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Section S1: Static Structural Details

In our study, we model -Cl passivated Cd»gSe17 quantum dot (QD) with an average diameter of
1.2 nm, as shown in Figure 1a. The average Cd-Cl bond length is calculated to be 2.62 A, while
the core Cd-Se bond lengths (angles) are in the range of 2.64-2.67 A (109.3-109.6°), consistent
with previous computational studies.! The partial density of states (pDOS) plot reveals that Se
(p) orbitals mainly dominate the valence band maximum (VBM), while the conduction band

minimum (CBM) is mainly dominated by Cd (s) orbitals.
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Figure S1: The electronic partial density of states of -Cl passivated CdzsSei7; OD calculated
using (a) PBE-GGA functional and (b) range-separated hybrid functional (HSE06). The inset
in (a) shows charge densities at VBM and CBM states.

Section S2: Static Structural and Electronic Details:

The CdxsSei17Clax QD features five exposed uncoordinated Cd sites (Cdsc), which serve as
potential active sites for molecular adsorption. We strategically adsorbed two nitrate (NO3")
molecules onto two opposed Cdsc centers to maintain computation tractability and ensure the
system has no net dipole moment. This symmetric configuration minimizes polarization effects
and more accurately represents the local adsorption environment on the QD surface. While the
total system remains globally neutral, chemical notation (NO3™ and Cd?") reflects the effective

local charge states that govern the adsorbate-surface interactions. Such Cd-rich surfaces



function analogously to sorbents in water purification technologies, where negatively charged
NOs™ binds to electropositive centers. The adsorbate preferentially binds through the O-site
with an average Cd-O bond length in the range of 2.34A. The optimized geometry shows that
one of the NO3~ molecules binds to two neighboring Cds. sites. The other NO3~ binds to the
Cd*? site where two O atoms anchor to a single Cd*? center, forming Cd(NOs3),-like species.
These configurations reflect the electrostatic interaction between the negatively charged NO3~
ions and the locally electropositive Cd*" centers on the QD surface, akin to anion binding in

aqueous sorbent systems.

To further investigate the electronic properties of QD-NOs, we compute the density of states
(DOS) using both PBE and range-separated hybrid functionals. These calculations provide key
insights into electronic structure and molecular state alignment within the QD-adsorbate
system. Figure 1c and S2 show that the projected DOS reveals molecular state contribution just
above the CBM. The LUMO state of the other NO3 remains deeper within the conduction band
(~2.0 eV), suggesting its limited influence in near band-edge photoexcitation-induced charge
carrier dynamics. Thus, the adsorbate-adsorbent binding geometry strongly impacts the
energetic alignments of the molecular states of the adsorbate with the electronic bands of the

sorbent.?

pDOS

Figure S2: (a) Unoptimized geometry (left panel) of NOs~ species adsorbed on the Se-top site
of the Cd2sSe;7Cl22> OD, and the right panel shows the optimized geometry of the same system.
(b) Unoptimized geometry (left panel) of NOs~ species adsorbed on the Cl-top site of the
CdzsSei7Clx2 OD, and the right panel shows the optimized geometry of the same system. (c)
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The pDOS plot of the conduction band states of the OD-NQOj3 system using range-separated
hybrid functionals (HSE06).

Section §3: Solvent Effect

We employed VASPsol, a software package integrating solvation effects within VASP using a
self-consistent continuum model for implicit solvation calculations.> VASPsol has gained
popularity recently due to its computational efficiency and simplicity, making it a valuable tool
for studying various heterogeneous catalysis systems.** In this approach, the total energy
obtained from DFT is supplemented by contributions from electrostatic interactions between
the solute and solvent and the cavitation energy required to form the solute within the solvent

environment. The following equation gives the expression for E¢iec and Ecay:
Ecap = [ d7 |VS(P)| (D
> o Ve @)I?
Eelec = — f ar 8(7‘) d;—; (2)

where, (7) represents the solvent dielectric constant, S(7) is the cavity shape function, ¢ (¥)
is the total electrostatic potential, and 7 is the surface tension. The dielectric constant and cavity

shape function are given by:

g(nsolute(‘?)) =1+ (Sb - 1)S(nsolute(77)) 3)
S(r) = %erfc {—ln(p ;\T/)E/p C)} (&)

where p is the electron density, p. is the cutoff electron density, and o defines the cavity width.
Our simulations employ solvent-specific dielectric constants to account for the varying
polarities of different solvents. The dielectric constants used are 78.35 for water, 2.37 for
toluene, and 24.85 for ethanol, ensuring a realistic representation of the solvation environment
(Figure S3a-c).In addition to the dielectric constant, other implicit solvation parameters in
VASPsol are set to standard values. The cavity width o is fixed at 0.6 A, while the cutoff
electron density p.is maintained at 0.0025 A3, Furthermore, a surface tension parameter T
0.525 meV/A? accounts for the energy associated with cavity formation in the solvent. These
parameters collectively ensure a consistent and accurate description of solvation effects in the
Cd2sSe17Clr2 QD-NOs system. As shown in Figure S3a-c, the NO3; molecular states in the QD-
NOs system remain largely unaffected under polar (water, ethanol) and non-polar (toluene)

solvents, with minimal energy shifts of ~0.23-0.25 eV. The NO3™ adsorption energies in polar



(water, ethanol) and non-polar (toluene) solvents are in the range -2.33 to -2.35 eV, which

remain close to the corresponding value computed considering the gas phase (-2.11 eV). This

modest stabilization suggests that solvation does not influence the overall adsorption energetics

substantially. Since solvation effects do not significantly influence the electronic properties of

QD-NO;s, we adopt a gas-phase model for the remainder of the computational study.
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Figure 83: The electronic projected density of states (pDOS) at the conduction band edge

considering solvent (a) water, (b) toluene, and (c) ethanol. The QD states are on the left, while

the molecular LUMO states in QD-NOj3 appear on the right.
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Figure S4:(a) Potential energy curve for QD-NOj; system demonstrating equilibration at 300K

for conducted AIMD simulations. (b) The root mean square fluctuations of individual elements

of the CdsSe;7Cl2>-NO3 QD system.
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Figure §5: The time evolution of Cd-O and Cds.-O bond length.
Section S4: Hot Electron Trapping by Absorbate

Upon photoexcitation, hot electrons (HE) initially populate higher conduction band states
before undergoing relaxation through two primary pathways: (a) charge transfer from higher-
energy CBM states to the LUMO state of the molecule and (b) direct relaxation of HE to lower
CB states without molecular state involvement.® We employ ab initio nonadiabatic molecular
dynamics (NAMD) within the framework of time-dependent density functional theory
(TDDFT) based on the Kohn-Sham (KS) formalism to investigate the dynamics of
photogenerated electrons. The efficiency of hot electron (HE) extraction by the molecular state
is governed by competing pathways. A key factor influencing hot electron dynamics is the

nonadiabatic coupling (NAC), expressed as d;; = (@lvtio;) R

8i—£j

This relation highlights that NAC is directly proportional to the matrix elements of the
electronic Hamiltonian and inversely proportional to the energy gap between the initial and
final states. The strength of NAC quantifies the electron-phonon interactions over time. A
higher NAC value between states signifies stronger electron-phonon coupling, leading to faster
electronic transitions across states.”® Our findings reveal that the charge relaxation within the

QD CB and LUMO states occurs more rapidly than the relaxation between the higher CB states



and CBM. Figure 2c shows the calculated average NAC for HE cooling to LUMO state and
CBM of QD.

Section §5: Impulsive two state Model

To investigate NOs3 dissociation induced by hot electron injection, we employ the Impulsive
Two-State (12S) model, a well-established approach for simulating electron-driven molecular
reactions. In this framework, a single 1s electron is excited from the core-shell and transferred
to the lowest unoccupied molecular orbital (LUMO) of NOs.” This methodology has been

successfully applied in previous studies on photochemical reaction dynamics.!%!2

We use a canonical ensemble for ab initio molecular dynamics (AIMD) simulations. The 12S
model simplifies electron-induced reaction simulations by describing the system’s evolution
across different potential energy surfaces (PES). The process begins with an excitation from
the ground-state PES to an anionic excited-state PES* via electron injection. The system then
evolves on PES* for a characteristic time interval, 7, acquiring additional energy and
momentum. After this period, the system returns to the ground-state PES, where the

accumulated energy facilitates bond dissociation by overcoming reaction barriers.

To examine the excitation dynamics within the I12S framework, we randomly selected a ground-
state trajectory at 750 fs as the starting point for excitation. This trajectory then evolves under

12S conditions, allowing us to assess subsequent bond rearrangement.
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Figure S6: £0cs=N=0cg3. (a) © and (b) a bond angle evolution over time at different lifetimes
for initial configuration at 750 fs (1 =5 fs, 10 fs, 15 fs, 20 fs, and 25 fs) of NO3™".
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Figure S7: N-O bond lengths dy.o(1), dn-o2), and dy-og3) evolution over time at (a) T = 10 fs, (b)
15 fs, and (c) 20 fs.

Different initial configuration:

To determine the minimum excitation time (1) necessary for NO3 ™~ dissociation into NO, + O*,
we analyzed four randomly selected configurations from a thermodynamically equilibrated
trajectory at 300 K. In each configuration, a single electron is excited to the LUMO of NO3 and
held there for varying durations, ranging from 5 to 25 fs. Following this excitation period, we
monitored the system for 500 fs to assess whether dissociation occurred. We find that, for all

selected configurations, NO3~ dissociates into NO>~and O* at T =25 fs, as shown in Figure S8-

S9.
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Figure §8: 20cs=N=Ocusc (8) bond angle evolution over time at T = 25 fs for four different
initial configurations (50 fs, 150 fs, 350 fs, and 550 fs).
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Figure §9: N-O bond lengths dn.o), dn-o2), and dn.o) evolution over time at t = 25 fs for
initial configurations (a) 50 fs, (b) 150 fs, (c) 350 fs, and (d) 550 fs.

Section §6: Static Geometric and Electronic Details for QD-NO;

To simulate the QD-NO: system, we take the final structure obtained after the dissociation of

NO;™ into NO;~ + O*. This structure is then further optimized to model the QD-NO:
configuration. The average Cd-Cl, Cd-Se, Cd-O, and N-O bond lengths are listed in Table S1.
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Table S1:

0OD-NO; Bond length (A)
Cd-Se 2.78
Cd-Cl 2.58
Cd-O 2.43
N-O 1.27

The pDOS plot in Figure 4a shows that the LUMO of the unreacted NO3 adsorbate remains
energetically distant from the QD-NO> band edges and appears uncoupled, indicating its

negligible influence during above-bandgap photoexcitation.
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Figure S10: (a) Optimized geometry of OD-NO: system. Color keys: pink (Cd), green (Se),
maroon (Cl), red (O), and blue (N). (b) The pDOS plot using range-separated hybrid
functionals (HSE06). The QD states are on the left, while the molecular LUMO states appear
on the right.

Section S7: Solvent Effects on the Molecular State

To evaluate the influence of solvation on the electronic structure of QD-NO2, we compute the
DOS using the VASPsol framework, considering both polar (water, ethanol) and non-polar
(toluene) solvents. Figure S11 shows that the molecular state at CBM remains largely
unaffected, with only minor energy shifts (~0.3-0.5 eV). The calculated NO>~ binding energy

to the QD surface in polar (water, ethanol) and non-polar solvents is in the range of -1.98 eV
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to -2.04 eV, compared to -1.68 eV in the gas phase. This weak solvent dependence suggests
that the electronic properties of QD-NO: are primarily governed by local bonding interactions.
Given the minimal impact of solvation, we adopt a gas-phase model for further study.

Additional computational details, including solvation model parameters, are provided in

Section S3 (SI).
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Figure S11: The pDOS plot of the conduction band states of the QD-NO: system with solvent
(a) water, (b) toluene, and (c) ethanol. The QD states are on the left, while the molecular LUMO
States appear on the right.
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Figure S12:(a) Potential energy curve for the QD-NO: system demonstrating equilibration at
300K for conducted AIMD simulations. (b) The root mean square fluctuations of individual
elements of the CdzsSe;7Cl2>-NO2 QD system.

Section S8: Hot carrier charge dynamics for QD-NO:
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To understand the mechanism governing electron retention in the NO> molecular state, we
focus on the associated energy gap AE and phonon-induced NAC strengths. The smaller the
energy gap, AE, the faster the carrier relaxation, while a larger average AE gap slows down
carrier cooling.!3> We note that the large average AE (0.33 eV) gap between the higher CB QD
states (CBM+2 and CBM+1) slows down the carrier cooling, while the smaller AE (0.16 eV)

gap between CBM+1 and CBM state results in fast interfacial charge transfer.
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Figure S13: Time-averaged NAC values between closely spaced QD states (CBM+1) and
molecular LUMO state (CBM) and between the closest QD states.

The second key factor is the NAC strengths of the involved electronic states. The higher the
NAC values, the higher the nonradiative transition rate. Figure S13 shows the substantially
higher time-averaged NAC values (15 meV) between the molecular LUMO state (CBM) and
QD (CBM-+1) results in ultrafast electron transfer in the NO» acceptor state. However, small
NAC values between the CBM+2 and CBM+1 QD state (3.6 meV) slow carrier cooling from
QD to the molecule state. The small NAC between the CBM (LUMO) and VBM (0.038 meV)

prevents back-transfer of trapped HE from molecular state to QD.

The ability of NO- to capture hot electrons and drive reduction reactions highlights the broader
potential of adsorbate-engineered quantum dots in photocatalysis. By strategically selecting
adsorbates with favorable electronic properties, it may be possible to enhance the efficiency of

solar-driven reduction processes.

Section S§9: Impulsive two state for QD-NO: system
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Figure S15:Unoptimized geometry (left panel) and optimized geometry (right panel) of the
hydrogen adsorbed on the (a) Cd-top site, (b) Se-top, and (c) Cl-top site of the Cd2sSe;7Cl2>

OD.
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Section §10: Computational Methodology

To evaluate the NO3RR activity of catalysts, their adsorption-free energy (4G) is usually
measured. Thus, 4G can be defined as follows:

AG =AE + AEzpg- T AS (1)

where, 4G is the Gibbs free energy of nitrate adsorption, * represents the active site of the
catalyst, AE is the adsorption energy, and AEzpg and AS are the zero-point energy and entropy

difference of an atom between the adsorbed state and the gas-phase state.

The NAMD simulations follow a mixed quantum-classical framework, where the fast-moving
electrons are treated quantum mechanically while heavier nuclei are described using classical
mechanics.'* All NAMD simulations in this study are performed within the time-dependent
Kohn-Sham (TDKS) framework using the decoherence-induced surface hopping (DISH)
approach.'> The DISH algorithm is implemented within the classical path approximation (CPA)
framework. The DISH method accounts for coherence loss in the electronic subsystem due to
phonon interaction. The electron-hole recombination dynamics are analyzed using the LIBRA
code.'®!” This analysis involves 1000 geometries extracted from AIMD, with each geometry
undergoing 100 stochastic realizations. To make the calculation manageable, we iterate the
non-adiabatic Hamiltonian we compute for the 1 ps trajectory multiple times. This allows us to

capture the charge recombination dynamics over a considerably longer duration.

Limitations of NAMD Simulations: The NAMD simulations performed in this work describe
HC relaxation using a semi-classical fewest-switches surface-hopping (FSSH) scheme, where
excited-state energies and non-adiabatic couplings are derived from TD-DFT. This framework
inherently adopts a single-particle description and therefore does not capture many-body
processes such as exciton formation or exciton renormalization, which require explicit
electron-hole interactions beyond the mean-field approximation. In addition, Auger
recombination and other multi-electron scattering channels are not included, as these processes
involve higher-order electron—electron Coulomb interactions not accessible within standard

FSSH.!820
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