wo 2019/095091 A 1 |0 000 00000 0 0O 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property '

Organization
=

International Bureau

(43) International Publication Date
23 May 2019 (23.05.2019)

WIPO I PCT

(10) International Publication Number

WO 2019/095091 Al

1)

@n

22)

@5
(26)
(71)

(72)

(74)

@81)

84

International Patent Classification:
H01G 11/24 (2013.01) HO1L 51/00 (2006.01)
H01G 11/32 (2013.01) HO01G 11/46 (2013.01)

International Application Number:
PCT/CN2017/110786

International Filing Date:
14 November 2017 (14.11.2017)

Filing Language: English

Publication Language: English

Applicant: THE UNIVERSITY OF HONG KONG
[CN/CN]; Pokfulam Road, Hong Kong (CN).

Inventors: CHOY, Chik Ho, Wallace; Flat G, 9th Floor,
Block 13, Chevalier Garden, Ma On Shan, Shatin, Hong
Kong (CN). CHENG, Jiaqi; Room 1602, HKU Jockey
Club Student Village III, 9 Lung Wan Street, Kennedy
Town, Hong Kong (CN).

Agent: CHINA PATENT AGENT (H.K.) LTD.; 22/F.,
Great Eagle Center, 23 Harbour Road, Wanchai, Hong
Kong (CN).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(54) Title: NICKEL OXIDE DECORATED GRAPHENE OXIDE NANOCOMPOSITE AS A HOLE TRANSPORT LAYER AND

METHOD OF MANUFACTURING THE SAME

(57) Abstract: A method provides a GO: NiOy nanocomposite based film for an optoelectronic device. The method includes prepareing

a GO solution in a first alcohol solvent by oxidization of a graphite, prepareing a NiO, solution in a second alcohol solvent by a

solvothermal method, conducting decoration of NiO, onto GO nanosheet structure (NSs) by blending the GO solution and the NiOy
solution to obtain a GO: NiOy solution, and forming the GO: NiO nanocomposite based film by using the GO: NiOy solution.



10

15

20

25

WO 2019/095091 PCT/CN2017/110786

DESCRIPTION

NICKEL OXIDE DECORATED GRAPHENE OXIDE NANOCOMPOSITE AS
A HOLE TRANSPORT LAYER AND METHOD OF MANUFACTURING THE
SAME

FIELD OF THE INVENTION
The present invention generally relates to optoelectronics, and more particularly, to a

nickel oxide decorated graphene oxide and methods thereof.

BACKGROUND OF THE INVENTION

Taking the advantage of the elimination of both hygroscopic acidic poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS) and the easily oxidized low
work function (WF) cathode, inverted organic solar cells (OSCs) with prolonged stability have
been widely adopted. A conventional transition metal oxide of molybdenum oxide (MoOs), has
been widely used as a hole transport layer (HTL) on top of an organic active layer (hereafter
named as a top HTL) in inverted OSCs. However, MoOs; shows n-type semiconductor
characteristics serving as equivalent HTL with poor electron blocking ability and electron
conductivity. Easily synthesized and low-cost graphene oxide (GO), with a p-type electrical
characteristics, has also been used in inverted OSCs. However, typical functionalization of epoxy,
hydroxyl and other groups on the basal plane and at the edges of GO could seriously degrade the
conductivity. As a result, most reported optimized thickness of GO functioning as an HTL in
inverted OSCs is only 1-2 nm, which is the thickness of a few layers of GO sheets. Therefore, it
is a concern to control the thickness of GO in mass production. Besides, the underneath active
layer will easily be exposed to the metal electrode and electrons may easily tunnel through the
extremely thin interface layer. Both issues cause poor electron blocking ability and induce
surface recombination, which degrades the fill factor (FF) of fabricated OSCs. To date, there is
still a shortage of solution-processed p-type semiconductor functioning as the top HTL with

good conductivity to address the needs of emerging organic optoelectronics.
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Solution processed nickel oxide (NiOy where x is a positive number) has been proven

to be a p-type semiconductor with the advantages of good conductivity and electron blocking
ability. However, most reported NiOx HTL application involves post-treatments including
oxygen-plasma treatment, ultraviolet ozone (UVO) treatment or annealing at high temperatures.
These post-treatments would seriously damage the organic active layer as they would destroy the
n-conjugation system of organic semiconductors and degrade polymers. Thus, these NiOy HTL
preparation methods are not compatible with top HTL application in inverted OSCs. Recently,
post-treatment-free solution-processed NiOy nanoparticles (NPs) have been reported for HTL
application. However, the NiOyx NPs can only be well dispersed into water, which hinders its
application in inverted OSCs due to the poor wetting property of water on a hydrophobic active

layer surface.

SUMMARY OF THE INVENTION

Embodiments of the subject invention provide a novel and advantageous optoelectronic
device that includes a nickel oxide decorated by a graphene oxide as a nanocomposite based

HTL, thereby providing high performance inverted OSCs.

In an embodiment, a method of preparing a GO:NiOy based film (i.e., GO:NiOy
nanocomposite film) for an optoelectronic device can comprise preparing a GO solution in a first
alcohol solvent by oxidization of a graphite, preparing a NiOy solution in a second alcohol
solvent by a solvothermal method, conducting decoration of NiOyx onto GO nanosheet structure
(NSs) by blending the GO solution and the NiOy solution to obtain a GO:NiOyx nanocomposite

solution, and forming the GO:NiOx nanocomposite based film by using this solution.

In another embodiment, an optoelectronic device can comprise a first electrode layer, an
electron transport layer on the first electrode layer, an organic active layer disposed on the first
electron transport layer, a hole transport layer disposed on the organic active layer and including

a GO:Ni1Oy nanocomposite, and a second electrode layer disposed on the hole transport layer.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1a shows photographs of NiOx NPs, L-GO NSs, H-GO NSs and L-GO:NiOy and H-
GO:NiOy nanocomposite in ethanol in accordance wih an example embodiment.

FIG. 1b shows C 1s XPS spectrum of L-GO and H-GO in accordance wih an example
embodiment.

FIG. 1c shows FTIR spectrum of L-GO and H-GO (normalized at 1625 cm™) in
accordance wih an example embodiment.

FIG. 2a shows a Transmission electron microscopy (TEM) image of L-GO NSs in
accordance wih an example embodiment.

FIG. 2b shows a TEM image of NiOy NPs decorated L-GO NSs nanocomposite in
accordance wih an example embodiment.

FIG. 2c¢ shows a TEM image of H-GO:NiOy aggregates in accordance wih an example
embodiment.

FIG. 2d shows a SEM image of L-GO:NiOy film in accordance wih an example
embodiment.

FIG. 3a shows the structure of a solar cell (ITO/ZnO/PTB7-Th:PC7;.BM/HTL/Ag) in
accordance with an example embodiment.

FIG. 3b shows the structure of a solar cell (ITO/ZnO/PBDB-T:ITIC/HTL/Ag) in
accordance with an example embodiment.

FIG. 3¢ shows the structure of a solar cell (ITO/ZnO/PBDB-T:IT-M/HTL/Ag) in
accordance with an example embodiment.

FIG. 4a is a graph illustrating the current density-voltage (J-V) characteristics under
AM1.5G solar spectrum with light intensity of 100 mW/cm® of inverted OSCs with a structure of
ITO/ZnO/PTB7-Th:PC7BM/L-GO:NiO/Ag compared with the control device with a structure
of ITO/ZnO/PTB7-Th:PC7BM/L-GO/Ag according to one or more embodiments.

FIG. 4b is a graph illustrating the PCE of inverted OSCs based on GO and L-GO:NiOy
with different thicknesses (inset shows the cross-section SEM of the device with a structure of
ITO/ZnO/PTB7-Th:PC7,BM/L-GO:Ni10Oy/Ag) according to one or more embodiments.

FIG. 5a is a graph illustrating the current density-voltage (J-V) characteristics under
AM1.5G solar spectrum with light intensity of 100 mW/cm® of inverted OSCs with a structure of
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ITO/ZnO/PBDB-T:ITIC/L-GO:NiOy/Ag compared with the control device with a

structure of ITO/ZnO/PBDB-T:ITIC /L-GO/Ag according to one or more embodiments.

FIG. 5b is a graph illustrating the current density-voltage (J-¥) characteristics under
AMI.5G solar spectrum with light intensity of 100 mW/cm” of inverted OSCs with a structure of
ITO/ZnO/PBDB-T:IT-M/L-GO:NiOy/Ag compared with the control device with a structure of
ITO/ZnO/PBDB-T:IT-M/L-GO/Ag according to one or more embodiments.

DETAILED DESCRIPTION OF THE INVENTION

Embodiments of the subject invention provide a novel and advantageous optoelectronic
device that includes a nickel oxide decorated by a graphene oxide as a nanocomposite based
HTL, thereby providing high performance inverted OSCs.

Embodiments of the subject invention comprise well intermixed GO:NiOy
nanocomposites in non-aqueous solution that can successfully form efficient top HTL in inverted
OSCs. In the embodiments, two approaches are considered to achieve thickness-extended and
uniform top HTL from our new solution-processed method. First, the embodiment uses hydrogen
bonds between GO NSs and NiOy NPs to decorate the NiOx NPs onto GO NSs for realizing the
thickness-extended HTL. Second, the embodiment uses the extent of GO oxidation to critically
control the dispersion of GO:NiOy for achieving uniform HTL film. As a result, the
embodiments of the subject invention show that the optimized GO:NiOy nanocomposite film
shows about 15 times better conductivity compared with GO films. The long-time concern of too
thin GO HTL with typical thickness of only about 2 nm, is addressed by an extension of
thickness by about 16 times to as thick as 32 nm. With the enhanced conductivity and electron
blocking ability of GO:NiOx nanocomposite film, the short-current density (Jsc), fill factor (FF)
and power conversion efficiency (PCE) are all improved in the optimized GO:NiOy top HTL
based inverted OSCs. Overall, a 15% improvement in power conversion efficiency (PCE) is
realized by using this GO:NiOx HTL compared with GO-only based OSCs. Furthermore, this
GO:NiOy nanocomposite HTL is successfully applied to improve the performances of both
fullerene and non-fullerene OSCs, which contributes to the robust and practical applications in
not only organic optoelectronic devices but also other emerging solution-processed

optoelectronics.
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Through strategically controlling the hydrogen bond interaction between hydroxyl

groups of GO NSs and hydroxyl groups attached to the coordination unsaturated metal atoms of
NiOy, the NiOy NPs can be decorated onto the GO NSs surface to form the mixed GO:NiO
nanocomposites. The ethanol dispersible NiOx NPs are synthesized by a solvothermal method
and GO NSs are synthesize by a modified Hummers’ method. Specifically, this GO NSs exhibits
a low degree of oxidization and is denoted L-GO.

FIG. 1a shows photographs of NiOx NPs, L-GO NSs, H-GO NSs and L-GO:NiOy and H-
GO:NiOy nanocomposite in ethanol in accordance wih an example embodiment, and FIGs 2a-2d
show TEM image and SEM image of L-GO, NiOx NPs decorated L-GO, H-GO:NiOx, and L-
GO:NiOy. In particular, the NiOy NPs solution and L-GO NSs solution are shown in FIG. 1a-I
and la-II, respectively. The decoration of NiOy NPs on L-GO NSs has been investigated by
transmission electron microscopy (TEM) as shown in FIGs. 2a and 2b. Referring to FIGs 2a-2d,
the L-GO NSs exhibit a size around 1-2 um. After decoration with NiOx NPs, the TEM images
turn out to be shown in FIG. 2b. The black dots are the NiOx NPs. The profile of nanosheet
structure of L-GO is clearly outlined due to the decoration of NiOx NPs. Consequently, through
introducing hydrogen bonds between GO NSs and NiOy NPs, embodiments of the subject
invention successfully realize well-mixed L-GO:NiOy nanocomposites which can form high
quality (dense and well-cover) film as SEM image shown in FIG. 2d, and decent HTL film
application potential as described later.

The oxidation degree of GO is demonstrated to be a critical factor to achieve good
dispersion of GO:NiOx nanocomposite for high-quality film. Different from the synthesis process
of GO with a low oxidation (i.e. L-GO), an additional pre-oxidation process is introduced during
the synthesis, which results in GO with a high oxidation (H-GO). In embodiments of the subject
invention, the formation of GO:NiOyx nanocomposite films highly depends on the extent of
oxidation of GO as described below. GO can be regarded as graphene NSs functionalized with
carboxyl groups, hydroxyl groups, and epoxy groups. The graphene NSs could change from
conductive to nearly insulating due to the damage of the conjugated structure. Meanwhile, there
is an energy bandgap in GO, which is distinct from that of zero-bandgap graphene. The oxidation
degree of GO depends on the density of the functional groups formed on the basal panel. Here,

the synthesized GO dispersed in ethanol, with different oxidation degrees, show distinct
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appearances. The L-GO solution shows a yellow-like color while the H-GO solution

shows slight red-like color, as shown in FIG. 1a-IT and a-III.

FIG. 1b shows C 1s XPS spectrum of L-GO and H-GO in accordance wih an example
embodiment. FIG. 1¢ shows FTIR spectrum of L-GO and H-GO (normalized at 1625 ¢cm™) in
accordance wih an example embodiment. Referring to FIG. 1b, X-ray photoelectron
spectroscopy (XPS) characterization is utilized to determine the oxidization variance results of
L-GO and H-GO. XPS spectra of both L-GO and H-GO show C-C (284.8 eV), C-O (286.8 eV)
and C=0 (288.6 eV) species. However, the peak amplitudes show significant differences in two
kinds of GO. In the spectrum of L-GO, the C-C peak is obviously higher than C-O peak while
the situation is reversed in the case of H-GO. The ratio between C-C, C-O and C=0 is
1:0.54:0.15 for L-GO while the ratio 1s 1:1.32:0.11 for H-GO. The higher ratio of C-O and C=0
over C-C indicates a higher oxidation degree of H-GO, which indeed is mainly attributed to
higher concentration of C-O species. Fourier transform infrared spectroscopy (FTIR) has also
been used to identify various oxygen functional groups on the carbon basal plane of GO as
shown in FIG. lc. The spectrum is normalized at 1625 ecm™, which arises from asymmetric
vibrational stretching of sp>-hybridized C=C. The spectrum identifies the presence of carboxyl
groups (C=O0 stretching at 1731 cm™, O-H of COOH bending at 1400 cm™), tertiary hydroxyl
groups (phenolic C-O at 1227 cm™ and C-O at 1075 cm™) and epoxy groups (C-O at 1260 cm™).
The relatively strong peak at 1227 cm™ and 1075 ecm™ indicates a higher density of hydroxyl
groups of H-GO. Both XPS and FTIR spectra indicate that the higher oxidation degree of H-GO
mainly originates from a higher density of hydroxyl groups.

For the case of H-GO as shown in FIG. 2c, because of the high density of hydroxyl
groups on the GO NSs, the drastic hydrogen bonds induce the shrinking of decorated H-GO NSs.
The NiOy NPs decorated H-GO NSs shrink into aggregates with sizes of several hundred
nanometers. These aggregates cannot stably disperse in ethanol and precipitate at the bottom of a
vial as shown in FIG. 1a-V. By spin-coating this suspension, the large H-GO:NiOy aggregates
scatter on the underlying substrate which cannot effectively prevent the direct contact of the
metal electrode with polymer blend active layer. Consequently, this poorly formed film is not
good as an HTL in inverted OSCs as the poor coverage would result in current leakage and
serious surface recombination. The well-dispersed NiOx NPs decorated L-GO NSs can form a

high-quality nanocomposite film.
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FIGs. 3a-3c¢ show the structure of a solar cell (ITO/ZnO/PTB7-Th:PC7,BM/HTL/Ag), a
solar cell (ITO/ZnO/PBDB-T:ITIC/HTL/Ag), a solar cell (ITO/ZnO/PBDB-T:IT-M/HTL/Ag) in
accordance with an example embodiment, respectively. The solar cell as an optoelectronic
device comprises a glass layer, an Indium Tin Oxide (ITO) layer on the glass layer, a Zinc Oxide
(ZnO) layer on the ITO layer, an organic active layer on the ZnO layer, and a hole transport layer
(HTL) on the organic active layer, and an Ag anode electrode on the HTL. The ITO layer and
the ZnO layer function as a cathode electrode. The organic active layer comprises at least one of
PTB7-Th:PC+BM, PBDB-T:ITIC, and PBDB-T:IT-M. The Ag anode electrode is configured to
transfer a hole h™ and the ITO layer is configured to transfer an electron €.

The HTL comprises a GO:NiOy nanocomposite in order to extend a thickness of the HTL
and to achieve uniform HTL. The GO of the HTL includes a graphene oxide nanosheet structure
(GO NSs), the GO NSs has a low degree of oxidation such that the C-C peak of the GO NSs is
higher than the C-O peak.

The subject invention includes, but is not limited to, the following exemplified

embodiments.

Embodiment 1. A method of preparing a GO:NiOy based film (GO:NiOy
nanocomposite film) for an optoelectronic device, the method comprising:

preparing a graphene oxide (GO) solution in a first alcohol solvent by oxidization of a
graphite;

preparing a nickel oxide (NiOy) solution in a second alcohol solvent by a solvothermal
method;

conducting decoration of NiOyx nanoparticles onto GO nanosheet structure (NSs) by
blending the GO solution and the NiOy solution to obtain a GO:NiOy nanocomposite solution;
and

forming the GO:Ni1Oy nanocomposite film by using the GO:NiOy nanocomposite solution.

Embodiment 2. The method of embodiment 1, wherein the GO is a carbon based

material binding with functional groups.
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Embodiment 3. The method of embodiment 2, wherein the functional groups
comprise one or more of hydroxyl groups, carboxyl groups, epoxy groups, amino groups, and

sulfonic acid groups.

Embodiment 4. The method of any of embodiments 1-3, wherein the second
alcohol solvent of the solvothermal method includes water, ethanol, methanol, isopropanol,

ethylene glycol, glycerin, or a mixture of any thereof.

Embodiment 5. The method of any of embodiments 1-4, wherein the NiOy is a
composite consisting essentially of / comprising / consisting of: NiO and other species selected
from a group consisting of nickel oxide (N1,03), nickel oxide hydroxide (NiOOH), and nickel
hydroxide Ni(OH),.

Embodiment 6. The method of any of embodiments 1-5, wherein the NiOy 1s non-
stoichiometric or shows typical non-stoichiometric property which may have an atomic ratio

between nickel and oxygen deviated from 1:1.

Embodiment 7. The method of any of embodiments 1-6, wherein the NiOx

possesses a typical p-type semiconductor property.

Embodiment 8. The method of any of embodiments 1-7, wherein the first alcohol
solvent for the GO solution comprises methanol (CH3;OH), ethanol (C,HsOH), propanol
(CsH70OH), butanol (C4HsOH), or a mixture of any thereof.

Embodiment 9. The method of any of embodiments 1-8, wherein the second
alcohol solvent for the NiOx solution comprises methanol (CH3;0OH), ethanol (C,HsOH),
propanol (CsH7OH), butanol (C4HsOH), or a mixture of any thereof.

Embodiment 10. The method of any of embodiments 1-9, wherein forming the

GO:NiOy nanocomposite based film further includes obtaining a GO:NiOy nanocomposite based
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hole transport layer by using one or more of casting, spin-coating, doctor blading, screen

printing, ink jet printing, pad printing, and roll-to-roll technique.

Embodiment 11. The method of any of embodiments 1-10, wherein the
optoelectronic device is an device selected from a group consisting of solar cells,

phototransistors, photomultipliers, photoresistors, light-emitting diodes, laser diodes and sensors.

Embodiment 12. An optoelectronic device, comprising:

a first electrode layer;

an organic active layer disposed on the first electrode layer;

a hole transport layer disposed on the organic active layer and including a GO:NiOx
nanocomposite; and

a second electrode layer disposed on the hole transport layer.

Embodiment 13. The optoelectronic device of embodiment 12, wherein the
GO:NiO4 nanocomposite includes nickel oxide nanoparticles (NiOx NPs) and a graphene oxide

nanosheet structure (GO NSs).

Embodiment 14. The optoelectronic device of embodiment 13, wherein the GO NSs
has a low degree of oxidation of which a C-C peak is higher than a C-O peak.

Embodiment 15. The optoelectronic device of any of embodiments 13-14, wherein

the NiOx NPs and the GO NSs are coupled with each other by hydrogen bonds.

Embodiment 16. The optoelectronic device of any of embodiments 12-15, wherein a

thickness of the hole transport layer is in a range of 17 nm to 32 nm.

Embodiment 17. The optoelectronic device of any of embodiments 12-16, wherein

the first electrode layer includes an Indium Tin Oxide (ITO) layer and a Zinc Oxide (ZnO) layer.
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Embodiment 18. The optoelectronic device of any of embodiments

12-17, wherein the second electrode layer includes an Ag anode electrode.

Embodiment 19. The optoelectronic device of any of embodiments 17-18, further

comprising a glass layer disposed on a bottom surface of the ITO layer.

Embodiment 20. The optoelectronic device of any of embodiments 12-19, wherein
the organic active layer comprises at least one of PTB7-Th:PC~;BM, PBDB-T:ITIC/HTL, and
PBDB-T:ITIC.

In any one of the above embodiments, the first alcohol solvent or the second alcohol

solvent may comprises alkanol having 1-10 carbon atoms.

In any one of the above embodiments, the thickness of the hole transport layer can be in a

range of 8 nm to 64 nm, 12 nm to 48 nm, or 17 nm to 32 nm.

In one embodiments of the present invention, the present invention relates to the use of

GO:NiOy nanocomposite in HTL.

A greater understanding of the present invention and it many advantages may be had
from the following examples, given by way illustration. The following examples show some of
the methods, applications, embodiments, and variants of the present invention. They are, of
course, not to be considered as limiting the invention. Numerous changes and modifications can

be made with respect to the invention.

EXAMPLES

Conventionally, due to the destroying of the sp>-hybridzied carbon sheet of graphene
caused by functioning groups, including epoxy/hydroxyl groups on the basal plane and

carboxylic acid groups at the edge, the GO shows a poor conductivity. This poor conductivity
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makes the performance of GO based inverted OSCs very sensitive to the thickness of GO.

The examples confirm pristine GO also shows such thickness dependent performance. Taking
the case of L-GO as an example, when the thickness is 9.9 nm, the device demonstrates almost
zero current due to the very small short-circuit current density (Jsc) resulting from the poor
conductivity of L-GO. Until only the thickness of L-GO decreases to 4.1 nm, Jsc starts to
increase to around 10 mA c¢m™. The optimized L-GO thickness is very thin with a value of 2.1
nm and the optimized PCE is 8.80%. When the thickness is further decreased, PCE quickly
degrades due to a decrease of open-circuit voltage (Voc). This is caused by the direct contact
between Ag anode and active layer induced by the uncompleted coverage of L-GO on the
surface of active layer. Consequently, our results confirm the too thin/sensitive thickness issue of
GO for OSC applications.

To address the very-thin thickness issue of GO, the embodiments of the subject invention
form L-GO and NiOy (0.5:5 mg mL™) nanocomposites films prepared by the method described
in previous section. The electrical conduction enhancement has been investigated by contact-
mode conductive atomic force microscopy (c-AFM). The thickness of L-GO, L-GO:NiOy and
NiOy is fixed at ~20 nm and the current-voltage (/-V)) curves measured by c-AFM. At a bias
voltage of -2.0 V, the electric current measured for L-GO, L-GO:NiOy, NiOy 1s 0.06, 3.06, 10.35
nA respectively. Different from stoichiometric NiO, a wide bandgap semiconductor with a low

1 Coq . . . .
, our non-stoichiometric NiOy is much more conductive

intrinsic conductivity of 10" S e¢m’
(with a conductivity of 5.10 x 10* S cm™) due to the introduction of Ni°*~ induced Ni vacancies.
Thus accordingly, after decoration of NiOy on the L-GO NSs, the conductivity increases to 1.38
x 10™ S em™, which shows an increasing factor of ~14 compared with pristine L-GO with poor
conductivity (9.54 x 10° S cm™).

Following are examples that illustrate procedures for practicing the invention. These

examples should not be construed as limiting.

EXAMPLE 1

This novel GO:NiOy nanocomposite dispersion was prepared by decorating NiOx NPs
onto GO NSs in ethanol. 1 g graphite and 0.5 g sodium nitrate (NaNQO;) was stirred with
concentrated sulfuric acid (HySO4, 98%, 25 mL) under ice bath. Then 3 g potassium

permanganate (KMnQ,) was slowly added into the mixture to prevent a rapid rise of temperature.



10

15

20

25

30

WO 2019/095091 PCT/CN2017/110786

12
After stirring under ice bath for 2 h, the reaction mixture was heated to 35 °C for 1 h.

The slurry was quenched by a mixture of 200 mL deionized (DI) water and 10 mL concentrated
H,S0,, Finally, 10 mL hydrogen peroxide (H,O,, 30%) was added to form the L-GO dispersion.
The dispersion was centrifuged at 6000 rpm for 10 min. The precipitate was washed by DI water
and ethanol for 3 times respectively. Finally, the precipitate was dispersed into ethanol to get the
L-GO in ethanol. For the H-GO synthesis, 1 g graphite was ultrasonic treated with 7.5 mL
concentrated HSO4 for 8 h. The pre-oxidized graphite was washed by water and dried before
conducting the same reaction process of L-GO to get the H-GO in ethanol. 0.13 g nickel
acetylacetonate (Ni(acac);) and 14 mL fert-butanol were stirred at 700 rpm for 30 min and
transferred into a 20 mL Telflon autoclave liner. The autoclave was thermal treated in a muffle
furnace by 220 °C for 20 h. After cooling down, the resultant suspension was centrifuged at
15,000 rpm for 10 min. Supernatant was removed and the synthesized NiOy NPs were dried by
vacuum treatment. The NiOy NPs were decorated onto GO NSs with a weight ratio of 5:0.5 mg
mL" to form the GO:NiOy nanocomposite dispersion. The dispersion can be spin-coated onto a

substrate to form the GO:NiO nanocomposite film.

EXAMPLE 2

ITO-coated glass substrates with sheet resistance of 15 Q sq” were cleaned and then
UVO treated for 15 min. 44 mg zinc acetate dihydrate (Zn(OAc),2H,O) and 12 pL
ethanolamine was dissolved into 2 mL isopropanol (iPA). The solution was spin-coated onto
cleaned ITO at 3000 rpm and then annealed at 200 °C for 1 h to form the ZnO electron transport
layer (ETL). The polymer donor PTB7-Th and fullerene acceptor PC71BM were purchased from
Solarmer Co., Ltd. PTB7-Th:PC-BM (10:15 mg mL™" in chlorobenzene) with addition of 3%
volume ratio 1,8-diiodooctane (DIO) were spin-coated on ZnO at 2000 rpm. DIO was removed
by fluxing 150 pL onto the rotating PTB7-Th:PC7BM active layer. L-GO (0.5 mg mL'l), L-
GO:NiOy (0.5:5 mg mL™) and NiOy (5 mg mL"™") were spin-coated onto the active layer. Finally,
Ag (100 nm) were thermally evaporated through a shadow mask as the top cathode, which
defined the device area as 0.06 cm”. The OSCs based on PTB7-Th:PC7;BM were fabricated by
using the inverted structure of ITO/ZnO/PTB7-Th:PC;;BM/HTL/Ag as shown in Fig. 3a, and

were tested as shown in Table 1.
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Table 1. Performance summary of OSCs with a structure  of  ITO/ZnO/PTB7-Th:PC7BM

/HTL/Ag.

HTL Jsc A cm?) Voc (V) FF PCEge [PCE ] (%)

L-GO (2.1 nm) 18.39+£0.26 0.78+0.01 0.614+0.009 8.80+0.15[9.01]
L-GO:NiOy (17 nm)  19.04 £0.48 0.78+0.01 0.628+0.009 9.33+0.25[9.78]
L-GO:NiOx (21 nm) 19.16+0.33 0.78+0.00 0.651+0.006 9.73+0.08[9.93]
L-GO:NiOx (27 nm) 18.34+0.31 0.78+0.01 0.654+0.015 936+037[9.77]
L-GO:NiOy (32 nm) 1822+0.24 0.78+0.01 0.640+0.022 9.10+0.15[9.27]
NiOy (21 nm) 17.63+0.17 0.57+0.02 0.546+0.016 552+032[5.71]

EXAMPLE 3

The device fabrication process is the same with that in EXAMPLE 2 with replacing the
PTB7-Th:PC7,;BM by PBDB-T:ITIC (10:10 mg mL™" in chlorobenzene, with addition of 0.5%
DIO). The polymer donor PBDB-T and non-fullerene acceptor ITIC were purchased from
Solarmer Co., Ltd. DIO was removed by annealing the active layer at 160 °C for 30 min. The
OSCs based on PBDB-T:ITIC were fabricated by using the inverted structure of
ITO/ZnO/PBDB-T:ITIC/HTL/Ag as shown in Fig. 3b, and were tested as shown in Table 2.

Table 2. Performance summary of OSCs with a structure of ITO/ZnO/PBDB-T:ITIC/HTL/Ag.

HTL Jsc (mA em™)  Voc (V) FF PCEu. [PCE ] (%)

GO 16.98 +£ 0.31 0.88+0.01 0.621+0.014 9.28+0.22[9.68]
L-GO:NiOx  17.59+0.22 0.88+0.01 0.690+0.016 10.68 £0.29 [11.12]

EXAMPLE 4

The device fabrication process is the same with that in EXAMPLE 2 with replacing the
PTB7-Th:PC7BM by PBDB-T:IT-M (10:10 mg mL"! in chlorobenzene, with addition of 1%
DIO). The polymer donor PBDB-T and non-fullerene acceptor IT-M were synthesized in
Institute of Chemistry, Chinese Academy of Sciences. DIO was removed by annealing the active
layer at 160 °C for 30 min. The OSCs based on PBDB-T:IT-M were fabricated by using the
inverted structure of ITO/ZnO/PBDB-T:IT-M/HTL/Ag as shown in Fig. 3c, and were tested as

shown 1n Table 3.



10

15

20

25

WO 2019/095091 PCT/CN2017/110786

14
Table 3 Performance summary of the OSC devices with a structure of ITO/ZnO/PBDB-

T:IT-M/HTL/Ag.

HTL Jsc (mA em™)  Voc (V) FF PCEyc [PCE ] (%)

GO 17.07+£0.43 091+0.01 0.644+0.010 10.01 +£0.21 [10.28]
L-GO:NiQ, 17.81+0.33 091+0.01 0.706+0.019 11.45+0.44 [12.13]

FIG. 4a shows representative J-J" curves of L-GO and L-GO:NiOy nanocomposite based
inverted OSCs and the performances are summarized in Example 1. As discussed above, the L-
GO based devices shows an optimized average PCE of 8.80% with an average Jsc of 18.39 mA
cm™, an average Voc of 0.78 V and an average FF of 0.614. The NiOy based devices show poor
Voc due to mismatching WF values. After the decoration of NiOy on L-GO, the average PCE
significantly increases to 9.73% (with best PCE of 9.93%) with an increased average Js¢ of
19.16 mA c¢cm? and an increased FF of 0.651. The increase of Jsc is ascribed to the enhanced
conductivity of L-GO:NiOxnanocomposite compared with bare GO.

FIG. 4b illustrates that the thickness of GO can be significantly increased by using L-
GO:NiO4 nanocomposites (formed from strategically adopting the hydrogen bonds between GO
NSs and NiOx NPs). When GO is used as the HTL, the thickness requirement is strict and any
small alteration of thickness would degrade the performance obviously. For example, when the
thickness increases from 2.1 nm to 3.4 nm by only a 1.3 nm increment, the average PCE
degrades to 4.23%, less than half of the optimized average PCE (8.80%). However, replacing L-
GO with L-GO:NiOx nanocomposite will significantly diminish the thickness-dependent
sensitivity. When thickness of L-GO:NiOy nanocomposite is 21 nm, the devices show an
optimized average PCE of 9.73%. When the thickness is increased to 32 nm (over 15 times of
the bare L-GO thickness), the average PCE is 9.10% which is still better than the pristine L-GO
case.

FIG. 5a and 5b illustrate that our newly developed L-GO:NiOy nanocomposite HTL can
also serve as efficient HTL for non-fullerene OSCs. By using the combination of the polymer
donor named poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene)-
co-(1,3-di(5-thiophene-2-yl)-5,7-bis(2-ethylhexyl)-benzo[1,2-c:4,5-c']|dithiophene-4,8-dione)]
(PBDB-T) and the non-fullerene acceptor 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-
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indanone)-5,5,11,11-tetrakis(4-hexylphenyl)- dithieno[2,3-d:2',3'-d']-s-indaceno[1,2-b:5,6-

b']-dithiophene (ITIC), the average PCE of L-GO:NiOy nanocomposite based devices can reach
at 10.68% (with best PCE of 11.12%). By using the combination of PBDB-T and methyl groups
modulated ITIC (IT-M), the averaged PCE of GO:NiOy nanocomposite based devices can reach
at 11.45% (with best PCE of 12.13%). The weak energy loss in the charge transfer process of
PBDB-T:IT-M results a higher V¢ (~ 0.91 V) compared with PBDB-T:IT-M based devices. The
optimized photovoltaic parameters and representative J-J characteristics are summarized in
Example 2 and 3, respectively. In PBDB-T:ITIC system, the L-GO:NiOy nanocomposite OSCs
show a higher average PCE of 10.68% compared with 9.28% of GO OSCs. The 15.0%
improvement in PCE is mainly attributed to increasing of both Jsc and FF. Similarly, in PBDB-
T:IT-M system, the average PCE of GO:NiOyx nanocomposite based devices shows a 14.4%
improvement compared with GO based devices (from 10.01% to 11.45%). The improvement of
Jsc (from 17.07 mA ecm™ to 17.81 mA cm™) and FF (from 0.644 to 0.706) contributes to this
PCE improvement.

It should be understood that the examples and embodiments described herein are for
illustrative purposes only and that various modifications or changes in light thereof will be
suggested to persons skilled in the art and are to be included within the spirit and purview of this
application and the scope of the appended claims. In addition, any elements or limitations of any
invention or embodiment thereof disclosed herein can be combined with any and/or all other
elements or limitations (individually or in any combination) or any other invention or
embodiment thereof disclosed herein, and all such combinations are contemplated with the scope

of the invention without limitation thereto.
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CLAIMS
What is claimed is:
1. A method of preparing a GO:NiOx nanocomposite based film for an

optoelectronic device, the method comprising:

preparing a graphene oxide GO solution in a first alcohol solvent by oxidization of

graphite;

preparing a nickel oxide NiOy solution in a second alcohol solvent by a solvothermal

method;

conducting decoration of NiOy nanoparticles onto GO nanosheet structure NSs by
blending the GO solution and the NiOy solution to obtain a GO:NiOy nanocomposite solution;

and
forming the GO:NiOy nanocomposite film by using the GO:NiOy nanocomposite solution,
where x 1s a positive number.
2. The method of claim 1,
wherein the GO is a carbon based material binding with functional groups; or

wherein the GO is a carbon based material binding with functional groups comprising
one or more of hydroxyl groups, carboxyl groups, epoxy groups, amino groups, and

sulfonic acid groups; or

wherein the second alcohol solvent of the solvothermal method includes water, ethanol,

methanol, isopropanol, ethylene glycol, glycerin, or a mixture of any thereof; or
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wherein the NiOy 1s a composite comprising or consisting of NiO and other
species selected from a group consisting of Ni1,Os, nickel oxide hydroxide , and nickel

hydroxide; or
wherein the NiOy is non-stoichiometric ; or
wherein the N1Oy possesses a typical p-type semiconductor property; or

wherein the first alcohol solvent for the GO solution comprises alkanol having 1-10

carbon atoms, or methanol, ethanol, propanol , butanol, or a mixture of any thereof; or

wherein the second alcohol solvent for the NiOy solution comprises alkanol having 1-10

carbon atoms, or methanol, ethanol, propanol, butanol, or a mixture of any thereof; or

wherein forming the GO:NiOy nanocomposite film further includes obtaining a GO:NiOy
nanocomposite based hole transport layer by using one or more of casting, spin-coating,

doctor blading, screen printing, ink jet printing, pad printing, and roll-to-roll technique; or

wherein the optoelectronic device is an device selected from a group consisting of solar
cells, phototransistors, photomultipliers, photoresistors, light-emitting diodes, laser

diodes and sensors.

3. An optoelectronic device, comprising:
a first electrode layer;
an organic active layer disposed on the first electrode layer;
5 a hole transport layer disposed on the organic active layer and including a GO:NiOy
nanocomposite; and
a second electrode layer disposed on the hole transport layer,

where x 1s a positive number.

10 4. The optoelectronic device of claim 3, wherein the GO:NiOy nanocomposite

includes nickel oxide nanoparticles NiOx NPs and a graphene oxide nanosheet structure GO NSs.
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5. The optoelectronic device of claim 4, wherein the GO NSs has a degree of

oxidation of which C-C peak is higher than C-O peak.

6. The optoelectronic device of claim 5, wherein the NiOx NPs and the GO NSs are
coupled with each other by hydrogen bonds.

7. The optoelectronic device of claim 6,

wherein a thickness of the hole transport layer is in a range of 8 nm to 64nm, 12 nm to
48nm, or 17 nm to 32 nm; or

wherein the first electrode layer includes an Indium Tin Oxide ITO layer and a Zinc

Oxide layer.

8. The optoelectronic device of claim 7, wherein the second electrode layer includes

an Ag anode electrode.

9. The optoelectronic device of claim 8, further comprising a glass layer disposed on

a bottom surface of the ITO layer.

10. The optoelectronic device of claim 9, wherein the organic active layer comprises

at least one of PTB7-Th:PC7,BM, PBDB-T:ITIC/HTL, and PBDB-T:ITIC.
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