PD, ATMA):
the first two layers of paste were small TiO, particles
(~ 20 nm, Dyesol, 18NR-T) and the last layer using
TiO, paste with larger light scattering particles
(~ 150-250 nm, Dyesol, WER2-0). After printing,
they were sintered in an oven at 450 °C for 30 min.
The resulting porous TiO, layers were ca. 13—14 um
in thickness and 40 mm” in area. Electrodes with
blocking layer (TiCly) were also prepared in order to
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restrict light absorption in areas other than the printed
TiO,. The catalyst for the counter electrode was
prepared by spreading 4 pL of 5 mM H,PtClg in
2-propanol on a clean FTO-substrate, followed by
treatment at 390 °C for 20 min.

CdS sensitizing

First, FTO-glass substrates containing TiO, layers
were kept in a vacuum oven at 60 °C for ~ 30 min to
remove the moisture. Then, CdS nanoparticle deposi-
tion was carried out via Successive lonic Layer
Adsorption and Reduction (SILAR) (Pathak et al.
2016) by dipping repetitively for 60 s in solution of
0.1 M Cd(NOj), in ethanol and washing in pure
ethanol. Then deposition was followed by immersing
in 0.1 M Na,S in methanol and final rinsing in pure
methanol. The SILAR process was repeated for
several cycles until a stable and good coverage was
reached. The deposition was evaluated using UV-Vis
spectra of the sensitized substrate (absorption reach to
near 0.7 at 350 nm as shown in Fig. 4a).

Photocell assembly

The given aerogels were cut using a laser cutter set to
low power (Epilog 35 W Zing) to obtain a size slightly
larger than the geometry of the photoactive part
(15 mm x 5 mm). 8 pL of the electrolyte was pipet-
ted on the aerogel slice and sandwiched between the
photo- and counter electrodes with a 60 um Surlyn
1702 frame foil as spacer. A mixed solution of 0.5 M
Na,S/S and 0.1 M KCl1 in water: methanol (3:7) was
used as the electrolyte. This solvent mixture was
chosen so that dissociation takes place in the polar
component while the organic, alcohol phase reduces
the surface tension to improve the penetration of the
electrolyte into the mesoporous TiO, layer (Lee and
Chang 2008).

Photovoltaic performance and other
characterization

Scanning electron microscopy (SEM) was performed
on the aerogels with a field emission Zeiss Sigma VP
at 2 kV. Rigaku SmartLab X-ray diffractometer
(XRD) with Cu anode was used to obtain the QD
particle size. UV-Vis spectra were collected using a
Shimadzu UV 2550 from 800 to 250 nm wavelength.

Fourier transform infrared (FTIR) spectroscopy was
carried out with a Nicolet 380 spectrometer. Zeta
potential of the nanofibers was measured from 0.1%
dispersion using a Doppler Electrophoretic Light
Scattering Analyzer Malvern Zeta sizer Nano ZS 90.
Photovoltaic measurements were conducted with the
photocells by using a Peccell PEC-01 class A with a
xenon lamp. The simulator generated an output
equivalent to solar output in AMI1.5G (1 Sun). The
electrochemical impedance spectroscopy (EIS) mea-
surements were carried out using Zahner Zennnium
potentiostat.

To understand the interactions between the elec-
trolyte and the nanofibers used in the membranes in the
photocells, quartz crystal microgravimetry (QCM-D)
were carried out using Q-Sense E4 apparatus (Vistra
Frolunda, Sweden). Gold-coated quartz crystals were
used as substrates. The quartz crystals were first
cleaned with 10% NaOH for 20 s, rinsed sequentially
with Milli-Q and ethanol, dried under nitrogen flow,
and treated with UV/ozone for 15 min. Then, they
were dip-coated with 30% polyethyleneimine (PEI)
during 15 min, followed by washing thoroughly with
Milli-Q and drying with N, flow. The nanofiber
dispersions (0.1%) were sonicated for 10 min (10%
amp, 1 s on/off cycles) using a micro-tip and an ice
bath to avoid excessive heating of the sample. Prior to
the spin coating, the substrates were cleaned with
Milli-Q water by drop casting on the substrates and
spun at 3000 rpm, 1000 rpm/s, during 30 s. Finally,
the nanofiber suspensions were spin coated on the
substrates at 3000 rpm, with a 1000 rpm/s ramp,
during 90 s. Prior to the QCM measurement, the
samples were rinsed with Milli-Q, gently dried with
N, flow, and placed in the oven at 80 °C during
10 min. The coated substrates were placed in the
QCM-D device and measurements started after pump-
ing water at 0.1 mL/min for ca. 1 huntil a stable signal
was obtained (drift less than 0.1 Hz min_l). Then, the
electrolyte was pumped into the compartments at a
flow rate of 0.05 mL/min. After ca. 90 min, the
electrolyte was rinsed with water at 0.1 mL/min. The
measurements were repeated at least two times.

The electrochemical redox reaction was carried out
using an Autolab PGSTATI12 potentiostat controlled
by the GPES software. The glassy carbon electrodes
(GCE, 0.196 cm?) were polished and then modified by
casting 30 pL of 0.5% of nanofibril dispersion and left
to dry overnight. Cyclic voltammograms (CV) were
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recorded in a 3-electrode cell compartment using Ag/
AgCl as areference electrode, Pt counter electrode and
modified GCE as working electrode in the polysulfide
electrolyte.

Results and discussion

Biobased aerogels and CdS-sensitized TiO,
photoanode

Four types of biobased aerogels based on BC, CNF,
TOCNF and ChNF were prepared via solvent-ex-
change and freeze-drying. As can be seen in Fig. 2, all
of them contained randomly oriented, interconnected
fibrils and bundles. BC aerogel (Fig. 2a) formed
distinctive three-dimensional network of highly indi-
vidualized fibrils. CNF (Fig. 2b) showed lower degree
of fibrillation compared to TOCNF (Fig. 2c), which
was the result of more extensive fibrillation and finer
fibril size due to the TEMPO-oxidization treatment.
Finally, ChNF (Fig. 2d), presented an intermediate
fibrillation because protonation of aminoacetyl groups
in acidic condition (pH 4) results in more positive
surface charge and electrostatic repulsion to enhance
fibrillation. The porous network of the dried aerogels

benefited from the sequential solvent exchange (water
to ethanol to tert-butanol) that lowered the surface
tension and significantly reduced the capillary forces
prevalent during drying (Sehaqui et al. 2011). Other
choices of solvent exchange (for example water to
isopropanol to octane) followed by drying in room
conditions (Toivonen et al. 2015) were applied but
resulted in more compact structures (Fig. S2) and were
not considered further.

The FTIR spectra were obtained to investigate the
surface functional groups. Figure 3 shows OH stretch-
ing vibration for BC, CNF and TOCNF at
3343-3349 cm_l, while in the case of ChNF it was
slightly shifted to 3437 cm™"' (Sharma et al. 2012; Du
et al. 2016). The peak in the 2878-2897 cm ™' region
in all the samples was assigned to the C—H vibration
(from CH,) (Missoum et al. 2013). For TOCNF, a
clear peak was noted at 1608 cm ™', assigned to the
C=0 stretching of the sodium carboxylate groups,
COONa (Fujisawa et al. 2011). The band around
1407 cm ™" resulted from the C—O symmetric stretch-
ing of dissociated carboxylate groups. Likewise, a
small band at 1726 cm™' was assigned to C=0
stretching of carboxylate units forming hydrogen
bonds (Du et al. 2016). For ChNF, the typical peaks
of the o-chitin fingerprint were appeared

Fig. 2 SEM micrograph of biobased aerogels obtained after solvent exchange of hydrogel membranes with ethanol and tert-butanol

followed by freeze draying: a BC), b CNF, ¢ TOCNF and d ChNF

@ Springer
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Fig. 3 FTIR spectra of the aerogel membranes prepared from
BC, CNF, TOCNF, ChNF (top to bottom)

including —NH stretching vibration at 3268 cm™', the
C=0 region with three sharp bands from the amide I at
1654 and 1621 cm™' and amide II at 1552 cm™'
(Liang et al. 2007; Ifuku et al. 2009).

To obtain the photoelectrodes, CdS nanoparticles
were deposited on mesoporous TiO, layer via SILAR
process. The respective UV—Vis absorption spectra
(Fig. 4a), indicted that the peak wavenumber red
shifted and the corresponding absorption intensity was
enhanced with the number of SILAR cycles. The
photo image of the QD-sensitized electrode is

(@

0,7

Absorption (a.u.)

T T T
300 400 500 600 700 800

Wavelengh (nm)

demonstrated in the inset of Fig. 4a. A clear difference
in the surface features was observed in SEM micro-
graphs (Fig. S3) showing that CdS QDs covered and
filled the pores of the TiO, layer compared to the bare
TiO,. The XRD pattern of CdS-sensitized TiO,
electrodes (Fig. 4b) showed peaks at 20 values of
26.5°, 43.7°, 52.9°, assigned to (002), (110), (112)
planes of hexagonal CdS (JCPDS 04-003-7133), with
the size of ~ 5 nm obtained using Scherer equation
from peak at 43.7° (Fig. 4b inset).

Photovoltaic performance of QDSC with aerogels
as electrolyte carrier

In order to fabricate the photocells, the BC, CNF,
TOCNF and ChNF aerogel membranes were assem-
bled together with the electrodes. Here, the mem-
branes work as carrier of the electrolyte and to
facilitate the ion-exchange. We evaluated the effect
of the surface functional groups that were hypothe-
sized to influence the performance of the photocells.
All the aerogel membranes were freestanding and
flexible and upon soaking them with the electrolyte,
the respective system was easily sandwiched between
the electrodes. Figure 5 shows the photocurrent—
voltage (J-V) profiles of the cells under illumination
corresponding to AM 1.5 G solar light, with an
intensity of 1 full sun (100 mW cm™2). The values
of the traditional reference cell (with liquid

AU
(2
o
@
-
K

. _,J l ' TiO,

20 30 40 50 60 70 80
20 (Degree)

Fig. 4 a UV-Vis absorption spectra of CdS deposited on TiO, after several SILAR cycles; as indicated (0.1 M of Cd(NO3), and Na,S,
60 s dipping time) and b XRD pattern of bare TiO, and CdS-sensitized TiO,
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- — —Reference
14 TOCNF
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Fig. 5 J-V curves of CdS-sensitized QDSCs with embedded
biobased aerogels compared to the reference cell with liquid
polysulfide electrolyte, under 1 Sun illumination

electrolyte) are reported for comparison (Fig. 5 and
Table 2). It was observed that the cells including the
aerogel membranes produced similar short-circuit
current density (J,.) and open circuit voltage (V)
despite of different surface functional groups. The
performance of the membrane-embedded cells were
also similar to that of reference cell without aerogels.
The fill factor (FF) of the cells carrying the mem-
branes was similar to each other, while slightly lower
than that of membrane-free reference cell.

The recorded small fill factor suggested a charge
transfer deficiency in the cell, identified in the EIS
measurements to be caused by the poor charge transfer
at the counter electrode/electrolyte interface; given the
fact that the Pt catalyst is not an ideal catalyst for
polysulfide electrolyte. In fact, the activity and
conductivity of Pt-electrodes were known to be
suppressed by adsorption of sulfur atoms (Yang
et al. 2010; Soo Kang et al. 2015). It has been reported

that electrolyte reduction rate was higher on counter
electrodes rather than Pt, such as metal sulfides (CusS,
NiS) or carbon (graphene, carbon nanotubes), leading
to a more rapid rate of hole recovery at counter
electrode/electrolyte interface that accordingly
improve Jy. and efficiency (Yang et al. 2010). In
addition, the photocurrent was relatively low due to
the recombination at the photoelectrode/electrolyte
interface, attributed to the lack of blocking layer and
slow hole-recovery rate of the electrolyte to the
oxidized CdS-QDs (Lee and Chang 2008). Yang
et al. reported that in a CdS-QD photoelectrode,
addition of ZnS increased the efficiency almost double
times, due to the elimination of charge recombination
between the QDs and the electrolyte (Yang et al.
2010). The conversion power efficiency for the
different aerogel-embedded QDSC showed values
similar to that of the reference cell (~ 0.5%).
Therefore, as the cells indicate similar performance,
it means that the aerogels did not interfere with the cell
operation nor with the charge transfer process in the
electrolyte (further studied in “Interaction of polysul-
fide electrolyte with nanofibers” section). Considering
the CdS-sensitized photoanode and Pt counter elec-
trode, the obtained values for CPE and FF agree with
the range reported in the literature (see Table 1) (Duan
et al. 2014, 2015a). The photoanodes combined with
different types of QDs (CdSe, CdSeTe, ZnS) and
counter-electrodes other than Pt (carbon or metal
sulfides) can lead to higher cell performance (Feng
et al. 2016a, b; Jiang et al. 2016; Wei et al. 2016;
Raphael et al. 2017); a subject that was not attempted
here.

Electrochemical impedance spectroscopy (EIS)
was performed in an equivalent circuit model includ-
ing series resistance (R,), an impedance at the
electrolyte/electrode interface (R.) and the related

Table 2 Photovoltaic parameters of CdS-sensitized photocells with embedded biobased aerogel membranes as electrolyte retaining
interface, compared to the traditional reference cell (with liquid polysulfide electrolyte), under 1 Sun illumination

Electrolyte Jse (mA/cm?) Voe (MV) FF (%) CPE (%)

Reference 4.8 +0.2 590 £ 2 20.3 + 0.6 0.58 + 0.01
BC 49 +0.2 583 £ 1 175 £ 1.2 0.50 + 0.05
CNF 52405 558 £ 2 17.1 £ 0.2 0.52 + 0.05
ChNF 50+£03 559 + 8 16.4 = 0.9 0.46 £+ 0.01
TOCNF 5.1 +£03 604 + 4 17.1 £ 0.1 0.52 + 0.03
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capacitance Ccpg. The R, described the Ohmic losses
in the cells, typically from the resistances of the
contacting layer and current collector contacts. R was
very similar for all the cells (Table 3), which was
expected since the conducting glass was the same for
all the cells. Any difference in values were likely the
result of the current collector contacts given that all
preparations were made manually. R defines the
charge transfer resistance between the electrolyte and
counter electrode, implying the reduction rate of
polysulfide electrolyte on the Pt electrode. The higher
values of R, indicates more internal voltage loss
occurring at the counter electrode—electrolyte inter-
face, leading to a lower FF and thus smaller values of
conversion efficiency. As observed in Table 3, R was
quite similar in all the cells (105-145 Q cm?),
yet much smaller than the values reported by Yang
et al. (618 Q cm?) for similar polysulfide-Pt counter
electrode system (Yang et al. 2010). Thus, it can be
deduced that application of the bio-based membranes
did not interfere with the charge transfer process.

Interaction of polysulfide electrolyte
with nanofibers

QCM measurements were carried out in order to
investigate the interactions between the electrolyte
solution containing polysulfide ions and the functional
groups present on the nanofiber surfaces. The fre-
quency change (Af) of the piezoelectric quartz crystals
scales with the mass uptake (Encarna Ao et al. 2007).
The dependence of frequency change upon injection
and rinsing electrolyte over time is depicted in Fig. S4.
The final frequency change of the modified QCM
crystals with BC, CNF, TOCNF and ChNF after
electrolyte rinsing was extracted from the formula in
the supplementary information, and depicted in Fig. 6.

Table 3 Simulated values of resistance and capacitance from
EIS measurements under 1 Sun illumination

Electrolyte R, (Q) Ry (Q cm?) Ccpr (WF cm™?)
Ref. 13 105 10.3
BC 12 138 25.8
CNF 11 112 35.9
ChNF 11 126 153
TOCNF 11 145 373

3371
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26,2

20

7,3

. — 3,1
10,7
-20 4
-23
40
0 -51,03
-60,9

804 Zeta potential (mV) 73,6

f (HZ)

ChNF BC CNF TOCNF

Fig. 6 Values of zeta-potential and the final frequency change
after rinsing electrolyte from QCM crystals modified with BC,
CNF, TOCNF, ChNF thin layers

It can be seen that the frequency change followed the
trend of zeta potential, TOCNF > CNF > BC >
ChNF. Much higher negative frequency change for
the TOCNF film indicates a more extensive adsorp-
tion, given the more abundant carboxylate groups in
this sample, which bind strongly with K* in the
electrolyte. The higher negative surface charge of
CNF compared to that of BC, mainly originated from
the residual hemicelluloses in the former, which carry
carboxyl groups on the surface that enhanced the
adsorption of electrolyte cations. The amine groups on
the surface of ChNF did not have affinity with the
electrolyte cations nor polysulfide anions. The final
dissipation value (Table S2) of TOCNF (~ 12) also
imply that the films is a hydrated layer in its
carboxylate from with potassium as counter ion,
whereas low values for BC, CNF and ChNF (< 1)
show that they were relatively unaffected.

It is known that the electrochemistry in polysulfide
electrolytes is quite complex and the dissolution of
sulfur in Na,S leads to the formation of polysulfide
(S?) and supersulfide (S*7) ions (Qian et al. 2013). In
order to investigate whether the surface functional
groups on the nanofibers influence the polysulfide
redox reaction, electrochemical tests were carried out
using cyclic voltammetry in a three-electrode cell
system. Figure 7a shows CV of a bare GCE compared
to TOCNF- and ChNF-coated GCE in stationary state
(0 rpm). Two pairs of redox potentials were clearly
observed in the voltammograms: a more positive peak
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Fig. 7 CVs of bare GCE and coated GCE with TOCNF and
ChNF in polysulfide electrolyte at a O rpm, b CVs of GCE in
rotation state from 400 to 6400 rpm, ¢ CVs of GCE coated with

position corresponding the S/S*~ redox couple and a
more negative one related to S>7/S2™. It is reported
that S/S®~ redox reaction mainly occurs at the
photoelectrode—electrolyte interface for the hole-re-
covery, while S*7/S2™ species are involved in electron
exchange from the counter electrode (Yang et al.
2010). Evidently, the polysulfide reaction did not
follow ideal Nernstian reaction, where the anodic and
cathodic peak current, and positions are equal. It can
be seen that the electrochemical behavior at the
TOCNF- and ChNF-containing assembly were quite
similar, despite their different surface functional
groups. This suggests that the amine groups of ChNF
and carboxylic groups of TOCNF did not interfere
with the electrolyte redox reaction. However, in both
cases, the redox peaks were smaller than those in bare
GCE, which is explained by the fact that the redox
couple have to permeate through the porous mem-
branes. In rotating condition, the redox currents on
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GCE increased significantly due to the elimination of
mass-transfer diffusion (Vinodgopal et al. 2004). In
accordance with the Levich equation, the limiting
current increased proportionally with the rotation rates
from 400 to 6400 rpm (Fig. 7b). However, there was
no evidence of Levich behavior for both TOCNF- and
ChNF-containing systems, and the obtained currents
in rotating mode were close to those measured in the
stationary system (Fig. 7c, d).

It can be inferred that a diffusion layer of the
polysulfide ions formed inside the porous membranes
and the redox couples may have been trapped so that
the higher rotation rates could not overcome the mass-
transfer resistance. Therefore, as illustrated in Fig. S5,
the diffusion layer in the bare GCE is controlled by the
rotation rate, whereas in the membrane-covered
electrodes was not influenced by the rotation rates.

As observed in the voltammograms, the type of
porous membranes and their different surface charges
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did not influence the redox polysulfide reaction
compared to the bare GCE. Considering the fact that
the electrolyte in a solar cell is not flowing (in contrast
to fuel cells), Fig. 7a resembles the electrolyte redox
electrochemistry in the presence of biobased mem-
branes in stationary form between electrodes. Besides,
the redox peak positions did not change in the presence
of biobased nanofibers, meaning that the redox
reaction is occurring the similar way to the bare
condition. This is in agreement with the data obtained
in solar cell tests, where addition of different types of
biobased membranes with different surface properties
did not influence the cell performance. Therefore,
considering the four types of biomaterials used in this
work, BC could be more promising biobased aerogel
due to its unique features (high purity, degree of
polymerization and crystallinity) as well as econom-
ical benefits (Wu et al. 2016). Compared to CNF,
TOCNF and ChNF that has to be obtained through
procedures of top-down bleaching and fibrillation
processing, BC can be obtained easily via microbial
fermentation process even in industrial scale at a low
cost.

Conclusions

Biobased aerogels were used as an environmentally
friendly replacement for synthetic polymers as elec-
trolyte carrier membranes in quantum dot-sensitized
solar cell (QCSC). Bacterial cellulose (BC), cellulose
nanofibers (CNF), chitin nanofibers (ChNF) and
TEMPO-oxidized CNF (TOCNF) were selected due
to different surface functional groups (hydroxyl, N-
acetylglucosamine and carboxyl units) and their
fibrilar structures that can form highly interconnected
and robust network. It was observed that incorporation
of biobased aerogels produced similar performance
and the charge transfer resistance (R.) compared to
the reference cell with liquid electrolyte, despite of
different surface chemistry of the membranes. Inter-
action of biobased nanofibers with polysulfide elec-
trolyte was investigated using quartz crystal
microbalance (QCM), and showed no affinity to
adsorb the polysulfide redox ions. Electrochemical
measurements revealed that the respective functional
groups did not influence the polysulfide redox reac-
tion. Overall, there is indication that cellulose- and
chitin-based materials, with their robust fibrilar

structure and high water-holding capability, are suit-
able renewable materials as polysulfide electrolyte
membranes that can be promising alternatives to
synthetic polymers, without interfering in the perfor-
mance of the cell.
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