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ARTICLE INFO ABSTRACT
Keywords: Photoluminescence (PL) spectroscopy is one of the best methods to detect molecules due to its
Zinc oxide easiness, fast time of analysis and high sensitivity. In addition, zinc oxide (ZnO) possesses good
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optical properties and particularly PL emission in these materials have been exploited for their
potential use as photocatalyst, light harvesting and photosensor. These PL properties enhance
when graphene quantum dots (GQD) are added to ZnO. For these reasons, we investigated the
PL performance of ZnO-GQD nanocomposites. In one experiment we evaluated the PL emission
of solid samples ZnO and ZnO-GQD. In a second experiment, these samples were also evaluated
in aqueous phase to investigate the H, 0, effect during an experiment lasting 170 minutes. Both
experiments displayed six peaks and they were related to the same PL emission source. The PL
emission peak around 415 nm was found to be principal source where GQD are interacting. By
varying the GQD amount to low, medium, and high concentration, the effect of H,O, acted
consequently, altering the PL emission during experiment in aqueous phase. An oxygen rich
environment (ORE) occurred due to H,O, which oxides the ZnO surface. Low GQD concentration
resulted affected by an ORE weakening the GQD-ZnO contact, decreasing PL emission. In high
GQD concentration, H,O, induced GQD to reach the ZnO surface, increasing the PL emission.
Only medium GQD concentration prevented oxidation of ZnO and maintained the PL emission
intensity constant. When H,O, concentration increased, for the medium GQD concentration, an
excess of charge by peroxides inhibited the charge transfer from GQD to ZnO. This inhibition
produces a quenching of the PL emission.

1. Introduction

Zinc oxide is an important chemical compound since it has a myriad of applications ranging from antifungal to semiconductor-
devices. These applications are accompanied by its benefits concerning the facile and green synthesis [1-3], low cost [4], low
toxicity [5] and its wide band gap [6,7]. This last particularity allows the use of ZnO as photosensor by means of photoluminescence
(PL) spectroscopy. The PL property of ZnO, arises principally due to oxygen vacancies as the most common source of PL emission
in the visible (vis) region [8]. In the ultraviolet (UV) region emission is ascribed principally to the formation of excitons [6,9];
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Table 1
Sources and amount of components used for preparation of samples.
Prepared Source of Amount of components Method of
sample sample Source Water (mL) Reagent preparation
HD Graphene 0.01g 10 H,0, HT
oxide (3 mL)
D HD 6.5 mL NA NH,OH HT
(400 pL)
DI D 20 pL 10 NA Water diluted
Dm D 100 pL 10 NA
Dh D 500 puL 10 NA
yAS Zinc 50 mL of NA NaOH Room temp. reaction
acetate 0.125 M (0.5 M)
solution
Z4(s) v 1g NA NA Dried at 80°C
z4(1) Z4(s) 0.01g 10 NA Magnetic stirring
Z°(s) VAl 1g NA NA Calcined at 500 °C
yAL0))] Z°(s) 0.01g 10 NA Magnetic stirring

NA : not applicable

The excitation of ZnO in the UV-vis regions is a function of its application; for instance, photocatalytic application requires that
semiconductors, work in the entire UV-vis spectrum, including infrared, due to most of these materials shall be exposed to sun
irradiation [10]. Applications of ZnO as a light harvesting or as photoelectronic sensor normally requires only the UV region [11,12].
Consequently, ZnO presents multiple emissions and with the prospect to modify its band gap and tune PL emissions several strategies
have been realized, such as the incorporation of a dopant, surface passivation or the fabrication of nanocomposites. In this sense,
graphene quantum dots (GQD) have been extensively used to produce ZnO-GQD nanocomposites, because they are chemically stable
and possess high electron mobility [13]. For these reasons these nanocomposites have been intensively studied in the last ten years
[10,14-17]. In general, particles with sizes higher than 50 nm where mostly ZnO serves as substrate in ZnO-GQD nanocomposites,
present a notable emission in the visible region and charge transfer from GQD to ZnO enhancing its conductivity [12,18-20]. There
is also a generalization, that after GQD are incorporated to ZnO its band gap decreases [13,19,21]. This decrease has been ascribed
to oxygen vacancies that create new energy levels below the ZnO conduction band [10]. However, a decrease in ZnO particle
size might lead to an increase in the band gap and by GQD incorporation enhance the photocurrent induced facilitating its use as
photocatalyst [22]. We have found that this photocurrent is not enhanced by high GQD concentration and might also be affected by
the presence of a strong oxidant during a PL experiment. Similarly, it is especially important to expand such analysis by studying
the role of the interaction among GQD and ZnO and its influence in PL emissions. Therefore, in this work we studied the GQD-ZnO
interaction and how is affected under H,O, exposure by means of PL. To achieve this task, PL studies of solids ZnO and ZnO-GQD
were performed by treatment with H,O, or calcination, to assign and relate emission peaks with a chemical environment in these
compounds; furthermore, we extrapolated this to the same material in aqueous phase in order to explain how the system ZnO-GQD
works in H,0, solutions. Despite of a strong oxidant as H,O,, GQD were found to enhance or to conserve the PL emission of
ZnO as nanocomposite through time. Specifically, GQD exert an enhancement of PL emission around 415 nm and this is done at
oxygen vacancies contained in ZnO where hydrogen from GQD, is placed; moreover, we demonstrate that emissions detected at this
wavelength, are the principal source of PL quenching as it was proved to detect H,O,. Detecting this molecule is of highly medical
interest due to it is related with cellular oxidative stress, cellular ageing and cancer, among others [5,23]. We propose a mechanism
of the PL enhancement and quenching from ZnO-GQD nanocomposites by studying the band gap. Finally, this study covers a possible
application of photodevice to detect H,O, considering the time life of the materials under this oxidant. This is crucial to evaluate if
these devices perish rapidly opening a field to prepare durable or recyclable materials.

2. Materials and methods
2.1. Chemical substances

In this study the following chemical substances were used, all reagent grade and high purity: Zn(CH;C0OO0),-2H,0 (99.3%),
28 w% NH,OH (Fermont, 98%), NaOH solid (Fermont, 98%), 30 w% H,0, (Sigma Aldrich, 98%) and deionized water (Karyeth,
0.76 uS cm™1).

2.2. Preparation of samples

2.2.1. Synthesis of graphene quantum dots and zinc oxide nanoparticles

Details of the preparation of solid graphene oxide are presented elsewhere [24] and from this solid, graphene quantum dots
(GQD) were prepared by hydrothermal (HT) process. For the sake of clarity all samples prepared are shown in Table 1. The first step
consisted of placing graphene oxide (0.01 g) inside a teflon autoclave containing 10 mL of deionized water and 3 mL of H,0,; this
autoclave was introduced to an oven at 170 °C during 6 h. A volume of 6.5 mL of the resulting sample (named HD) was poured into a
teflon autoclave and 400 pL of NH,OH (28 w%) were added. Finally, this mixture was treated by HT process for 6 h at 170 °C. From
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Table 2

Samples prepared for PL measurements.
Prepared Amount of substance Water(@
sample Zinc source GQD source H,0, (volume (mL)

concentration)
Dh-3 NA Dh (10 mL) 1
Z¢DI1-3 DI (10 mL) NA
Z°Dm-3 Dm (10 mL) 1 mL (107°M) NA
7¢Dh-3 . Dh (10 mL) NA
763 Z(0 (1 mL) NA 10
Z¢Dh:0 Dh (10 mL) NA 1
zc() NA NA 11
Z4(s)® » NA NA NA
Z¢(s)® 2701759) NA NA NA
Z:1(s)© 10 mL (0.02 g NA 10 mL (1 M) 100
Z¢D1-3(s)© Z°(s)/mL) DI (100 mL) 10 mL (1073 M) NA
Z7D1:1(s) 10 mL (0.02 g DI (100 mL) 10 mL (1 M) NA
Z4(s)/mL)

NA : not added;

(a) Water was added to conserve a volume ratio of 1/10/1 from Zn/GQD/H,0, respectively, when a substance was not added;
(b) These samples were obtained in solid phase directly (see Table 1);

(c) These samples were prepared in liquid phase and filtered to obtain the solids.

the obtained sample only the liquid phase was used, and this was named D. Volumes of 20, 100 and 500 pL were taken from D and
diluted in 10 mL of deionized water to prepare the solutions DI, Dm and Dh, respectively, in which suffixes [, m and h stand for low,
medium and high concentrations.

Zinc oxide nanoparticles (ZnNP), were synthesized by the reaction between Zn(CH3;COO),-2H,0 and NaOH. First, 50 mL of zinc
acetate solution (0.125 M) was transferred to a beaker and by gentle stirring, drops of NaOH solution (0.5 M) were added until the
pH reached a value of 12. A bright white solid emerged and this suspension was stirred during 2 h. Finally, this solid was filtered
and washed using 10 volumes of water with respect to the final suspension volume. One fraction of the obtained solid was named
Z" where “w” implies as was synthesized. A mass of 1 g of Z* was dried at 80 °C for 20 minutes and 1 g of Z* was calcined at 500 °C
for 2 h; the obtained solids were named Z¢(s) and Z¢(s) where “d” and “c” represent a dried and a calcined sample, respectively and
“s” stands for solid. From Z¢(s) and Z°(s) two suspensions were prepared using 0.01 g from each solid and 10 mL of deionized water
by moderate stirring for 25 minutes and these were identified as Z4(1) and Z¢(D), respectively, where (1) is for liquid (Table 1).

2.3. Preparation of samples and photoluminescence performance

Some samples shown in section 2.2.1 were directly measured by PL spectroscopy and evaluate the H,O, effect. From these
samples nanocomposites were also prepared to be measured also by PL means for the same purpose. A summary of all samples
prepared for PL measurements is shown in Table 2. The PL spectra were taken in a Perkin Elmer LS55 spectrophotometer, for the
solids Z¢Dl:1(s), Z¢:1(s), Z4(s), Z¢(s) and Z¢DI-3(s) in order to explore the influence of the calcination, GQD and H,O0, effects in the
PL emission (Fig. 1). From these spectra, with the aim to determine the performance of the nanocomposites with respect to time,
samples Z¢(1), Z°D1:0, Z‘Dm:0 and Z‘Dh:0 were taken to evaluation at the initial point (the far left point) and this was taken as
reference in Fig. 3. After this measurement, 1 mL of the H,0, (103 M) solution was added to each samples and they were renamed
as mentioned in Table 2 (Z¢-3, Z°DI-3, Z‘Dm-3 and Z¢Dh-3); the rest of the points were measured after 20, 50, 80, 110, 140 and 170
minutes (Fig. 3); for each point of these figures the emission intensity was considered.

2.4. Characterization

The following equipment were used to characterize the materials of this work. X rays diffraction (XRD) was measured in a
Siemens D5000 equipment with a step size of 0.05° s~! with a Cu X-rays source (A = 1.5405 A) and crystal phases were identified
by the PROFEX 5.0.2 software. Scanning electron microscopy (SEM) was taken in a JEOL LSM 6701F. Ultraviolet and visible (UV-
Vis) spectra were taken by a Shimadzu UV-1800 equipment. Fourier Transform Infrared spectroscopy (FTIR) was performed in a
Perkin Elmer Spectrum One with attenuated total reflectance (ATR) complement. XPS spectra were taken with a Thermo Scientific
K-Alpha instrument with a stripping capability of approximately 30 nm and Al source; the peak correction was performed using the
Carbon adventitious signal (C 1s, 284.6 eV). Atomic Force Microscopy (AFM) was achieved using an AA3000 equipment. For DSC
measurements a NETZSCH DSC 404F3 equipment was used with argon gas and a ramp of 10 °C/min

3. Results
3.1. Photoluminiscent (PL) emission sources from solid samples

The PL emissions were measured for solids samples treated in conditions as high H,0, concentration or calcination and spectra
are shown in Fig. 1. To study PL emissions, the peak at 415 nm, was taken as reference in order to detect variations on adjacent
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Fig. 1. PL spectra from solids samples taken as references and measured at 4,, (a) 250 nm and (b) 275 nm. These spectra correspond to calcined samples Z¢(s) and
Z¢DI-3(s) and to non-calcined Z?(s), Z¢:1(s) and Z¢Dl:1(s). The dashed gray lines trace the emission peaks (in nm) written at the top of each line.

peaks and thus analyse the chemical environment where the emission emerges. By analysing the Fig. 1 detected peaks are designated
as follow:

(A) Peak at 350 nm. This peak is related to the free and bound exciton from the near band edge emissions [9]. These emissions

(B

(c

(D

(E

~

—

—

-

have been found to display a very narrow shape at very low temperatures in ZnO structures; as temperature rises a broad band
emerges leading to bound exciton emission [25]. Interestingly in our case, and also found in other work [26], this emission
arises due to the presence of ZnO,. A comparison between 74(s) and Z9:1(s) clearly indicates the addition of H,O, implies
the growth of this peak (Fig. 1a and Fig. 1b). Samples Z9:1(s) and Z9DI:1(s), treated with high concentration of H,0,, were
mostly converted to ZnO, and in Fig. S1 (see supplementary information), a representation of this process is shown in scheme
1; this is also confirmed by XRD analysis in Z4:1(s) (Fig. 4). It is important to note that this emission peak is not presented in
Z¢DI1-3(s) due to the low H,0, concentration used during the experiment. In spite this low concentration, H,O, reacts with the
ZnO surface to generate an oxygen rich environment (ORE) [27] as is proved in XPS analysis (Fig. S1 scheme 2 and Fig. 7);
however, an increase in the exciton energy intensity is not observed in these solids.

Peak at 385 nm. This emission is also attributed to bound exciton, which hydrogen placed near the ZnO surface, enhances the
emission intensity [28]. As H,0, might be dissociated into H* proton and HOO" radical [29], hydrogen acceptor might be
interacting with ZnO interstitials as in scheme 1 (Fig. S1). This is also inferred due to in our experiments, most of the emissions
variations in the rest of the peaks detected, were attributed to ZnO and HOO' interactions. Notwithstanding, when H,O, is in
higher concentration, hydrogen might enhance the emission intensity in Z4:1(s) and Z?D1:1(s), due to it could play roles as
donor, acceptor and also might be passivating nonradiative recombination centres [28,30].

Peak at 395 nm. For the calcined samples Z¢(s) and Z¢DI-3(s), this peak is modified, with respect to the peak at 415 nm for Z4(s).
1t is observed that for Z9:1(s) and Z¢DI:1(s) the intensity is higher than 74(s). In this case HOO' radicals seem to reach intrinsics
or native vacancies from the ZnO surface; this is manifested as the growth of oxygen onto the surface detected in XPS analysis
(Fig. 7). The positioning of these radicals might increase the free carriers produced by electron-traps where free exciton emission
emerges at this wavelength [25,31]. Although this has been found to occur at very low temperatures, in our experiment, this
phenomenon was likely forced due to the use of H,O, even at low concentrations. The arrival of HOO" radicals to produce
an ORE, leads to a partial depletion layer where is possible that electron-hole recombine nonradiatively which finally inhibits
exciton transition. It is inferred then that this process must have a limit where high H,0, concentrations produce peroxide
radical leading to zinc oxidation to form ZnO, (Fig. 4). GQD is observed to reduce slightly the emission on both 4,, (Fig. 1a and
Fig. 1b) suggesting that H* from amine group, is interacting with ZnO vacancies. Replicas manifested as longitudinal phonon
from bound exciton due to interstitial hydrogen donors, also might appear at this wavelength, however they were not present
or have very low emission [25,28].

Peak at 415 nm. After the calcination and the H,0, exposure, a slightly higher PL emission in this peak is observed for Z¢(s)
and Z¢DI-3(s) compared to 74(s), and of course, this is more evident for Z?:1(s) and Z?DI:1(s) (Fig. 1b). This might be attributed
to hydrogen placed onto the ZnO surface where it produces (1) a donor-acceptor pair, which is common at room temperatures
[6,25,28] and/or (2) a possible surface passivation of nonradiative traps [30]. GQD slightly increase the PL emission, and
contrary to peak at 395 nm, in this peak the amino group is not affected by the H,O, presence. Therefore, in these sites GQD
must be strongly anchored.

Peak at 440 nm. This emission peak corresponds to visible blue-region where oxygen vacancies (V) are considered as the
principal source. This has been ascribed due to V), are energetically more favourable to be produced from the synthesis of
ZnO and therefore we assign this peak to these point defects [32,33]. These defects correspond to a neutral oxygen vacancy
(Vg) where electron transition comes from these centres to the edge valence band [6,25,34]. For 1,, = 250 nm, Z4(s), Z¢(s),
and Z¢DI-3(s), calcination, or the incorporation of H,O, and GQD caused no great variations in the PL emission. This suggests
that V, are intrinsic and correspond to deep-level centres [10,21]. However, despite the low GQD concentration in Z¢DI-3(s),
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Fig. 2. PL spectra from Z¢(1) with respect to time evaluated at 4,, = 275 nm. The first measurement was achieved as reference by only measuring the PL emission
from Z¢(1) prepared as in section 2.2.1. After 1 minute 1 mL of water, in this case, was added to later measure spectra at every time showed in this figure. Each peak
was identified with a red number at the top of figure, corresponding to description in this section.

a slightly increase in the emission is attained in both 4,,. In this case, after GQD incorporation, recombination from Vg, is
preferred indicating the possibility that some of these defects are fairly near the ZnO surface.
Peak at 454 nm. Intrinsic vacancies in Z4(s) produce an emission in the blue visible region. A difference between Z4(s) and Z¢(s)
spectra is registered and is associated to vacancies created by the calcination process. The decrease in PL emissions in Z¢(s) and
Z¢D1-3(s) is associated with these vacancies which might be acting as electron-traps inhibiting electronic transitions. Moreover,
when H,0, is added an increase in the emission intensity is not observed. Opposite to peak at 440 nm, when high concentration
of H,0, is added, the possibility to cover the intrinsic and new vacancies is very low, as the PL intensity is lower in Z¢:1(s) than
Z4(s). Therefore, we consider that these vacancies are deeper than those found at 440 nm. Thus, this is the reason that these
vacancies, are more stable, leading to red-shift emission [35]. Therefore, these vacancies should be at the ZnO bulk preventing
diffusion of oxygen or other gases.
(G) Peak at 478 nm. This peak remains after H,0O, addition to Z4D1:1(s) and Z?:1(s), relative to 415 nm peak (Fig. 1b). Therefore,
neither oxygen nor hydrogen might affect these sites. Again, this peak is related to deep-level oxygen vacancies which are
chemically stable to H,0, and are related to green luminescent emissions [25].

(F

—

3.2. Parallelism of emission source from solids to samples in liquid phase

In this section we measured the PL in aqueous phase to observe stability of nanocomposites. In general terms, in this work stability
includes photostability which defines if samples are not chemically modified by photons and chemically stable, which here is the
extend that nanocomposites might last before being affected by H,0,. The emission spectra taken at 4,, = 275 nm, are shown in
Fig. 2 for Z¢(1) in liquid phase. For each spectrum, six peaks were found to fit well the experimental data. Therefore, from the solids
spectra in Fig. 1, it is possible to assign the emission peaks from samples in liquid phase and they might be related with the same
chemical environment from the ZnO structure treated in section 3.1. Because H,0, was not used for Z¢(1), it is important to note the
irregularity of the PL emission for all peaks in all the measurements (Fig. 2). Long time exposure to water, provoked a mild chemical
modification in Z¢(1) which affects the PL emission.

It is noteworthy to mention that the same PL peaks found in Z¢(1), were also displayed in the rest of samples and their plots are
shown in Fig. S2. Results from Fig. S2 were condensed and are presented in Fig. 3, showing intensities for every peak found in these
samples. If the first point (reference) is compared with the second point, which is after adding the H,0, solution, a rapid effect is
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Fig. 3. Peaks intensities with respect to time from the spectra decomposition of samples Z¢(1) (), Z¢-3 ([]), Z°DI-3 (%), Z°Dm-3 (¢) and Z‘Dh-3 (o). The far left points
in each sample are the reference values (taken without H,0,) and the rest of measurements were done with a H,0, solution (10~ M); all evaluated at 4,, 275 nm.

observed in each peak meaning that H,O, acts immediately in almost all samples (where Z°Dm-3 seems to be an exception). Then,
variations in intensities over time, must be related with chemical environment variations provoked by H,O,, principally in ZnO

structure. Thus, these six peaks from Fig. 3 are described as follows:

Peak 1 Opposite to PL emission in solid phase (Fig. 1), samples in liquid phase for peak 1 (Fig. 3a), present emissions even at low

H,0, concentrations. The H,0, improves the PL intensity in all samples, whilst GQD have a minor effect. In Z°Dh-3 the PL
emission is mildly lower than Z¢DI-3 probably due to GQD are impeding the H,O, to reach the ZnO structure. For these reasons,
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the emission peak 1, is therefore ascribed principally to ZnO due to a possible formation of an ORE at these sites where the
excitation is occurring. Notwithstanding, interestingly GQD might be inducing to slightly increase the amount of bound exciton
emission in ZnO (Fig. 3a). In this sense, exciton binding energy might emerge due to the presence of water, H,0, and GQD.

Peak 2 In Fig. 3b, the intensity of peak 2 remains mainly constant almost for all samples except for Z°Dh-3. The emission emerging
from this peak has low intensity but according to description of the emission peaks from Fig. 1, this peak is related also with
the exciton-free and binding energy arising from interstitial hydrogen. It is clear that H,0, tends to increase the emission in
Z¢-3, pointing the effect of this oxidant, due to hydrogen reaction with surfaces as presented in scheme 1 in Fig. S1. GQD in the
nanocomposites have also a small effect as in peak 1. Note how Z¢DI1-3 and Z¢Dm-3 present a mildly higher PL emission intensity
than Z¢Dh-3. In this situation, the ZnO surface is obstructed by GQD when is in higher concentration as in ZDh-3.

Peak 3 This peak is related with the PL emission from oxygen vacancies, which are prone to be perturbed by the presence of GQD
(Fig. 3c). It is noted that Z¢(1), shows a steady behaviour during the experiment, however, Z¢-3 presents a slightly higher
intensity. This evidence suggests that ZnO is being attacked by H,O, at low concentrations. Although Z¢-3 presents higher PL
emission than Z¢(1), this decreases with respect to time. As the peak 3 from solids, HOO" radicals adsorbed onto V, decrease
exciton transitions; however, this process is slower in liquid phase due to desorption of these radicals is difficult and thus, the
diminishing in PL emission is achieved gradually. As mentioned in section 3.1 (Fig. 1), GQD are prone to interact with these
sites and this is confirmed as they initially increase the emission in all nanocomposites. Notwithstanding, the later performance
depends on the GQD concentration. In Z°D]-3 a minor decrease in emission intensity is observed. On the contrary, Z°Dm-3 and
Z¢Dh-3, display an increase in intensity. As it was explained for the peak 2, a weak interaction from GQD in Z°DI-3 must be
related with the decreasing of PL intensity, whilst in Z°Dm-3 and Z°Dh-3, interaction must be stronger, due to they possess higher
GQD concentration and thus, greater amounts of carboxyls groups which might be interacting and preventing the H,O, to reach
ZnO surface (Fig. S3); moreover, amine groups (identified in XPS see section 3.4) must be interacting with H,0,. Therefore,
the GQD action must be a function of its concentration and, when its concentration is higher, its positioning at the ZnO surface
may be time consuming to be complete; in Fig. S4a, this is confirmed in an experiment with Z°Dh:0 where no H,0, was used
and a similar performance although with lower intensity was displayed. This means that when H,O, participates, a different
configuration in GQD-ZnO-H, 0, interaction occurs due to an increase in intensity instead of decreasing effect is presented.

Peak 4 This peak is associated to an ORE at the surface of the ZnO crystal structure (Fig. 3d). From UV-Vis spectra in Fig. 6, Dh
presents two bands at 210 and 255 nm, associated to amine and C= O groups, respectively. When GQD are in high concentration,
these groups might reinforce the anchoring points at the surface of ZnO structure. Carboxyls groups are especially close to surface
vacancies, serving as “protection” against H,0,, reducing the possibility of the ZnO surface oxidation by the attraction of amine
groups to H,0, (Fig. S3). Therefore, Z°Dh-3 contains a great amount of these functional groups bonding over the ZnO surface
increasing the PL emission intensity. Notwithstanding, a gradual decrease in Z‘DI-3 is attributed to oxidation of ZnO surface
by H,0,. With ZnO surface oxidation, the PL properties are lost due to a weak contact with GQD. In this sense, sample Z°Dm-
3 might possess the right amount of GQD functional groups which anchor to the ZnO surface remaining the nanocomposite
chemically stable during the experiment. This is the reason why this sample is the ideal to be used as H,O, photoluminescent
sensor and the peak 4 is related to the effects of H,O, that might cause a perturbation in the PL properties.

Peak 5 The peak 5, related to oxygen vacancies, is perturbed by H,O, specially with long times, and low or high GQD concentration
(Fig. 3e). It is observed that once GQD seem to be close at these sites PL emission increases for Z°Dh-3 to decrease after 80
minutes. For Z°DI-3 and Z‘Dm-3, the behaviour is almost similar to Z°Dh-3 however more unsteady. This decreasing in PL
intensity, is ascribed to H,O, which principally interacts with GQD instead with ZnO and this is proved as Z°-3 and Z¢(1) have
very similar performance.

Peak 6 Finally in peak 6, as well associated to oxygen vacancies at the bulk from ZnO, might be reached by radicals from H,0,
(Fig. 3f). Sample Z¢-3 has higher PL emission intensity compared with Z¢(l). This arises from the incorporation of HOO" close
to these sites. Increment of emission is only mildly dependent of GQD concentration. For ZDh-3 and Z°Dm-3, GQD must not be
interfering with these sites, however in Z°D1-3 they might be impeding the diffusion of these radicals. In this way, GQD from
Z¢D1-3 might prefer these sites and this situation is not given for the other nanocomposites. In this respect, GQD which sizes are
between 4 and 6 nm (Fig. S4b, Fig. S4c and Fig. S4d) are candidates to be interacting very close to these sites.

In general, it seems that in peaks 1 and 2 the effect of GQD is negligible. Moreover, as it was mentioned, water produces only
a small effect on ZnO PL emission therefore differences between Z¢(1) and Z¢-3 must be ascribed due to the HOO and H* at the
interstitials which enhances exciton formation. For peaks 5 and 6, it seems that longer times influence to gases or H* reach bulk
vacancies faster. Whilst after calcination, vacancies created at the surface (or close to surface) of ZnO may interact with GQD.
However, because these interactions are very weak GQD are attaching when PL emission increases and detaching when PL emission
decreases. Because peaks 5 and 6 resembles emission peak at 454 nm for these solids samples, the similarities of Z(s) and Z4(s),
are that because vacancies at the bulk are presented in both samples they must show emission at the middle of visible spectrum;
however close to the high energy of this spectrum, they show difference because Z9(s) possess less vacancies near the ZnO surface.
This is because hydroxyls and in a lesser extension, carbonates, act as electron traps enhancing the PL emission.

3.3. Structural and morphological transformations of materials

During the synthesis of ZnO, the Zn(OH), phase might be also formed due to the process humidity and high pH. This can be
corroborated in a XRD pattern for Z% in Fig. S5 where most of these peaks correspond to Zn(OH), [36]. After low drying temperature,
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and in Z7:1(s) phases are ZnO, (X) and Zn(OH), (o).

spontaneous Zn(OH), decomposition into ZnO occurred as is shown for Z4(s) in XRD studies (Fig. 4); however, a portion of the initial
solid was transformed into hydrozincite phase (Zn;(CO3),(OH)g) which is marked with an inverted black triangle. Owing to the high
temperature of calcination in Z* (500 °C for 2 h), it was possible to remove more hydrozincite phase as this peak is not present in
XRD pattern of Z¢(s) (Fig. 4). The sample Z¢(s), in fact, shows characteristic peaks from ZnO which correspond to zincite phase; this
specific pattern is typical from ZnO nanoparticles (ZnNP) and all planes correspond to ZnNP peaks [37]; the ZnO attainment was
corroborated in a differential scanning calorimetric (DSC) shown in Fig. S6a similar to one from literature [38]. The removal of
carbonates and hydroxyls by calcination, is the most feasible process to provoke a lattice reconstruction and favour the growth in the
direction of planes with upside arrows (Fig. 4 Z¢(s)). Besides of the loss of hydroxyls and carbonates, during this process, vacancies
are also produced by the release of lattice oxygen from the Zn-O bond [39], rising the number of vacancies. With the generation
of vacancies, a slight reduction of the crystal size was achieved in Z¢(s) (Table S1). This coincides with a theoretical study where
it was found a strong relation among the diminishing of crystal size and the easiness to form oxygen vacancies because of the low
energy required [40]. However, as is observed in SEM images, for Z¢(1) clusters of zinc oxide particles are produced whilst in Z¢-3
are not. Therefore, H,0, cause clusters to split (Fig. 5) and with exposure to a 1 M H,0, solution, ZnO, is produced, as is shown for
Z9:1(s) in Fig. 4 and in a DSC analysis (Fig. S6b) which describes the ZnO, decomposition to ZnO [27,41]. Moreover, incorporation
of interstitial hydrogen and oxygen into ZnO lattice by H,0,, increases the ZnO crystal size (Table S1). This reaction is disclosed
by the decreasing intensity of the three first planes in nanocomposites Z?DI-3 and Z°DI-3. Comparing XRD patterns of Z?DI-3 and
Z¢DI-3 is clear that the diminishing of crystal size resulted from the calcination whilst H,O, reduces clusters. When GQD are added
to calcined ZnO and exposed to H,0,, a slightly increase in ZnO crystal size occurred (Fig. 4 Z¢DI-3(s), Table S1). Due to GQD are
placed at the zinc oxide surface, they help to maintain particles closer producing clusters although in a smaller size compared with
Z¢(1) (Fig. 5). Therefore, all modification to the ZnO crystal is mostly attributed to calcination and H,O,. This is in good agreement
with the PL results previously presented, where the emissions from interstitials hydrogen and oxygen are independent of GQD; in
other words, GQD are mostly placed at the sites corresponding to the emission from peak 4 (see section 3.2). This was confirmed
with the experiment from sample Z°Dh:0, measured without H,0, (Fig. S4a); it is noticeable that this sample performs almost the
same as Z°Dh-3, however with a lower intensity due to H,0, absence, limits GQD to reach the ZnO promptly (Fig. S3). Therefore,
the H,0, provokes newly, the crystal growth in planes from 20 = 45° and thereafter, whilst the first three peaks again decrease in
intensity. In this case, a slight possibility for carboxyls or amine groups from GQD to be placed at surface vacancies from ZnO might
exist due to a further decrease in peak intensities at 260 = 31.4°, 34.0° and 35.8° (Fig. 4 ZDI-3(s)). In addition, the occupation of
ZnO interstitials by oxygen or hydrogen during the contact with H,0, also induces to a diminishing in these peaks intensities. The
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aqueous phase and were placed in an aluminium substrate.

presence of a strong oxidant now might be oxidizing Zn creating an ORE in which small amounts of ZnO,-like species are producing;
this leads to new vacancies which finally results in a decrease of crystal size (Table S1); even, this coincides with the diminishing of
particle size when samples are exposed to H,O, as is shown in the SEM images (Fig. 5).

In Fig. 5, SEM images are shown to study the morphology of fresh and H,O, processed samples. In Z¢(1) different shapes of ZnO
particles are observed and due to the image scale, their sizes are around 100 nm (Fig. 5a). The growth process of ZnO consists in
nucleation of ions and concentration of the zinc source where basic pH plays an important role. Inefficient stirring during the ZnO
synthesis might be the causal to obtain particles of ZnO in prism and oval shapes [8] producing clusters of approximately 1 um (Fig.
S7a). From Fig. 5b smaller and well separated particles are noted for Z¢-3. This is evidence of the H,O, action by modifying the
morphology of the ZnO particles and reducing its size; similar variations in the ZnO morphology have been ascribed to structural
defects which influence in the PL properties [42]. These defects are performed by the calcination and a posterior H,O, exposure
leading to a general enhancement of the PL properties. Although carbon was found in this sample, this enhancement was due to
combination of vacancies, zinc, and oxygen (see EDS analysis for Z¢-3 from Fig. S7d). Contrary to Z¢(1), the appreciation from the
Z¢Dh:0 image (Fig. 5c¢) is that the clusters are smaller and enough separated. In this case GQD may prefer ovals-shaped particles
and probably by a considerably attraction they maintain particles together and clusters totally separated; in Fig. S7f an EDS analysis
of Z¢Dh:0 registered a low amount of zinc (Table S2) which might imply zinc is covered by GQD. Notwithstanding these particles
merge, in Z°Dm-3, the H,0, break clusters reducing its size averaging 20 nm (Fig. 5d).

3.4. Chemical aspects from bulk and surface

In Fig. 6a, IR spectra show the bands corresponding to several chemical groups which are modified due to H,O, or calcination.
For instance, the first band corresponds to the O-H tension bonding which appears at 3347 cm~!. In Fig. S11, the O-H band presented
in Z¥, is notably higher in intensity compared with Z%(s) and in fact this excess of OH, principally by water, avoids the spectrum
sharpness. Only by drying the sample at 80 °C is possible to eliminate most of the superficially adsorbed O-H. This is ascribed to the
chemical transformation from Zn(OH), to ZnO as was corroborated in XRD and DSC studies of Z* (Fig. 4 and Fig. S6). Once drying,
O-H now are in a different arrangement and in this sense, the bands at 1550 and 1392 ecm™!, correspond to the Zng(OH)gCl,-H,0
complex in Z4(s), which has been registered in other studies [43,44]. Now these bands are also exhibited in Z4D1-3(s), although a
higher intensity is attained in the nanocomposite than in Z4(s). This is attributed to the HOO', present in Z4D1-3(s), thanks to H,0,.
In fact, for Z%:1(s) this band is even more intense confirming the action of these radicals (Fig. 6a). Moreover, in Z?:1(s) the presence
of O-H is manifested also at 3347 cm™!; the amount of oxidant is too high in Z?:1(s) that not only might incorporate more O-H at the
surface and as complexes, but also generates the peroxide group (0-O) to appear at 1370 cm~'. With this, it is possible an oxygen
rich environment (ORE), which is related with the increase in emission when H,0, is added during the PL experiments. Now, note
that in Z9DI-3(s), H,0, is not enough to put these O-H groups at the surface in bands at 3347 and 1630 cm™!, but interestingly
the complexes corresponding to bands at 1550 and 1392 cm™!, are even also more intense. Owing to carboxyls are present in non-
calcined samples, with the incorporation of HOO" radicals, carboxyls must be bonding to these radicals to form carbonates. In this
sense, the hydrozincite is produced when H,0, is added to the dried sample [27,45]. Winiarski et al. showed a similar IR spectrum
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Fig. 6. (a) FTIR spectra where bands in general are associated to carboxyls or carbonates (from 1550 cm™ to 1391 cm™), to hydroxyls (from 1093 to 739 cm™') and
to ZnO (at 550 cm~"). (b) UV-Vis spectra for low, medium and high GQD concentrations, DI, Dm and Dh, respectively, Z¢ (1), Z¢Dh:0 and (c) UV-Vis spectra for Z¢-3,
Z¢DI-3, Z°Dm-3 and Z‘Dh-3; insets in (b) and (c) are the Tauc plot for these samples. Note: the UV-vis spectra were measured after the PL time experiments from
section 3.2 were achieved.

corresponding to the hydrozincite phase [43] and coincides with the evolution of the hydrozincite peak for Z¢DI-3(s) confirming the
reaction of nanocomposites with H,0, (Fig. 4). With calcination, all bands from carbonates and hydroxyls now are absent for Z¢(s)
and, as carbonates were eliminated, it is believed that for Z¢DI-3(s) the bands at 1035 and 839 cm~! correspond to an ORE in which
now zinc must be surrounded by peroxide radicals; in fact the O-O band is barely shown in Z¢DI-3(s) at 1320 cm~!. The vacancies
due to carbonates elimination, might be now occupied by similar functional groups from GQD as the band at 1605 cm™' is assigned
to the C=C bond proving the interaction between ZnO and GQD [46,47]. This last bond is related with the red shift of the O-H bond
from 3492 cm~! for Z¢(s) to 3395 cm™! in ZDI-3(s). Note that both bands are at higher wavenumbers highlighting the calcination
process, where only chemically bond O-H is on ZnO. The presence of C=C, produces the red shift of O-H for Z°DI-3(s) and we assign
this to a strong ion-dipole attraction between carbon from GQD and oxygen from ZnO.

In Fig. 6b, UV-Vis spectrum for Dh shows an absorbance band at ~ 260 nm which corresponds to n — z* transition originated by
C=0 groups [48]. In Dm and DI this band has a very low absorbance value which is ascribed to the lower concentration of these
samples. However, they present a band at ~ 300 nm, assigned to an electronic transition occurring when nitrogen is present in GQD
[48,49] proving the presence of the nitrogen groups in GQD. In Fig. S4c and Fig. S4d an AFM profile shows that GQD consists of
structures around 5 nm which might be stacked in layers, building clusters between 20 and 100 nm (Fig. S12). That GQD are grouped
in layers is related with the amine and carboxyls groups interaction. Inset of Fig. 6b shows band gap estimated by Tauc plots for GQD
samples and their values are related precisely with an average particle size where the shorter particle size the higher band gap [50].
In this sense, Dm and Dh seem to have a smaller particle size than DI, and this is ascribed to a probable higher repulsion maintaining
particles well separated when GQD are in greater concentration in a solution. The sample Z¢(1) shows a very slight absorption at 265
nm which is assigned to Zn-O electronic transition [51]. For the nanocomposite Z°Dh:0 we observe a stronger absorption compared
to Dh at 265 nm and this is due to the interaction between these functional groups from GQD and Zn*? [52]. Moreover, the greater
ZnO particle size leads GQD to be more fixed when the nanocomposite is produced. Note that the band gap for Z¢(1) is 3.57 eV which
is a slightly higher value than those reported in literature (3.2 eV) and this is attributed to fact that UV spectrum was measured
after the PL time experiments. For Z°Dh:0 the band gap decreases to about 3.29 eV which is also observed in literature when GQD
are added to ZnO [13,19,21]. For Z¢-3 there is a notable absorption for the Zn-O (Fig. 6¢) due to its exposure to H,O,. Note also
that Z¢DI-3 owing to the lowest GQD concentration, is similar to Z¢-3 and it developed a band at 262 nm which is assigned also to
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Table 3
Atomic surface ratio with respect to oxygen peaks detected by XPS measure-
ments.
Sample o* Zn2p3/2/015 Cls/01s
ZnO Zn(OH), -COOH C-OH C=C/C-C
O 1.266 0.434 0.125 0.546 1.061
Z°(s) “
O,, 1035 0.355 0.103 0.446  0.868
. 0, 1122 0.639 0.124 0.120  1.414
DI at
Z°D1-3(s) w 0880  0.502 0.097 0.094 1110
(o) 2932 1.186 1.260 1.663  3.375
d . lat
Z°Dl-3(s) 0.431  0.175 0.185 0.245  0.496

* Lattice oxygen peak (O,,,) and surface oxygen peak (O,,,)

Zn-0 electronic transition. Samples Z°Dm-3 and Z¢Dh-3 display a slight blue-shift respective Z¢DI-3, although their bands are not
as intense as in this last. When an ORE is occurring at the ZnO surface, the interaction between C=0 and V, from ZnO, becomes
weaker (Fig. S3); on the contrary for the other samples, C= 0O remain more strongly attached at the ZnO surface which diminish the
absorbance from these groups. This is one of the reasons that PL properties in ZD1-3 decrease with time in peaks 3 and 4 (Fig. 3).
Similarly, the weaker intensity of this band, might be related with the formation of C-O-Zn bond which has been also proposed in
other work [53]. Sample Z¢-3 possess a higher band gap value of 3.95 eV compared with Z¢(1) and as it was confirmed by XRD and
SEM when particle diminishes, principally due to H,O, incursion, band gap increases [22] (Inset of Fig. 6¢). This is evidenced also
for Z¢DI-3 which is a similar sample and presents a band gap of 4.22 eV. The ZnO surface is more exposed in these samples and also,
we confirmed this for Z¢:1(s) which was completely oxidized to ZnO, and its particle diminished to almost 6 nm as has been found
in literature [54]. For Z°Dm-3 and Z°Dh-3 the band gaps diminished to 3.87 and 3.75 eV, respectively. Decrease in band gaps for
these samples is attributed to ZnO surface protection granted by GQD.

Table 3 presents the atomic surface ratio (relative to oxygen) for samples Z¢(s), Z¢DI-3(s) and Z4D1-3(s), obtained from decom-
position of the peaks detected by XPS measurement presented in Fig. 7 and Fig. S13. XPS spectra from oxygen peak (O1s) emerges
around a binding energy (BE) of 531 eV corresponding to lattice oxygen (O,,,) and a shoulder (at & 532 eV) associated to surface
oxygen (O,,.) contained in water or other chemical compounds [1,43] (Fig. 7a). In this figure, the red-shift in Z°DI-3(s), implies
the oxygen distribution at the surface producing the new chemical environment in ZnO (Fig. 7b). Both peaks (O,,, and O,,.) show
variations related with a decrease in the Zn/O ratio for ZDI-3(s) compared to Z¢(s) (Table 3). By this means, it is inferred that
surface oxygen from ZnO, increases when H,0, is added demonstrating the ORE condition.

The peak at a BE of 1021 eV (Fig. 7c) corresponds to zinc (Zn2p; /2) and its decomposition is related to ZnO (=~ 1021.9 eV)
and to zinc at BE of ~ 1022 eV, where species as Zn(OH), are preferentially formed [36,43]. Because the zinc-to-oxygen ratio in
Z¢DI-3(s) increases, the required oxygen to produce hydroxyl-zinc species is less than Z¢(s) and Z¢DI-3(s). This is associated with
the calcination of sample, which permits a chemical structure where might exist a greater diffusion of H* and HOO', and therefore
the calcination is very important. This peak also might be associated with oxygen vacancies because we deduced that owing to the
minimum need of oxygen to produce hydroxylate species, radical, oxygen and H, can be inserted at the surface vacancies of the
ZnO structure. In this manner, we may note that the peak Zn2p;, from Z¢DI-3(s) shift slightly to a higher BE suggesting that zinc is
readily oxidized, than zinc from Z4D1-3(s). This is achieved thanks to easiest contact among H,0, and the zinc surface in Z°DI-3(s).

The carbon peak (Cls) is detected in Z¢(s), from calibration of XPS equipment, whilst in Z¢DI-3(s) and Z4DI-3(s), GQD contribute
to increase the amount (Table 3) at the surface; this indicates that with a simple mixing synthesis method it was possible to attach
enough GQD to ZnO. This peak oscillates in the 284-286 eV range, where C=C from sp? hybridization of GQD, besides C-C bond,
might be overlapping (Fig. 7d); moreover, this carbon can be rich in oxygen which are presented as shoulders in Cls as -COOH and
C-OH [10,48,49,55]. Alike, it can be observed a lightly shift to higher BE in Z¢(s) and Z¢DI-3(s), owing to this last, possess more
carbonates species because the hydrogincite phase. Therefore, in Z¢DI-3(s) the carbon amount is higher due to contamination as it
was demonstrated by XRD and SEM analysis.

Finally, the nitrogen detected by XPS measurements confirms the presence of GQD at the ZnO surface (Fig. S14). Due to a low
signal-to-noise ratio the amount of nitrogen at the ZnO surface was too difficult to estimate. However, the atomic amount detected by
the XPS equipment was around 0.28% at the surface for both samples, demonstrating a properly functionalization by amine groups.

3.5. Analysis of H,0, detection by photoluminescence

As it was determined in section 3.2, sample Z°Dm-3 possess a steady performance in almost all peaks. For this reason, it was
elected to prove the H,O, effect in the PL, by varying its concentration. Fig. 8a, presents the effect of H,O, in sample Z‘Dm:0 on the
PL emission. In this experiment, a variation in H,O, concentration was achieved and if Z°Dm:0 and Z¢(l) are compared (Fig. 8a with
Fig. 2) it can be noted that Z°Dm:0 presents negligible variation in PL spectra. GQD might be protecting the ZnO structure and for
this reason a similar shape in spectra is attained even though the H,0, concentration is increasing (Fig. 8a). Spectra from ZDm:0
can be decomposed in six peaks which correspond to the same peaks found in the description from section 3.2. The behaviour of
these peaks is shown in Fig. 8b. In this figure peaks 1 and 6, which are respectively assigned to an ORE and to oxygen vacancies,
display the lowest PL intensities. Notwithstanding, the PL emission from these sites, is not strongly perturbed by H,O, concentration;
also, as it was determined in peak at 478 nm (G) from section 3.1, the sites for peak 6 seem to be chemically stable to H,O,. As in
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Fig. 3a and Fig. 3f, almost a steady performance is achieved, this means that these sites are not modified neither with time nor H,O,
concentration. Peak 2 is related with hydrogen at interstitials from ZnO structure. In this case, increasing the H,0, concentration
might also rise the proton generation; this situation would increase its diffusion into ZnO and should be a cause to increase the
emission intensity. In fact, despite that this occurs, the growth of intensity is not as great as it was expected. This might be due to
some of the H,0, are already interacting with GQD placed at the sites of ZnO related to peak 4, which produce the quenching effect.
Peak 5 is revealed when the calcination is done. Thus, vacancies generated by this process probably are near of the interstitials-
hydrogen sites, but far enough of the ZnO surface; therefore, the vacancies are also chemically conserved as is observed that peak
5 in Fig. 8b behaves almost constant when H,0, concentration increases. For peak 3 the H,0, effect is more evident as when its
concentration increases, emission intensity decreases. However, for concentrations of 0.001 M to 0.06 M in peak 3, the intensity is
steady to decrease later again. This performance might be because of the ORE near the surface, where the oxygen provided mostly by
H,0,, creates a new interaction with GQD by attracting amine groups instead of carboxyls. In this sense, a new chemical environment
is produced where GQD are strongly bonded with ZnO surface and loss part of PL properties. In peak 4 sample Z°Dm-3 has a steady
performance and for this reason, it was elected to prove the H,O, effect in the PL, by varying its concentration. Immediately is noted
the difference among the interaction of H,O, with this solid when the oxidant concentration is varied and when time is passing.
With time, emission remains steady, denoting that is chemically not modified; on the contrary, when concentration of H,0, varied,
a diminishing in PL emission is noted in Fig. 8c. The first point, which is the PL emission when only Z°Dm:0 and water is measured
(raw) is far from the fitting line and from the next three points; notwithstanding, those following three points, along with the sixth
measurement, fit well to a linear equation. The first and fifth point are not adjusted to the line probably due to a failure in the
measurements. The last point, which was measured using a H,O, concentration of 0.1 M, is well measured, however, might be the
limit where a good quenching effect is achieved. In this sense, when H,0, exceeds in concentration, a chemical modification in
nanocomposite interferes with the analysis making it non-confident.

3.6. Interaction of ZnO and GQD by variations in band gap

Analysing the band gap from 6b and 6c insets, it is possible to conceive how the interaction among ZnO and GQD is taking place;
this is represented in Fig. 9. Setting the conduction (CB) band of this solid with a value of - 4.20 eV [13], a value of the valence band
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Fig. 8. (a) PL spectra from Z‘Dm:0 evaluated at 4,, = 275 nm; the first measurement (raw) was achieved without H,0, and in posterior measurements consisted
in varying the H,0, concentration; the six identified peaks, correspond to description in section 3.2 (b) intensities from peaks displayed in (a) and (c) peak 4
experimental intensities (o) and linear fit (wine line) which correspond to equation I = —8762.2¢ + 3616.2 with R? = 0.80, where [ is the intensity of PL emission
and c is the H,O, concentration.

(VB) of - 7.77 eV it is found. From the CB of ZnO we found a VB value of - 8.15 eV for Z¢-3 which is ascribed to the generation of
vacancies by H,0, and to the diminishing of particle size. Also, by setting -5.35 eV the value for GQD [56] of the highest occupied
molecular orbital (HOMO), the lowest unoccupied molecular orbital (LUMO) values are found to be - 1.49, - 1.07 and - 1.16 eV for
D], Dm and Dh, respectively (Fig. 9). Because the band gap of ZnO might change during experiment, in Z°DI1-3 the VB is -8.42 eV.
This value is lower than Z¢-3 for which PL emission decreased. Moreover, charges produced in DI are not energetically enough to
be transferred to ZnO. In Z°Dh-3 the ZnO band gap is the lowest (3.75 eV) in nanocomposites, and GQD might be contributing to
increase the e-h recombination by transferring electrons to the CB of ZnO. From this perspective the highest LUMO value of Dm leads
to conserve the e-h recombination for the nanocomposite Z°Dm-3. Thus, in this process a compensation of electron loss by vacancies
or non-radiative phenomena in ZnO is achieved with medium GQD concentration. Because of the electrostatic attraction between
H,0, (Fig. S3, scheme 3) PL intensity increases for Z‘Dh-3 displayed in Fig. 3d. Owing to sample DI has the lower LUMO value in
Z¢DI-3, electrons of this sample might be only suffering an internal electronic transition. Besides that, vacancies in ZnO provoked by
oxidation with H,O, (in an ORE), inhibit the e-h recombination and thus PL emission is lost similarly as the Z¢-3 process showed in
Fig. 3d. Although from Fig. S4a for Dh-3, GQD might be not disturbed by H,0O, an interaction among these compounds exists. This
is because neither for Z°Dm-3 nor Z°Dh-3 a decreasing in PL emission is presented as in Z¢-3. In this manner, for Dm in Z°Dm-3, e-h
recombination is given in a similar form as in ZDh-3; it is important to note that these recombinations are only favoured when the
H,0, concentration is maintained constant. In this respect GQD might also prevent the ZnO photoxidation which is associated with a
strong bond between GQD and ZnO [53]. In literature, similar ZnO-GQD materials have been investigated and it has been found that
charge is transferring from GQD to ZnO with a posterior e-h separation increasing the nanocomposite conductivity [12,18-20,22]. In
our work is evident that this is not occurring due to e-h recombination has been enhanced in ZDh-3 and it is conserved in Z‘Dm-3;
we ascribe this to the small crystal size of ZnO. In these literature investigations the particle size ranges from 50 up to more than
1 um. Besides the particle reduction, H,O, exposure, provokes an anisotropic particle, which increases active sites where GQD are
interacting [54]. These active sites are those related with peak 4 where GQD is interacting. Thus, we ascribed the enhancement of
PL emission due to the small ZnO particle size.
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During nanocomposites synthesis GQD are bonded principally by carboxyl groups to ZnO surface, as it has been found in others
works [52,53]. A DSC analysis was achieved in Z°DI-3 sample showing an exothermic peak at 367 °C (Fig. S6¢). Due to zinc carbonates
and nitrates show a decomposition peak staring from 290 °C up to 350 °C we conclude that this peak must be from GQD carboxyl
groups chemically bonded to Zn [53,57,58]. Moreover, when these groups are placed at the ZnO surface, it is not discarded that more
GQD might be stacked producing layers. Therefore water, but principally H,0, molecules, are attracted to GQD. In this investigation,
HOO' radical from H,0, is adsorbed on the ZnO surface decreasing the band gap in Z‘Dh-3 and in Z°Dm-3, which is attributed to
the fact that the ZnO was not attacked by H,0, as in Z¢-3. However, since the emission intensity increases with time for Z°Dh-3
compared to ZDh:0, then H,0, increases the number of recombination in Z°Dh-3 and in a lesser extent in Z°Dm-3. This is similar
to other ZnO-GQD systems, where it has been found that an adsorbate (oxygen) at the ZnO surface, scarves free electrons from
its surface [12,13,18,20]. However, in these works, later the adsorbate and electrons are released, when a hole produced by light
excitation reach the ZnO surface. These e-h recombination in our work, must occur in the ZnO and not in GQD, otherwise an increase
in the emission intensity would be seen in Dh-3 and this is not the case (Fig. S4a). Therefore, H,O, must be interacting at the ZnO —
GQD interface in such a way, that when the H,0, arrives, peroxide ion produced and attracted at the ZnO surface while hydronium
ion remains on GQD. The peroxide attracts or could even split another small particle from the GQD, which allows the addition of
a new GQD particle that would participate in the reaction. Because this occurs mostly in Z°Dh-3 and less in Z°Dm-3 this last is the
more indicated to have a steady performance for the H,0, sensing. Is important to note that although in our results GQD transfer
charge to ZnO, photocurrent is not produced due to these charges recombine again. Holes from GQD must be also being transferring
to VB of ZnO contributing to the enhancement of e-h recombination. Because H,0,might be decomposed into OH' and OH™, they
must be also aiding to recover electron and hole in GQD [46].

Once the H,0, concentration increases, a quenching effect is produced (Fig. 8c) due to an excess of charges at the ZnO surface.
This is an excess of peroxide, increasing electronic density. Thus, in the process of quenching for Z°Dm-3 a proper GQD amount is
protecting ZnO but when H,0, concentration rises, ZnO surface is surrounded by more H* and HOO'. In addition, the alteration
might be a layer depletion of the band energy from the ZnO surface, resulting when molecules as oxygen are adsorbed at the surface
which provokes a facile movement from the holes to the surface enhancing the e-h nonradiative recombination [25].

4. Conclusions

In this study, an investigation of the interaction of ZnO and GQD was achieved by means of photoluminescence (PL) measure-
ments. GQD interacted by carboxyls chemically bonded to Zn. This interaction was a function of GQD concentration and depended on
the ZnO vacancies. Vacancies were created principally by calcination and slightly by the H,O, exposure when produced an oxygen
rich environment (ORE) at the ZnO surface. This ORE altered GQD environment depending on its concentration in nanocomposite.
In low GQD, an ORE oxidized the ZnO surface weakening interactions of GQD-ZnO which decreased the PL emission. GQD in high
concentration remained attached to ZnO surface and H,0, only aided to more GQD particles reach ZnO increasing the PL emission.
H,0, diminished the ZnO-GQD particle size creating more vacancies rising interactions between ZnO and GQD. In this respect, GQD
might prefer oval-shapes ZnO particles as was deduced by SEM. Only medium GQD concentration displayed a stable PL emission
during 170 min. GQD might be placed chemically at ZnO surface vacancies, where exciton transitions occurred around 400 nm; here,
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amine groups contained in GQD, passivated nonradiative traps. The growth of the GQD band gap, enhanced the charge transfer to
ZnO increasing the PL emission intensity. Raising the H,O, concentration conduced to an inhibition of the charge transfer produced
by the depletion in layer of the band energy from the ZnO surface.
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