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ABSTRACT

Graphitic carbon nitride (CNXx) is a promising photocatalyst with visible-light sensitivity, attractive
band-edge positions, tunable electronic structure, and eco-friendliness. However, their applications
are limited by a low catalytic activity due to inefficient charge separation and insufficient visible-
light absorption. Here we show a new method to generate the electron polarization of CNx toward
the edge via the chemical conjugation of catechol to CNx for enhanced photochemical activity.
The electron-attracting property of catechol/quinone pairs induces the accumulation of photo-
excited electrons at the edge of conjugated catechol-CNx hybrid nanostructure (Cat-CNx), ,
serving as an electron hot spot, as demonstrated by positive open-circuit photovoltage, which
increases electron transfer through the conjugated catechol while suppressing charge
recombination in the CNx. The catechol conjugation also widens the photoactive spectrum via the
larger range delocalization of n-electrons. Accordingly, Cat-CNx reveals a 6.3x higher reductive
photocurrent density than CNx. Gold ion reduction dramatically increased due to the enhanced
electron transfer activity of Cat-CNx in cooperation with the inherent hydrophilicity and metal
chelating property of catechols. Cat-CNx exhibits a 4.3x higher maximum adsorption capacity for

gold ions under simulated sun light illumination compared to CNx. This work suggests that the



post-modification of CNx’s m-conjugated system is a promising route to handle varied

shortcomings and broaden availability of CNx.

KEYWORDS: graphitic carbon nitride; catechol chemistry; photocatalyst; urban gold mining

1. Introduction

Carbon nitride, denoted as CNx, has received considerable attention due to its metal-free
semiconducting properties, visible-light photoactivity, earth abundance, and excellent thermal and
chemical stability.!* Both the conduction and valence band-edge positions of CNx are desirable to
produce a sufficient thermodynamic driving force for various redox reactions including hydrogen
evolution, oxygen evolution, and carbon dioxide reduction.!*7. CNx is particularly attractive for
photocatalytic reduction due to the higher conduction band-edge position of CNx in comparison

to other semiconductors.

Despite the multiple attracting characteristics, the wide photocatalytic applications of CNx
are limited by several drawbacks. First of all, CNx still suffers from the limited absorption of
visible light due to its bandgap energy insufficient for full solar spectrum absorption and low
separation efficiency of photo-induced charge carriers.® Secondly, the innate n-type characteristics
of CNx impedes efficient electron transfer to a neighboring redox couple due to an internal electric
field generated at the interface despite the high conduction band edge position.” Finally, the innate
hydrophobic texture of CNx limits its use in aqueous media, which also causes poor water-based

catalytic reactions with polar redox couples.'”

Diverse strategies have been attempted to tune the photochemical properties, such as the

recombination rate and photoactive spectrum, of CNx by introducing heterogeneous atoms and
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vacancy defects to modify the constituents of the heptazine and triazine repeating units.'!

Particularly, conjugating organic molecules functionalized to CNx during synthesis have shown
high potentials for increasing the photoactivity of CNx by extending the n-conjugated structure of
CNx.2%2 However, few studies have explored the post-synthetic functionalization of CNXx to
modify the photochemical properties of CNx. The conjugation of organic molecules through post-
synthetic modification is advantageous because it allows to utilize the chemical properties of
functional groups of introduced organic molecules as well as tuned photoactivity by the modified
chemical structure.?* For instance, Zhang et al. reported the modified photochemical properties of
CNx via post-modification by conjugating various functional groups within the C-N heterocyclic
repeating units, though they did not fully scrutinize the detailed variations of photochemical
properties of CNx after the post-modification such as band structures and photo-induced charges’
behaviors using various characterizations. Moreover, they did not track how chemical properties
of functional group could impact on photocatalytic applications.?* In addition, the conjugation of
functional molecules within the C-N heterocyclic repeating units can more facilitate the separation
of photo-induced charges produced within the repeating units compared to post-modification to
terminal amine groups. Previous studies about the post-modification of CNx utilizing the reactivity
of the terminal amine groups showed small photoluminescence quenching implying limited charge
separation with little increment of photoactivity in visible-light region.?>-%¢

Among numerous possible organic molecules that can be conjugated to CNXx, a catechol
moiety, found in bio-inspired adhesives, has an outstanding potential to solve the various
drawbacks of CNx due to its versatility.?’>! When covalently introduced to the CNx’s n-
conjugated system, the aryl component of catechols can extend the n-conjugation of CNx, and the

hydroxyl groups increases the hydrophilicity of CNx enabling applications in aqueous media.**>>
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Notably, previous studies reported that catechol/quinone pairs introduced via polydopamine
coatings on CNx provided electron-attracting properties leading to the facilitated extraction of
photo-induced electrons from CNx and alleviation of the restricted electron transfer to redox
couples.®>* However, this approach has several drawbacks when CNx is used as a photocatalyst
for a reduction reaction compared to conjugating catechol groups in a single molecular form.
Firstly, given that the conformally coated layer of polydopamine might act as a diffusion barrier to
hole scavengers that must diffuse to the reactive sites of CNx to consume photo-induced holes, the
exposure of reactive sites for the hole consumption via the single-molecular attachment allows to
avoid a bottle-neck effect caused by the accumulation of holes.!*** In addition, unless carefully
controlling a self-polymerization process for polydopamine coatings, a thick polydopamine layer,
showing a wide absorption of visible light, can drastically decrease the light intensity irradiating
to CNx, resulting in the small number of photo-induced charges in CNx and subsequently limited
photocatalytic power by CNx.*

Our recent work demonstrated that the adsorption and photochemical reduction of gold
ions by polyphenols is a promising strategy for eco-friendly urban gold mining from electronic
wastes to satisfy the high demand for gold by achieving large adsorption capacity.?**” The redox
chemistry of catechol, where catechol is oxidized to semiquinone and quinone through the proton-
coupled electron transfer, allows the chelation and reduction of gold ions. In this context, catechol-
conjugated CNx can be an attractive adsorbent for urban gold mining owing to the desirable
conduction band-edge positions of CNx for large thermodynamic driving force for the reduction
of metal ions in collaboration with the innate catechol chemistry. Furthermore, the metal-free and
low-cost characteristics of catechol-conjugated CNx make it attractive as a cost-effective way to

recover the value-added metal from electronic wastes.
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Here, we demonstrate the enhanced photocatalytic performance of conjugated catechol-
CNx hybrids for reduction reactions. Catechols were introduced in a single-molecular form within
the heptazine and triazine repeating units of CNx, driving the modification of photochemical
properties of CNx. The conjugated catechol-CNx hybrids showed upshifts of both conduction and
valence band edges and improved photo-induced charge carriers' separation as demonstrated by
photoluminescence quenching. The conjugated catechol-CNx hybrids also exhibited the enhanced
photocurrent density for a photoelectrochemical reduction reaction. The improved photocatalytic
activity is attributed to the modified surface properties enabling the photo-induced electrons to
accumulate at the surface rather than be swept to the bulk phase of CNx. Furthermore, the photo-
enhanced reductive activity of catechol-CNx hybrids was further utilized for urban gold mining to

achieve high adsorption capacity by harnessing photo-induced electrons to reduce gold ions.

2. Results and Discussion

Catechol-functionalized Graphitic Carbon Nitride. The preparation procedures of CNx
and catechol-functionalized graphitic carbon nitride denoted as Cat-CNx, are described in Scheme
1. Briefly, CNx was synthesized through the pyrolysis of dicyandiamide as a nitrogen-containing
precursor. Catechol was conjugated to the synthesized CNx according to the Prato's reaction, the
1,3-dipolar cycloaddition of azomethine ylides with 3,4-dihydroxybenzaldehyde.?* The carbon-to-
nitrogen (C/N) molar ratio was determined using elemental analysis (EA) to confirm the
introduction of a heterogenous functional group (Table 1).>* The C/N ratio of the as-synthesized
CNx was 0.68, lower than the theoretical value of 0.75, indicating that partially polymerized

structures exist in the as-synthesized CNx.*® After the Prato's reaction, Cat-CNx exhibits an
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increased C/N ratio (0.74), which indicates the introduction of carbon-rich moieties. The chemical
structure of CNx was examined using 'C cross-polarization magic angle spinning nuclear
magnetic resonance (:*C CP-MAS-NMR) (Figure 1A) to confirm whether the increased C/N ratio
is ascribed to the introduction of catechols. Two characteristic peaks of CNx at 167.2 and 159.0
ppm, corresponding to CN3 and CN; (NHy), respectively, were found in the NMR spectrum of Cat-
CNx.?3° The broad peak at 130.8 ppm corresponds to the catechol group, showing a similar peak
position when catechols bound in their single molecular form on metal oxides in previous
studies.***! Notably, other peaks except 130.8 ppm that could be observed in the previous studies
are not discernible because of the low signal to noise ratio in our characterization presumably
arising from the low amount of the introduced catechols, evidenced by thermogravimetric analysis
(TGA) (vide infia), or the lack of Brownian motion required to eliminate specific interaction.*?
However, the peaks at 46.4 ppm (-NCN-), 28.9 ppm (-NCH>), and 24.9 ppm (-CH3), which are
only detected in the NMR spectrum of Cat-CNx, support the presence of the covalent linkage of
CNx with catechol by the Prato’s reaction, as found in a previous report.*’ Barrett et al. suggested
that polyphenolic precursors had an ability to form coating layers by following a similar path with
self-polymerization of dopamine through deprotonation and autoxidation to form reactive
quinones.*> However, although previously reported *C CP-MAS-NMR spectra of polyaromatic
components showed broad and ambiguous peaks between 150 ppm and 100 ppm, the NMR
spectrum of Cat-CNx showed the absence of the ambiguous peaks, inferring that the self-
polymerization of 3,4-dihydroxybenzaldehyde did not occur or occur to a negligible level under

the present experimental conditions.*>4



Braunauer-Emmett-Teller (BET) surface area analysis exhibited the specific surface areas
of 12.02 m?g™! and 10.76 m?g™! for CNx and Cat-CNx, respectively (Figure S1 and Table 1). The
catechol conjugation only slightly reduced the specific surface area of CNx, indicating that neither
aggregates nor the structural distortion of CNx might occur during the chemical modification.?’
TGA for CNx and Cat-CNx was conducted to quantify the number of conjugated catechols,
showing an additional weight percentage change of 0.64 % for Cat-CNx (Figure S2). One catechol
group was attached per ~ 100 heptazine repeating units, calculated by the residual mass, and given
the BET surface area and Avogadro’s number, two catechol groups per unit surface area (nm?) of
Cat-CNx were conjugated (see Supporting Information).?** The low weight percentage by the
introduction of catechols further supports the negligible self-polymerization of 3,4-

dihydroxybenzaldehyde.

The crystallinity of CNx and Cat-CNx was examined using X-ray diffraction (XRD)
analysis (Figure 1B). Two characteristic peaks were detected in the XRD patterns of CNx and Cat-
CNx at 260 = 13.3° and 27.3°, originating from inner planar crystallinity (the (100) plane), and
interlayer stacking (the (002) plane), respectively. Both CNx and Cat-CNx have an interplanar
distance of 3.35 A, as determined by the peak position, consistent with a previously reported
value.*’ No marked variation in the peak positions between CNx and Cat-CNx indicates that the
crystallinity of CNx was maintained without significant distortion after the conjugation of
catechols. The scanning electron microscopy (SEM), bright-field transmission electron
microscopy (TEM), and scanning TEM (STEM) images of CNx and Cat-CNx exhibit rough and
sheet-like layered morphologies, typically observed for CNx, and micro-sized particles with

irregular shapes (Figures 1C, 1D and S3-5).* No structural alteration was caused by the



conjugation of catechol groups to CNx. Fourier Transform-Infrared (FT-IR) spectra of CNx and
Cat-CNx exhibited peaks in the 1200-1650 cm™! region and a peak at 809 cm™!, representing the
stretching modes of CN heterocycles and the breathing modes of triazine units, respectively
(Figure S6).* The results corroborate that the Prato's reaction with 3,4-dihydroxybenzaldehyde

caused negligible changes in the major backbone structures of CNx.

Table 1. EA and BET surface area results for CNx and Cat-CNXx.

Materials CNx Cat-CNx
C (wt-%) 34.40 35.24
N (wt-%) 59.21 55.35
C wt-% divided by atomic weight 2.86 2.93
N wt-% divided by atomic weight 4.22 3.95
C/N molar ratio 0.68 0.74
Specific surface area (m* g'!) 12.02 10.76
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Scheme 1. Schematic illustration for the synthesis of CNx (step 1) and the subsequent conjugation
of catechols to CNx using the 1,3-dipolar cycloaddition reaction (step 2).
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Figure 1. Solid-state *C CP-MAS-NMR (A) and XRD (B) spectra of CNx and Cat-CNx. STEM
images of CNx (C) and Cat- CNx (D).

Electronic and Optical Characteristics. CNx exhibited a stark increment in absorption
at a wavelength about 400 nm, a typical absorption behavior of CNx as previously identified.*
Cat-CNx showed a broader absorption spectrum, covering almost all visible region, attributed to
the enlarged delocalization of m-electrons caused by the introduction of a 5-membered ring and
catechol to CNx (Figure 2A).2* Tauc plot shows that the bandgap energy was reduced from 2.72
to 2.60 eV after the catechol conjugation (inset of Figure 2A). X-ray photoelectron (XP) valence

band spectra of CNx and Cat-CNx were analyzed for precise insight about electronic band
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structures by exploring valence band-edge positions (Figure 2B).”>° The valence band edge was
upshifted from 1.93 to 1.75 V (vs. NHE) after the catechol conjugation. Given the bandgap values
obtained from the Tauc plot and the valence band edge position of both CNx and Cat-CNx, the
conduction band edge also exhibited a slight upshift from -0.79 to -0.85 (vs. NHE). The valence
and conduction band positions of CNx and Cat-CNx, determined by the UV-vis absorption and

valence band-edge spectra, are summarized in Figure 2C.

X-ray photoelectron spectroscopy (XPS) was conducted to examine each element's
chemical states and binding energies of each chemical bond in CNx and Cat-CNx. The C 1s
spectrum of CNx exhibits a peak for heterocyclic component (N-C=N) at 288.25 eV, while the
peak was slightly upshifted to 288.55 eV for Cat-CNx (Figure 2D and 2E). On the other hand, the
binding energy of the C-O peak in Cat-CNx was downshifted to 286.32 eV with respect to the C-
O peak (286.45 eV) of 3,4-dihydroxybenzaldehyde, arising from C-OH of catechols (Figure 2E
and 2F). The shifts of the binding energies for N-C=N and C-O peaks indicate that the electron
density was shifted from CNx to catechols because the binding energy of chemical bonds can be
reduced by the shielding effect of electrons.*’! The electron density polarization between CNx
and catechols can induce an internal electric field.>> The electron density shift directionality can
also be found in the N 1s spectra of CNx and Cat-CNx (Figure S7). The C=N-C peak's binding
energy, originating from the n-conjugated systems of CNx, upshifts from 398.85 eV to 399.05 eV
when catechol was conjugated to CNx. The electron density shift from CNx to catechols is
consistent with previous reports on polydopamine-coated CNx.*>*** As a result, the upward band-
bending can be induced at the surface of Cat-CNx, increasing the valence and conduction band

edge positions and decreasing the electron density of the m-conjugated system at the surface of
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Cat-CNx compared to CNx as obtained from the XP valence band and XPS measurements for C

1s and N1s levels.
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Figure 2. UV-vis absorption spectra (A, inset: Tauc plots), XP valence band spectra (B), and
electronic structures (C) of CNx and Cat-CNx. XP C 1s spectra of CNx (D), 3.4-
dihydroxybenzaldehyde (E), and Cat-CNx (F).

Behaviors of Photo-induced Charges. Since the possibility of electrons being attracted
from CNx to catechols was found, it was assumed that the charge dynamics of Cat-CNx might be
different from that of CNx. To explore this assumption, we conducted the photoluminescence (PL)
analysis of CNx and Cat-CNx with an excitation wavelength of 300 nm (Figure 3A). CNx showed
a maximum PL intensity at ~ 450 nm assigned to the recombination of photo-induced electron-
hole pairs by the band-to-band transition in the bulk phase of CNXx, as previously reported.>*>*

Meanwhile, the conspicuous quenching of PL intensity (~ 94.5 %) at 450 nm was observed for
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Cat-CNx with respect to CNx, implying that the band-to-band recombination was significantly
suppressed in Cat-CNx owing to the introduction of catechols. The hindered recombination can
facilitate the separation of photo-induced charge carriers that can leads to enhanced photocatalytic
reactions.”® Here, it is assumed that photo-induced electrons in the bulk phase of Cat-CNx might
migrate to catechols, namely toward the edge of Cat-CNx, considering the electron density shifts

observed in XPS.

To explore the charge dynamics inside Cat-CNx in detail, we conducted
photoelectrochemical (PEC) analysis for photocurrent densities and open-circuit photovoltages
using a three-electrode system at pH 7 under AM1.5-simulated illumination (denoted as ‘1 sun’).
Fluorine-doped tin oxide (FTO) glass substrates were used to fabricate working electrodes coated
with CNx and Cat-CNx. A bare FTO substrate exhibited negligible photoactivity in photocurrent
and impedance measurements (Figure S8), implying that all the photo-responsive properties arose
from the nature of CNx and Cat-CNx. A reduction reaction-operating condition (0.31 vs. RHE)
after onset was used for photocurrent density measurements to trigger hydrogen evolution reaction
from water with an overpotential of 0.1 V according to previous studies, determined by linear
sweep voltammetry (LSV) (Figure 3B).>%>” Photocurrent densities were recorded for CNx and
Cat-CNx under chopped light illumination at XXX mV vs. NHE, and the photocurrent density of
Cat-CNx (-0.752 nA cm) was remarkably raised by 6.3 times compared to CNx (-0.120 pA cm™)
(Figure 3C). The increased photocurrent of Cat-CNx indicates that photoelectrons are transferred
and utilized for reductive reactions more effectively compared to CNx. In addition, open-circuit
photovoltages were analyzed to examine the behaviors of photo-induced charges in CNx and Cat-

CNx in detail. While CNx showed a negative photovoltage of about -14 mV, a typical n-type
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semiconductor's behavior, Cat-CNx exhibited a positive photovoltage of about +25 mV (Figure
3D). The positive photovoltage, generally found in p-type semiconductors, reflects that the
majority of electrons migrate to the surface instead of drifting toward the bulk phase in typical n-
type semiconductors due to upward band bending at the interface.”> The results suggest that the
covalent attachment of catechol alters the direction of electrons' movement toward the opposite
direction of CNx. Furthermore, the characteristic time of the photovoltage decay was analyzed to
examine the efficiency of photo-induced charges in Cat-CNx and CNx (Figure S9 and Table S1,
detailed analysis is provided in Supporting Information). The slower photovoltage decay of Cat-
CNx compared to CNx indicates more prolonged lifetime of photo-induced charges due to
XXXXX.? The facilitated photocatalytic behavior of Cat-CNx was also confirmed by the decrease
in the charge transfer resistance at the semiconductor/electrolyte interface obtained from
electrochemical impedance spectroscopy (EIS) analysis (Figure S10 and Table S2, detailed

analysis is provided in Supporting Information).

Mott-Schottky analysis was conducted to clarify whether n-type characteristics of CNx
were altered by the conjugation of catechols inducing the positive photovoltage (Figure 3E and
3F, detailed analysis provided in Supporting Information). CNx and Cat-CNx showed a positive
slope determined by extrapolation in each linear region where the capacitance of the space charge
region is far larger than that of the Helmholtz double layer.’® Since the slope is inversely
proportional to a doping density, the positive slope of Cat-CNx indicates that Cat-CNx retains n-
type characteristics of CNx. Furthermore, the flat-band potentials of CNx and Cat-CNx were
determined by an x-intercept of the extrapolation. Positive shifts of the flat-band potential by

irradiation for both of CNx and Cat-CNx indicates smaller band-bending, namely smaller internal
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electric field compared to the dark. Note that the flat-band potential of Cat-CNx negatively shifted
by about -70 mV with respect to CNx both in the dark and under illumination. The negative shift
value of the flat-band potential was comparable to the degree of conduction band upshifts,
implying that Fermi-level variation after the modification was negligible. The flat-band potential
decrement indicates that the barrier height at the semiconductor/electrolyte interface for electron
injection gets slightly higher primarily due to the upshift of conduction band edge of Cat-CNx
compared to CNXx, leading to less thermodynamically favorable electrons' injection over the larger
upward band-bending, i.e., larger electric field, for Cat-CNx than CNx. Therefore, the increased
photocurrent originates from the attraction of electrons toward the edge of Cat-CNx. The results
suggest that Cat-CNx can provide a solution to overcome the existing issue of limited
photochemical reductive performances of CNx due to its intrinsic n-type characteristics, as covered

in a few previous reports.”>7->-61

Recently, Bellamkonda et al. demonstrated that the introduction of aromatic rings to the
repeating units of CNx generates additional intermediate states near the Fermi level and increases
the charge separation efficiency.®” In addition, Kuriki et al. suggested two spatially separate energy
states of CNx available for electrons to occupy under light illumination: main PL emissive states
at the bulk that are intact by the existence of chemical species and non-emissive and reactive states
at the edge.”® Based on these results and our findings, we speculate that catechols' covalent
attachment might produce additional intermediate states particularly at the edge to which redox
couples are accessible. Furthermore, the conjugation might induce the perturbation in the
equilibrium established between the populations of electrons excited to emissive states and those

excited to non-emissive states. According to the positive photovoltage of Cat-CNx, electron-
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attracting properties of the catechol/quinone pair concentrate the electrons particularly at the
surface intermediate states produced by catechols. The increased transition of electrons toward the
surface states causes the decrement of the electrons' population at the main emissive states,
evidenced by the large PL quenching. Furthermore, the larger internal electric field, as evidenced
by the Mott-Schottky analysis, can sweep more photo-induced holes toward the edge to be
consumed, contributing to the PL quenching. Furthermore, the introduction of the surface states
extends the lifetime of photo-induced charges as evidenced by the slower photovoltage decay.®
Therefore, the higher photocurrent density of Cat-CNx results from the combined effect of the
enhanced lifetime of photo-induced charges and the increased number of photo-induced electrons
at the surface states accessible to redox species, where the surface states serve as a reactive site for
photocatalysis. Based on these discussions, we summarize band energetics and reductive reaction

processes of CNx and Cat-CNx under illumination schematically in Scheme 2.
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Figure 3. (A) PL (solid line) and UV-vis absorption (dashed line) spectra for dispersions of CNx
and Cat-CNx at a concentration of 1 mg mL™!. (B) LSV curves for CNx and Cat-CNx in the dark
and under illumination. (C) The photocurrent density of CNx and Cat-CNx at 0.31 V vs. RHE
under chopped illumination. (D) Open-circuit photovoltage of CNx and Cat-CNx under chopped
illumination. Mott-Schottky plots of CNx (E) and Cat-CNx (F).

A. Equilibrium in the dark

n-type

semiconductor electrolyte

= o ]

t
-3

=

|

depletion region

B. CNx under illumination

C. Cat-CNx under illumination

Electron-attracting
catechol/quinone

—
ECBb,CatCN /! Er.
Epp------—- E,
Eyg h*/
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in potential of Cat-CNx under illumination; Er = Fermi level; Erp = electron quasi-Fermi level in
the bulk; Ers = electron quasi-Fermi level at the surface; Es = surface states serving as a reactive
site. (A) CNx or Cat-CNx as an n-type semiconductor at equilibrium in the dark, where Er = Egp
= Efs with Vpi. (B) CNx under illumination with a smaller Vyicnx than Vi where Ers lower than
EEp. In panel B, photo-induced electrons move to the bulk rather than transfer to the surface states,
resulting in the negative open-circuit photovoltage like the typical n-type semiconducting
behaviors. (C) Cat-CNx under illumination with a smaller Vi ca-cnx than Vi where Egs  higher
than Erp. In panel C, photo-induced electrons move to the surface states rather than to the bulk in
presence of conjugated catechols, resulting in the positive open-circuit photovoltage.

Photochemical Reduction of Gold Ions. Next, we demonstrated the applicability of the
enhanced photo-enhanced reductive activity of Cat-CNx to noble metal ion recovery. Adsorption
experiments for gold ions were conducted by dispersing CNx and Cat-CNx in gold ion solutions
at various concentrations in the dark and under illumination. The number of adsorbed gold ions
was calculated by determining the residual gold ion concentrations using inductively coupled
plasma atomic emission spectroscopy (ICP-OES). Experimental data were applied to Langmuir
and Freundlich isotherms to investigate the absorption behavior of gold ions (detailed isotherm
analysis is described in the Supporting Information). For both CNx and Cat-CNx in the dark and
under illumination, correlation coefficients obtained from the Langmuir isotherm were higher than
those obtained from the Freundlich isotherm, indicating that gold ions were adsorbed on
homogeneous surfaces and form a monolayer.”” The experimental results fitted to the Langmuir
isotherm are shown in Figure 4A, and Langmuir isotherm parameters including the maximum
gold absorption capacity obtained from the fitting were summarized in Table S4. In the dark, the
maximum gold absorption capacity of Cat-CNx, XXXX, was raised by 2.9 times than that of CNXx,
XXXX, due to the chelating and reducing capability of catechols for gold ions and a greater affinity
for AuClys ionic species induced by the functionalization of CNx with relatively hydrophilic

catechol moieties.>? The higher standard reduction potential (E’) of quinone/catechol redox couple
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(E” ~ 0.8 V vs. NHE) enables the reduction of AuCls™ to Au® with £ = + 1.002 V (vs. NHE).
Notably, the maximum gold absorption capacity of Cat-CNx under illumination, XXX, was raised
by 4.3 times than that of CNXx, allowing an application of photochemically-assisted Cat-CNx to
urban gold mining at a practical level requiring efficient gold ion recovery from electronic waste
containing ~ 200 ppm of gold ions.®* Besides, the rate of increase in maximum gold adsorption
capacity by irradiation was larger on Cat-CNx (1.94) than that on CNx (1.23). The results are
attributed to the utilization of more photons due to the narrower bandgap energy of Cat-CNx and
the efficient separation of photo-induced electron-hole pairs to be consumed. The reducing and
hydrophilic properties of catechols can also contribute to the higher gold recovery efficiency. In
addition, the standard Gibb's free energies of gold ion adsorption were derived from the Langmuir
constants that represent how spontaneous the gold absorption reaction is (Table S6).* The
standard Gibb's free energies decreased by the presence of catechols and irradiation. Therefore,
the synergetic effects of the increased affinity toward gold ions endowed by catechols and

irradiation facilitate the gold ino absorption.

The gold-loaded CNx and Cat-CNx after the exposure to 1 mM of gold ions are denoted
as Au-CNx and Au-Cat-CNx, respectively. SEM, TEM, XRD, and XPS were used to identify the
morphologies and chemical states of adsorbed Au with and without the catechol moieties and
illumination. Gold nanoparticles (AuNPs) were found from Au-CNx and Au-Cat-CNx in SEM,
TEM, and STEM images and identified by energy-dispersive X-ray spectroscopy (EDS) elemental
mapping (Figure 4B, 4C, and S13-19). The size distributions of AuNPs were determined for at
least 100 AuNPs observed by TEM images (Figure S20). The average diameter of AuNPs was

increased by 3.1 times due to the innate chelating and reducing capability of catechols for gold

19



ions by comparison between Au-CNx and Au-Cat-CNx in the dark. Moreover, the average
diameter of AuNPs from Au-Cat-CNx under illumination was raised by 1.6 times by contrast to
the dark. The average diameter of AuNPs from Au-CNx under illumination was increased by 1.3
times by comparison to the dark. The results indicate that photo-induced electrons are more
efficiently utilized in Cat-CNx for reduction of gold ions and subsequent nucleation and growth of
reduced gold atoms compared to CNx. XRD patterns of Au-CNx and Au-Cat-CNx showed peaks
for metallic face-centered cubic gold at 20 = 38.2, 44.4, 64.6, and 77.6 degrees, indicating the
reduction of gold ions by catechol and photo-induced electrons except Au-CNx in the dark (Figure
4D). Additionally, the characteristic peaks of CNx are still observed after the gold reduction,
indicating that the exposure to gold ions did not induce remarkable distortions to the crystal

structure of both CNx and Cat-CNx.

XPS analysis for Au 4f levels was conducted to investigate the chemical states of adsorbed
gold. The deconvoluted XPS spectra and the atomic ratio of each chemical species show that more
than 90 atomic percent of gold ions are reduced into their atomic state for all the cases of CNx and
Cat-CNx in the dark and under illumination (Figure S21 and S22). The high ratio of the atomic
state highlights the advantage of using CNx with the high conduction band edge compared to other
semiconducting materials.’” Furthermore, based on the Langmuir isotherm and XPS analysis, the
amount of gold absorbed on the surfaces depending on chemical states is showin in Figure 4E.
The number of ionic states increases as catechols are introduced, corroborating that introduction
of catechols increases the binding affinity to gold ions in aqueous media. Simultaneously, the
organic texture of CNx impedes the tight binding with gold ions, making it easier for the ions to

be washed away. Here, a clear increment in the amount of gold atomic state is observed by the
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introduction of catechols. Without light, Cat-CNx exhibited the 2.68 times increased amount of
gold atomic state compared to CNx. With exposure to light, while the amount of gold atomic state
was raised by 1.23 times for CNx, the amount increased up to 1.99 times for Cat-CNx, which

implying the increased utilization of photo-induced charges.

Mechanisms of the photochemical reduction of gold ions on Cat-CNx particles are
described in Figure 4F. Under light illumination, the photo-induced electrons are transferred to
reduce AuCls to Au’, while the photo-induced holes probably take part in the oxidation of water
molecules and chloride anions generated from the reduction and dissociation of AuCls” considering
valence band maxima (+ 1.75 V) of Cat-CNx and standard reduction potentials of O/H,O (E? = +
1.23 V) and Cl/Cl" (E” = + 1.36 V) redox couples, as reported on photocatalytic hydrogen

generation in seawater.®
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Figure 4. (A) Langmuir adsorption isotherm for gold ions. The asterisk marks denote the samples
exposed to 1 mM of gold ions under each condition. STEM images for Au-Cat-CNx without light
(B) and with light (C). (D) XRD patterns for Au-CNx and Au-Cat-CNx. (E) The absorbed amount
of gold depending on chemical states, (F) Mechanisms for photochemical reduction of gold ions
by Cat-CNx in acidic aqueous solutions of gold ions.

3. Conclusions

We demonstrated that the chemical conjugation of catechols to the edge of CNx increased the
photoreductive activity of CNx through the upshifts of band edges and polarization by the electron
density shift from CNx to catechols. Importantly, owing to the catechol/quinone pairs' ability to
attract electrons from CNx, Cat-CNx exhibited positive open-circuit photovoltage opposite to
pristine CNx showing a typical n-type behavior. Presumably, electrons are accumulated at the
surface states induced by catechols rather than swept toward the bulk phase of CNx. The results
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of photovoltage decay and PL quenching imply the prolonged lifetime and facilitated separation
of photo-induced charges, leading favorable electron transfer from Cat-CNx to electrolytes. The
photocurrent density of Cat-CNx was 6.3 times higher than that of CNx, indicating the improved
photocatalytic activity for reduction reactions, as supported by impedance analysis. Under light
illumination, Cat-CNx exhibited 4.3 times higher maximum absorption capacity for gold ions
compared to CNx, allowing the practical application of Cat-CNx to urban gold mining. In this
work we provide a new insight into the surface characteristics and photocatalytic activity

engineered by the post-modification of CNx.

4. Experimental Methods

Reagents. Dicyandiamide, 3,4-dihydroxybenzaldehyde, N-methylglycine (Sarcosine),
toluene, gold(Ill) chloride trihydrate (HAuCls-3H>O), Nafion perfluorinated resin solution (10 wt %
in water), potassium phosphate dibasic trihydrate (K HPO43H>0), potassium phosphate
monobasic (KH2PO4), and sodium sulfate (NaxSO4) were purchased from Sigma-Aldrich (St.

Louis, MO, USA) and used without further purification.

Synthesis of CNx. CNx was synthesized by the simple pyrolysis of dicyandiamide. Four
grams of dicyandiamide were placed on a porcelain boat and then heated with a tube furnace at
550 °C for 4 h with a ramp rate of 2.3 °C per min under an open ambient atmosphere. The yellow
powder was carefully collected and ground with a mortar and pestle. Finally, the powder was

washed with ethanol three times and deionized water twice and dried in a vacuum overnight.

Conjugation of Catechols to CNx. Cat-CNx was synthesized according to a previously
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reported method?*. Six hundred milligrams of CNx particles were dispersed in 300 mL toluene.
Then, 4 mmol (552.48 mg) of 3,4-dihydroxybenzaldehyde and 6 mmol (534.54 mg) of N-
methylglycine were added to the dispersion. Next, the dispersion was heated at 120 °C for 24 h in
an oil bath with vigorous stirring. After the reaction, the dispersion was centrifuged at 3000 xg for
3 min to isolate the products. The product was washed with ethanol three times and with deionized

water twice and dried in vacuum overnight.

Fabrication of Electrodes. FTO-coated glass slides (10 mm x 15 mm x 2.2 mm, 7 ohms)
were used as a substrate to fabricate electrodes for photoelectrochemical measurements. The FTO-
coated glass was cleaned using ultrasonic cleaning with acetone, ethanol, and deionized water and
then dried. They were taped using a polyimide tape, saving an active area of 1 cm2. The CNx and
Cat-CNx particles were dispersed in 5 wt % Nafion at a concentration of 10 mg mL™ in a 1:1
mixture of ethanol and water and deposited on FTO-coated glass slides and then dried in vacuum
at 70 °C.

Photoelectrochemical Measurements. All photoelectrochemical measurements were
performed in 0.1 M potassium phosphate buffer (KH2PO4/K2HPO4) with 0.1 M Na>SO4 at pH 7
using an electrochemical system (lvium-n-Stat Multichannel electrochemical analyzer and
IviumSoft) with a three-electrode system at room temperature. The FTO substrates loaded with
CNx or Cat-CNx were used as a working electrode, and Ag/AgCl and a platinum rod were used as
reference and counter electrodes, respectively. Potentials against Ag/AgCl were measured and
converted to values against a reversible hydrogen electrode (RHE) using the following equation:
E (vs. RHE) = E (vs. Ag/AgCI) + 0.197 V + 0.059 x pH. AM1.5-simulated illumination was

applied to the working electrode using a solar simulator (ASAHI SPECTRA HAL-320) in all PEC
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measurements. Linear sweep voltammetry was carried out at a scan rate of 5 mV st in the range
of 0.11 V to 2.11 V (vs. RHE). Mott-Schottky plots were obtained with a scan range of 0.11 V to
2.11 V (vs. RHE) at 500, 1000, and 2000 Hz of frequencies. Electrochemical impedance
spectroscopy was conducted at 0.31 V (vs. RHE) with 0.01 V amplitude in the frequency range of
10000-0.1 Hz. Photocurrent densities were measured by chronoamperometry under chopped
illumination, and the light was switched on and off at an interval of 60 s at 0.31 V (vs. RHE).
Photovoltages were analyzed by measuring open-circuit voltage. The working electrodes were
immersed in the dark until the systems reached their equilibrium. After reaching the equilibrium,
the working electrodes were exposed to light until the photovoltage became stable. When the
variation of photovoltage became negligible, light was turned off and the decaying of photovoltage
was monitored.

Gold Adsorption Isotherm. A gold isotherm experiment was conducted by following a
previously reported method with slight modification®. In the case of CNx, 4 mg of CNXx particles
were put in a 4 mL glass vial. In the case of Cat-CNx, 0.4 mL of Cat-CNx aqueous dispersion,
having a concentration of 10 mg mL™! was added in a 4 mL glass vial. The difference originates
from different dispersion stability of two particles in an aqueous solution. The designated amount
of deionized water and a 10 mM of HAuCl4 aqueous solution were added to make 4 mL of total
volume and adjust the particle concentration with 1 mg mL" and gold ion concentration from 0.1
mM up to 3 mM depending on the conditions applied. The dispersions were stirred in the dark and
I-sun condition at room temperature for 3 h. After the reaction, the CNx particles were collected
by centrifugation at 5000 xg for 3 min, and the supernatant was filtered using syringe filters with

a pore diameter of 0.2 pm. The filtered supernatants were diluted 10 times (in terms of weight)
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with deionized water to measure the gold ion concentration with inductively coupled plasma
atomic emission spectroscopy (ICP-OES). The collected particles were washed with deionized

water twice and then ethanol, and finally dried in vacuum.

Characterization. Nitrogen sorption analysis was performed using a 3Flex Surface
Characterization Analyzer (Micromeritics Corp., Norcross, GA, USA) at 77 K. Before the analysis,
samples were degassed at 150 °C for 24 h. Fourier Transform Infrared (FT-IR, Jasco FT/IR-6100,
Tokyo, Japan) spectroscopy was conducted to identify the chemical modifications of CNx using a
standard KBr pellet method. Solid-state '*C cross-polarization magic angle spinning nuclear
magnetic resonance (°C CP-MAS NMR) was conducted at room temperature to verify the
introduction through Agilent 400 MHz 54 mm NMR DD?2 (Agilent Technologies, Santa Clara, CA,
USA). The crystal structures of CNx, Cat-CNx, and adsorbed gold were determined by X-ray
diffraction (XRD, Rigaku Smartlab, Tokyo, Japan) with Cu Ka radiation (A= 0.154 nm). Elemental
Analysis (Thermo Fisher Scientific FlashSmart, Waltham, MA, USA) was performed to
characterize the C/N ratio of the samples. X-ray photoelectron spectroscopy (XPS, KRATOS Axis-
Supra, Kyoto, Japan) was obtained to explore valence bands and chemical states of CNx, Cat-CNx,
Au-CNx, and Au-Cat-CNx using a monochromatized Al Ka (1486.7 eV) X-ray source.
Photoluminescence spectra were obtained using a fluorescence spectrophotometer (Hitachi F-7000,
Tokyo, Japan). In detail, the dispersions containing CNx and Cat-CNx at a concentration of 1 mg
mL! were excited by laser with a wavelength of 300 nm, and the wavelength of emitted light was
monitored from 315 nm to 800 nm. Field emission transmission electron microscopy (TEM, FEI
Company Tecnai F20, Hillsboro, Oregon, USA) was used with an accelerating voltage of 300 kV

to analyze the size and morphologies of CNx, Cat-CNx, Au-CNx, and Au- Cat-CNx. Inductively
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coupled plasma-optical emission spectroscopy (ICP-OES, Agilent Technologies, Santa Clara, CA,
USA) was used to measure the concentration of residual gold ions to quantify the amount of gold

absorbed on both CNx and Cat-CNx.
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