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The pH effect on PEDOT: PSS/GO as a potential hole transport layer
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Poly(3,4-ethylenedioxythiophene)-polystyrenesulfonate (PEDOT: PSS) with secondary doping has been widely researched as a hole transpo
layer in solar cells because secondary doping can provide conformational change and improve the properties of PEDOT: PSS. PEDOT: PS:
is doped with graphene oxide (GO) to form PEDOT: PSS/GO solution, and then, sodium hydroxide is added into the acidic PEDOT: PSS/GO
solution. The novelty of this work relies on the pH effect of PEDOT: PSS/GO, which shows basic condition allows better dispersity of
GO in water. The HRTEM result indicates the formation of PEDOT: GO. Besides, the two-point probe results show that both acidic and
basic PEDOT: PSS/GO is more conductive than PEDOT: PSS and GO alone. This was due to the transformation of benzoid structure to
quinoid structure which has been supported by the lower d-spacings of acidic PEDOT: PSS/G@ hddasic PEDOT: PSS/GO (3.&}

compared to PEDOT: PSS (3.§6 in the XRD result. Other than that, the UV-Vis absorbance result shows that the PSS chain absorbance
peak in basic PEDOT: PSS/GO is around 13% lower than that in acidic PEDOT: GO, indicating better replacement of insulating PSS chain
and more successful formation of PEDOT: GO. In the EDX results, the basic PEDOT: PSS/GO shows higher oxygen content (93.34%) than
acidic PEDOT: PSS/GO (44.58%) due to the increase of hydroxyl groups of GO in basic conditions caused by NaOH. Besides, the average
resistance values of the basic PEDOT: PSS/GO and acidic PEDOT: PSS/GO layers are 3(72E#1030E+1@, respectively. The Na

ion in NaOH resulted in the damages of unreacted PEDOT: PSS, making the basic PEDOT: PSS/GO sample more electrically resistant thai
the acidic PEDOT: PSS/GO sample. Despite some of the adverse effects of basic PEDOT: GO, it shows the lowest surface roughness (Rc
2.52 nm) among all potential HTLs investigated, indicating the best deposition on glass and wettability for organic semiconductors (OSCs)
which can be applied as a counter electrode in dye-sensitized solar cell (DSSC) application.
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1. Introduction aspect of PSS is that it can make PEDOT: PSS dispersive,
however, PSS is insulating, thus, the conductivity of PEDOT:
Organic materials which are low-cost materials have beefSS is adversely affected by the PSS component, even so,
greatly utilized as third-generation solar cells such as the dyst is possible to increase the conductivity through secondary
sensitized solar cells and the perovskite solar cells [1]. Theloping [6].
hole transport layer has been an important interlayer in or- One of the very popular types of materials to be com-
ganic solar cells [2] and perovskite solar cells to perform betbined or doped with PEDOT: PSS is the carbon material such
ter hole extraction and transportation [3]. According to Yu etas graphene [7,8], graphene oxide (GO) [9,10], and reduced
al. (2018), one of the very popular hole transport layers usedraphene oxide (rGO) [11,12]. Among various graphene-
in perovskite solar cells is poly(3,4-ethylenedioxythiophene)-based materials mentioned, although having conductivity
polystyrenesulfonate (PEDOT: PSS) since it can form dower than graphene and rGO, GO has the best wettability to
smooth surface on the indium-tin oxide (ITO) electrode [4].deposit perovskite solution [13]. It has been reported that the
Even so, it has disadvantages like being very acidic whichhemoval of insulating PSS could increase the conductivity but
could cause corrosion on the perovskite layer and ITO electhe power conversion efficiency still decreases because the
trode, because of that, the stability and the performance dPEDOT-rich surface is unfavorable for the perovskite crystal
perovskite solar cells based on PEDOT: PSS hole transpogrowth [14]. The pros of GO for having strong wettability for
layer (HTL) can be adversely affected [4]. Other than per-perovskite deposition could outweigh its cons of being less
ovskite solar cells, PEDOT: PSS can work as a hole transpodonductive than graphene and rGO. Since acid is a hygro-
layer for organic solar cells as well [5]. The PSS componentcopic [15], it can absorb moisture, resulting in poor stability
in PEDOT: PSS is held with the PEDOT unit through an ionicof solar cells [16]. It has been widely known that the highly
bond and such interaction provides stabilization in aqueouacidic PEDOT: PSS can degrade the perovskite layer in a
media [6]. Ozcan et al. (2020) mentioned that the goodberovskite solar cell, as a result, the efficiency and stability
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FIGURE 1. Modified synthesis of acidic and basic PEDOT: PSS/GO solutions.

of perovskite solar cells have been greatly reduced [17]. Furpowder form and the solution was diluted to 1.5 L.
thermore, the acidity of PEDOT: PSS can harm the ITO elecThe conductive grade poly(3,4-ethylenedioxythiophene)-
trode in organic solar cells as well [18]. So, research relategoly(styrenesulfonate) (PEDOT: PSS) with 1.3 wt% disper-
to the effect of pH condition on PEDOT: PSS on the perfor-sion in H,O (483095-500G) was purchased from Sigma
mance of perovskite solar cells has been conducted, and baddrich. The PEDOT: PSS/GO solution synthesis process
PEDOT: PSS hole transport layer has indicated better perfomwas modified from the method conducted byefial. (2014)
mance in terms of efficiency than the acidic PEDOT: PSJ23]. The graphene oxide solution was sonicated for 2 hours.
hole transport layer [17] Even so, it has been shown that baFhen, the sonicated solution was centrifuged at 4500 rpm
sic PEDOT: PSS has lower wettability [17], and that can adfor 15 minutes to remove any large GO nanosheets, which
versely affect the deposition of the perovskite solution in armeans the centrifuged solution was kept and the very little
inverted structure solar cell [19]. Thus, to increase the wetprecipitate was removed. Next, the PEDOT: PSS solution
tability, the addition of GO is a good choice because GO canvas mixed with the GO solution directly with the volume ra-
increase the wettability of the composite [19]. Coincidently,tio of 1: 1 and the mixture was left in the fridge°@) to be
the basic condition can make GO a more dispersive [20]. GQtabilized for one day. The original PEDOT: PSS/GO solu-
aggregates in acidic conditions and dissolves better in basiion was acidic (pH between 2 and 2.5). After that, 0.1 M
conditions because carboxyl groups of GO can be protonateaf NaOH was carefully added drop by drop with a dropper
in acidic conditions and that makes it less hydrophilic, thusto the solution until the solution became basic (pH between
forming an aggregation [20]. On the contrary, the carboxyl8.5 to 9). The pH meter was used to determine the pH of the
groups can be deprotonated in a basic condition which makesolution intermittently until the desired pH. The acidic and
GO a more dispersive [20], due to the electrostatic repulsiobasic PEDOT: PSS/GO mixture solutions were spin-coated
between the deprotonated carboxyl groups [21]. onto the cleaned glass substrates at 4000 rpm for 45 seconds,
In this study, the pH of basic PEDOT: PSS/GO solutionthen, the layer was annealed at 1@5for 15 minutes [23].
was tuned by NaOH, and different potential hole transporlGO and PEDOT: PSS solutions were also deposited with the
materials which are GO, PEDOT: PSS, acidic, and basic PEsame procedure for further investigation.
DOT: PSS/GO were compared to study the electrical, struc-
tural, and optical properties. Besides, the pros and cons of 5 Material characterizations
acidic PEDOT: PSS/GO and basic PEDOT: PSS/GO were in-

vestigated. To provide a fundamental baseline for PEDOT: PSS/GO
solutions, Agilent Technologies: Cary Series UV-Vis-NIR
Spectrophotometer was used to obtain the absorbance spec-
tra of various potential hole transport layer using solution-
2.1. Sample Preparation based measurement. The wavelength range scanned was
between 200 nm and 800 nm using standard cuvette of
GO was synthesized with graphite (C0350) from HmbG10 mm optical pathlength. High-Resolution Transmission
Chemicals through a modified Hummer's method [22].Electron Microscopy (HRTEM) images were obtained by us-
GO was kept in the solution form without drying into ing JEOL JEM 2100F Field Emission Transmission Electron

2. Materials and methods
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Microscope (FETEM) operated at an accelerating voltage of25]. According to Xiaet al. (2012), the absorbance peak at
200 kV. Bruker D8 DISCOVER featured with DAVINCI de- around 224 nm is the absorbance peak of the aromatic ring of
sign was employed to obtain the X-ray diffraction (XRD) pat- the PSS unit, thus, the decrement of the peak intensity around
tern, the radiation source is CuaKand 2 was scanned from that region indicates more replacement of PSS with GO [26].
10°C to 90°C. For XRD, the samples were drop-cast ratherBased on this concept, it is seen in Fig. 2 that the peak inten-
than spin-coated. The atomic force microscope (Bruker Disity of basic PEDOT: PSS/GO at 225 nm is around 13% lower
mension Edge) was used to study the surface morphology arttan that of acidic PEDOT: GO, which shows more replace-
roughness of the potential hole transport layers. The scament of PSS in the basic PEDOT: PSS/GO solution. The
range for each spot was 5 micrometers and the scanning wasason can be that GO is more dispersive in basic conditions
run at 1 Hz. The spring constant and resonance frequency fdhan in acidic conditions [20], thus, GO is more evenly mixed
the silicon cantilever were around 40 N/m and 250-300 kHawith PEDOT: PSS, so, the replacement of PSS with GO can
respectively. be more widely done. The PSS chain detached from the PE-
A field emission scanning electron microscope (NOVADOT unit can be attached to GO through the hydrophilic-
NANOSEM 450) was employed to obtain high-resolution hydrophilic interaction [27]. Another possible reason behind
images of deposited potential HTL particles and the elementhe lower PSS chain absorbance of basic PEDOT: PSS/GO
tal components by the EDX feature. The FESEM imagesds that the N& from NaOH can remove PSS from PEDOT:
were taken at the voltage of 10 kV with magnification of PSS to form NaPSS- [28]. The reason for the red-shift of
10 kX and 100 kX. The EDX feature was run at 10 kV with a PSS chain peak from 224 nm in PEDOT: PSS absorbance
working distance of 5 mm and the magnification was 10 kX.spectrum to 225 nm in the acidic and basic PEDOT: PSS/GO
KEITHLEY 4200-SCS two-point probe was employed to ob- absorbance spectra is possibly due to the effect of GO, which
tain the current-voltage (I-V) curves of different depositedhas a peak at 231 nm rather than 224 nm, thus, slightly red-
potential hole transport layers. The working voltage rangeshifting the peak. However, there was no peak shown at
was -10 V to 10 V and the resistance values could be obtaineground 231 nm (GO absorbance peak) for both acidic and ba-
from 1/gradient of the I-V curves. sic PEDOT: PSS/GO but the presence of a 225 nm peak for
the PSS chain is distinct for both cases, which indicates the
. . dominant presence of unreacted PEDOT: PSS in the PEDOT:
3. Results and discussion PSS/GO solutions, although a portion of PEDOT: PSS has
. been transformed into PEDOT:/GO. This measurement con-
3.1 UV-Visresult firms the interaction and mechanism between PEDOT: PSS

PSS, basic PEDOT: PSS/GO, and acidic PEDOT: PSS/GO
in between the regions of 200 nm to 800 nm are 231 nm3-2- HRTEM Result

224 nm, 225 nm, and 225 nm respec_tlvel_y. GO has an ablfigure 3 shows the HRTEM images of GO and PEDOT:
sorbance peak at around 231 nm which is very near to th

. PSS/GO at different resolutions. The graphene oxide layer
grseov'r?rl;silsydrﬁg?;t?ﬁergfeucliEﬂ'r;:;?tizt;s;r?hingsrgZ;l;:goungeposited can be observed in Fig. 3a). There are certain dark
spots found on the GO layer in Fig. 3b) which are the PEDOT
molecules bonded with GO. Figure 3d) shows a clearer image
of PEDOT (dark) on GO (bright), which is similar to the im-
age of PEDOT within rGO layers in previous literature [29].
H The GO HRTEM image with 10 nm resolution is shown in
i Fig. 3e), which roughly indicates the hexagonal lattice struc-
) 1,225 ture of GO. There are also lines representing the crystallites
‘; of PEDOT on the GO layer in Fig. 3f), as indicated in the
yellow box. The HRTEM result supports the UV-vis result

224

“ [AR 225  [essuses PEDOT PSS
g

- Acidic PEDOT:PSS/GO .
Basic PEDOT:PSS/GO where the UV-vis result shows the replacement of the PSS

E_

/%231 ----GO chain by GO [26] and the HRTEM result indicates the for-

a\ mation of PEDOT: GO.

5 \ The X-ray diffraction pattern has also been obtained as

S indicated in Fig. 4. As shown in Fig. 4, the graphene oxide

R NS s e indicates a peak at 21.325 which indicates the interlayer

D e ——— spacing of 0.416 nm, which is not in correspondence to the

200 300 400 500 600 700 800 normal GO XRD peak at around 10 which represents the

Wavelength (nm) interlayer spacing of around 0.8 nm [30]. However, the UV-
visible result shown in Fig. 2 indicates the GO absorbance

FIGURE 2. Absorbance spectra of potential HTL solutions. peak at 231 nm which indicates the presence of a graphene

Absorbance (a.u.)

Rev. Mex. Fis72061004



4 M. D. NURHAFIZAH, TAN YOU ZI, AND B. AFZALINA

20 nm. 20 nm

10 nm

)

FIGURE 3. HRTEM images of a) GO (500 nm), b) PEDOT: PSS/GO (500 nm), ¢) GO (20 nm), d) PEDOT: PSS/GO (20 nm);
€) GO (10 nm); f) PEDOT: PSS/GO (10 nm).

oxide [24], the reason is probably due to the effect of anplanar spacing of 3.58, 3.48 A and 3.44A respectively.
nealing because the UV-vis absorbance spectra are the réhe interplanar spacing at around 355 the pi-to-pi stack-
sults of the hole transport layer (HTL) solutions while theing (010) of PEDOT and the decrease in the pi-to-pi stack-
XRD results are obtained after drop-casting and annealingng distance can be attributed to the transformation of PE-
With more oxygen functional groups, the interlayer spacingDOT structure from benzoid to quinoid form [33]. The PE-
increases [31], thus, the lower interlayer spacing obtaine@OT bonds with GO through pi-to-pi interactions [34] and
shows fewer oxygen functional groups. According to [32],for more pi-to-pi interactions to occur [35], the transforma-
the drying process increases the GOp2ak in XRD, where tion of PEDOT structure from benzoid to quinoid occurs [36].
the GO powder dried at 14Q for 30 minutes indicated the Because of that, the reduction of interplanar spacing from
20 peak between 19 to 2€ because of the eradication of in- 3.56A to 3.48 A shows the formation of PEDOT: PSS/GO
tercalated water and certain oxygen functional groups. Sincefter GO replaces the PSS chain. This can be supported by
the annealing temperature in this study is 4@5the water the reduction of the PSS chain absorbance peak in the UV ab-
and oxygen content can be reduced, making the interlayesorbance result in Fig. 2 which indicates the replacement of
spacing shorter. the PSS chain by GO [26] and the HRTEM result in Fig. 3f)
which indicates the formation of PEDOT: GO. Thus, lower

.:_‘S shown in Fig. 4'dtge )_(RD peak§ for ITEDOT: PSS’interplamav spacing of basic PEDOT: PSS/GO (3%4han
acidic PEDOT: GO, and basic PEDOT: PSS/GO aré@5 5 of acidic PEDOT: PSS/GO (3 ABindicates more trans-

25.553C, and 25.908C respectively, indicating the inter-
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26 () nm) stated by Sun et al. (2015) [44]. According to Luo et al.
5 1015 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 (2017), the contact angle of the PEDOT: PSS/GO surface is
e e aar | © 4 EEETET smaller than the PEDOT: PSS surface, which shows that GO
18.9 | 25.906 , . o . :
I Basic PEDOT: GO| is more hydrophilic than the PSS chain unit [19]. That allows
12.6 |- - GO and GO-based materials to be deposited more evenly due
63 [ ] to the stronger adhesion on glass. Thus, GO and both acidic
il ! ] and basic PEDOT: PSS/GO show lower surface roughness
0.0 | . than PEDOT: PSS.
219 '_' B .‘;5‘55'3 SRRy The basic PEDOT: PSS/GO surface with the Rq value of
1 — Acidic PEDOT: GO 2.52 nm is smoother than the acidic PEDOT: PSS/GO surface
w166 g with the Rq value of 2.88 nm. That seems to contrast with
§ 63 [ ] the previous result [17], which showed that basic PEDOT:
9 I ] PSS has a higher contact angle than acidic PEDOT: PSS and
= 00 FoEe | Eesmseese———e—— r]eutral PEDOT: PS_S. However, _since the result shown _in that
B sk | | 25 ] literature does not involve GO, it does not take GO disper-
B I PEDOT: PSS || sity in basic conditions into account. GO is more dispersive
E 136} - in the basic condition [20]. Because of that, GO can spread
il ] in the solution more evenly, providing more possibility to re-
el ] act with PEDOT: PSS, thus, allowing more formation of PE-
0.0F ~—/ e DOT: PS_S/GO molecules. Since PEDOT: PSS/GO is more
780 | | 21.325 hydrophilic than PEDOT: PSS [19], more PEDOT: PSS/GO
I : — GO, formation allows the solution to be more hydrophilic. Higher
520 ' - hydrophilicity allows better adhesion on glass, thus, allow-
_ i ] ing more even deposition, because of that, basic PEDOT:
L | PSS/GO shows lower surface roughness than acidic PEDOT:
o FB s e D SR SR e I GO. That can be supported by the UV-vis result in Fig. 2,

5 1015 20'25 20 35 40 45 50 55 60 65 70 75'80 3590 95 where the lower PSS chain peak absorbance of basic PEDOT:
. PSS/GO solution indicates more removal of PSS [26] and the
20 (°) XRD result, where the lower pi-to-pi stacking in basic PE-
FIGURE 4. X-ray diffraction pattern for basic PEDOT: GO, acidic DOT: PSS/GO indicates more benzoid to quinoid transfor-
PEDOT: GO, PEDOT: PSS, and GO. mation [33] and thus, more PEDOT: PSS/GO formation [23].
However, there is also another possible reason for basic
formation of PEDOT structure from benzoid to quinoid and PEDOT: PSS/GO to be more dispersive than acidic PEDOT:
more PEDOT: PSS/GO formation which corresponds to th&GO, which is due to the damage of the epoxide group and
lower PSS chain absorbance peak of basic PEDOT: PSS/Gthe production of the hydroxyl group after lengthy mixing
in Fig. 2 that indicates more replacement of PSS chain. Imwith NaOH, resulting in the formation of graphene hydrox-
Fig. 4, the GO peak at 21.325 degrees is not observed iide [37]. The epoxide group’s contribution to solubility is
the acidic and basic PEDOT: PSS/GO XRD patterns at allsmaller than the hydroxyl group due to the lower solubility
this indicates the low presence of GO. Such phenomenon casf the R-O-R group than the R-OH group [38]. Thus, the in-
be explained by the UV-Vis result in Fig. 2 where the peakcrease of hydroxyl groups in GO makes the overall mixture of
of 225 nm which represents the PSS chain absorbance [26hsic PEDOT: PSS/GO more dispersive than the mixture of
in both acidic and basic PEDOT: PSS/GO is obvious whileacidic PEDOT: GO, causing better wettability and adhesion
the GO absorbance peak is unseen. This shows the dondn glass, resulting in more even deposition and lower surface
nant presence of unreacted PEDOT: PSS even in the PEDOfoughness. Since a rough surface can lead to interfacial re-
PSS/GO solutions. combination which is undesired in the solar cell application
Figure 5 shows the surface morphology of the four po{39], basic PEDOT: PSS/GO with the lowest surface rough-
tential hole transport layers. The Rq (root-mean-square) valess can have the least interfacial recombination.
ues of two random points on each layer were taken and each The elemental evolution of the (HTL) composites was
average Rq value was calculated. The film thicknesses ajuantitatively assessed via Energy-Dispersive X-ray (EDX)
PEDOT: PSS, GO, acidic PEDOT: GO, and basic PEDOTspectroscopy. From Fig. 6a), the analysis of pristine GO re-
PSS/GO are 32.9 nm, 18.6 nm, 45.0 nm and 49.5 nm, revealed a balanced atomic distribution of oxygen (49.22 %)
spectively. The surface roughness (Rq) of PEDOT: PSS, GGynd carbon (50.78 %), whereas pristine PEDOT: PSS showed
acidic PEDOT: GO, and basic PEDOT: PSS/GO are 3.04 nmin Fig. 6b) exhibited a significantly higher oxygen concentra-
2.65nm, 2.88 nm, and 2.52 nm, respectively. The low surfacéon of 85.1 %. This elevated oxygen content is intrinsic to
roughness result of PEDOT: PSS (3.04 nm) is consistent witthe PEDOT: PSS structure, arising from the oxygen-dense
the smooth surface characteristic of PEDOT: PSS (less thanéthylenedioxy groups in the PEDOT backbone and the sul-
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FIGURE 5. Atomic force microscopy results for a) PEDOT: PSS; b) GO; c) acidic PEDOT: GO; d) basic PEDOT: GO.

fonate groups ofthe PSS chains. Upon the integration of G@hemical transformation. Under basic conditions, the intro-
to form the acidic PEDOT: PSS/GO composite as in Fig. 6¢)duction of NaOH facilitates the ring-opening of the epoxy
the carbon content increased markedly to 55.12 % comparegtoups on the GO basal plane, leading to a proliferation of
to the 14.21 % observed in pristine PEDOT: PSS. This shifhydroxyl functionalities and the formation of graphene hy-
confirms the successful loading of the carbon-dense GO latiroxide species [37]. This chemical restructuring is further
tice within the polymer matrix. A profound elemental diver- supported by the sulfur (S) content trends. The atomic per-
gence was observed in the basic PEDOT: PSS/GO sample @entage of sulfur decreased from 0.3 % in the acidic com-
Fig. 6d), which exhibited an anomalous oxygen concentraposite to 0.24 % in the basic variant. This reduction is at-
tion of 93.34 % and a depleted carbon fraction of 6.41 %. tributed to the interaction of Naions with the PSS polyan-
This phenomenon is likely driven by two synergistic ion, forming Na PSS  complexes that effectively decouple
mechanisms. First, the enhanced dispersity of GO under athe PSS from the PEDOT: PSS/GO system [28,34]. Since
kaline conditions promotes more intimate mixing with the the PSS chains typically maintain stability through hydrogen
PEDOT: PSS matrix, facilitating the displacement of insulat-bonding with the GO oxygen groups, their displacement by
ing PSS chains [20]. While UV-Vis spectroscopy confirmedNa™ results in a localized reduction of the sulfur signature.
a 13 % reduction in PSS absorbance which indicates succesEhese elemental shifts, combined with the observed reduc-
ful PSS replacement by GO and Né#ons [26,28], the mag- tion in XRD d-spacing from 3.5& to 3.443, underscore a
nitude of the oxygen spike suggests a second, more dominatvainsition from a coiled benzoid to a planarized quinoid con-
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FIGURE 6. FESEM and EDX results at 10kX for a) GO; b) PEDOT: PSS; c) acidic PEDOT: PSS/GO and d) basic PEDOT: GO. Insets are
the FESEM images at 100kX.
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FIGURE 7. Two-point probe results for each HTL; a) random region 1; b) random region 2.

formation, ultimately governing the optoelectronic perfor- of the oxygen functional groups, GO has a low electrical con-

mance of the resulting HTL. ductivity [40]. PEDOQOT is a conjugated polymer [41] and its
conductivity can be contributed to the conjugated bonds with
3.3. I-Vresult pi electrons which are delocalized [42]. After PEDOT: PSS

i reacts with GO, GO replaces the insulating PSS to form PE-
F'g!”e 7 shows the I-vV curves for each HTL at two randompy . GO, and PEDOT combines with GO through the pi-to-
regions. The average re&stancg value for each HTL_wa§ cgizl interaction [34]. During this process, PEDOT transforms
culated and tabulated as shown in Tab!e . As ShO.W_” in Fig. from a benzenoid structure to a quinoid structure to allow
GO has _the IowesF curve among all which means itis the least, o pi-to-pi interactions [35,36]. This can be supported by
conductive potential hole transport layer, with the highest avy, . |ower pi-to-pi stacking of basic PEDOT: PSS/GO (#}14

erage resistance of 1.55E+®land lowest bulk conductivity and acidic PEDOT: GO (3 49 than that of PEDOT: PSS
of 8.58E-09 S/cm as shown in Table I. Due to the existence ' ' '
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TABLE |. Average resistance and bulk conductivity for each HTL.

HTL Resistance(Q) Resistance(t) Average Sheet Bulk Conductivity,
material First region Second region Resistarfee ( Resistance(t/sq) o(S/cm)
Acidic PEDOT: PSS/GO 1.06E+10 1.54E+10 1.30E+10 1.95E+10 1.03E-07
Basic PEDOT: PSS/GO 2.76E+10 4.69E+10 3.72E+10 5.58E+10 3.58E-08
PEDOT: PSS 5.86E+10 6.79E+10 6.33E+10 9.50E+10 2.11E-08
GO 7.39E+10 2.37E+11 1.55E+11 2.33E+10 8.58E-09

(3.564) in the XRD result which reflects the transformation ders of magnitude higher in sheet resistance and 12 orders of
of PEDOT structure from benzoid to quinoid [33]. The in- magnitude lower in bulk conductivity, a divergence consistent
crease of pi-to-pi interactions provides more paths for elecwith its role as a charge-selective interface rather than a bulk
tron transfer [43], facilitating the electron transport processcurrent collector. Consequently, this multi-order of magni-
[44], thus, making PEDOT: PSS/GO more conductive thartude difference does not hinder device performance. While
PEDOT: PSS with the values of 3.58E-08 S/cm and 2.11E-0&e underlying ITO layer is engineered exclusively for low-
S/cm respectively. Meanwhile, the acidic PEDOT: PSS/Gdoss bulk current extraction, these ultra-thin polymer blends
and basic PEDOT: GO showed average resistance values afe optimized for energy level alignment, targeted hole ex-
1.30E+10f2 and 3.72E+1@2 showing lower electrically re- traction, and electron blocking at the active layer boundary.
sistance than PEDOT: PSS, which has an average resistance

value of 6.33E+102. Basic PEDOT: PSS/GO shows bet-

ter conductivity than acidic PEDOT: GO with the value of 4.  Conclusion

2.11E-08 S/cm and 1.03E-07 S/cm respectively. However,

the results in Fig. 7 show that basic PEDOT: PSS/GO has g, g nutshell, PEDOT: PSS, as a commonly employed hole
lower |-V curve than acidic PEDOT: GO, thus, it is Iess con-transport layer can be doped with carbon materials such as
ductive than acidic PEDOT: GO. graphene oxide to improve its performance. The PEDOT:
Moreover, Table | shows that the basic PEDOT: PSS/IGQPSS/GO synthesized from the mixture of PEDOT: PSS and
has an average resistance value of 3.72E®]1Qvhich is GO has shown better electrical properties, being more con-
higher than acidic PEDOT: PSS/GO which has an averagguctive than PEDOT: PSS and GO. However, the acidic PE-
resistance value of 1.30E+X@. The PSS chain is signifi- DOT: GO, with a lower average resistance value of 1.30E+10
cant in stabilizing the PEDOT: PSS molecule, thus, the 10s$) and conductivity value of 1.03E-07 S/cm is more conduc-
of PSS which destabilizes PEDOT: PSS can adversely affegiye than the basic PEDOT: PSS/GO which has higher aver-
the charge carrier concentration [45]. When NaOH is presentge resistance value of 3.72E+2@lue to the damage of un-
Nat reacts with the PSS chain to form NBSS™ [28], thus,  reacted PEDOT: PSS caused by NaOH. Based on the UV-Vis
the PEDOT: PSS which loses the PSS component is destakibsorbance result, the PSS chain absorbance peak of the basic
lized. Although many of the PEDOT: PSS have been transPEDOT: PSS/GO is around 13% less than that of the acidic
formed into PEDOT: PSS/GO in the basic PEDOT: PSS/GQPEDOT: GO, indicating more replacement of the PSS chain
solution, there are unreacted PEDOT: PSS molecules that caihd better formation of PEDOT: GO. The XRD result further
contribute to the conductivity as well. In fact, by referring to supports the UV-vis result. The basic PEDOT: PSS/GO has
the absorbance spectra in Fig. 2, the peak of 225 nm whiclower pi-to-pi stacking (3.44) than acidic PEDOT: PSS/GO
represents the PSS chain absorbance [26] in both acidic ang.483) which indicates more benzoid to quinoid transforma-
basic PEDOT: PSS/GO is distinct, showing the dominantion and more PEDOT: PSS/GO formation in basic PEDOT:
presence of unreacted PEDOT: PSS. When NaOH is use@O. The EDX results indicate higher oxygen content in the
as a base, the NaOH destroys the unreacted PEDOT: P$asic PEDOT: PSS/GO (93.34%) than in the acidic PEDOT:
molecules, making them destabilized [28]. Thus, althoughtPSS/GO (44.58%) due to the presence of NaOH which gen-
there are more PEDOT: PSS/GO molecules formed in the basrates more hydroxyl groups in GO. Even so, based on the
sic condition than those formed in the acidic condition, theAFM result, the basic PEDOT: PSS/GO still shows the lowest
overall conductivity contributed by both PEDOT: PSS/GO syrface roughness (Rg: 2.52 nm) among all potential HTLs,
and unreacted PEDOT: PSS is higher in the acidic PEDOTwhich can lead to the lowest interfacial recombination among
PSS/GO layer than that in the basic PEDOT: PSS/GO layeall. That is due to the better wettability of basic PEDOT:
making the basic PEDOT: PSS/GO layer more electricallypSS/GO because of the higher dispersity of GO in basic con-
resistant than the acidic PEDOT: PSS/GO layer. dition, thus, making the adhesion on glass better. Therefore,
As compared to commercial ITO electrodes (10-100the potential usage of basic PEDOT: PSS/GO in the organic
Q/sq); (1.0 x 16 S/cm), the optimized Acidic PEDOT: semiconductors (OSCs) such as film deposited onto ITO as
PSS/GO film exhibits a highly resistive profile that is 9 or- counter electrode for dye-sensitized solar cell (DSSC).
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