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1. Introduction

To overcome the challenge of utilizing 
solar light irradiation, state-of-the-art 
nanomaterials that are not only effi-
cient, but also environmentally friendly 
and cost-saving are being sought.[1] In 
recent years, carbon nanodots (CNDs) 
have been considered to be a potential 
material for visible-light utilization.[2] 
CNDs, which consist solely of earth-
abundant elements such as C, N, and 
O, are readily produced from inexpen-
sive and environmental friendly precur-
sors, such as citric[3] or tartaric acid[4] 
using various methods, such as micro-
wave irradiation,[5] vacuum-heating,[6] or 
solvothermal[7] reactions. Among these 
methods, solvothermal synthesis is 
easily accessible under laboratory con-
ditions since only simple equipment is 
required.[8] Non-π-conjugated precursors 

Carbon nanodots (CNDs) synthesized from citric acid and formyl derivatives, 
that is, formamide, urea, or N-methylformamide, stand out through their 
broad-range visible-light absorbance and extraordinary photostability. Despite 
their potential, their use has thus far been limited to imaging research. This 
work has now investigated the link between CNDs’ photochemical properties 
and their chemical structure. Electron-rich, yellow carbon nanodots (yCNDs) 
are obtained with in situ addition of NaOH during the synthesis, whereas 
otherwise electron-poor, red carbon nanodots (rCNDs) are obtained. These 
properties originate from the reduced and oxidized dimer of citrazinic acid 
within the matrix of yCNDs and rCNDs, respectively. Remarkably, yCNDs 
deposited on TiO2 give a 30% higher photocurrent density of 0.7 mA cm−2 
at +0.3 V versus Ag/AgCl under Xe-lamp irradiation (450 nm long-pass filter, 
100 mW cm−2) than rCNDs. The difference in overall photoelectric perfor-
mance is due to fundamentally different charge-transfer mechanisms. These 
depend on either the electron-accepting or the electron-donating nature of the 
CNDs, as is evident from photoelectrochemical tests with TiO2 and NiO and 
time-resolved spectroscopic measurements.
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in the solvothermal reaction result mainly in UV-light 
absorbing CNDs with low extinction coefficient features in the 
visible region. A notable exception are visible-light absorbing 
CNDs, whose main absorption extends up to 550 nm.[9] These 
are synthesized from citric acid and urea in formamide  
or N-methylformamide.[10]

Previous studies addressing the structure of visible light 
absorbing CNDs attributed the unique photophysical properties 
to the limited dimensionality of the π-conjugated sp2-domains[11] 
and a certain grade of nitrogen doping.[12] Quantum confine-
ment properties and a graphitic core structure are implicit. This 
assumption is, however, largely controversial. Recent reports 
suggest, for example, that molecular chromophores in CNDs 
contribute to the red-absorbing properties. For instance, Liang 
et al.[13] obtained the red coloration by processing citric acid 
with formamide at 135 °C. 135 °C is, however, far below the 
carbonization temperature of at least 300 °C.[14] Visible-light 
absorption was also obtained by processing citric acid with N-H 
amide-functionalized reactants. Peralkylation of the N-centers 
of amides, as in the case of in N,N,N′N′-tetramethylurea 
and N,N-dimethylformamide (DMF), failed to give any red-
absorbing spectral features.[13] Therefore, it is reasonable 
to assume that the visible light absorptions originate from 
chemical reactions involving the N-centers of amides to form 
N-hetero-π-conjugated molecular chromophores. Furthermore, 
to date, the fundamental composition of visible light-absorbing 
CNDs is still unknown and their applications are restricted to 
bioimaging.[9,15]

Here, we address the structure of CNDs synthesized from 
citric acid and formamide, with in situ or post-synthetic treat-
ment with NaOH using various experimental techniques. 
Insights from mass spectrometry (MS) and redox-characteriza-
tion reveal that the coloration in red carbon nanodots (rCNDs) 
stems from an oxidized form of dimerized citrazinic acid, 
while the spectral features of yellow carbon nanodots (yCNDs) 
can be traced back to a reduced form of the citrazinic acid 
dimer, obtained after in situ treatment with NaOH. In addi-
tion, several structural and optical investigations reveal the 
presence of molecular chromophores in CNDs. Finally, CND-
based photoanodes allowed us to obtain excellent and stable 
photocurrents and proceed with the photoelectrochemical 
analyses. Incident-photon-to-current efficiency (IPCE) and elec-
trochemical impedance spectroscopy (EIS) revealed different 

injection-behaviors for the two different CNDs. The intrinsic 
electron–donor and –acceptor characteristics were therefore 
evaluated with TiO2 and NiO, respectively, by means of chrono-
amperometric measurements. Our work was rounded off by 
time-resolved optical spectroscopy, which led to deeper insights 
into the processes occurring at photoanodes decorated with  
CNDs.

2. Results and Discussion

2.1. Synthesis and Basic Characterization

rCNDs were prepared from a formamide solution of citric 
acid and ethylenediamine using a solvothermal procedure in 
a Teflon-lined stainless-steel autoclave. The reaction condi-
tions were 180 °C for 6 h (details are given in the Supporting 
Information).[9] The crude product was centrifuged and 
treated with acetone and an aqueous NaOH solution (2  m) to 
remove undesired residuals, giving rCNDs. We altered the 
synthesis procedure to obtain the in situ modified yCNDs, 
by adding NaOH to the precursor mixture prior to any auto-
clave heating. The product was purified via dialysis (500 Da in 
deionized water) for 24  h and dried with a rotary evaporator  
at 45 °C.

In water, rCNDs show absorption maxima at 345 and 
520 nm. Addition of NaOH to the precursor solution afforded 
yCNDs with different spectral properties. A 350 nm maximum 
and a 420 nm shoulder are discernable. These features become 
more distinct as the in situ added NaOH concentration is 
increased. At the same time, the 520  nm absorption becomes 
90% less intense and red-shifts to 550 nm (Figure 1a). Notably, 
addition of more than 250  mg NaOH to the reaction mixture 
prior to autoclaving resulted in minor changes in the absorp-
tion spectra. We therefore opted for 250  mg of NaOH in the 
preparation of yCNDs.

Excitation-emission maps were recorded to gain additional 
insight into the photoexcited features of rCND and yCND 
(Figure  1b,c). Photoexcitation at 400 nm resulted in two emis-
sive features: 450 and 650  nm maxima for rCND (Figure  1b), 
and 450 and 550  nm maxima for yCND (Figure  1c). Photo
exciting rCND and yCND at 550  nm, on the other hand, 
resulted in only one emission maximum at 625  nm. Recent 
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Figure 1.  a) Absorption spectra of CNDs in water (c = 0.05 mg mL−1) synthesized with different amount of NaOH added in situ. Excitation-emission 
mapping of b) rCNDs (c = 0.02 mg mL−1) and c) yCNDs (c = 0.05 mg mL−1) in water.
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reports suggest that the absorption and emission in the visible 
range originate from molecular chromophores formed by citric 
acid and formamide.[13]

The Raman spectra revealed information regarding the 
degree of CND graphitization (Figure S1, Supporting Informa-
tion). The intensities of the D- and G-bands were used to esti-
mate the graphitic defect density.[16] Raman scattering showed 
multiple bands for rCND and yCNDs, whose analysis required 
multiband fitting.[17] In accordance with the five-band fit pro-
posed by Sadezky et al.,[18] the G-, D*-, D**-, D-, and D′-bands 
at 1548, 1297, 1463, 1347, and 1624 cm−1, respectively, were fitted 
with Lorentzian functions. The D-to-G intensity ratio is 1.27 for 
yCND, and 1.45 for rCND, suggesting that rCNDs are more 
amorphous than yCNDs.

Both CNDs are paramagnetic and electron paramagnetic 
resonance (EPR) active with g-factor of 2.001. rCNDs with a 12 
times higher signal are more EPR active (Figure S2, Supporting 
Information). We plotted the normalized EPR intensity versus 
the square root of the microwave power to gain insight into 
the structural environment of the organic radicals. In yCND, 
the microwave power saturated at 0.1 W1/2, which suggests less 
structural disorder in the organic material, compared to rCND, 
where the maximum is reached at 0.2 W1/2 (Figure S2, Sup-
porting Information).

The X-ray diffraction (XRD) patterns for rCNDs and yCNDs 
are nearly identical in terms of their broad reflections centered 
at ≈23° (Figure S3, Supporting Information). Similarly, solvo-
thermally synthesized CNDs are characterized as well by broad 
reflections between 20° and 30°.[19]

To gain further insights into the nanoparticle formation and 
to characterize their sizes, atomic force microscopy (AFM) was 
conducted. Corresponding profiles reveal an average height 
of 1.4 nm for rCNDs and almost half of it for yCNDs, that is, 
0.7 nm (Figure S4, Supporting Information).

2.2. Molecular Insights

Recent studies on the formation of CNDs from either ethylene-
diamine or urea in combination with citric acid have suggested 
that a ring-closing reaction between amines and carboxylic 
acids during the solvothermal preparation of CNDs produces 
citrazinic acid (1) and other molecular fluorophores.[20–23] There-
fore, it is reasonable to expect a similar reaction between citric 
acid and formamide. The mass spectrum of rCND (Figure 2) 
reveals peaks at m/z 155, 154, and 139. The first two correspond 
to 1 (M = 155 g mol−1) and its radical 1• (M = 154 g mol−1), while 
the latter relates to the N-formylated decarboxylated form of 1 
(2 in Figure 3a). 1• and 2 are potentially formed from the inter-
mediate shown in Figure 3a. Figure 3c gives an overview of the 
proposed molecular chromophores. In addition, 3 is formed in 
a reaction between one equivalent of citric acid and two equiva-
lents of ethylenediamine via ring-closing and amidation reac-
tions. 3 (M = 222 g mol−1) is assigned in the MS experiments 
to m/z 222 – Figure  2. We assume that ions are formed here 
during electrospray ionization mass spectrometry (ESI-MS) 
by electrochemical oxidation rather than protonation, which is 
common for aliphatic nitrogen compounds.
1 absorbs light, however, at 335  nm in water. The rCND 

absorption across the visible range is likely to originate from 
larger π-extended systems produced, for example, upon dimeri-
zation of 1 under aerobic conditions. To evaluate the relation of 
1 to the visible-light absorption of rCNDs, we performed addi-
tional solvothermal synthesis experiments. In particular, we 
employed the same procedure used for the rCND synthesis, but 
with 1 as the primary starting material and with DMF as solvent. 
DMF prevents undesirable amidations, which are generated 
in the presence of formamide under solvothermal conditions, 
and hence places the focus on the dimerization. The corre-
sponding product is purified by means of the aforementioned 
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Figure 2.  ESI-MS of CNDs in positive-ion mode.
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rCND procedure (see Supporting Information). In water, 508 
and 535  nm maxima are in sound agreement with rCNDs 
(Figure S5, Supporting Information). This finding suggests that 
the rCND absorption in the visible range stems from a reac-
tion of 1, presumably a dimerization. In other words, 1 is a key 
intermediate in the reaction between citric acid and formamide 
en route to molecular chromophores that are responsible for 
the absorption of rCNDs in the visible range.

This raised the question of how π-extended systems such 
as dimers, etc. that absorb in the visible range and that corre-
late with peaks at m/z 250, 266, and 282 in the MS (Figure 2), 
are formed from 1. We therefore repeated the synthesis, but 
under milder conditions. This included stirring the reaction 
mixture containing 100  µmol of 1 in 10  mL DMF at room 
temperature, under ambient pressure, and in the dark. After 
1 h, a blue colored product with an absorption at 596  nm in 
DMF and 568 nm in water evolved (Figure 4a,b). Higher tem-
peratures such as 80 °C, accelerate the dimerization of 1 and 
yield a significantly stronger absorption at 596  nm in DMF 
(Figure S6, Supporting Information). In line with previous 

studies, dimerization of 1 leads to a new class of chromophores, 
further addressed as 4, including multiple possible derivatives 
– Figure  3b.[22a,24] This is in good agreement with the peak at 
m/z 313 measured for the product synthesized in formamide 
upon heating to 80 °C for 1 h (Figure S7, Supporting Informa-
tion). Independent confirmation came from TD-DFT calcula-
tions. As an example, we calculated an absorption spectrum for 
the dimer with substituents R1COOH, R2OH that is fully 
consistent with the experimental results (Figure S8, Supporting 
Information). The MS of rCNDs does not show any signals that 
can be ascribed to 4, hence its additional transformations are 
necessary to yield the molecular chromophores within rCND. 
With this information at hand, we rationalized the formation 
of the three high-mass peaks in the MS of rCND at m/z 250, 
266, and 282 (Figure 2) and assign them to 5, 6, and 7, respec-
tively (Figure S9, Supporting Information). All of them origi-
nate from 4.

Among all the possible transformations of 4, we considered 
its oxidation. In this context, we turned to the chemical oxida-
tion of 4 via a reaction with Na2S2O8 in DMF. Na2S2O8 was 
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Figure 3.  a) Formation of derivatives of 1 by cyclizing citric acid with NH containing building blocks. b) Formation of 4 in the presence of oxygen. 
c) List of the proposed structures.

Figure 4.  Reductive and oxidative transformations of 4 using a) redox agents in DMF and b) solvothermal processing in DMF (water is generated 
during solvothermal procedure). c) Transformations of rCNDs into yCNDs by means of redox agent addition and solvothermal treatment in DMF.
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selected because it is transparent in the region of interest. Also, 
Na2S2O8 produces SO4

•− radicals, which drive decarboxylations 
of aromatic carboxylic acids such as those necessary to generate 
5, 6, and 7 from 4.[24b] Absorption shifts from 596 to 560  nm 
(Figure  4a) in DMF go hand-in-hand with the oxidation. The 
resulting reddish coloration matches that of rCND in DMF 
(Figure  4a). To ensure that the oxidation under the synthetic 
conditions affords rCNDs, we treated 4 in DMF solvothermally 
at 180 °C for 6 h under an inert atmosphere and analyzed the 
spectral changes. The solvothermally treated 4 turns charac-
teristically red with a 520  nm absorption right after exposure 
to air. A similar hypsochromic shift develops for the 560  nm 
absorption in DMF upon addition of traces of water. 520  nm 
is consistent with the rCND absorption in water, where the 
maximum evolves at 515  nm (Figure  4b). Although DMF was 
employed, solvothermal treatment is likely to generate H2O in 
situ, causing the solvothermal shift. Next, we turned to spec-
troelectrochemical oxidation of 4 in DMF. A steadily increasing 
potential to +0.7  V versus Ag/AgCl evokes a blue-shift of the 
580 nm absorption and the development of a 520 nm shoulder. 
All of this reflects the color change from blue to red as seen for 
rCNDs (Figure S10, Supporting Information). Hence, we con-
firmed that oxidative transformations of 4 are linked to the red 
spectral features seen for rCND.

The same steps were employed to gain insight into the struc-
ture of yCNDs. We carried out the synthesis of yCNDs in DMF 
using 1 as the primary precursor instead of citric acid with the 
purification procedure described in the Supporting Informa-
tion. Also for yCNDs, 1 originates molecular chromophores as 
evident from the absorption spectra with a shoulder at 550 nm, 
which coincides with the absorbance of yCNDs (Figure S5, Sup-
porting Information).

MS-analysis of yCNDs revealed traces of 1, 1•, 2, and 3 
(Figure S9, Supporting Information). Also, several derivatives of 
4 are assigned in the yCNDs: 5, 8•, 9•, 9, 10•, and 11 (structures 
are shown in Figure S9, Supporting Information) with their cor-
responding MS peaks at m/z 250, 267, 293, 294, 321, and 338, 
respectively – Figure 2. This indicates that the spectral features 
of yCNDs and rCNDs share the same molecular origin. Signals, 
found by MS for rCNDs and yCNDs are successfully compared 
with the calculated isotope pattern (Figures S11 and S12, Sup-
porting Information). To evaluate the involvement of 4 in the 
formation of yCNDs, we monitored the changes upon reducing 
4 with NaBH4 in DMF. Its reduction results in the character-
istic yellow coloration. Hereby, the blue-shifted absorption to 
573 nm not only coincides with the 574 nm shoulder of yCNDs, 
but also matches well the entire absorption of yCNDs across 
the visible range (Figure  4a). 4 was treated solvothermally 
under similar conditions as used for the synthesis of yCNDs, 
that is, mixed with 250 mg NaOH and heated to 180 °C for 6 h 
in DMF in an autoclave. The resulting product shows the same 
absorption features as yCNDs in water (Figure  4b). Addition-
ally, electrochemical reduction experiments of 4 in DMF (0.5 m 
LiClO4) are consistent with the results obtained from the chem-
ical reduction using NaBH4 in DMF. After surpassing −1.6  V 
versus Ag/AgCl, the 580 nm absorption intensifies, blue shifts, 
and gives the 573  nm shoulder. The latter is fully consistent 
with the absorbance seen for yCNDs in DMF (Figure S10, Sup-
porting Information).

To sum up, oxidative transformations of 4 lead to the char-
acteristic red coloration distinctive for rCND. Reductive trans-
formations of 4 result in the characteristic yellow coloration 
of yCNDs. Hence, we conclude that the unique photophysical 
properties of CNDs originate from the oxidized and reduced 
dimers of rCNDs and yCNDs, respectively. It is, however, not 
possible to recover 4 by means of subsequent chemical oxida-
tion or reduction with Na2S2O8 or NaBH4, respectively, nor 
electrochemically by the application of a starting potential, thus 
explaining the lack of blueish coloration for any CNDs and the 
absence of 4 in the MS of any CNDs.

We applied the molecular insights obtained from the redox 
experiments with 4 to the oxidative and reductive transforma-
tions of CNDs. In water, the chemical reduction of rCNDs 
with NaBH4 transforms the 515 nm absorption into a 560 nm 
shoulder (Figure 4c). The latter feature is distinctive for yCNDs. 
Hence, rCNDs are reductively transformed to yCNDs. Coher-
ently, reduction of rCND under solvothermal conditions in 
DMF with NaOH in an autoclave for 6  h at 180 °C results in 
the formation of the characteristic absorptions of yCNDs 
(Figure  4c). The reduction is most likely caused by hydrogen 
formed in situ from DMF decomposition to afford formic acid, 
among others.[25] Formamide, which was used as a solvent for 
the synthesis of the CNDs, reacts with NaOH, which results 
in the formation of formates, and subsequently decomposes 
forming hydrogen (Figure S13, Supporting Information).[26] 
Additionally, we have conducted the synthesis of yCNDs with 
KOH and Ca(OH)2 (see Supporting Information). The cor-
responding absorption spectra resemble the one of yCND. 
A characteristic peak at 350 nm, a shoulder at 420 nm, and a 
minor peak at 520 nm reinforce the previously mentioned role 
of the base in the solvothermal reaction (Figure S14, Supporting 
Information). With respect to reversibility, neither solvothermal 
processing of yCNDs in DMF, nor addition of chemical oxi-
dants gives rise to the rCND absorption features. As such, 
recovery of the characteristic reddish coloration is ruled out 
(Figure S15, Supporting Information).

Finally, we characterized 4 with Raman spectroscopy and 
XRD and compared the results to rCND and yCND (Figure S1, 
Supporting Information). Interestingly, 4 itself shows very sim-
ilar G- and D-bands at 1588 and 1344 cm−1, respectively, with a 
D-to-G intensity ratio of 0.74. This suggests, that the presumed 
CND graphitization stems primarily from dimerization or oli-
gomerization of 1. The higher D-to-G intensity ratios for CNDs 
compared to 4 demonstrate that CNDs feature an amorphous 
matrix formed during the solvothermal synthesis via polycon-
densation reactions of citric acid, and yields an amorphous, 
highly branched polyester. Temperatures exceeding 120 °C have 
been reported to be sufficient to polymerize citric acid, which 
implements that it may also take place during solvothermal 
processing of CNDs (180 °C).[27]

Such branched polymers are known to form hydrogels that 
retain water. Similar phenomena were observed for rCNDs 
and yCNDs. None of them can be dried in vacuo, as a viscous 
residue is always obtained, unless purified. Centrifugation or 
dialysis of CNDs assisted in removing smaller sized polymers 
and other free molecular units to obtaining solid CND pow-
ders. Interestingly, for purified CNDs, further dialysis results 
in no visible light-absorbing molecules diffusing through the 
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dialysis bag pores of 500 Da (Figure S16, Supporting Informa-
tion). In other words, the molecular building blocks must be 
chemically or strongly physically bound to the polymeric citric 
acid matrix. A likely rationale is the presence of hydroxyl and 
carboxyl functional groups in the citrazinic acid dimers found 
in rCNDs and yCNDs. The latter are the basis for condensa-
tion reactions by means of ester formation or non-covalent 
binding by hydrogen bonding. The different characteristics of 
yCND compared to rCND observed by Raman spectroscopy can 
be rationalized by the in situ addition of NaOH to the reaction 
mixture. This affects the polymerization rate of citric acid and, 
in turn, lowers the overall CND amorphicity. This would also 
explain the AFM findings, which indicate the smaller polymeric 
matrix of yCNDs caused by in situ NaOH addition leading to a 
smaller size of the nanodots.

The characteristic reflections at 23°of rCND and yCND 
observed during XRD analysis were also found for 4 (Figure S3,  
Supporting Information). All of the above suggests that the 
broad reflections originate from dimeric chromophores within 
CNDs, rather than from sp2-hybridized domains. In addition, 
a sharp reflection at 27° was found for 4, next to the reflection 
at 23°. This feature is, however, absent in rCND and yCNDs. 
It seems plausible that inclusion of the chromophores into the 
polymeric matrix hampers their crystallization.

2.3. Photoelectrochemical Characterization

We continued our fundamental investigations with photoelec-
trochemical methods to look into the electronic properties of 
CND-based photoelectrodes. We first established efficient 
photoelectrocatalytic rCND and yCND systems. For this reason, 
we deposited the two different CNDs onto FTO/TiO2 photoelec-
trodes and optimized surface coverage, electrolyte composition, 
and applied potential. All electrode preparation and optimi-
zation steps are described in the Supporting Information. 
The photoelectrochemical (PEC) cell set-up includes a TiO2-
coated FTO-photoanode, which is sensitized with CNDs as the 
working electrode (WE). A Pt mesh is used as the counterelec-
trode (CE) and an Ag/AgCl reference electrode (RE) completes 

the set-up (Figure S17, Supporting Information). The photo-
anode was irradiated using a Xe-lamp with a power output of 
100 mW cm−2 coupled to a 450 nm long-pass filter to avoid TiO2 
photoexcitation.

An optimized stable photocurrent of 0.5 mA cm−2 is observed 
for rCNDs upon applying +0.3 V versus Ag/AgCl in an aqueous 
electrolyte featuring 25 vol% TEOA and 0.4  m ascorbic acid 
(AA) at pH 9.36. For yCND, the aqueous electrolyte consists 
of 15 vol% TEOA and 2.1  m AA at pH 8.74 and allows a 30% 
higher photocurrent of 0.7 mA cm−2. The corresponding chron-
oamperometric transients and linear sweep voltammograms 
are shown in Figure 5a,b, respectively. Data were taken after 6 h 
of photoirradiation, at which time the photocurrents are maxi-
mized, as is evident from the long-term chronoamperometric 
measurements (Figure S18, Supporting Information). IPCE and 
EIS measurements were conducted in the same PEC cell with 
the optimized TEOA/AA electrolyte, but only with WE (FTO/
TiO2/CND) and CE (Pt mesh). Even though the two photo
anodes possess similar patterns of light-conversion efficiency, 
evident by the IPCE, yCNDs are more efficient in the spectral 
range between 400 and 700 nm (Figure S19, Supporting Infor-
mation). The same trend is evident in the EIS experiments. In 
the presence or absence of light, larger resistances were found 
for the rCND-photoelectrodes than for the yCND-photoelec-
trodes. Larger semicircles in the impedance spectra document 
this difference (Figure S20, Supporting Information). We infer 
that yCNDs inject electrons across the interface more efficiently 
than rCNDs. Such a distinction correlates well with the mole-
cular defined oxidized/electron-deficient nature of rCNDs and 
reduced/electron-rich character of yCNDs.

As a complement, we performed chronoamperometric 
assays with rCNDs and yCNDs immobilized on FTO/NiO and 
FTO/TiO2 photoelectrodes in a 0.5  m KH2PO4/K2HPO4 buffer 
without any sacrificial electron donors. The electrode prepara-
tion is described in the Supporting Information. All tests were 
carried out with the 3-electrode PEC cell under illumination 
of the WE with a 100 mW cm−2 Xe-lamp coupled to a 450 nm 
long-pass filter.

FTO/TiO2/rCND data resemble what was seen for bare FTO/
TiO2 photoelectrodes after 25 s of photo-irradiation (Figure 6a). 

Small 2023, 2207238

Figure 5.  a) Chronoamperommetry with 50 s chopped light (100 mW cm−2, 450 nm long-pass filter, U = 0.3 V vs Ag/AgCl) taken after 6 h of electrode 
irradiation in an optimized electrolyte composed of AA and TEOA. b) Linear sweep voltammetry (100 mW cm−2, 450 nm long-pass filter, 100 mV s−1) 
under different conditions: light on, light off, and chopped light, taken after 6 h of electrode irradiation in an optimized electrolyte composed of AA 
and TEOA.
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Thus, interfacial electron injection from rCNDs into TiO2 is 
inefficient. In contrast, FTO/TiO2/yCND photoelectrodes gave 
rise to a remarkable 5  µA photocurrent even in the absence 
of any sacrificial electron donor (Figure  6a). A photocurrent 
flow suggests photoexcited yCNDs that inject electrons into 
TiO2 without needing to be reduced first by an electron donor 
(Figure  6c). For rCND, on the other hand, a pre-reduction is 
required to trigger an interfacial electron transfer into TiO2. 
Consequently, the use of an electron-donor free electrolyte fails 
to produce any appreciable photocurrents in the case of rCNDs 
(Figure 6b).

Relative to bare FTO/NiO photoelectrodes, FTO/NiO/rCNDs 
produce an additional photocurrent of 10  µA upon photoirra-
diation (Figure  6d). The ability to generate photocurrents in 
the absence of a sacrificial electron donor underlines the elec-
tron-poor nature of rCNDs and, hence, their ability to transfer 
holes to NiO upon photoexcitation (Figure 6e). In contrast, the 
chronoamperometric transients observed for FTO/NiO/yCNDs 
are barely distinguishable from those seen for bare FTO/NiO 
photoelectrodes (Figure  6d). This behavior is linked to the 
electron-rich nature of yCNDs, which prevents hole injection 
in NiO (Figure 6f). In conclusion, the electron-accepting ability 
of TiO2 proves the electron-donating character of yCNDs, while 
the hole-accepting ability of NiO underlines that rCNDs are 
hole donors.

2.4. Time-resolved Photophysical Characterization

In the final part of our investigations, we probed visible-light 
driven photocurrent generation by means of transient absorp-
tion spectroscopy (TAS) and gathered mechanistic insights 
into the interfacial processes. CND-decorated TiO2 slides were 
photoexcited at 550  nm under the conditions that were used 
in the PEC experiments – vide supra. TAS experiments were 
performed in the 3-electrode glass-PEC cell – Figure S21, Sup-
porting Information.

TAS of rCNDs in the presence of TEOA and AA are shown 
in Figure 7a and the corresponding spectral features after selec-
tive time delays in Figure 7b. Photoexcitation of rCNDs leads to 
ground-state bleaching (GSB) in the region from 430 to 570 nm 
with a minimum at 500 nm and excited state absorption (ESA) 
from 570 to 750 nm with a maximum at 648 nm (Figure 7b black 
spectrum). Global analysis revealed that a new ESA at 550 nm 
evolves after 1.3 ps (Figure 7b red spectrum). The correspond-
ingly formed second transient is long-lived and decays multi-
exponentially with a total ground-state recovery time of 226 µs. 
No further spectral changes are, however, noted throughout 
this slow decay (Figure S22, Supporting Information). Impor-
tant is that the rise of the 550 nm ESA features similarity with 
the red-edge absorption feature of yCNDs (Figure 7b). In other 
words, rCNDs, which were per se oxidized in the solvothermal 

Small 2023, 2207238

Figure 6.  Chronoamperometric transients with a) TiO2 upon application of +0.3 V versus Ag/AgCl and d) NiO upon application of −0.3 V versus Ag/
AgCl. Schematic representation of photoanodic and photoelectrochemical processes in b) rCND and c) yCND on TiO2 (top) and in e) rCND and 
f) yCND on NiO (bottom) with an electrolyte composed of KH2PO4/K2HPO4-buffer without any electron donor.
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synthesis, are first reduced by either TEOA or AA after photo
excitation. Once reduced, rCNDs deactivate presumably via 
interfacial charge-injection into TiO2. This agrees well with the 
observed photocurrents shown in Figure 5a. In the absence of 
any sacrificial electron donor, the initial rCND reduction is not 
seen. Instead, photoexcited rCNDs decay with an even longer 
ground-state recovery time of 357 µs and without the evolution 
of any new transients (Figures S23 and S24, Supporting Infor-
mation). This explains the lack of any appreciable photocur-
rents for FTO/TiO2/rCND when TEOA or AA are absent.

TAS experiments with yCNDs in the presence of TEOA and 
AA (Figure  7c) resulted in an initial GSB between 430 and 
620 nm and an ESA in the region from 620 to 750 nm that max-
imizes at 655 nm (Figure 7d black spectrum). This initial tran-
sient gives a rise to a new ESA at 510 nm after 1.4 ps (Figure 7d 
red spectrum). This second transient is subject to a multi-
exponential decay, by which the ground-state is repopulated. 
The total ground-state recovery time is 133 µs (Figure S22, Sup-
porting Information). The 510 nm ESA features similarity with 
the ground-state absorption of rCNDs (Figure 1a). yCNDs, with 
the build-in dimers in their reduced form, are first oxidized 
following photoexcitation, presumably via interfacial charge-
injection into TiO2. These oxidized yCNDs are then reduced by 
means of the sacrificial electron donating TEOA and AA.

In a repeat of the TAS experiments with yCNDs, but without 
any sacrificial electron donors in the electrolyte solution, the 

same 510  nm ESA is observed as a fingerprint of the second 
transient (Figures S23 and S24, Supporting Information). It 
takes, however, 18.8 ps rather than 1.4 ps to be formed and is of 
significantly lower intensity. This second transient deactivates 
to the ground-state multi-exponentially with a recovery time of 
240 µs. By virtue of its electron-rich nature, yCNDs inject elec-
trons into TiO2 after photoexcitation as proposed in Figure 6c. 
Hereby, no requirement for a sacrificial electron donor is 
found. Ground-state deactivation is assumed to occur via inter-
facial charge-recombination, which is somewhat slower than 
the reduction by a sacrificial electron donor.

These interfacial experiments suggest that the reaction steps 
involved in the photocurrent generation are fundamentally dif-
ferent for rCND and yCND. rCNDs, which are obtained in an 
electron-poor form, require an initial reduction by, for example, 
a sacrificial electron donor before an interfacial electron injec-
tion into TiO2 occurs (Figure  6b). rCNDs are intrinsic hole 
donors as proven in experiments with NiO (Figure 6e). yCNDs, 
on the other hand, are obtained in an electron-rich form and 
hence, inject free charge carriers in TiO2 independent of the 
presence of sacrificial electron donors (Figure 6c). As a conse-
quence, yCNDs are unable to produce photocurrents in com-
bination with FTO/NiO due to their electron-rich nature and 
inability to donate holes at the electrode surface (Figure  6f). 
This implies that rCNDs are electron-poor, whereas yCND are 
electron-rich.

Figure 7.  Femtosecond transient absorption spectra after 550 nm photoexcitation of CNDs in a spectroelectrochemical set-up with an optimized elec-
trolyte composed of AA and TEOA. a) Heat map of TAS raw data obtained in 550 nm pump-probe experiments with time delays up to 5.5 ns with rCNDs 
sensitized TiO2 slide. b) Representative normalized spectra after various time delays, depicting the spectral changes after photoexcitation. c) Heat 
map of TAS raw data obtained in 550 nm pump-probe experiments with time delays up to 5.5 ns with yCNDs sensitized TiO2 slide. d) Representative 
normalized spectra after various time delays, depicting the spectral changes after photoexcitation.
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3. Conclusions

Visible-light absorbing CNDs were prepared by a solvothermal 
reaction of citric acid, ethylenediamine and formamide, 
affording rCNDs (Figure 8, reaction I), and by in situ addition 
of NaOH, affording yCNDs (Figure 8, reaction II). In this reac-
tion, 1 is formed due to a ring-closing reaction between forma-
mide and citric acid. To prove this, we treated 1 solvothermally 
under the synthetic conditions used to synthesize CNDs. CNDs 
synthesized from 1 resulted in the same spectroscopic prop-
erties as rCNDs (Figure 8, reaction III) and, in case of in situ 
addition of NaOH, as yCNDs (Figure 8, reaction IV).

To monitor the transition from transparent 1 to a colored 
chromophore, 1 was heated at 80 °C and stirred in the pres-
ence of O2, which afforded 4. Subsequent solvothermal treat-
ment of 4 resulted in CNDs, whose spectroscopic properties are 
similar to those seen for rCNDs. Here, it is the characteristic 
reddish coloration that stands out (Figure  8, reaction V). In 
contrast, solvothermal processing of 4 with NaOH resulted in 
a yellow chromophore, which resembles yCNDs spectroscopi-
cally (Figure 8, reaction VI). The link between the transfer of 4 
and the characteristic CND-coloration was revealed by means of 
(electro)chemical oxidation (Figure 8, reaction VII) and reduc-
tion (Figure  8, reaction VIII), which yielded reddish and yel-
lowish chromophores, spectroscopically similar to rCNDs and 
yCNDs, respectively. Hence, NaOH added in situ mediates the 
reductive conditions during the solvothermal procedure. Inde-
pendent confirmation came from treating rCNDs with NaOH 
solvothermally, which revealed the typical spectroscopic prop-
erties of yCNDs (Figure  8, reaction IX). These chromophores 
are chemically bonded to an amorphous polycitric acid matrix, 
building the nanosized CND-material, as evident from AFM 
and post-synthetic dialysis test.

Additional tests with TiO2 and NiO in the absence and 
presence of electron donors corroborated that rCNDs and 
yCNDs are electron-poor and electron-rich, respectively. The 
electron donating nature of yCNDs, for example, increases 
the photocurrent performance relative to FTO/TiO2/rCNDs 

photoelectrodes by 30%. On the other hand, rCNDs require 
pre-reduction after photoexcitation to generate any sizeable 
photocurrents.

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