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Blue-Emitting Boron- and Nitrogen-Doped Carbon Dots for
White Light-Emitting Electrochemical Cells

Luca M. Cavinato, Veronika Kost, Sergi Campos-Jara, Sara Ferrara, Sanchari Chowdhury,

Irene M.N. Groot,* Tatiana Da Ros,* and Rubén D. Costa*

This work describes the first use of blue-emitting boron- and nitrogen-doped
carbon dots (BN-CDs), rationalizing their photoluminescence behavior in
solution and ion-based thin-films to prepare white light-emitting
electrochemical cells (LECs). In detail, a cost-effective and scalable
water-based microwave-assisted synthesis procedure is set for BN-CDs
featuring an amorphous carbon-core doped with N and B. While they show a
bright (photoluminescence quantum yield of 42%) and
excitation-independent blue-emission (440 nm) in solution related to emitting
n—n" surface states, they are not emissive in thin-films due to
aggregation-induced quenching. Upon fine-tuning the film composition
(ion-based host), an excitation dependent emission covering the whole visible
range is noted caused by interaction of the ion electrolyte with the peripheral
functionalization of the BN-CDs. Moreover, the efficient energy transfer from
the host to the BN-CDs emitting species enabled good performing LECs with
white emission (x/y CIE coordinates of 0.30/0.35, correlated color
temperature of 6795 K, color rendering index of 87) and maximum luminance
of 40 cd m~2, and stabilities of a few hours. This represents a significant
improvement compared to the prior-art monochromatic CD-based LECs with

1. Introduction

Light-emitting electrochemical cells (LECs)
are single-layered electroluminescent de-
vices, offering a moderate lighting per-
formance at low-cost production.l!! Their
simple architecture relies on the presence
of mobile ions in the active layer (ie.,
emitter: electrolyte blend). Upon biasing
the device, the ions redistribution toward
the electrode interface assists the electro-
chemical doping, forming a p-i-n junction
structure.[’) This operational mode leads
to a high tolerance toward i) the work-
ing function of the electrodes allowing the
use of air-stable materials,®’! and i) large
thickness and roughness tolerance of the
active layer.[*] These features enable the
fabrication of LECs using cheap and up-
scalable solution-based techniques on arbi-
trary electrodes and 3D shapes as well as
the use of a huge palette of emitters (i.e.,

similar brightness levels, but stabilities of <1 min.
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conjugated polymers, ionic transition metal

complexes, small molecules, dendrimers,

and perovskites).>!!] Finally, LECs are re-

cently evolving toward fulfilling sustain-

ability goals as reusable or disposable
lighting devices. A leading example is the integration of sus-
tainable and/or biogenic emitters and electrolytes.'?l In this
context, carbon dots (CDs) are promising emitters for thin-
film lighting devices!*"'”] due to their tunable photo-/electro-
luminescent (PL/EL) properties, non-toxicity, and relatively easy,
green, large-scale production.®! Particularly, microwave-assisted
“bottom-up” preparation methods allow synthesis from widely
available, cheap, and non-hazardous small organic molecules
and polymers through mild and fast treatments in water me-
dia solutions.['*?*] Finally, the variety of precursors provides a
unique opportunity to fine tune structure and surface composi-
tion, influencing both PL/EL properties.!?]

Though carbon-based CDs are of high interest for thin-
film lighting, the major roadblock is their effective incorpora-
tion in the active layer due to i) poor compatibility with stan-
dard hole/electron transport layers and host materials in or-
ganic solvents for solvent-based deposition techniques upon
device fabrication, and ii) prominent phase separation and
aggregation-induced emission quenching in thin films.[267] Re-
cently, efforts have successfully circumvented them via i) surface
modification approach,!?®! ii) functionalization with polyvinyl
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Figure 1. Scheme of synthesis of BN-CDs and integration to prepare white LECs.

alcohol (PVA),[?1 iii) incorporation of CDs in a hydrophilic-solid
matrix,'>7] and iv) incorporation of CDs in micelles.[”] Yet, a
fabrication method that relies on green solvents has not been
achieved, reaching moderate device performances. For instance,
a handful number of reports in monochromatic (blue- and red-
emitting) CDs-LECs presented moderate performances with de-
vice stabilities <1 min and brightness of ~80-100 cd m=2.[1>1727]

Herein, we demonstrate two new concepts with respect to ma-
terial design and device fabrication at force to advance CDs-based
LECs, realizing the first white-emitting device. At first, we dis-
close a quick and simple water-based microwave-assisted method
to prepare boron and nitrogen doped CDs using cheap and com-
mercially available precursors, such as citric acid (CA), boric
acid (BA), and urea (U) (Figure 1). In contrast to heteroatom-
free CDs, the N-doping results in improved PL quantum yields
(PLQYs),[?’] while the B-doping leads to enhanced stabilities to-
ward photobleaching and chemical stress.***! The BN-CDs fea-
ture excitation-independent narrow blue emission (peak wave-
length = 440 nm, full width at half maximum (FWHM) = 60 nm)
with a high PLQY of 42% in diluted aqueous solution. In con-
trast, thin-films exhibited a lack of emission as they are prone
to aggregate. This was circumvented using a hydrophilic host
matrix based on amorphous 2,7-bis(diphenylphosphoryl)—9,9’-
spirobifluorene (SPPO13) and a mixture of tetrahexylammonium
tetrafluoroborate (THABF,) and trimethylolpropane ethoxylate
(TMPE) as ion electrolyte (Figure 1). These homogenous thin-
films exhibited i) an excitation-dependent emission covering the
whole visible range due to the interaction of the ions with the
emitting n—z" surface states, and ii) an efficient energy trans-
fer from the host to the BN-CDs. This resulted in a pecu-
liar EL behavior in LECs with a white-emission (x/y Commis-
sion Internationale de ’Eclairage (CIE) coordinates of 0.30/0.35,
color correlated temperature (CCT) of 6795 K, and color ren-
dering index (CRI) of 87) associated to maximum luminance of
40 c¢d m™ and significantly improved stability in the range of
hours compared to prior-art (<1 min) — Table S1 (Supporting
Information).['>17:27]
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Overall, this work demonstrates i) an easy up-scalable way
to produce highly luminescent and stable BN-CDs and ii) how
to easily integrate them in good performing LECs using envi-
ronmentally friendly solution-processed techniques, toward eco-
friendly white-emitting lighting systems.

2. Results and Discussion

2.1. Synthesis and Characterization of BN-CDs

The bottom-up microwave synthesis of BN-CDs was performed
using a mixture of CA, BA, and U as carbon, boron, and ni-
trogen sources, respectively. The precursors were chosen due
to their low toxicity, wide availability, and high solubility in wa-
ter. The thermal treatment of the precursors and the following
purification by dialysis were performed using water that stands
out from other solvents by its negligible environmental impact.
The water-based production approach was beneficial for envi-
ronment and allowed the production of BN- nanodots with high
PLQY.33 However, for carbon dots derived from CA and various
amines/amides, the origin of superior PL properties is subject
to debate, since the production process can lead to the presence
of molecular fluorophores, which might be responsible for, or at
least contribute to, fluorescence.?** In the case of dual doping
with B and N, the contribution of molecular species to the PL
behavior of BN-CDs was indicated for those derived from aro-
matic precursors.[*’] Indeed, the research work on BN-CDs from
aliphatic sources[323¢! has been mainly focused on the micro-
scopic characterization of the final product using transmission
electron microscopy (TEM) and atomic force microscopy (AFM)
techniques suitable for nanomaterials. Thus, this lacks the spec-
troscopic characterization necessary to confirm the presence or
absence of fluorescent molecular species. To tackle this problem,
we controlled the purification of BN-CDs by UV-vis, PL, and 'H-
NMR spectroscopy.

It is common knowledge that the synthesis temperature plays
a crucial role in the formation of nanoparticles, affecting the
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formation of side products, including molecular
fluorophores.[**%7] In the case of citric acid/urea-based mi-
crowave synthesis, temperatures above 150 °C were found to
promote the reactivity of the precursor mixture, while perform-
ing the reaction at 180 °C allowed the consumption of CA and U
with a drastic increase in its yield.!33] Therefore, we performed re-
actions with CA, BA, and U (1:1:1 in mass) between 160-190 °C,
using steps of 10 °C. The as-obtained samples showed bright
blue PL before dialysis; however, the following purification led to
a significant loss in PLQY values for those prepared at T< 180 °C,
as shown in Table S2 (Supporting Information). The UV-vis
and FL measurements of the dialysis water collected after 2 h
of purification (Table S3, Supporting Information) showed light
absorption and emission behavior similar to those observed
before dialysis. At the same time, the dialyzed samples deriving
from syntheses performed at T< 180 °C were obtained with very
low reaction yield (<1%), as presented in Table S2 (Supporting
Information). Considering these findings, we could assume that
the fluorescent species in the dialysis water were mostly part of
molecular side-products eliminated by purification.

In contrast, the synthesis at 190 °C allowed a high reaction
yield (20%) with a slight change in the PL properties after the pu-
rification step. Performing the reaction at 190 °C but in the ab-
sence of boric acid (mass ratio of CA:BA:U 1:0:1) resulted in both
low reaction and quantum yields (Table S4, Supporting Informa-
tion). Further increasing the amount of boric acid or urea in the
mixture of CA, BA, U to 1:3:1 and 1:1:3, respectively, allowed an
improvement in PL properties and achieved higher reaction yield
(Table S4, Supporting Information), however, still not reaching
the values of 1:1:1 CA:BA:U sample. Therefore, the MW condi-
tions of 190 °C and 1:1:1 starting materials’ ratio were optimal in
terms of both reaction yield and PL properties, and this BN-CDs
sample was chosen for the further application, and so properly
characterized.

The microscopic analyses of BN-CDs (190 °C, CA:BA:U
1:1:1) proved the formation of uniformly distributed disc-shaped
nanoparticles with an average size of 4.02 + 1.22 nm and height
of 2.42 + 0.66 nm, according to TEM and AFM results, respec-
tively (Figure 2).

Taking into consideration that AFM images of spherical molec-
ular aggregates might resemble those of nanoparticles,*®! we
complemented the microscopic analyses with 'H-NMR spec-
troscopy to determine the possible presence of co-formed molec-
ular fluorophores in the purified materials. Among the poten-
tial molecular products deriving from citric acid and urea-based
synthesis, citrazinic acid (CTA) and 4-hydroxy-1H-pyrrolo[3,4-
c|pyridine-1,3,6(2H,5H)-trione (HPPT) stand out by the bright
blue and green fluorescence, respectively. The chosen reaction
conditions allow us to assume that the formation of CTA could
be more favorable since the BN-CDs synthesis was performed in
water, preventing the CTA from further reaction with isocyanic
acid toward the formation of HPPT.?*l Hence, in principle CTA
might be detected in the reaction mixture, with a possibility of ob-
serving traces of HPPT as well. The 'H-NMR spectrum of puri-
fied BN-CDs (Figure S1, Supporting Information) did not present
intense sharp peaks, commonly associated with molecular
species. The low-intensity signals detected at 2.8-2.6 ppm range
(Figure S1a, Supporting Information) are attributed to traces of
citric acid, and those at 7.1 ppm to residual ammonium salts
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in the product mixture, while the urea characteristic signal at
5.4 ppm (Figure S1b, Supporting Information) is not present.
Considering the non-fluorescent nature of the molecular traces
observed, it is reasonable to assume that they cannot contribute
to the PL properties of the BN-CDs sample. A further compar-
ative analysis was performed taking into consideration the 'H-
NMR of CTA: the signal at 6.2 ppm, characteristic of the two aro-
matic protons of CTA, was not present in the BN-CDs spectrum
(Figure S1c, Supporting Information), as well as the broad signal
at 12 ppm, corresponding to the carboxylic acid proton. These
evidences corroborate our statement about the absence of CTA
in the BN-CDs sample. Eventually, also the 'H-NMR spectrum
of HPPT from literaturel**] was compared with the BN-CDs one,
without finding any common peaks, being the fluorophore ones
at9.9 and 5.4 ppm. Thus, the 'H-NMR analysis conducted for the
BN-CDs sample confirms the purity of the nanomaterial and its
intrinsic fluorescent nature.

Next, the structural features of BN-CDs were investigated by
FTIR, Raman spectroscopy and XRD analysis. The Raman spec-
trum (Figure S2, Supporting Information) shows two peaks at
1325 and 1588 cm™! for the D and G band, respectively, cor-
responding to amorphous/defective carbon and crystalline sp?-
domains.[?3] The doping of the carbon core with B and N in-
troduced the defects to the structure, leading to the broaden-
ing and shifting of the D and G band.*”! The intensity ratio of
I /I was calculated as 1.06, indicating the predominance of dis-
ordered (amorphous) carbon structures for the nanoparticles.!*!
Characteristic for graphene 2D peak that can indicate that the
number of layers of graphene was not well-defined, which can
be associated with either an amorphous structure of carbon core
or a small size (4 nm) of synthesized BN-CDs, since with in-
creasing in nanoparticles’ diameter, the higher-order mode is
observed as a more prominent intense peak.*] The following
XRD analysis (Figure S3, Supporting Information) did not suc-
ceed in identifying definitive characteristic signals apart from
those found in the substrate, possibly due to the nanomate-
rial's amorphous nature. It is worth noting that the UV-vis
spectrum of BN-CDs in aqueous solution reveals absorption
bands centered at 235 and 340 nm, which are attributed to
-z and n—z" surface state transitions, respectively (Figure
S4, Supporting Information). This is in contrast to the typical
absorption band of undoped carbon dots with the crystalline
core.[8]

The presence of dopants in the BN-CDs carbon core and sur-
face was further confirmed by ATR-FTIR analysis. As depicted in
Figure 3, the FTIR spectra of BN-CDs revealed broad peaks in the
range of 3000-3500 cm ™!, which are associated with the hydroxyl
and amino groups on the surface of BN-CDs. Additionally, the
stretching vibrations observed at 1718, 1679, and 1560 cm™" are
indicative of the bonding of C=0/C=N and C—N, respectively,
and could be attributed to the presence of carboxylic acid groups
and nitrogen-containing moieties on the surface. Together with
the B—OH stretching vibration observed at 1247 cm™, we can
assume that good water solubility of synthesized nanoparticles
arises from various polar functional groups on the surface of BN-
CDs.l*0l The peaks centered at 1103 and 1072 cm™! confirmed
the bonding of boron to carbon (B—C) and oxygen (B—O—C),
respectively.*1*#2IThe stretching vibration of B-N are represented
by a peak observed at 1419 cm™!, along with several peaks in
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Figure 2. a) TEM image of BN-CDs and b) corresponding particle size distribution diagram. AFM images of BN-CDs of ¢) 70 um? area with error bar

and d) 3 um? area with corresponding height profile.

the range of 669-890 cm™!, while the peaks at 943 and 974
cm™! are assigned to N—B—O bonding.?®*?] Due to the simi-
larity of the functional groups on the surface of BN-CDs (-OH,
-COOH,-NH, -B-OH) with those for starting materials, the sig-
nals were observed in the same areas.[**! However, the BN-CDs’
peaks appear broader and shifted than those for CA, BA, and U
(Figure S5, Supporting Information), indicating the difference
between molecular precursors and nanoparticles.
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Finally, X-ray photoelectron spectroscopy (XPS) confirmed the
presence of boron and nitrogen doping in the form of B—N, B—C,
and N—C bonds with an overall atomic distribution consisting of
C, O, N, and B atomic percentages of 18, 77, 5.1, and 0.14%, re-
spectively (Figure 4a—d). The high-resolution XPS spectrum can
be deconvoluted for each element as follows: i) the C1s spectrum
(Figure 4b) displays five peaks at 291.0, 289.5, 287.5, 284.9, and
284.0 eV that correspond to C=0, C—0O, C—N, C—C/C—H, and
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Figure 3. ATR-FTIR spectrum of BN-CDs.

C—B bonds, respectively, ii) the N1s spectrum (Figure 4c) shows
4 peaks, located at 403.8, 402.0, 400.5, and 397.5 eV, correspond-
ing to NO,, N graphitic, N pyrrolic, and N-B, iii) the Bls spec-
trum (Figure 4d) features 3 components corresponding to B-C,-
O, B-N, B-C, and B-O at 195.3, 194.2, 192.8, and 190.5 eV,[40-43-46]
respectively, and iv) the O1s spectrum (Figure S6, Supporting In-
formation) was deconvoluted into 4 peaks at 532.0, 533.0, 534.1,
and 534.2 eV attributed to O—H, C—0, C=0, and B—O bonds,
respectively.

As expected, the difference in concentration of the different
elements is in good correlation with the way the synthesis is per-
formed and the concentration of the elements in the different
precursors. The concentration of the elements (O, C, N and B)
within the three precursors is 52.3%, 33.3%, 9.50% and 4.70%,
respectively. It is worth noting that the BN-CDs synthesis was
performed in water, starting from oxygen-rich precursors. More-
over, it should be considered that the formation of a C—C and a
C—N bond is chemically much more favorable than a C—B and
B—N bond. Besides, the B can oxidize easily and leave in gaseous
form. In addition, B has a lower XPS cross section than C, N,
and O. All these factors together explain the lower peak intensity
detected in the XPS survey in Figure 4a. The higher presence of
carbon and oxygen explains why, despite the high intensity of the
B—C and B—N contributions in the Bls core level in Figure 4d,
when observing the Cls and N1s core levels in Figure 3b,c, re-
spectively, C—B and N—B contributions are so small. This can
also be observed for the C—N contribution in the C1s core level
shown in Figure 4b. Because of their higher concentration, C and
O have a much higher intensity compared to Figure 4c where
the intensity of the N—C bond in graphitic and pyrrolic form is
higher.

2.2. Photoluminescent Behavior of BN-CDs
Upon excitation at 350 nm, the BN-CDs showed a structureless

emission band centered at ~440 nm in diluted (<1 mg mL™)
milliQ aqueous solutions, while the excitation spectra mainly
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consist of a broad peak at 350 nm (Figure 5a). The intense
blue emission of BN-CDs aqueous solutions is associated to
a mono-exponential excited state lifetime (r) of 6.77 ns and a
PLQY of 42%. In contrast with the prior-art all carbon-based
CDs,[“7#8] BN-CDs exhibited an excitation-wavelength indepen-
dent PL response (Figure 5b) that suggests a localized excited
n—z" surface state and homogeneous nanosize distribution (vide
supra). However, the gradual increase of the concentration up
to 20 mg mL™! leads to a small (<10 nm) red-shift of the emis-
sion band and a reduction of the PLQY down to 17% (Figure 5c).
Noteworthy, at high concentration the emission is not anymore
excitation-independent (Figure 5d); more in detail, up to ex-
citation wavelengths of 395 nm the maximum of the emis-
sion is preserved at ~460 nm while at longer excitation wave-
lengths the emission is greatly red-shifted, reaching emission
maximum at 540 nm upon excitation at 440 nm (Figure S7,
Supporting Information). Since the UV-vis absorption spectra
is not affected by the BN-CDs concentration (Figure S7, Sup-
porting Information), the PL changes must be attributed to
the presence of poor emissive excimer-like species caused by
aggregation.[*30]

At this point, we prepared neat BN-CDs films via spin-coating.
To the naked eye, the morphology of the films consists of large
aggregates that are not emissive under UV-lamp excitation with
a PLQY that is nearly zero (Figure 5c). Thus, we decided to fo-
cus on a host-guest strategy using the amphiphilic host SPPO13
and a mixture of THABF, and TMPE as the ions source. The cri-
terion of materials selection is based on previous literature and
optimization.['>'7] THABF, has recently shown a good compat-
ibility with CNDs in hydrophilic solvents, enabling the prepara-
tion of emissive and homogeneous films.[*>'"] In addition, there
is a desired spectral overlap between the emission spectrum
of the SPPO13-based host matrix and the excitation spectrum
of the diluted BN-CDs’ aqueous solution (Figure S8, Support-
ing Information), allowing an efficient energy transfer from the
host to the BN-CDs guest (vide infra).’!] Finally, the presence of
TMPE is important to ensure sub-nanometric root mean square
(RMS) roughness (Figure S9, Supporting Information), which is
vital for the correct working mechanism of devices. In fact, both
thin-films with composition SPPO13:THABF,:BN-CDs:TMPE
1:0.2:0.6:0.2 and 1:0.2:0.0:0.2 (prepared for reference purposes)
showed a homogeneous morphology, as confirmed by AFM map-
ping. In contrast, thin films with composition 1:0.2:0.6:0.0 show
high value of RMS (i.e., 4208 pm), rendering them incompatible
for device fabrication. In terms of PL features, SPPO13:THABF,
based films exhibit a sharp peak in the UV region upon excitation
(Aexe = 300 nm), with a full width at half maximum (FWHM) of
less than 50 nm, specifically centered at 365 nm. This peak is
associated with a PLQY of 13% and an excited-state lifetime of
4.15 ns. Importantly, the PL response remains unchanged upon
addition of TMPE — see Table 1. Upon addition of BN-CDs to
the blend, a dual PL response was recorded under excitation
at 300 nm. The two emission bands are centered at 330 nm
and 440 nm, corresponding to the residual emission of the host
matrix and that of the BN-CDs, respectively (Figure S10, Support-
ing Information). Furthermore, there is a significant decrease
of the 7 values of the host emission from 5.0 to 1.69 ns upon
adding BN-CDs, while the PLQY of the films holds constant at
~15%. Quantitative evaluation of the energy transfer efficiency
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Figure 4. XPS characterization of the BN-CDs. a) Survey spectrum of BN-CDs adsorbed onto a copper substrate; b) Cls core level spectrum; c) N1s

core level spectrum; d) B1s core level spectrum.

(v gr) of the obtained luminescent films was performed following
Equation 1:52!

I
yer=1- % (1)
D

where I, is the PL intensity of the host and I, is the remaining
PL intensity of the host in the presence of the guest. Here, yr
was calculated as 0.8 that are among the best reported in CDs
based active layers applied to LECs.'>¥#’] Finally, in order to
deepen the understanding of BN-CDs PL behavior from solution
to solid-state, we carried out excitation-emission scans covering
the whole visible range at different stage of the devices fabrica-
tion — see Experimental Section for further details. More in de-
tail, as shown in Figure 6, upon addition of the electrolyte com-
ponents both solution and thin-films exhibit a strong excitation-
dependent PL response covering the whole visible range and
the relative intensity of the lower emissive species is enhanced
upon film formation. At this point, it is possible to asset that
BN-CDs undergo ions-induced aggregation already in solution
and the presence of lower energy emissive aggregates is pro-
moted upon film formation. Similar findings have been already
reported.[1647:53]
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2.3. Electrochemical Behavior of BN-CDs

At first, the electrochemical properties of BN-CDs were studied
via cyclic voltammetry (CV) and square wave voltammetry (SWV)
assays in phosphate-buffered saline (PBS) water solutions at
different scan rates (Figure S11, Supporting Information). The
electrochemical behavior is characterized by a quasi-reversible
reduction peak at —0.60 V (peak potential vs. Ag/AgCl). No other
redox processes were noted in this potential window. This is
in line with the high optical bandgap (i.e., 3.13 eV) that would
require a broad electrochemical window. Thus, we focused on
studying the electrochemical behavior of the above thin-films
optimized for LECs. In detail, a thin active layer (90 nm) that
consists of SPPO13:THABF,:BN-CD:TMPE in 1:0.2:0.6:0.2 mass
ratio was spin-coated on glass/Indium Tin Oxide (ITO) /poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) as
anode and finalized by depositing via physical vapor deposition
aluminum as cathode — see experimental section for further de-
tails. Electrochemical impedance spectroscopy (ELS) assays was
performed to investigate ionic and electrical conductivities.2>4]
The EIS data were analyzed using a single resistor/capacitor
equivalent circuit model (Figure S12 and Table S5,
Supporting Information), enabling to study the formation of

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. a) Normalized excitation (dashed line) and emission (solid line) spectra of BN-CDs in aqueous solution. The inset depicts a photograph of
the solution at T mg mL~" under UV lamp (305 nm). b) 2D-plot of PL intensity of 1 mg mL~" solution as a function of both excitation and emission
wavelength. c) The PLQY values as a function of BN-CD concentration in aqueous solution as well as in spin-coated thin-films. The inset displays a
photograph of the spin-coated film on a glass substrate. d) 2D-plot of PL intensity of 20 mg mL~" solution as a function of both excitation and emission

wavelength.

electrochemical double layers (EDLs) and electrochemical dop-
ing that simultaneously occur upon increasing the applied
voltage from 0 to 5 V. In short, the Nyquist plots show a similar
pattern consisting of one semicircle, from which the resistance
(Riec) can be attributed to the dynamics of EDLs at applied
voltages below the energy bandgap of the emitter (V;,; < E,)
and the reduction of the non-doped region upon charge injection
(Vinj > Egap)->°! In line with the literature, BN-CDs-based LECs
exhibited a typical LEC behavior with a Ry, profile related to i)
an initial exponential decrease at biases below theenergy gap
of the emitter (<3.1 V) that corresponds to the formation of
EDLs at the electrode interface and ii) a plateau attributed to the
formation of doped regions and the auto-sustained growth of
doped regions and charge recombination at the intrinsic region
(Figure S12, Supporting Information).

2.4. White Electroluminescent Behavior of BN-CDs LECs

After demonstrating the LEC behavior of the BN-CDs-based ac-
tive layer, the devices were driven at pulsed current scheme based

Table 1. Photophysical properties of SPPO13:THABF,:BN-CD:TMPE thin
films.

on a block wave at 1000 Hz and duty cycle of 50% at 200 mA cm ™
current compliance that has led to best LECs performances re-
garding stability and turn-on times.[115657] Figure 7a shows the
average voltage and luminance for LECs that follow the typical
behavior of ionic-based lighting devices.'>%8] In particular, the
average voltage exponentially decrease down to 5 V from its ini-
tially high voltage (~7 V) due to the EDLs formation. This goes
hand-in-hand with the increase of the luminance that reaches its
maximum value at 40 cd m~2 and quickly reduces leading to a life-
time (time to reach half of the maximum luminance) of 1.3 h.
This represents an order of magnitude improvement with respect
to the prior-art carbon-based CDs-LECs — Table S1 (Supporting
Information).'>”] The relatively slow reduction in brightness
must be related to the shrink of the emissive non-doped region
due the imbalanced n-/p-doped growing zones, since the average
voltage holds fairly stable, inferring a low electrochemical degra-
dation of the active layer.['>?’] The moderate level of luminance
reached corresponds to max current efficacy, external quantum
efficiency, and luminous efficiency of 0.04 cd A~', 0.038%, and
0.046 Im W1, respectively.

Much more relevant is the analysis of the device chromatic-
ity over time. In stark contrast with the blue PL features, these
devices exhibited a white EL response covering the entire visi-
ble range (Figure 7b). Specifically, the EL spectrum consists of a
broad peak (FWHM = 160 nm) centered at 520 nm flanked by

Composition Aem [nM] <7> [ns] PLQY [%] Kpag [x107 571 a shoulder located at 430 nm that led to a daylight white emis-
110.2:0.0:0.0 365 15 1 31 sion with x/y CIE coordinates of 0.30/0.35, CCT of 6795 K, and
1:0.2:0.0:0.2 365 50 » 29 CRF of 87. The.a EL spectra are mainly relate.d to the. lower energy
10.2:0.6:0.2 365. 440 169 5 %9 emissive species promoted upon aggregation — vide supra and
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Figure 7c.
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Figure 6. Excitation-dependent PL response of BN-CDs:electrolyte in solution- (a) and solid-state (b).

Unfortunately, the shape of the EL spectrum changes until the
maximum luminance is reached, showing a gradual red-shift (up
to 554 nm) that results in a final warm/yellowish white color as-
sociated to x/y CIE coordinates of 0.35/0.39.

Based on the prior art of CDs and white LECs,[11317:5859] three
hypotheses can be postulated regarding the gradual red-shift
that occurs in operando: i) thermal/photo-activated emission pro-
cesses, ii) electric field-dependent chromaticity, and i) micro-
cavity effects due to the dynamic changes of the p—i-n junctions,
as suggested by the luminance profile.’®%] The earlier was stud-
ied in BN-CDs-based coatings under UV excitation (380 nm;
0.62 W) at 50 °C as noted in LECs in operando monitoring the
PL response over time (Figure S13, Supporting Information; see
experimental section for further details).[®2] The expected in-
tense blue PL response was measured, noting a decrease in in-
tensity of overtime without any new emission bands evolving.
Thus, we can exclude the presence of photo-/thermal-induced
low-energy emitting degradative species. The second was investi-
gated by performing a series of luminance-current-voltage (L-I-V)
scans in the 0-15 V range with a scan rate of 100 mV s~! to grad-
ually increase the applied electric field (Figure S14, Supporting
Information). Upon repetitive scans, the EL spectrum consists of

a whitish broad emission band that gradually increases in inten-
sity with the applied voltage and holds constant over scans. Thus,
we can discard the impact of electric field variation on electrolu-
minescent emission features and/or the formation of low-energy
emitting species. Consequently, we can conclude that the red-
shift in operando of the EL spectrum is related to a microcavity
effects related to changes of the position of the emissive (i) zone.
Similar systems have already reported this effect.[>6>%63]

Finally, our findings are, therefore, suggesting that the inter-
action with the electrolyte and the BN-CDs, and the control of
the position of the emissive zone are key to tune device‘s chro-
maticity. Thus, a better design of the host matrix joint to a surface
functionalization of CDs will be paramount to further enhance
the performance of BN-CDs-based white LECs.

3. Conclusion

This work discloses i) a cost-effective and easily scalable water-
based microwave-assisted synthesis procedure of homogenous
BN-CDs and ii) a rationale of the origin of the blue PL and
white EL responses of B- and N-doped CDs, achieving white

a) b) ©)
9
‘ —m=),. 350 nm
- 9 —m—).. 440 nm
= \ 440 5 EL
Z 8 . 2 £ g
o d = 3
= / ) 3 £
57 | ? 8 3
= o 3 2 8
o . Y 420 & ©
g : 4 £ £
o K & e e P —— S )
< ‘/;f_,_:.adf B hoN - - = 7[
5 R0 A" 5 v
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Wavelength (nm)

Wavelength (nm)

Figure 7. a) Average voltage profiles and luminance of LECs driven at pulsed current density of 200 mA cm~2. b) Temporal changes of the EL spectrum
(see legend) and x/y CIE color coordinates (inset — right; the starting color is depicted by the black circle and the final color by the violet square) of
BN-CDs-based LECs. c) Normalized emission intensity of BN-CDs:electrolyte in solution- (empty circles) and solid-state (filled squares) at excitation
wavelength of 350 nm (blue) and 440 nm (orange). The EL spectrum is depicted in green.
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LECs with superior stabilities compared to the prior-art CD-
based LECs.[*>'7?7] In short, a comprehensive microscopic and
spectroscopic study (AFM, TEM, XPS, Raman, and UV-
vis/emission) confirmed that the BN-CDs feature an amorphous
carbon-core doped with B (0.14%) and N (5.1%) and a bright
(PLQY = 42%; t = 6.77 ns), narrow (60 nm), and excitation-
independent blue (440 nm) emission in solution that is attributed
to n—p” surface states. Moreover, we circumvented the common
aggregation-induced emission quenching of the BN-CDs in thin-
films combining a hydrophilic host and ion electrolyte. This re-
sulted in an excitation-dependent emission that covers the whole
visible range. Capitalizing on this, we fabricated the first white
LECs with remarkable stabilities (lifetime) compared to the prior-
art. More importantly, we highlighted that the complex interplay
between the ion electrolyte and the n—z" surface states of the BN-
CDs is key to control device chromaticity and performance in the
near future. Overall, this work embraces the principles of green
optoelectronics by employing cost-effective and abundant emit-
ters, conducting water-based synthesis under mild conditions,
and utilizing low-toxicity solvents for the fabrication of devices
that has reached interesting lighting features.

4. Experimental Section

Synthesis of B, N-Doped Carbon Dots: Citric acid (monohydrate,
>98%), boric acid (ACS reagent, >99.5%), and urea (ACS reagent, 99.0-
100.5%) were purchased from Sigma-Aldrich. MilliQ water was produced
by Millipore MilliQ Plus 185 (Waters) purifying system. The cellulose ester
ready-to-use dialysis devices Float-A-LyzerG2 were purchased from Spec-
tra/Por Repligen Corporation (USA). The TEM grids (LC300-CU Lacey Car-
bon Film, Copper, 300 mesh) were purchased from Electron Microscopy
Sciences. The AFM Mica substrates (PELCO Mica Sheet) and speci-
men disks (d = 12 mm) were purchased from TED Pella Inc., while
HQ:NSC19/AL_BS cantilevers from MikroMash Innovative Solutions were
used.

For the synthesis, 4 mL of aqueous solution of citric acid, boric acid, and
urea (1:1:1 mass ratio, C = 0.15 g mL™") was placed in a 10-mL glass vial
and kept for 4 min under microwave irradiation and high stirring rate at
190 °C and 240 psi using a Discover SP Microwave (ActiVent, CEM Corpo-
ration). The synthesis was controlled by Synergy software. The as-prepared
dark emerald-green solution of BNC nanodots was purified by dialysis for
48 h against MilliQ water using a cellulose ester ready-to-use dialysis de-
vice with molecular weight cut-off of 100-500 Da. The purified solution
of BN-CDs was lyophilized for 3 days in a freeze-dryer chamber (ScanVac
Coolsafe, Labogene). The 123 mg of dark emerald-green powder was ob-
tained with 20% yield.

Characterization of B, N-Doped Carbon Dots:  TEM imaging was carried
out using an EM 208 microscope (Philips) equipped with a Quemesa cam-
era (Olympus Soft Imaging Solutions). The images were acquired at a volt-
age of 100 kV using RADIUS software, while the size measurements were
performed using Image| software. The AFM analysis of pristine BN-CDs
was performed using a Multimode Scanning Probe Microscope (Veeco)
equipped with a Nanoscope Controller. The images were acquired using
n-type silicon AFM cantilevers (HQ:NSC19/AL_BS, pmasch) at room tem-
perature in air. The AFM data analysis was performed using Gwyddion soft-
ware. "H-NMR spectroscopy was performed using Varian 400 MHz and
DMSO-d; as a solvent. The ATR-FTIR spectroscopy was performed using
the IRAffinity-1S (Shimadzu) spectrometer and germanium (Ge) prism.

To perform XPS, Raman spectroscopy, and XRD analysis, BN-CDs di-
luted in ethanol were deposited onto a Cu round-shaped sample holder of
8 mm diameter.

The XPS measurements were performed in a SPECS Phoibos system
equipped with an XRM50 X-ray source set to Al Ka (1486.7 eV) used along
with a monochromator to excite the sample with a beam spot of 0.4 mm
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diameter at 55° incidence. The acceleration voltage was set to 11 kV and
a power of 250 W was used for all measurements. The HAS 3500 hemi-
spherical analyzer with a pass energy of 50 eV was employed to analyze
the photoemission.

All XPS data were analyzed using CASA XPS. Shirley and Tougaard back-
grounds were subtracted from the different binding energy regions of the
elements. All XPS spectra have been calibrated relative to the Cu2p peak.
For atomic concentrations’ calculations, the peak areas were corrected for
their relative sensitivity factors.[6463]

The Raman spectroscopy characterization was performed using an in-
verted confocal Raman microscope (LabRam HR, Horiba Jobin Yvon) with
a 50x objective and grating of 1800 lines mm~1. A He/Ne laser (633 nm)
was used to filter the backscattered light, which was subsequently directed
to the spectrograph and to the CCD detector; further details of the setup
can be found in the following refs. [66,67]. The XRD measurements were
performed with a Philips PANanalytical SR5161 X’Pert XRD system with
40 kV and 30 mA.

The UV-vis spectra in solution were recorded using a UV-vis—NIR
Cary 5000 Varian (Agilent Technologies) spectrophotometer and quartz cu-
vette with a 10-mm light path. The PL spectra in solution were acquired
on an FS5 Spectrofluorometer (Edinburgh Instruments Ltd.) using Flu-
oracle software. The absolute quantum yield (QY) measurements were
performed using an integrating sphere and MilliQ-water as a reference.
Both UV-vis and PL spectra in solution were recorded in MilliQ water. For
the solvent/ions interaction experiment 20 uL of TMPE in cyclohexanone
(100 mg mL~") and 20 uL of THABF, in cyclohexanone (20 mg mL™") were
added to 2 mL of BN-CDs in ethanol 80% (1 mg/mL). The same solution
has been drop-casted on a quartz slide for the solid-state experiment.

For thin-film preparation via spin coating, SPPO13 was dissolved in
cyclohexanone at 10 mg mL™" upon heating at 50 °C for 2 h, while BN-
CDs were dispersed in ethanol 80% at 8 mg mL~'. Cyclohexanone was
selected as solvent due to its high green scorel®®] while ensuring layer
orthogonality with the underlying layer of PEDOT:PSS in the device archi-
tecture. The final layer composition was SPPO13:THABF,:BN-CDs:TMPE
in a mass ratio of 1:0.2:0.6:0.2. The solutions were spin-coated on quartz
slides at 2000 rpm for 30 s leading to homogeneous films. The morphology
of the obtained BN-CDs films was monitored via atomic force microscopy
(MFP-3D Origin+, Asylum Research) in a 100 um? area, and further ana-
lyzed with Gwyddion software. The PL spectra and PLQY values were mea-
sured with an FS5 Spectrofluorometer with integrating sphere SC-30 (Ed-
inburgh Instruments). The excited-state lifetimes were acquired with a TC-
SPC diode at 4 = 377.6 nm. For solid-state photobleaching tests, rubber-
like coatings were prepared with a mass ratio of 4:1 TMPE:PEO (TMPE;
M, ~ 450 and PEO; M, ~ 5 x 10). To carry out the photostability and
conversion measurements the coatings were placed directly on the un-
modified commercial LED. The EL spectra were recorded with an Avantes
Spectrometer 2048L (300 VA grating, 200 um slit, CCD detector) coupled
with an AvaSphere 30-Irrad Integrated sphere, monitoring the tempera-
ture using a thermographic camera (FLIR ETS320). The employed power
source was a Keithley 2231-A-30-3.

Cyclic voltammetry measurements were carried out in a cylindrical one-
compartment cell with a three-electrode set-up. A platinum disk working
electrode with a diameter of 3.0 mm, a Pt wire as counter electrode, and
Ag/AgCl wire as reference electrode were used. Prior to every measure-
ment, the working electrode was polished with alumina slurry 0.04 mm
from Schmitz Metallographie GmbH. The potential was controlled by a
Metrohm pAutolablll potentiostat. All measurements were conducted in
PBS buffer solution.

Device Fabrication and Characterization: 1TO substrates were pur-
chased from Naranjo Substrates with an ITO thickness of 130 nm. They
were extensively cleaned using detergent, water, ethanol, and propan-2-
ol as solvents in an ultrasonic bath (frequency 37-70 Hz) for 15 min
each. Afterward, the slides were dried with inert gas and put in a UV—
ozone cleaner for 8 min. The clean plates were coated with 70-nm PE-
DOT:PSS layers via spin coating to increase the device reproducibility.
To this end, an aqueous solution of PEDOT:PSS was filtered and mixed
with propan-2-ol in a ratio of 3:1. From this solution, 50 uL were dropped
onto the substrate at a rotation speed of 2000 rpm and spun for 60 s.
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The resulting layers were dried on a hotplate at 120 °C and stored un-
der N,. The active layers were deposited from blend solutions and spin
coated at 800 rpm for 30 s, at 1500 rpm for 30 s, and at 3000 rpm
for an additional 10 s, resulting in an 80-100 nm thick film. For func-
tional LECs fabrication, glass/ITO/PEDOT:PSS substrates were used and
after the deposition of the active layer the devices were dried under vac-
uum for 2 h and transferred to an inert-atmosphere glovebox. Finally,
the aluminum cathode (90 nm) was thermally evaporated onto the ac-
tive layer using a shadow mask under high vacuum (<1078 mbar) in an
Angstrom Covap evaporator integrated into the inert-atmosphere glove-
box. Time dependence of luminance, voltage, and current was measured
by applying constant and/or pulsed voltage and current by monitoring
the desired parameters simultaneously using an Avantes spectrophotome-
ter (Avaspec-ULS2048L-USB2) in conjunction with a calibrated integrated
sphere Avasphere 30-Irrad and Botest OLT OLED Lifetime-Test System.
EL spectra were recorded using the above-mentioned spectrophotome-
ter. EIS assays were carried out with a potentiostat/galvanostat (Metrohm
pAutolablll) equipped with a frequency response analyzer module (FRA2).
Measurements were performed at the applied voltage range from 0to 5 V
and fitted with the Nova 2.1 software using the circuit model shown in
Figure S7 (Supporting Information). R gc represents the effective resis-
tance of the active layer, including injection resistances, CPE g represents
the capacitance of the two electrodes contacting the film. The second resis-
tor (Reeries) represents all external resistances, including those of the ITO
and Al electrodes. The AC signal amplitude was set to 10 mV, modulated
in a frequency range from 10! to 10 MHz.

Statistical Analysis: Thin films statistics involve three replicates for
each composition, while the device statistics involve up to five different
devices, i.e., a total number of 20 pixels. The absence of outliers has been
confirmed via t-test. The software OriginPro 2020 has been used for data
analysis and evaluation.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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