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The synergic effect of graphene oxide and
glucose in improving the conduction properties
of polymer electrolyte poly(3,4‐
ethylenedioxythiophene):poly(styrenesulfonate)
and modifying the sensible interface of
perovskite solar cells is reported. This method
allows obtaining hysteresis‐free and high VOC
CH3NH3PbI3 devices displaying a ≈37%
improvement in power conversion efficiency,
evidencing minimal recombination losses and
very efficient charge extraction at the
electrodes.
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+TITLE

Hybrid organic–inorganic halide perovskites have emerged at the forefront of solution‐processable
photovoltaic devices. Being the perovskite precursor mixture a complex equilibrium of species, it is very
difficult to predict/control their interactions with different substrates, thus the final film properties and
device performances. Here the wettability of CH3NH3PbI3 (MAPbI3) onto poly(3,4‐

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) hole transporting layer is improved by
exploiting the cooperative effect of graphene oxide (GO) and glucose inclusion. The glucose, in
addition, triggers the reduction of GO, enhancing the conductivity of the PEDOT:PSS+GO+glucose
based nanocomposite. The relevance of this approach toward photovoltaic applications is
demonstrated by fabricating a hysteresis‐free MAPbI3 solar cells displaying a ≈37% improvement in

power conversion efficiency if compared to a device grown onto pristine PEDOT:PSS. Most importantly,
VOC reaches values over 1.05 V that are among the highest ever reported for PEDOT:PSS p‐i‐n device

architecture, suggesting minimal recombination losses, high hole‐selectivity, and reduced trap density
at the PEDOT:PSS along with optimized MAPbI3 coverage.

Keywords
+  glucose, graphene oxide reduction, PEDOT:PSS nanocomposite, perovskite solar cells, wettability

1 Introduction
Hybrid halide perovskites based solar cells hold promises for low‐cost production of highly efficient devices. 1  The
versatility of the material facilitates the realization of very different solar cell layouts, 2 3  spanning from
mesostructured to planar heterojunction (PHJ) architectures. 4 5 6 7  The extraordinary flourishing of efficient
perovskite solar cells witnessed the expected appearance of newcomer drawbacks such as material/device stability
and reproducibility. 8 9 10 11  Nevertheless, one of the most disconcerting limitations has been associated to the
presence of hysteresis in the photovoltaic behavior. Such effect in some cases is as strong as a judicious
characterization of the device is not possible. 12  Although the mesostructured device has demonstrated the best
power conversion efficiencies (PCEs) 13  to date, the best choice to stem the hysteresis in perovskite solar cells has
foresaid material deposition onto organic transporting layers, as this most probably reduces ions
movement/accumulation at the interface, which is the prime suspect of the phenomena. 14 15  Additionally, the use of
conformal plastic polymeric transporting layers avoids high‐temperature processing and holds important application
such as flexible and industrially sustainable photovoltaics. 16 17

Among the several conductive polymers 18  used as charge transporting layers, the solid polyelectrolyte
poly(3,4‐ethylenedioxythiophene) polystyrene:sulfonate (PEDOT:PSS) is the most successful anode interfacial
material in vision of its simple solution‐processability, high conductivity, and transparency. 5 18 19 20 21  The drawbacks
of PEDOT:PSS, if compared to inorganic scaffolds, are lower maximum VOC values 16 22 23  and a more tricky control

of the perovskite deposition onto a smooth and soft polymeric surface. 24  Furthermore, solution based deposition
approaches often encounters dewetting issues, which could affect the realization of highly efficient PHJs. 3 25 26 27 28

Thus, when using a flat surface, enhancing the wettability of the substrate is of paramount importance to encourage
heterogeneous material nucleation and decrease the nucleation energy barrier, facilitating the growth of perovskite
crystals. 25

In this frame, a recent work demonstrates how through a modification of the polymer and, in turn, of the surface
wettability is possible to increase the heterogeneous nucleation of perovskite. 28  Benefiting from these findings, here
we develop a novel nanocomposite based on PEDOT:PSS doped with graphene oxide (GO) and glucose. We
demonstrate that the synergistic effect of such dopants modifies the wettability of PEDOT:PSS surface while
improving the charge transporting properties of the composite. The effect of the two additives derives from their
interesting and complementary properties. Solution processable GO, 29 30 31 32  thanks to different chemical
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functionalization, 33  can be exploited to modify the chemical properties of surfaces changing their wettability. 34 35 36

Concurrently, glucose molecule has a double effect of favoring the reduction of GO, 37 38  and of further enhancing the
PEDOT:PSS substrate wettability due to the presence of numerous hydroxyl group terminations. 39  The influence of
resulting surface tension force on CH3NH3PbI3 (MAPbI3) film formation is verified by morphological analyses; the

improved morphology of the film growth on the nanocomposite results in photovoltaic (PV) device performances of
12.8%, higher than reference PHJ solar cells based on unmodified PEDOT:PSS (9.4% PCE). Most notably, along
with higher current density, we found that the performance enhancement is mainly due to a very high VOC, reaching

values over 1.05 V, suggesting minimal recombination losses. Such high VOC values could be explained by X‐ray

photoelectron spectroscopy (XPS) analysis and cross‐section scanning electron microscopy (SEM) imaging, which
reveal that a thin insulating caramelized glucose layer forms atop of PEDOT:PSS, leading to a sharp
perovskite/PEDOT:PSS interface that could improve the selectivity of the contact.

2 Results and Discussion

2.1 PEDOT:PSS‐GO‐Glucose Nanocomposite Characterization
Graphene along with its derivatives possesses outstanding mechanical, thermal, and optoelectronic properties, in
addition, it could act as protective barriers to gases. These materials can be prepared through various approaches 40

including chemical vapor deposition, mechanical exfoliation, epitaxial growth. 34  Among the various alternatives, we
choose solution processable GO as a promising methodology in a prospective of large‐scale production, 41 42 43  for
chemical compatibility with PEDOT:PSS polyelectrolyte and its facile integration into perovskite‐based photovoltaic
devices. 27 44 45

GO is prepared by a modified Hummers method. 46 47 48  The hybrid PEDOT:PSS+GO+glucose nanocomposite,
hereafter referred as GGO‐PEDOT, and reference PEDOT:PSS+glucose (G‐PEDOT) and PEDOT:PSS+GO (GO‐
PEDOT) composites are prepared by mixing PEDOT:PSS with a dilute dispersion of either GO in water and/or
glucose powder (see the Experimental Section for details). The basal plane of a GO sheet is composed of unoxidized
graphitic patches and heavily oxidized domains functionalized by hydroxyl and epoxide groups, that guarantees a
clear and homogeneous dispersion of GO into PEDOT:PSS polyelectrolyte. The glucose powder is finally added to
GO‐PEDOT dispersion to form the GGO‐PEDOT nanocomposite (Figure 1). Nanocomposite films were characterized
by SEM, atomic force microscopy (AFM), and X‐ray diffraction (XRD) to analyze the dispersion of GO into the
polymer matrix; UV–visible spectroscopy and XPS analysis were performed to quantify the effective reduction of GO.

Figure 1 A simplified sketch of the nanocomposite GGO‐PEDOT preparation. The hydrophilic edges of GO
sheets and the glucose hydroxyl groups favor the dispersion in PEDOT:PSS polyelectrolyte. PEDOT:PSS has a
necklace structure in which the hydrophilic PSS segments form blobs decorating the hydrophobic PEDOT chains,
allowing a good and homogeneous interaction with hydrophilic GO sheets. Q2: [APT to AU] If you have not
returned the color cost confirmation form already, please email the completed form to the

editorial  office  when  you  submit  your  proof  corrections.  This  will  confirm  that  you  are

willing to support the cost for color publication of the figures. Details about our color

policies and a link to the form were included with your acceptance email. If you wish for
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policies and a link to the form were included with your acceptance email. If you wish for

your  figures  to  be  presented  in  greyscale,  please  email  the  editorial  office  to  confirm

this. [Reply by AU] I will e­mail the black and white figure to the editorial office

Figure 2 reports the XRD patterns of GO, 46 47  compared to that of GO‐PEDOT and GGO‐PEDOT films drop‐
casted onto glass substrates, before annealing treatment. Noticeably a sharp peak, (001) reflection centered on 2θ =
11.12°, characteristic of GO, with an interlayer spacing of 0.80 nm, is evidenced. 49  A further broad band is observed
for higher angles indicating low‐ordered structures due to chemical functionalization of the GO sheets. 50 51  When
incorporated in PEDOT:PSS, the main peak disappears indicating that GO sheets do not stack when dispersed in the
polymer matrix. The main feature does not roughly change upon addition of glucose, either in GO‐PEDOT dispersion
or in pure GO in water (Figure S1, Supporting Information), suggesting a good intercalation and, probably, interaction
of GO sheets and glucose, which is able to exfoliate and further distance them. This is also confirmed by SEM
images of GO‐glucose, spin‐coated film on indium tin oxide (ITO), showing a homogeneous distribution and a low
aggregation of the GO sheets (Figure S2, Supporting Information).

Figure 2 a) Diffraction XRD patterns of GO, GO‐PEDOT, and GGO‐PEDOT collected in θ–2θ scan mode drop‐
casted on glass. b) Nanocomposite precursors. SEM images of c) GO‐PEDOT and d) GGO‐PEDOT
nanocomposite films and corresponding AFM micrograph of e) GO‐PEDOT (scan area 20 × 20 μm , Z‐range 25
nm) and f) GGO‐PEDOT(scan area 50 × 50 μm , Z‐range 25 nm).

The morphology of GO‐PEDOT and GGO‐PEDOT, spin‐coated onto ITO, is verified by SEM and AFM
inspection (Figure 2). The SEM images of the reference sample of pristine PEDOT:PSS and G‐PEDOT:PSS are
reported Figure S3 (Supporting Information) for comparison. GO‐PEDOT forms a continuous film, albeit with some
aggregates, possibly due to stacked GO sheets. Whereas the GGO‐PEDOT film results homogeneous and the GO

2
2
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sheets are evenly dispersed in the polymer matrix. It is even possible, in this case, to observe the single GO sheet.
The steric bonding of glucose to the carbon of GO could favor the dispersion of GO through a lower aggregation of
the sheets, facilitating the formation of a homogeneous GGO‐PEDOT film. These results first confirm a good
blending of GO in the PEDOT:PSS and a π–π* electron donor–accepter interaction between GO and PEDOT:PSS. 52

According to literature, the addition of glucose in the GO suspension and thermal annealing in nitrogen
atmosphere could facilitate the GO reduction process. 37 38  In order to verify this hypothesis, we measure UV–visible
absorption (Figure S4, Supporting Information) as a first direct instrument to see changes in GO before and after
reduction. 34  The inset in Figure S4c (Supporting Information) shows a photograph of the GO+glucose film variation
from light brown to black color after annealing at 140 °C for 1 h, ascribable to the absorption of K‐ and B‐band of
aromatic compounds indicating a reduction. 53 54  Upon glucose addition and annealing, the shoulder at 300 nm (n →
π* transitions of C═O bonds) in the absorption spectra of GO disappears and the peak at ≈230 nm (π → π*
transitions of aromatic C─C bonds) shifted to 265 nm, suggesting the restoration of the electronic conjugation within
the graphene sheets. 51 54  No differences could be observed in the absorption spectra of pure Glucose and GO
separately before and after annealing at 140 °C (Figure S4a,b, Supporting Information), suggesting that the shift in
the GO spectra could be ascribed to reduction induced by glucose. Such an optical modification in the GGO‐
PEDOT:PSS cannot be observed because the absorption spectrum of bare PEDOT:PSS superimposes to the GO
and reduced GO characteristic peaks 52 55  (Figure S4d, Supporting Information). No differences could be observed in
the absorption spectra of PEDOT:PSS adding glucose and GO, after annealing at 140  °C (Figure S5, Supporting
Information).

In order to follow the reduction process and to study the properties of hybrid GGO‐PEDOT films, all of the
stages for the preparation of the nanocomposites are monitored by XPS measurements. In particular, we analyzed
carbon (C) and oxygen (O) species on four stages: (i) pristine PEDOT:PSS, (ii) GO‐PEDOT, (iii) GGO‐PEDOT, and
(iv) annealed GGO‐PEDOT films (see the Supporting Information for more details).

The chemical modification of the system is quantified by evaluating the ratio between carbon and oxygen atoms
(C/O). Figure 3a reports the C/O ratio measured on pristine PEDOT:PSS film at increasing the GO concentration in
solution in the range between 0 and 0.25% (wt/vol) (Table S1, Supporting Information). In the case of pure polymer
film, the measured C/O ratio amounts to 27 ± 3 indicates the presence of the phase segregation of the PEDOT:PSS
film, resulting in a predominance of PSS in the surface region 56  with the corresponding decreasing of the oxygen
content at the PEDOT:PSS surface (see Figure S6 and Table S1 in the Supporting Information). Adding GO to the
film (C/O (GO) = 2.7 ± 0.3), the total amount of oxygen increases corresponding to a decreasing of the measured
C/O ratio: C/O (GO) < C/O (measured) < C/O (PEDOT:PSS). A similar trend, albeit with higher C/O ratio, is observed
after the annealing due to a partial reduction of GO in Figure 3a and Table S1 (Supporting Information). The slightly
scattered trend could be ascribed to little variations of GO concentration on the PEDOT:PSS surface caused by the
inhomogeneous distribution of GO sheets in the PEDOT:PSS matrix in absence of glucose, as evidenced from
morphological characterization (Figure 2).
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Figure 3 C/O ratio measured at different GO concentrations on a) PEDOT:PSS and b) G‐PEDOT films.
Measurements are performed before and after the thermal annealing of the samples.

The same approach is used to study the film with glucose, as shown in Figure 3b in which we used the same
color code to compare the measured values before and after the annealing. The presence of glucose changes the
C/O ratio from 27 ± 3 to 13 ± 3 before the addition of GO. Taking into account the stoichiometric value of pure
glucose (C/O = 1) 57  and the surface‐sensitivity of the XPS technique (ca 5 nm thick) we evinced that glucose does
not disperse uniformly in the vertical section of the film and, closer to the surface, the G‐PEDOT is mainly composed
by glucose (ca 90%). The addition of GO to the G‐PEDOT composite film does not significantly change the measured
C/O ratio. This is an expected experimental trend because the C/O ratio of GO is 2.7 ± 0.3. Upon the annealing at
140 °C, the C/O ratio increases to 4.8 ± 0.8 without GO, indicating a partial caramelization of glucose, 58  and roughly
increases linearly with GO concentration (dash line) ascribable to the reduction of GO. (Figure 3b and Table S2
(Supporting Information)).

The thermal stability of pristine PEDOT:PSS and doped PEDOT:PSS was investigated by thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) analysis (Table S3, Supporting Information). The TGA
curves of the films show two principal weight loss steps (Figure S7, Supporting Information). The first one, from 20 to
about 160 °C, combined with the broad endothermic peak observed with the DSC analysis, indicates that the film
releases water during the heating process. 59  The characteristic dehydration energy calculated for all the films is in
the range of the energy of moderate hydrogen bonds (10–60 kJ mol ). The characteristic dehydration energy for the
PEDOT:PSS decreases from 39 to 33 kJ mol  adding GO and to 22 kJ mol  adding glucose, showing a different
interaction with water molecules influenced by the presence of doping elements in the PEDOT:PSS. In the film with
both GO and glucose, the characteristic dehydration energy decreases down to 12 kJ mol  suggesting that water
molecules are weakly bound and can evaporate more easily than other systems, influencing film formation. The
second weight loss, from 250 to about 500 °C, is due to oxidizing decomposition of the skeletal PEDOT and/or PSS
backbone chain structure. 60  In particular, at ≈250 °C and over 350 °C, the PSS sulfonate group fragmentation and
the carbon oxidation occur, respectively. 61  All the films are thermally stable below 250  °C, consequently no
degradation occurs during annealing treatment (140 °C).

−1

−1 −1

−1
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The contribution of glucose and GO on the electrical properties of the film after the annealing was studied
performing DC electrical measurements with four‐points probe. The measured sheet resistance values are reported
in Table 1. The sheet resistance measured on pure PEDOT:PSS film amounts 50 MΩ □  and agrees with

literature. 62  Adding only glucose, the G‐PEDOT film became an insulator (resistance > GΩ □ ), in agreement with
the XPS analysis indicating the presence of glucose mainly on the film surface. Conversely, the resistance decreases
by adding of GO. In general, by adding glucose and GO or GO only the electrical behavior is quasi‐ohmic as in the
case of pure PEDOT:PSS while the charge‐injection decreases.

Table 1 Sheet resistances of film after annealing
  PEDOT:PSS GO‐PEDOT G‐PEDOT GGO‐PEDOT

Sheet resistance 50 ± 5 [MΩ □ ] 180 ± 20 [kΩ □ ] 10 ± 2 [GΩ □ ] 1.9 ± 0.2 [MΩ □ ]

2.2 GGO‐PEDOT/Perovskite Heterojunction
The wettability of the diverse PEDOT:PSS based nanocomposite on ITO and of perovskite precursors on the
different nanocomposites was evaluated by contact angle measurements (Figure 4a,b). The addition of both GO and
glucose into PEDOT:PSS reduces the contact angle of PEDOT:PSS based solutions on ITO substrate from 93.6° ±
3.1° to 77.6° ± 3.7° (Figure 4a), ensuring a good coverage and electrical contact at the anode. Importantly, the
contact angles of perovskite precursor solutions on the different substrates decrease upon the addition of GO and
glucose reaching the minimum value of 5.1° ± 1.1° on GGO‐PEDOT:PSS (Figure 4b). These results demonstrate
that GGO‐PEDOT shows a superior wettability and compatibility with perovskite precursor solution, enabling the
formation of high coverage uniform perovskite films that was relevant for fabrication of devices, as can be observed
from SEM images in Figure 4c. It can be readily observed that the perovskite film grown on GGO‐PEDOT shows
more compact and closer grains, leading to less intergrain spaces and cracks if compared to perovskite grown on
pristine PEDOT:PSS. AFM images in Figure S8 (Supporting Information) show how the wettability also impacts on
the film roughness, which decreases from Rq ≈ 10 nm for PEDOT:PSS down to Rq ≈ 8 nm for GGO‐PEDOT. The

crystalline structure of the perovskite films, instead, remains unvaried (XRD spectra in Figure S9, Supporting
Information).

−1

−1

−1 −1 −1 −1
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Figure 4 a) Contact angle of pristine PEDOT:PSS, GO‐PEDOT, G‐PEDOT, and GGO‐PEDOT on ITO and b)
Contact angle of perovskite precursor drops on PEDOT:PSS, GO‐PEDOT, G‐PEDOT, and GGO‐PEDOT
nanocomposite substrates. c) SEM morphology for perovskite material deposited on the different nanocomposite
substrates.

2.3 Hybrid Perovskite Solar Cells with Nanocomposite Hole Transporting Layers
The GGO‐PEDOT:PSS nanocomposite film was implemented in a perovskite based solar cells to examine the
doping influence on the performance of the hybrid device. For comparison, devices with GO‐PEDOT nanocomposite,
G‐PEDOT, and bare PEDOT:PSS were also made.

In each device realized, the perovskite layer, which acts as a light absorber, was deposited by spin‐coating on
top of the PEDOT:PSS based layer. The perovskite precursors were prepared as described in previous work, 63  and
MAPbI3 smooth and homogeneous active layer was obtained by a modified nonsolvent dripping method. 5

In Figure 5, we report the J–V characteristic and performance of the best device based on the GGO‐
PEDOT:PSS, compared with pristine PEDOT:PSS, GO‐PEDOT, and G‐PEDOT. Statistics on the FF, VOC, JSC, PCE

for all the devices tested and the incident photon to current efficiency (IPCE) are reported in Figures S10 and S11
(Supporting Information).

Figure 5 Current density versus applied bias (J–V) characteristics under AM 1.5G (100 mW cm ) simulated solar
illumination (filled symbols) and in the dark (open symbols) for a) PEDOT:PSS, b) GO‐PEDOT, c) G‐PEDOT, and
d) GGO‐PEDOT based best devices; SEM cross‐section of the devices in the inset.

The perovskite device made on GGO‐PEDOT results in the best performing devices (see Table 2 and Figure
5), reaching a maximum PCE of 12.8%, with no hysteresis (see Figure S12 in the Supporting Information). Along with
higher current density, we found that the improvement is mainly due to a very high VOC, suggesting minimal

recombination losses and very efficient electron and hole extraction at the electrodes. As can be seen from Figure
S12 (Supporting Information), VOC maximum reaches values over 1.05 V that are among the highest ever reported

for PHJ inverted architecture with PEDOT:PSS hole transporting layer, 22  which usually shows a slight VOC drop if

compared to the conventional n‐i‐p PHJ solar cells. 16  Usually, this problem is overcome by the insertion of an
electron blocking polymer interlayer between PEDOT:PSS and perovskite, 64 65  but these polymers are usually
hydrophobic, thus making the deposition of perovskite by solution processing impossible. Conversely, our approach

−2
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offers the advantage of enhancing the solar cell VOC, while improving the wettability of PEDOT:PSS for perovskite

precursors. The high VOC could potentially indicate that the perovskite film grown on GGO‐PEDOT is of a high

quality, with low surface/sub‐bandgap states, and considering the very thin perovskite layer (≈160 nm), the device
performances are remarkable. 64  As high performing semitransparent solar cells, bearing thin active perovskite layer,
instead of thicker opaque devices foresees great technological impact aiming the implementation of photovoltaic
devices into building integrated elements, such as windows or portable electronic devices. 66 67 68 69 70

Table 2 Best performance and average values of the devices based on GGO‐PEDOT compared with that of
PEDOT:PSS, GO‐PEDOT, and G‐PEDOT

Layer   JSC [mA cm ] VOC [V] FF PCE [%]

GGO‐PEDOT rev 17.6 1.05 0.69 12.8

  average 14.3 ± 2.3 1.00 ± 0.07 0.66 ± 0.06 9.6 ± 1.9

PEDOT:PSS rev 14.9 0.93 0.68 9.4

  average 12.0 ± 2.1 0.9 ± 0.1 0.72 ± 0.05 7.8 ± 1.3

GO‐PEDOT rev 13.5 0.93 0.69 8.7

  average 10.8 ± 1.5 0.89 ± 0.05 0.71 ± 0.02 6.8 ± 1.1

G‐PEDOT rev 12.8 1.08 0.63 8.7

  average 12.1 ± 2.7 1.01 ± 0.07 0.63 ± 0.03 7.5 ± 1.0

The VOC amelioration, albeit accompanied to a reduction in the JSC and FF values, is also observed when only

glucose is added to PEDOT:PSS. In this case (G‐PEDOT), we obtain VOC values up to 1.08 V, we attribute such a

high value to the formation of a thin insulating caramelized glucose layer atop of PEDOT:PSS. This thin insulting
layer could either act as an electron blocking, as it happens for insulating Al2O3, 71  and/or could modify the

PEDOT:PSS work‐function. 72  Moreover, the thin interfacial layer of glucose could, in analogy to what recently
reported for Lewis bases, 73  passivate the halide vacancies at the grain boundaries of perovskite polycrystals which
act as charge trapping states. Thus the observed higher VOC for the glucose based nanocomposites can be ascribed

to the trap density reduction at the perovskite/PEDOT:PSS.

We calculate the series resistance for the pristine PEDOT:PSS (Rs = 11.4 Ω cm ), GGO‐PEDOT (Rs = 13.7 Ω

cm ), G‐PEDOT (Rs = 18.4 Ω cm ), and GO‐PEDOT (Rs = 56.0 Ω cm ) best performing devices and we find that

upon addition of either GO or glucose in PEDOT:PSS, the series resistance increases. Whereas in the complete
GGO‐PEDOT nanocomposite, the Rs recovers approaching values as low as pristine PEDOT:PSS. Considering this,

the reduction in the JSC and FF values in G‐PEDOT can be due to the formation of the thin insulating caramelized

glucose layer atop of PEDOT:PSS, partially blocking the charge collection at the ITO electrode. 74  However, in the
complete GGO‐PEDOT nanocomposite, considering the higher JSC and FF and lower Rs values, this effect is less

pronounced and likely mitigated by the better morphology of the perovskite active layer.

From cross‐section SEM inspection (inset Figure 5), it can be noted that the perovskite interface with GGO‐
PEDOT and, more evidently, G‐PEDOT films is sharper than that with GO‐PEDOT and pristine PEDOT:PSS, where
some interfusion seems to occur. Such a net interface could improve the hole‐selectivity of the contact and contribute
to the VOC enhancement.

Overall, in the ternary nanocomposite GGO‐PEDOT, the cooperative effect of reduced GO and glucose,
improves the conduction properties of PEDOT:PSS and modifies the sensible interface, leading to superior
performance if compared to the pristine PEDOT:PSS hole transporting layer. The GO‐PEDOT composite leads to a
slight decrease in photocurrent and fill factor.

3 Conclusion
In conclusion, we demonstrate here the synergic positive effect of GO and glucose in affecting the PEDOT:PSS
surface and electrical properties. The combined effort of glucose and GO increases the performance of the device

−2

2

2 2 2



27/7/2016 PXE Digital Publishing Platform

http://wileypxe.aptaracorp.com/ED5042/Editor/PXE_Editor.aspx?EditorID=3c1b8f33­bfb3­4202­b687­90105a673ae6 10/14

because the insulating layer of glucose changes the surface wettability, improving the homogeneity of the upper
PEDOT:PSS layer, while the presence of reduced GO sheets restores and improves the electrical conductibility of
the film.

To our purpose, the enhanced substrate wettability guarantees a good interaction of the perovskite precursors
with the doped GGO‐PEDOT underlayer. The influence of resulting surface tension force on MAPbI3 film formation is

verified by morphological analyses. The improved film morphology from one side, and the formation of a net interface
with the hole transporting layer results in improved photovoltaic device performances. The hybrid GGO‐PEDOT
nanocomposite in particular shows outstanding VOC, evidencing minimal recombination losses, high hole‐selectivity,

and reduced trap density at the PEDOT:PSS along with optimized MAPbI3 coverage.

Our study offers a promising approach to guide the formation of uniform and high coverage perovskite film on
flat polymeric substrate, allowing also intelligent interface engineering for an overall improving of the device
performance.

A further interesting advantage of our approach is that, if compared to other GO reduction processes requiring
harsh temperature (up to 800  °C) 75  or highly toxic reducing agent (such as hydrazine, hydroquinone, sodium
borohydride), 34  it represents a mild‐temperature and a green alternative strategy, fully compatible with large‐scale
production of nanocomposite films.

4 Experimental Section
Synthesis of GO: GO was prepared using a modified Hummers method 46 47  yielding GO flakes with a maximum
lateral size of 100 μm. The prepared GO solution in water (2 mg mL ) was stable for more than one year as
confirmed by UV–vis absorption measurements. AFM was used to monitor the abundance of single layers (>95%) by
spin‐coating the solution on ultraflat silicon oxide surface.

PEDOT:PSS‐GO‐Glucose Nanocomposite Preparation and In Situ GO Reduction: PEDOT:PSS aqueous
solution (Clevios PVP AI4083) was purchased from Heraeus with a PEDOT:PSS concentration of 1.3% by weight
and the weight ratio of PSS to PEDOT was 6. α‐D‐glucose anhydrous 96% (glucose) was purchased from Sigma‐
Aldrich. The dispersion of GO into PEDOT:PSS, commercially available as Clevios PVP AI4083, was obtained by the
solvent swelling method, previously developed. 76 77  GO was added into PEDOT:PSS with a concentration of 0.05
wt%/vol%. Concentrations of 0.10%, 0.15 %, 0.20%, and 0.25% (wt/vol) were explored for XPS analysis. Q3:
[APT to AU] The expression '% wt/V' has been changed to 'wt%/vol%' throughout text. Please check for

correctness. [Reply by AU] no, it is better to write: % (wt/vol) After 90 min of stirring and 15 min of
sonication at room‐temperature (RT), 1% (wt/vol) of glucose was added to a GO‐PEDOT:PSS dispersion, stirring and
sonicating for 15 min, respectively. Q4: [APT to AU] The symbols ' and ' have been changed to min and s,

respectively,  throughout  the  text.  Please  check  for  correctness. [Reply  by  AU] ok The film of GGO‐
PEDOT was obtained by spin coating of solution on an ITO substrate at 3000 rpm for 60 s in air at RT and annealed
at 140 °C for 1 h in glovebox in a nitrogen atmosphere. Dispersions and films of GO‐PEDOT and of G‐PEDOT were
prepared by the same procedure to understand the influence of all the doping separately.

The GO ex situ reduction was performed adding 1% (wt/vol) of glucose in the GO/water dispersion (0.05%
wt/vol) by stirring and sonicating for 15 min, respectively. The dispersion was deposited at RT in air on different
substrates and treated at 140 °C for 1 h in glovebox in a nitrogen atmosphere.

XRD: The XRD spectra of the prepared films were recorded with a PANalytical X'Pert‐PRO Materials Research
Diffractometer using graphite‐monochromated CuKα radiation (λ = 1.5405 Å).

Morphological Characterization: Scanning electron microscope images of the samples were recorded using
Carl Zeiss Auriga40 Crossbeam instrument, in high vacuum and high‐resolution acquisition mode, equipped with
Gemini column and an integrated high efficiency in‐lens detector. The applied acceleration voltage was 2 or 5 kV.
AFM imaging was carried out in air using a Park Scanning Probe Microscope (PSIA) operating in a noncontact mode
to reduce tip induced surface degradation and sample damage. The image acquisition was performed in air at room
temperature.

UV–Vis Absorption: The GO/glucose dispersion was drop casted on a quartz substrate and analyzed by UV–
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visible spectrophotometer (Varian Cary 500) before and after thermal annealing to evaluate the efficiency of the GO
reduction reaction through glucose. The Ultraviolet–visible absorption spectra were recorded on spectrophotometer in
the 200–800 nm wavelength range at room temperature.

XPS: The XPS spectra were recorded with a Phoibos 100 hemispherical energy analyzer (Specs) using Mg Kα
radiation (ћω = 1253.6 eV). The X‐ray power was 250 W. The spectra were recorded in the constant analyzer energy
mode with analyzer pass energies of 40 eV for the survey spectra and 20 eV for the high resolution ones. Charging
effects were corrected by energy calibration on C 1s level relative to 284.5 eV. The base pressure in the analysis
chamber during analysis was 3 × 10  mbar.

Contact Angle Measurement: The wettability of the different substrates was evaluated by contact angle
measurements with a First Ten Angstroms FTA1000 Quick Start instrument.

TGA‐DSC Characterization: Thermogravimetric analyses were carried out on a TGA/DSC 1 manufactured by
Mettler Toledo, under a nitrogen atmosphere created by fluxing 50 mL min  of N2 from 20 to 600 °C at the heating
rate of 10 °C min . About 5 mg of sample was put into alumina pan for the test, after air‐drying for 96 h samples
were drop casted on cleaned silicone sheet. The results obtained from TGA in the range of 20–160  °C were
combined with the analysis by a differential scanning calorimeter (DSC Mettler Toledo 622) to understand the
reaction that occurred in all the systems. About 5 mg of dried samples for 96 h on silicone sheet were put into
aluminum flat disks and heated from 20 up to 160 °C at 10 °C min  under nitrogen atmosphere flow at 80 mL min .
After free cooling to room temperature, a second heating scan was performed. Combining DSC and TGA results
together provide more refined information about the water loss and the energy associated to the loss of itself,
calculating the characteristic energy for dehydration (Equation (1)) Q5: [APT to AU] Please check all equations
have been correctly typeset. [Reply by AU] ok

(1)

where M was the water molecular weight (18 g mol ), ∆Q was the amount of heat absorbed during the dehydration,
estimated from DSC, and ∆W was the weight loss of water estimated from TGA, both between 20 and 160 °C.

Four‐Points Probe Measurements: The sheet resistance of the film was measured with a four‐point probe
system in Van der Pauw geometry (probed area of 10 × 10 mm², H50 Hall Effect Controller, MMR Technologies),
while the two‐probe measurements by home‐made system (Keithley 6517A/Keithley 6514).

Device Fabrication and Testing: Glass with precoated ITO thin film was used as substrate. It was cleaned with
acetone, water, and isopropanol in an ultrasonic bath for 10 min each. Finally, it was immersed into a TL1 washing
solution (H2O2/NH3/H2O 5:1:1, v/v) and heated at 80 °C for 10 min to remove organic contamination, then rinsed ten

times in water. Either pristine PEDOT:PSS, GO‐PEDOT, G‐PEDOT, or GGO‐PEDOT solutions were then spin-
coated on the ITO substrate at 3000 rpm for 60 s in air atmosphere. The coated film was first dried at about 70 °C for
5 min and then annealed at 140 °C for 1 h in N2 atmosphere. Briefly, methylamine (CH3NH2) solution, 33 wt% in

absolute ethanol, was reacted with hydroiodic acid (HI), 57 wt% in water, with excess methylamine under a nitrogen
atmosphere in ethanol at room temperature. Typical quantities were 24 mL of methylamine, 10 mL of HI, and 100 mL
of ethanol. Crystallization of methylammonium iodide (MAI) was achieved using a rotary evaporator; a white‐colored
powder was formed, indicating successful crystallization. MAI and lead (II)iodide (PbI2) (Aldrich) were stirred in a

mixture of dimethyl sulfoxide:γ‐butyrolactone (1:2, v/v) at 60  °C for about 30 min. In details, the 40% MAPbI3
perovskite precursor solution was spin-coated onto PEDOT:PSS based/ITO substrate by a consecutive two‐step
spin‐coating process at 1000 and 4000 rpm for 20 and 60 s, respectively, and the dichloromethane in final spin‐stage
was dripped onto the substrate during spin-coating. Then the coated substrate was annealed on a hot plate at 100 °C
for 10 min. A chlorobenzene solution of phenyl‐C61‐butyric acid methyl ester (25 mg mL ) layer was deposited by
spin‐coating at 1000 rpm for 60 s. Finally, the device was completed with evaporation in a high vacuum of Al contact
electrodes after evaporation of LiF (≈0.5 nm) layer through shadow mask. 39  The active area of Al electrodes in the
fabricated device was 0.04 cm . Each device was characterized under air mass 1.5 global (AM 1.5G) solar simulator
with an irradiation intensity of 100 mW cm . Current–voltage characteristics of the PV devices were studied using a
Keithley 2400 Source Measure Unit and a solar simulator Spectra Physics Oriel 150 W with AM 1.5G filter set. The
measurement was made setting a range of voltage from 1.1 to −0.5 V in reverse mode.
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The IPCE was measured by the DC method using a computer‐controlled xenon arc lamp (Newport, 140 W,
67005) coupled with a monochromator (Newport Cornerstore 260 Oriel 74125). The light intensity was measured by
a calibrated silicon UV‐photodetector (Oriel 71675) and the short circuit currents of the solar cells were measured by
using a dual channel optical power/energy meter (Newport 2936‐C).
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