Direct hot-carrier transfer in plasmonic catalysis
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Abstract

Plasmonicmetal nanoparticlesan concentrate opticahergy and enablehemical reactions on
thar surfaces. The interaction of plasmon with the adsorbaitalsrteads to plasmeimduced
hot-carrier transfer to the adsorbate, leading to chemical transformationso#ftearier transfer

is known to occur ia two pathways (i) indirect transfer where the hot carriers are first
produced in the metalnd are then transferred to #xsorbateand (ii)direct transfer where the
plasmons decay by directly exciting a carrier from the metal tadberbateUnfortunately the
atomiclevel details and knowledge of the efficiency of ttiecttransferprocess are missing.
Here, wereport a preliminary investigation employitigjmye-dependent densifunctional theory
(TDDFT) calculationsto captureand quantify the directtransfer process at a model mBtal
adsorbate (Ag~CO) interface Fora 10femtosecond Gaussian laser pulse tuned to the plasmon
frequency,we observe a plasmeanduced direct hetlectron transfer process arising from the
occupied states of A the unoccupied molecular orbitals of CO. Our work provides evidence
for the direcitransfer process at AGO interfaces and shows that the efficiency of the direct
transfer processlependson the adsorption sitéWe envision our computations to provide
theoretical guidelines to design more efficient metalecule interfacefr plasmonic catalysis



Introduction

Plasmonicphotccatalysis aims to carry ouhemical reactionglirectly on the surfacef a
plasmoniemetal nanoparticle efficiently arsklectively This approach exploits the properties
of localized surface plasmons (LSPs), which are collective charge density oscillations induced in
a plasmoniemetal nanoparticle upon interaction witlight. Over time, the LSRlecayg to
generate enertje charge carriers (referred to as hot electrons and hot hdles)resulting
electrons can gdtansferred to the unoccupied molecular orbitals of the adsorbate, resulting in
the formation of a transient negative ion complex. Because the absornpathasto a different
potential energy surface, forces are induced on the adsorbate nuclei. This causes the atoms to
move, thugriggeling chemical transformatiorsn the surface of a plasmonic metal

Plasmonic catalysis is advantageous in many ways. Because LSPs can concentrate light and
enhance optical energy absorption, they icanease the concentration of hot carriers leading to
improved external quantum efficiend§EQE)® This provides a platforrto utilize low-intensity
sunlight asa renewable source of energyn addition, being fundamentally different from
thermal catalysis in terms of mechanism, they could enable new reaction outcomes and help

engineer product settivity.*

In plasmonicatalysis the hotcarriertransfer procesepresents a critical stefp can occur via
two mechanism&3®*! (i) indirect transfer where the hotarriersare first produced in the metal
nanoparticle, andeventually transferred to the accept¢Fig. 1a) or (ii) direct transfer(or
chemical interface dampifg™), where the plasmottecay by directly exciting a electronfrom
the occupied states of thmetalto theunoccupied orbitals of the adsorbéti#rect hotelectron
transfer, Fig. 1b). The plasmons can also decay by directly exciting an electron from the
occupied states of the adsorbate to thecanpied of the metal, a transition that leads tlrect
hot-hole transferto the adsorbatdBecauselte hot carriers generated in the metal caicldy
relax back to the Fermi level via carBearrier interactions before they are transferred to the
adsorbate, studiewave constantly pointed out that the indirécnsfer processan be
inefficient**” On the other hand, this problem can be aedith the directransfer proces.

As such, controlling and favoring the dirgécinsfer process at the expense of the indirect

transfer process could potentially lead to higher EQEs.



However, plasmonic catalysis continues to suffer from ®QEs (less than 1%) and poor
control over product selectivi:®'® This is becauselthough the directransfer process is
known to bemore efficient, it has been poorly underst@idhe atomic scalés a result no
significant efforts have been made isabver ways to promote this process and tap its potential
for plasmonic catalysis

Here, wereport a preliminaryab initio investigation based on redime timedependent
densityfunctional theory (RTTDDFT??) to captureand studythe direcitransfer pocess at a
model metabadsorbatanterface formed by a metallic Ag nanoparticle and &0 molecule
The rationale for choosing a computational approach comes from the fact ttvat thetcarrier
transferprocessesccur simultaneusly,and isolatingndividual processes in experiments can be
a daunting taskFurthermore, since these processes oocuultrafast timescales (1 £ 100
ps)’8,10

complicated and timeonsuming.

interfacedesign to promote the diredransfer processvia experiments can be

We demonstrate that the plasmon formed in theAQO system due to an applied laser pulse
induces a direct heatlectron transfer from the occupied states of Ag tatfeccupied molecular
orbitals of CO. We study three adsorption configurations of Q®top, bridge and hollow
adsorption sites. We find the efficiency of the directéletiron transfer process to be 0.86, 1.96
and 1.786, respectivelyshowing that the dired¢tansfer process can be tuned depending on the
adsorption configuration of molecule We also evidence the direct Haodle transfer process in
these configurationglbeitwith much smaller efficiency value®verall our study provides an
approach to capturand quantifythe directtransfer process at a given metablecule inteface
It also provides a framework for rational mletolecule interface desigifor plasmonic

catalysis



Methods

The Agus~CO interfacemodelsused in our study, with CO adsorbed at three different sites
(on-top, bridgeand hollow), are shown in Fig2. The interface normafor all the three
configurations liesalong the xaxis Theicosahedral Agy nanoparticle previously studied by

12! and Rossiet al??

Kuismaet a is known to support a strong plasmdecauseprevious
experiments havmvestigatedselective oxidtion of CO directly on plasmonic Ag nanopatrticles,
we chose the CO molecule as a model adsorbate in our °Studfirst, the Ags; and CO
structures are relaxed indiially to less than 0.03 &V residual forcesat the DFT level of
theory*?° using the GPAW cod®&?’ A grid spacing of 0.3 , and a vacuum spacing of #2is
used in our calculation¥he Agus~CO combinedstructuresarethen formed andelaxed toess
than 0.03 eV/e residual forcePDuring thisrelaxationstep the atoms othe Ag 47 hanoparticle

are fixed, while CO molecule &lowed to relax.

We use the projector augmentedve (PAW) methodat describe the core electrafignd the
PerdewBurke Ernzerhof (PBE) exchangmrrelation (xc) @inctionaf® in relaxation
calculations.The wavefunctions are represented using a linear comdmnat atomic orbitals
(LCAO).*® We use the default doublepolarized (DZP) basis set for geomyetelaxation and

include 11, 4and 6 alence electrons to model Ag, C, an@®ms respectively’

The optical properties are computed using the LRABTDDFT method as implemented in
GPAW#??\We replace the standaretype polarization function of the Ag atom with the actual
Kohn-Sham orbital of the 5p state plus its usual sm@lence function, which is known to
describe plasmonseurately in Ag nanoparticlés We employ the orbitadependent GLLESC
xc potential®? A FermiDirac smearing of 0®eV is used to facilitate the convergence with the

used xc potential. More details on tinethodology are given in Ref2.

Results and Discussion

The plasmomesonanceare determined by computiniget photoabsorption spectiaingthe! -
kick technique® The electric fieldn these calculations is applied along thaxis. Fig. 3a shows
the results for individual Ag; and CO systems as well as for theéhree different adsorption

configurations considered Gauwssian broadening of 0.2 eV fulidth at half maximum was



applied to the spectra. We obge a strong plasmon peak at B.&V for Agi47, wWhich is
consistent \ith previous calculation€ As expectedgiven acomputedHOMO-LUMO gap
value of 7.9 eV, CO does not show any photoabsorption in the gmarge plottedFor the
Ag14~CO systemsthe adsorption of CO causesmly a smallchange in the plasmon peak
paosition, moving itto 3.74 eV

To studyhot-carrier generation and transfat thethree Ag147~CO interfaces, we excite the
systemsalong the xaxis with a laser pulse at the plasmon frequency. The external electric field
takes on the forrh (1) ! 1, I"g1L 10 r pnmg i rh e L1t /1 wheret represents time,,
is the field intensity (assumed to be weak to probe the linear respegisee),!, is the pulse
peak time (set to 10 fd), is the pulse frequency (set pdasmon frequency 3.74 ¢Vand!

describeghe pulse width (set to a valaerresponihg to pulse duration of10 fs)

The applied laser pulse and the dipeeoment response of the Ag-CO (ontop
configuration) system as a fction of time is shown in FigBb. The pulse is turned on at fs5
reaches a maximum at 1€) and fades away after 1& In response to this field, it is seen that
the dipole moment showsrtge amplitude oscillations, reaching a maximum at ~12 fs and decays
to a stedy minimumvalue beyond 27 fs. The dipole moment continues to persist even after the

pulse is turned off, which is suggestive ataonant excitation ahe plasmonicsystent’

We furtherinvestigatethe formation of a plasmon by visualizing the induced charge density in
real space al2 and 27 fs, as shown in Figc. The charge density at 12 fs clearly shows
collective motion of charges from one side of the metal nanopadithe other, which is a clear
indication of a plasmon mode excitation. At later times (27 fs), we note that the -dleausgjy
distribution loses the collective oscillatory behavior and becomes mostly fragmented. This
suggests that the plasmon formed 2atf& has decayed, and hot carriers are generated in the

system.

We compute the resulting hafarrier distributionat a given timet using the transition

probability ! 1111 [L1L /i !|! , where theKohn-Sham KS) transition density

matrix,! ! (1) ! i (1)1 1. (11, is constructed in the basis of occupigda(d unoccupiedaj



KS states, antl and!, are the groundtate occupations of the KS statesda, respectively’*
Specifically, the probabtles for creating an electron on stateand a hole on staieare given
by I, (D! Ytw (M and! (1) ! ¥, 1111, respectively* The corresponding hatlectron
distribution!, (! !!) presents the occupation probability with respect to the eigenvalues of the
states!, (! 1) 1 X, I, 1111 111 where a Gaussian broadening functioensployed The hot

hole distribution , (! !!) is computed analogously.

Fig. 3d showsthe total hotcarier distribution! - , in thethreeAgi147-CO systems aR7fs, i.e.
after the plasmonhasdecayd We observdhat a large concentration of holés generated at
around-4 eV, consequently generating a large concentration of eleatlosis tothe Fermi level.
This is attributed to thenterband(! — !" ) transitions commonly observed Ag nanopatrticles.
The hothole and hotlectron distributions at other energy levels arise due to the intraband
(™ 1 ") transitionsin the Ag ranoparticleand additionatransitionsthat occuracross the Ag

CO interfacgwhich constitute theirecttransfer process).

L

The total hotcarrier distributon,! . , can be divided into four partial transitior{g !!.!." o,

from the occupied states of Ag to theoccupied states of Adii) ! ' * , from the occupied

-l

states ofCO to the unoccupied states GD, (iii) !!.!." ", from the occupied states of Ag the

unoccupied states of C@nd (iv) !!.!." 'Y from the occupied states of GO the unocupied

staes of Ag Therefore!, ! 1. '" 1 1" 1 AT 1 BT Herel ' relates to

the indirecttransfer process, where the hot carriers are first generated within the Ag nanoparticle

ENL

and subsequently move to CO,: is commonly referredto as intra-adsorbate

23,35

excitation®*which is found to be negligible in the present case. The partial translt,_i!br'ls'f:

andP!.!." ' constitute the direct haflectron and the direct htible transfer, respectively.

To capture the diredtansferprocesswe dividethe simulation cell into two complementary
spatial regions determined Hye boundary between Ag and @@ms. For each KS statgAg

and CO weightsare then calculated from the grourslate KS wave function, (!) as

"

Lyt S P a@2tandt {7t [ [ (D' respectively, satisfying, L LT



Then, thepartial hot-carrier distributions are obtained by using the weights for occupiehd
unoccupied d) states inhe transition probability. Faxample, thalirect hotelectron transition,

!!.!." ~" distribution is obtained by using the weighted transition deri;~7!i"tyI Yo

" e

L .. Then the expression,” ' (1)1 %1, ' 111, followed by!,,. " !
2 !!Ag! " (1)1, 111 (see above) are usédl obtain the heelectron distribution associated with
I. ' . The hothole distribution,,. " is computed analogouslysing similar arguments,
we obtain!,. ' 1% =" and!, ~*8. The efficiency of a particulapartial transitionis

defined as the ratio of thategral over thepartial hot-carrier distributionto the inegral of the

total hot-carrierdistribution.

Fig. 4a shows the direct hatlectron transfer contributioh!,!." + €9 for the three adsorption
configurations of CO. The distributions reveal that the dimeactsfer process is capable of
generating hot electrons with energies up4@V in the CO moleculeA larger fraction ofhot
electrons with energies greater thane¥ can be seen in the case of bridge and hollow
configurations as compared to the @op configurationFurther, he efficiency of this transition,
computed at 27 fs, shows that the direct-dlettron transfer is most efficient when CO is
adsorbed in théridge configuration (1.96%), followed by the hollow (1.78%) andtam
(0.86%) configurationgFig. 4b). This shows that the direct helectron transfedependsn the
adsorption configration of the adsorbate

Fig. 4c shows the direct hdtole transér contribution) !.!." ' . Itis interesting to note that the
direct hothole transfer contribution is narero at the A¢gCO interface This is because the
HOMO level of the CO molecule is expecteditowell below the Fermi level (omo- EF>!
= 3.74 eV) The efficiency of this transitioat 27 fsis found to be 0.16%, 0.52% and 0.49% for
the ontop, bridge and hollow positions, respectivéfyg. 4d). Thesesmall, but norzero values
are attributed to the transitions arisingm the hybridizd statefof HOMO andLUMO with the
states of the Ag nanopartiglhat are pushed below the Fermi level upon bond formakius is
more evident in the case of the bridge and hollow configurations as peaks in -m&ehot
distribution develomear the~ermi level (see Figic).



Because the Ag nanoparticemuch larger in volume compared to the CO molecuiear
fractionof the hot carriers (~93-99% efficiency) are generated via the partial transiti!'c;n! :
(part of the indirectransfer proess) If the number of CO molecules adsorbed on the;Ag
nanoparticles increasedr if a smaller Ag nanopatrticle is chosehis fraction is expected to
decreaseFurther, to check if the choice of the plasmon decay time ggintfs) has any
influenceon the results, we computed the efficiency values ofdttexttransfertransitions in
the immediatedime range 2iB0fs (Fig. 4b and ¢. Our results showed little variation in the

efficiency values, showing that the plasmon decay has reached asttdadeyond 27 fs.

Conclusions

In summary, we havemployeda RT-TDDFT approach to capture and quantify the direct
transfer process at a metadsorbate (Ag~CO) interface, a process that is difficult to isolate
and assess quantitatively in experimerier a Gaussianlaser pulse tuned to the plasmon
frequency and with duration of 10 fs, we observed direceleatron transfer from the occupied
states of Ag to the unoccupied molecular orbitals of CO with an efficiency of 0.86, 1.96 and
1.78% for CO adsrbed at ortop, bridge and hollow sites, respectively. We also observed direct
hot-hole transfer and found this to occur with much smaller efficienthass, our study not only
shows that the direct helectron transfer at AGO interfaces is possiblbut also reveals that
CO molecules adsorbed at the bridge and the hollow sites are more likely to undergo a hot
electroninduced photochemical reaction, given all other steps are similar across the three
configurations.Our approachcould help understand rad enhancedirecttransfer transitions
paving way for efficient plasmonic catalysis.
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Figures
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Fig. 1 Schematic representation ttie hot-electron transfeprocessfrom the metal to the
adsorbate via (apdirect transfer,and (b) direct trarsfer. E;, HOMO and LUMO represent the
Fermi level, thehighest occupied molecular orbitahd thelowest unoccupied molecular orbital
respectively. Full and hollow circles denote the electrons and the holes, respectively. A similar

scheme can be drawn fibre hothole transfeprocess
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Fig. 2 Structural model of the Ag-CO ontop configurationused in our calculationSimilar
structural models for th&gi14~CO bridge and hollow configurations were us@dcloseup of
the binding sitegon-top, bridge and holloware also shown.
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domain for the Ags~CO ontop configuration is shown(c) Inducedcharge densities at 12 and
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unshaded) distributions for thiereeAg147~CO configurations computed at 27 fs.
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TOC description

An ab initio computational approach to capture and quantify directhoter transfeat metal
molecule interfacem plasmonic catalysis is presented.



