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Photocatalysis can effectively degrade emerging (micro)pollutants
inwastewater and achieve advanced water treatment objectives,

wherein the low solar energy conversion efficiency remains a challenge.
One key determinant is the effective adsorption of micropollutants,
whichis challenging to define, especially for photocatalysts with

surface heterogeneity over different length scales and under (non-)
reactive conditions. Here we report a generalizable imaging technique
adCOMPEITS (adsorption-based competition-enabled imaging

technique with super-resolution) and quantify the adsorption behaviours
of non-fluorescent micropollutants on heterostructured Au/TiO,
photocatalysts at nanometre resolution under both non-catalytic and
photo(electro)catalytic conditions. We discover a long-range enhancement
of micropollutant adsorption on TiO,, which reaches micrometre-length
scale and stems from the long-range surface band bending of TiO, upon
contacting metal co-catalyst. We further engineer the band bending to
effectively modulate the long-range effects on molecular adsorption. The
imaging technique and the scientific discoveries here should open avenues
towards understanding and engineering metal-promoted photocatalysts
for many applications.

Enhancing water security is critical for global health, and it is continu-
ously challenged by priority pollutants and emerging contaminants' .
Given the ever-increasing water-quality standards, conventional
treatments, such as coagulation or precipitation and media filtration
followed by disinfection, are becoming less effective and less economi-
cal*’. Photocatalysis can effectively degrade emerging pollutants in
wastewater such as trace chemicals, thus achieving more advanced
water treatment objectives®. Among diverse photocatalysts’ ',
nanostructured TiO, possesses enormous attention owing to its wide

bandgap, outstanding chemical activity and stability, non-toxicity
and low cost™ ™, Especially when a plasmonic co-catalyst such as Auis
added, theresulting heterostructured Au/TiO, nanocatalysts can have
enhanced performance stemming from the promoted charge separa-
tionand plasmonic effects™ ™. Currently, photocatalytic degradation
of micropollutants, thatis, compounds at trace concentrations below
micrograms per litrein the environment, is still imited by the low over-
all conversion efficiency of solar energy into chemical activity’. One
key determinant of the reaction efficiency is the effective adsorption
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of micropollutants, whose photodegradation rates on catalyst surfaces
typically scale linearly with their adsorption affinity at low concentra-
tions. However, little is known about their quantitative adsorption
behaviours, especially at the nanoscale and on metal-promoted pho-
tocatalysts. Therefore, there is a pressing need for high-resolution
methods capable of quantifying molecular adsorption in solution
under dark and light as well as photoelectrocatalytic conditions and
of differentiating adsorption across different sites on heterogeneous
nanostructures.

We recently developed COMPEITS (competition-enabled imag-
ing technique with super-resolution), which can optically image
non-fluorescent processes, such as reactant surface adsorption during
photocatalytic oxidation, at nanometre resolution'®". COMPEITS uses
asurface-catalysed fluorogenicreporter reaction for single-molecule
fluorescenceimaging and super-localization, followed by introducing
non-fluorescent processes that compete with the reporter reaction on
the catalyst surface. By quantifying the suppression of the reporter
reaction, the adsorption behaviour of the competing non-fluorescent
adsorbate, which could be a reactant, intermediate or product mol-
ecule,canbe mapped at the nanoscale. Nevertheless, COMPEITS must
becarried outunder catalytic conditions owing to the requirement of a
catalyticfluorogenicreaction. Catalyst-adsorbate interactions under
non-reaction conditions, for example, for photocatalysts without
direct charge-carrier excitation, are thus inaccessible.

Here, we report an imaging technique adCOMPEITS
(adsorption-based COMPEITS), a variant of COMPEITS that caninter-
rogate catalyst-adsorbate interactions under both reaction and
non-reaction conditions. We quantify the adsorption of two representa-
tive micropollutants, pirimiphos methyl (PM, a pesticide) and diethyl
phthalate (DP, a plasticizer), on individual heterostructured Au/TiO,
photocatalysts, under dark and light as well as photoelectrocatalytic
conditions. Strikingly, we discover amicrometre-range enhancement
of micropollutant adsorptionon TiO, nanorod photocatalysts, induced
by the contact with Au nanoparticle co-catalysts of ~100 nm in size,
in addition to a short-range adsorption enhancement at the Au-TiO,
interface stemming from the localized surface plasmon resonance
(LSPR) effect. Mechanistic investigation reveals an explicit connection
ofthislong-range adsorption enhancement to the long-range surface
bandbendinginduced by Au/TiO,junction, whichis generally applica-
ble to other metal-promoted photocatalysts. This connection further
enables usto manipulate the long-range adsorption enhancement via
band-bending engineering, offering insights into photocatalyst design
and performance optimization.

Results

Principle of adCOMPEITS

Figurelaillustratesthe principle of ad COMPEITS using surface adsorp-
tion of a fluorophore as a reporter in imaging. In a typical process,
reporter fluorophores are introduced at nanomolar concentration
in solution, in which their rapid diffusion smears their fluorescence
signals. The adsorption of afluorophore onto a catalyst surface pauses
itsmotion, whereits fluorescence can beimaged at the single-molecule
level and its position localized at nanometre precision'>'*?°, By accu-
mulating such localizations, the adsorption pattern on single catalyst
particles can be reconstructed, as in the technique known as PAINT
(points accumulation for imaging in nanoscale topography)*. Sub-
sequently, the non-fluorescent molecule (or reactant) of interest is
introduced to compete with the reporter fluorophore for adsorbing
onto the same particle surface, leading to suppression of the reporter
adsorptionrate. This suppression, whichinforms on the adsorption of
the non-fluorescent molecule, canbe mapped at the same nanometre
resolution. Quantitatively, the specific adsorption rate vy (s pm™) of
thereporter (R) atany location depends on the concentrations of itself
and the non-fluorescent moleculeL (derivationin Supplementary Note
1and Supplementary Equation11):

e = kp[MIr[R]  rj—o kr[MI;[R]
R T+ K [L]+Kg[R] 1+K[L]’

@

whenbothRandL follow Langmuir adsorption. Here, kyis the specific
adsorptionrate constant of the fluorophore reporter; [M]; is the total
surface concentration of adsorptionsites; and Ky and K| are the adsorp-
tion equilibrium constants of the reporter fluorophore and

A
non-fluorescent molecule, respectively. Moreover, ”R(— Yo~ ”R) where

Upisvgat[L]=0, equals K [L] (Supplementary Equatlon 16) and thus,

directly scales with L’s adsorption affinity (K,). Compared with COM-

PEITS, adCOMPEITS substantially expands the scope of materials for
investigation since no catalytic capability for afluorogenicreactionis
required, which also enables the investigation of molecular adsorption
under non-reaction conditions for photocatalysts (more discussions
onthe generality and limitations are in Supplementary Note 2).

AdCOMPEITS uncovers long- and short-range adsorption
enhancements

Weimplemented adCOMPEITS to study the adsorption of micropollut-
ants PM and DP on Au/TiO, photocatalysts, prepared by depositing
~100 nm Au nanoparticles on rutile TiO, nanorods”'° of ~250 nmin
width and afew micrometresinlength (Supplementary Fig.1a-c) and
annealing them on an indium tin oxide (ITO) substrate (Fig. 1a and
Supplementary Methods). By controlling the ratio of Au nanoparticles
and TiO, nanorods, heterostructures featuring a Au/TiO, pair can be
formed in the products (scanning electron microscopy (SEM) images
inFig. 1d and Supplementary Fig. 3). The pesticide PM is a target pol-
lutant for advanced water treatment; the plasticizer DP is a priority
pollutant (Fig. 1a)"*%. The reporter fluorophore was a Cy3.5 derivative
(Supplementary Fig. 5a), excitable at 561 nm. Figure 1b shows the
nanoscale mapping of reporter adsorption on a single Au/TiO, nano-
structure, in which the Au nanoparticle sits approximately at the
centre of the TiO, nanorod (Fig. 1d). Without any competing adsorbate,
both the TiO, nanorod and the attached Au nanoparticle are clearly
resolved. Uponintroducing PM, the mapped adsorption events (n) of
Cy3.5overasametime period decreases substantially across the nano-
structure, reporting their adsorption competition (Fig. 1¢). Since the
number ofdetected reporter fluorophore scales with vy, we can com-
puteanimage of— « K;, whichdirectly reflects the competitor binding
affinity and wheré Anis the difference without and with the competitor
(Fig. 1e and Supplementary Equation 16). This image, termed
adCOMPEITS image wherein the brighter pixels correspond to higher
K,,immediately shows that the pesticide PM’s adsorption on the Au
co-catalyst is stronger than on TiO, within a single Au/TiO, hetero-
structured photocatalyst (Fig. 1e).

The overall spatial resolution of -35 nm of correlated
adCOMPEITS-SEM imaging allows for dissecting the TiO, nanorod
into segments lengthwise (Fig. 1d,e and Supplementary Note 3). When
[PM] s in the range of from 1 uM to 1 mM, the adCOMPEITS titration
curves of the centre segment, which has the attached Au nanoparticle,
and of the end TiO, segments are distinct (Fig. 1f), with PM’s adsorption
affinity at the centre being ~43% stronger and suggesting a Au-induced
adsorption enhancement. This enhancement is clearer by project-
ing onto one dimension the adCOMPEITS image or examining the
extracted adsorption equilibrium constant K of each segment along the
nanorod length (Fig. 1g); both show a peak adsorption enhancement
atthe Au-attached segment, which decays exponentially towards the
nanorod’s two ends. No such adsorption enhancement was observed
onisolated TiO, nanorods (Supplementary Fig.10), indicating that such
enhancement is exerted by the Au co-catalyst. More importantly, the
exponential decay distance x, is ~1.2 um (Fig. 1g, bottom), an order of
magnitude larger than the physical dimension of the Au nanoparticle,
reflecting along-range adsorption enhancement that is aremarkable
observationin metal-promoted photocatalysts.

Nature Catalysis


http://www.nature.com/natcatal

https://doi.org/10.1038/s41929-024-01199-0

a h Distal L
E . i , 0400 | © PM o
Ean o N f 0™ % SN Proximal - DP %
WA N S G-OL J S U s 5
"' 2 N e A ~ % P y = oos
f L °© Proximal X
e X o x ® oF ] 0.01 TiO,
¥ Distal

\\\{} Uiy ITo Y Cy35 001 003  O1

|<— 300nm —|

K (M)

-
3

N

o

No. of particles
o IS

PM
DP

Distal

Proximal

0.5 1 1.5 2

Xo (HmM)

J n 20
20 nm a PM
C\ 3 DP
Proximal | =
= — — 8 20
Distal ‘G
f 0.08 g or Z
TiO, 2
O Centre o
End § 6 8 0 0.02 0.04
0.06 - S 5 An/n Kg (um™)
<
21 o 30
- oo 04[OPM o PM
2 DP %ﬁ 9 DP
> o 0?6 £
\ e
X\ = ]
0.02 |- \ 2 o1 2 15
N °- o
[0 X 5
D\@Q Au 2
ol v g Y | | | 0
10° 10* 10° 10° -1 o] 1 0.1 0.4 o] 0.02 0.04
_ -1
[PM] (nM) X (um) K4 (uM™) K; (um™)

Fig.1| AdCOMPEITS reveals long- and short-range micropollutant
adsorption enhancements. a, lllustration of adCOMPEITS and experimental
design. b,c, Two-dimensional histograms of single-molecule localizations of
Cy3.5adsorption on asingle Au/TiO, at [Cy3.5] =30 nMin the absence (b) and
presence (c) of 100 pM PM. Bin size: 20> nm?; colour bar applies tobothband
c.Scalebarinbapplies to b-e. Magenta-dashed line: structural contour from
SEMind. d, SEMimage of the Au/TiO, nanostructure in b and c. The vertical lines
dissect the TiO, nanorods into 300 nm segments lengthwise (Supplementary
Note 3). e, AACOMPEITS image derived from An/n = (n, - n)/nbetween b and

c.f, AdCOMPEITS titration and fitting with equation (1) of the centre and the
average of two end segments of the TiO, nanorod in b-e. g, One-dimensional
projection of the adCOMPEITS image and the fitted K of individual TiO, segments
asdissectedind and e.x-error bars represent the segment length; y-error

bars are 95% confidence bound from data fitting with equation (1). Solid red

lines: bidirectional fitting with K = K, exp(-Ixl/x,) + K;. K., K;and x, reflect the
adsorption enhancement amplitude near the Au-TiO, interface, the intrinsic
adsorption equilibrium constant on the side facets of TiO, and the decay distance
constant, respectively. h, Scheme of dissecting the Au-TiO, interface region into
proximal and distal Auand TiO, halves. i,j, One-dimensional projections of the
adCOMPEITS image of the Au-TiO, interface region in e on the y axis. The bars
are the averages of data points within the proximal and distal Au (i) and TiO,

(j) halves. The dashed lines represent the horizontal lines passing through the
centroids of Auand interface TiO, segment. k,I, K of PM and DP on the distal (K“)
versus proximal (K®) halves of Au (k) and TiO, (I) centre segment as definedinh
for 26 and 39 Au/TiO, nanostructures. Each point: one nanostructure. Light-
green line: diagonal. x,y-error bars: 95% confidence bound from data fitting
withequation (1). m-o, Distributions of x, (m), K, (n) and K; (o) for PM and DP
adsorption amongindividual Au/TiO, nanostructures.

We further dissected the Au nanoparticle and the centre TiO,
segment into proximal and distal halves relative to the Au-TiO, inter-
face (Fig.1h).For either the Aunanoparticle or the TiO, centre segment,
its half proximal to the interface shows stronger PM adsorption affin-
ity than the distal half (Fig. 1i,j). In contrast, such local differences are
unobserved on separate Aunanoparticles and TiO,nanorods (Supple-
mentary Figs.10 and 11). Therefore, the Au-TiO, interface also renders
ashort-range adsorption enhancement of the micropollutant on such
metal-promoted photocatalysts.

We imaged PM and DP adsorption on many Au/TiO, nanostruc-
tures. For both micropollutants, such hetero-nanostructures show
reproducibly stronger adsorption on the Au or TiO, half-segment
proximal to the Au-TiO, interface than the distal half (Fig. 1k,I), dem-
onstrating the generality of the short-range adsorption enhancement.

For both micropollutants, the long-range adsorption enhance-
ment is always observed along the length of the TiO, nanorod in the
hetero-nanostructure, with the exponential decay distance x, averag-
ingat-~1.3and-~1.1 um, respectively (Fig. Im). Moreover, theamplitude
of the long-range enhancement K. is >70% of the intrinsic adsorption
affinity K; on TiO, (Fig. 1g and Fig. 1n,0). Therefore, the long-range
adsorption enhancement exerted by Au nanoparticle co-catalysts on
TiO, photocatalysts is probably a universal effect, and the compara-
ble x, and K/K; between the two micropollutants suggest a common
underlying mechanism.

Mechanisms of adsorption enhancements
Since the long-range adsorption enhancement on TiO, nanorods was
observed only with the Au co-catalyst, we postulated that it stems from
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Fig.2|Mechanisms of adsorption enhancements. a, Schematic energy level
diagram showing the surface and interior band bending in the Au/TiO,-
electrolyte system. eV . ;and W, care the surface band bending amplitude and
bending zone width, respectively. A and A, are the band bendingsinto the
interior of TiO, induced by SEl and SSEl interfaces, respectively. E. and Ey are the
energies of CBand VB edges, respectively. b, Schematic adsorbate-TiO, bonding
interactions, showing the forward donation (type 1) and back donation
interactions (types 2 and 2*). The shadow in CBillustrates the presence of
electrons for the n-type semiconductor rutile TiO,, which also has occupied
in-gap states from surface defects. ¢, SEM image of a Au/TiO, nanostructure (left)
and the zoomed-in Au-TiO, interface region (right). d, Subparticle photoanodic
current iynq, of the Au/TiO, nanostructure in c at an applied potential of O V
versus Ag/AgCl. Solid lines: bidirectional exponential fitting. x and y errors
represent the size of focused laser spot and s.d. of i o, data noise, respectively
(Supplementary Note 5). e, Distribution of the exponential distance x, of i o0
spatial profile from 26 Au/TiO, nanostructures. f, Subparticle V;; of the Au/TiO,
nanostructure in c. Solid lines: inverted bidirectional exponential fitting. x and y
errors represent the size of focused laser spot and 95% confidence bound from
datafitting, respectively. g, Comparison of the potential dependence of the
measured local photocurrent at the centre and the end position of the TiO,
nanorod markedinf.yerrors represent thes.d. of i,,,,, data noise. h, FDTD
calculations showing the EF distribution (£) on a Au/TiO, nanorod relative to that
(E,) of the counterpart bare TiO, nanorod; the Au-TiO, interface constitutes a EF
hot spot. Here, the 561 nm laser propagation vector k and polarization vector e
arein[100] and [010] directions; see Supplementary Note 6 for details.

°31/131

the long-range band bending of energy levels on the surface of TiO,
upon contacting Au (Fig. 2a, red lines). Energetically, the Fermi level
of rutile TiO, (EPOZ), an n-type semiconductor’, is higher than that of
Au (EfY)*”, generating a downward band bending of TiO, from the

junction, with a bending degree eV;; (e is the electron charge and
eVgg = E:iOZ - EQ”; note Vg, is negative) and a bending zone width W

(Fig. 2a, red lines)**. Inbulk metal-semiconductor junctions, such band
bending occurs over tens of nanometres (thatis, magnitude of W) into
the semiconductor interior?., In contrast, the surface of TiO, where
molecular adsorption occurs is two-dimensional (2D); the surface
electronic states are confined to the top few atom layers; and band
bendingin 2D or pseudo-2D materials follows an approximate expo-
nential decay away from the junction over micrometre scales (Fig. 2a,
redlines), asshownrecently both theoretically” and experimentally®**.
These spatially varying surface energy levels of TiO, should lead to
differentbondinginteractions withadsorbates (forexample, the micro-
pollutant PM and DP here), which should follow similar spatial patterns.

Frontier orbital interactions®® play major roles inadsorbate-sur-
facebonding. Inforward donationinteractions, the highest occupied
molecular orbital (HOMO) of the adsorbate donates electron density to
the conductionband (CB) onthe surface of TiO, (type1; Fig. 2b, green
wiggle-arrow). In back donation interactions, the lowest unoccupied
molecular orbital (LUMO) of the adsorbate accepts electron density
from the valence band (VB) and the occupied in-gap states on the
TiO, surface (types 2 and 2%, respectively; Fig. 2b, red wiggle-arrows).
Closer to the Au/TiO, junction, the surface energy levels of TiO, are
higher (Fig.2a, red lines, and Fig. 2b, middle); this should lead to better
orbital overlap for stronger back donations, which, if dominating PM
and DP’s bonding with TiO, surface, would rationalize their adsorption
enhancement near the junction that extends over micrometres away
(Fig.1g). Consistently, for aromatic molecules such as PM and DP, their
low-lying unoccupied orbitals are often involved in back donation
interactions with surfaces™**,

Moreover, upon contacting electrolytes, the Au-induced band
bendingonthesurface of TiO,should give rise to a position-dependent
band bending degree (A@s,) across the solid-electrolyte interface
(SEI) perpendicular to the surface: steeper at the Au/TiO,~electrolyte
interface (solid-solid-electrolyte interface, SSEI; Fig. 2a, greenlines),
shallower far fromthe Au/TiO,junction (Fig. 2a, blue lines) and varying
continuously along the TiO, surface. When using such nanostructures
as photoanodes, this Agg, variation should give position-dependent
photoelectrochemical properties on the TiO, nanorod surface, for
example, more negative flatband potentials (V) closer to the Au/TiO,
junctionand correspondingly larger photoanodic currents (i) due
to more efficient charge separation®>,

Therefore, to validate this TiO, surface band bending mecha-
nism, we measured subparticle i, on single Au/TiO, photocata-
lysts under photoanodic conditions via focused laser excitation in
athree-electrode microfluidic photoelectrochemical cell, in which
S0O,2” and water act as hole scavengers (Methods and Supplemen-
tary Note 5)'%%%. Strikingly, i, is largest at the Au/TiO, junction and
decays exponentially away towards the two ends (Fig. 2d), as predicted
from the spatial variation of Agg, and following the same spatial pat-
ternof the adsorption affinity (K) (Fig. 1g). Moreover, the exponential
distance x, is ~1.2 + 0.3 pm (Fig. 2d), reproducible among tens of Au/
TiO,nanostructures we measured (Fig. 2e) and the same as that of the
long-range adsorption enhancement (Fig. 1g,m). As comparison, no
such position-dependent i, was observed onisolated TiO, nanorods
(Supplementary Fig.20a).

We further titrated subparticle i, across a range of applied
potentials (Fig. 2g) and extracted the flatband potential V;; using the
Girtner—Butler model'>*** on single Au/TiO, nanostructures. As
predicted, Vi is more negative at the Au/TiO, junction and becomes
less negative away from the junction, following an expected inverted
exponential decay with the exponential distance x, = 1 pm (Fig. 2f), in
agreement with the spatial patterns of adsorption and photocurrent
enhancements. Altogether, such subparticle photoelectrochemical
behaviourssupportthat the underlying mechanism of the long-range
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Fig.3|Micropollutant adsorption under photocatalytic and
photoelectrocatalytic conditions. a-c, The 375and 561 nm laser intensity
Ieffects on PM adsorption and its long-range enhancement on TiO, of 26
Au/TiO, nanostructures: K; (a), K. (b) and x, (c). d, Schematic adsorbate-Au
bondinginteractions showing the forward donation (type 1) and back donation
interactions (type 2). e, /;;s- and /s-dependent PM adsorption on Au of 26 Au/

TiO, nanostructures. f, Electrochemical potential effects on PM adsorption on
TiO,0f 26 Au/TiO, nanostructures. Potentials are versus Ag/AgCl electrode. Each
symbolina-cand e represents one nanostructure. Linesina-c, e andfare linear
fits. Error bars ina-cand e are 95% confidence bounds from data fitting with

K = K.exp(-Ixl/x,) + K;and equation (1), respectively. The error bars in fare thes.d.
among single-particle values. The data in fare presented as mean values + s.d.

adsorption enhancement is the long-range surface band bending on
TiO,induced by contacting with Au, in which the adsorption enhance-
ment amplitude K, and the exponential distance constant x, (Fig. 1g)
are proportional to the surface band bending degree eVy; s and the
bending zone width W, respectively (Fig. 2a, red lines).

Regarding the short-range adsorption enhancement at the
Au-TiO,interface (Fig.1i,j), it can be attributed to Au nanoparticle’s
LSPR that is excited by the 561 nm laser, which we use to induce
the reporter fluorophore fluorescence. LSPR can create a strong
electricfield (EF) localized at the Au-TiO, interface, known to pro-
mote molecular adsorption through dipole-dipole interaction®®*.
Consistently, finite-difference time-domain (FDTD) calculations
indeed show enhanced EF at the Au-TiO, interface (Fig. 2h and
Supplementary Fig. 22).

Subparticle adsorption mapping under photo(electro)
catalytic conditions

To probe micropollutant adsorption under photocatalytic con-
ditions (that is, no applied potential on the ITO substrate with an
opencircuit), we added a375 nm laser that excites charge carriersin
TiO, across the bandgap and focused on PM adsorption as arepre-
sentative micropollutant. Strikingly, the 375 nm laser illumination
strengthens both K, the intrinsic adsorption equilibrium constant,
and K, the long-range adsorption enhancement amplitude, of PM
adsorption on TiO, of Au/TiO, nanostructures, and this strength-
eningis augmented with higher 375 nm laser intensities (Fig. 3a,b),
which is aremarkable discovery enabled by adCOMPEITS. Under
photocatalytic conditions, 375 nm laser illumination is known to
generate oxygen vacancies and create occupied in-gap states in
TiO,(ref.38); these additional in-gap states should strengthen the
type 2* back donation interaction between PM and TiO, (Fig. 2b),
thus rationalizing the K; strengthening. Consistently, PM adsorption
affinity onisolated TiO, nanorods shows a similar 375 nm laser effect
(Supplementary Fig. 23c). The creation of more in-gap states should

also enlarge the adsorption strength difference between locations
near the Au-TiO, interface and those on the distant TiO, surface,
giving rise to the observed larger long-range enhancement ampli-
tude K., whose main contribution is probably from back donation
interactions as discussed above (Fig. 2b). For x,, the exponential dis-
tance of long-range enhancement, no discernible change is observed
(Fig.3c), reflecting that the surface band bending zone width of TiO,
is barely affected by the 375 nm laser under our experimental laser
intensities (<10° W cm™).

In sharp contrast, additional 375 nm laser illumination weak-
ened PM adsorption on Au of Au/TiO, nanostructures: the higher the
laser intensity, the smaller the adsorption equilibrium constant K
(Fig. 3e). As 375 nm laser can efficiently excite d-to-s inter-band elec-
tronic transitions in Au (ref. 39), the originally unoccupied levels in
Au should have increased electron population, which should weaken
boththetypelforward donationandthetype2back donationinterac-
tions (Fig. 3d). Consistently, similar 375 nm laser-induced weakening
of PM adsorption was also observed on isolated Au nanoparticles
(Supplementary Fig.23a). Expectedly, no notable change was observed
in the short-range enhancement for either Au or TiO, in the Au/TiO,
nanostructures (Supplementary Fig. 24) owing to the independence
of LSPR effect of Au on the 375 nm laser.

We also varied the intensity of the 561 nm laser, which was always
present for exciting the fluorophore reporter and also excites the
LSPR of Au. No discernible change was observed on PM adsorption
on TiO, of Au/TiO, nanostructures (Fig. 3a-c), nor on isolated TiO,
nanorods (Supplementary Fig. 23c), consistent with that TiO, barely
absorbs 561 nm light. On Au of Au/TiO, nanostructures (Fig. 3e) and
onisolated Au particles (Supplementary Fig. 23a), increasing 561 nm
laser intensity expectedly strengthens PM adsorption, corroborating
therole of the LSPR-induced EF effect on adsorption here. Consistently,
the short-range adsorption enhancementon Auand TiO,, attributed to
the same LSPR effect, is also strengthened by increasing 561 nm laser
intensity (Supplementary Fig. 24).
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Fig. 4| Band bending engineering to manipulate long-range adsorption
enhancement. a, Schematic showing the band bending of semiconductor
induced by metal-semiconductor contact. eVgg = ES™ —£Mt, where F o™
and EF"‘m‘ are the Fermi levels of semiconductor and metal, respectively.

b,c, Representative SEM and adCOMPEITS image and the fitted adsorption
equilibrium constant K of PM onindividual TiO, segments for a representative
Au/N-TiO, (b) and Pt/TiO, nanostructure (c). Insets on the top left show the
zoom-in of the metal-semiconductor interface areas. The magenta lines in the

middle panels show contours of metal-semiconductor nanostructure from SEM
and dissection of TiO,. The error bars are 95% confidence bound from data fitting
withequation (1). The scale barsin b and c also apply to the adCOMPEITS images.
d-f, Violin plots showing the effect of N-doping of TiO, and Pt as the co-catalyst
on the long-range adsorption enhancement parameters: x, (d), K, (e) and K; (f).
Magenta lines: mean values. ***P < 0.001; ****P < 0.0001; two-sided ¢-test. The
calculated Pvaluesare1.1x10*and 7.6 x107*(d), 7.3 x 10 " and 6.0 x 107 (e),
1.2x10"*and 9.1 x107 ().

We further applied electrochemical potentials (-0.2t0 0.2 Vversus
Ag/AgCl electrode) to examine micropollutant adsorption under
photoelectrocatalytic conditions, under which there is an appreci-
able photoanodic current resulting from water oxidation (dominant;
Fig.2d,f)'***and PM oxidation. Interestingly, for PMadsorption on TiO,
of Au/TiO, nanostructures, K;increases with more positive potentials
(Fig. 3f), attributable to electron drainin TiO,’s CB and, thus, strength-
ening of the type 1 forward donation interactions (Fig. 2b). No clear
trend was observed for K, and x, (Fig. 3f), consistent with that the
applied potential should not affect back donation interactions that
involves the TiO,’s valance band and that dominates the long-range
adsorption enhancement effect.

No change was discernible for PM adsorption on Au of Au/TiO,
with applied potentials (Supplementary Fig. 26a), suggesting that
potential tuning in this range does not discernibly change the electron
populationoflevels that are involved in the forward and back donation
interactions. Consistently, no change on PM adsorption was observed
atthe Au-TiO, interface or onisolated Au particles with applied poten-
tials (Supplementary Fig. 27).

Altogether, under photocatalytic and photoelectrocatalytic condi-
tions, micropollutant adsorption on metal-promoted photocatalysts can
bestrongly influenced by light or electrochemical potential,inwhichthe
long-and short-range adsorption enhancements can behave differently.

Tuning long-range adsorption enhancement via
band-bending engineering

As demonstrated above, the long-range adsorption enhancement of
micropollutants on TiO, of Au/TiO, originates from the Au-induced
surface band bending of TiO,.Insuch meta}—semiconductorjunctions,

the bending zone width scales with (:%)E, where N, is the density of
d

electron donors® (for example, oxygen vacancies in TiO,) (Fig. 4a).
Therefore, to tune this long-range adsorption enhancement, we engi-
neered the band bending of TiO, by annealing in N, atmosphere to
synthesize N-doped TiO, (that is, N-TiO,). Such N-doping is known to
increase Nyand lower TiO,’s Fermilevel by creating oxygen vacancies
that appear as occupied in-gap states”**, which should narrow the
band-bending zone width as well as decrease the band-bending degree
(and, thus, the adsorption enhancement amplitude) on the Au/N-TiO,
nanostructures. Using adCOMPEITS to map PM adsorption on the
Au/N-TiO, nanostructures, we observed an expected peak adsorption
affinity at the metal-semiconductor interface that decays exponen-
tially away fromthe junction (Fig. 4b). Remarkably, both the exponen-
tial distance x, and the adsorption enhancement amplitude K, on
Au/N-TiO, are indeed smaller than those on undoped Au/TiO, nano-
structures (Fig.4d,e), further corroborating the surface band bending
asthe underlying mechanism for the long-range adsorption enhance-
ment. Moreover, the intrinsic adsorption affinity K; becomes larger
(Fig. 4f), attributable to that N-doping creates additional occupied
in-gap statesin TiO, and thereby enhances type 2*back donationinter-
actions (Fig. 2b). Consistently, such increase of intrinsic adsorption
affinity isalso observed onisolated N-TiO, nanorods (Supplementary
Fig.29d). Inthe context of catalytic reactions, the variationin molecu-
lar adsorption affinity would strongly affect the adsorption of reactant
species and desorption of products, offering an effective strategy to
optimize the catalytic performance.

As an alternative strategy to modulate the band bending of TiO,,
wereplaced the Aunanoparticles by Pt nanoparticles as the co-catalyst.
Since the Fermi level of Pt is lower than that of Au, the band bend-
ing degree eV is larger at the Pt/TiO, junction, along with a broader
bendingzone. Using adCOMPEITS, we again observed the long-range
adsorption enhancement of PM on Pt/TiO, nanostructures (Fig. 4c).
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More importantly, both x, and K, of Pt/TiO, are larger than those of
Au/TiO, nanostructures (Fig. 4d,e), further validating the role of sur-
face band bending in rendering the long-range adsorption enhance-
ment. Interestingly, the presence of Pt co-catalyst also strengthens K;
(Fig.4f).Here,compared with Au, the lower Fermilevel of Pt probably
promotes more electron transfer from TiO, to Pt, leading to areduced
electrondensity in TiO,’s CB and thereby strengthening forward dona-
tioninteraction (Fig. 2b). Itis worthemphasizing that using a different
co-catalyst to effectively alter K;, which quantifies the semiconductor’s
adsorption affinity micrometres away from the metal-semiconductor
interface, is another demonstration of a co-catalyst’s role in exerting
long-range effects on molecular adsorption on photocatalysts.

Conclusions

We have developed adCOMPEITS, a generalizable method, to image
non-fluorescent processes on surfaces at super-resolution under both
photo(electro)catalytic and non-catalytic conditions. By examining
the adsorption of micropollutants on metal-promoted semiconductor
photocatalysts, we discover asurprising micrometre-range adsorption
enhancement from the metal co-catalyst-photocatalyst interface,
which results from the long-range surface band bending on metal-
semiconductor heterostructures. As such long-range surface band
bending should apply generally to metal-promoted photocatalysts,
this discoveryraises additional opportunitiesin materials engineering
of metal-promoted semiconductor photocatalysts to further enhance
micropollutant adsorption for photocatalytic degradation or other
surface-mediated catalytic reactions. To tune the long-range effect,
metal co-catalysts with different Fermilevels and semiconductor photo-
catalyst doping could be used to alter band bending and the associated
adsorption enhancement. Our discovery of long-range adsorption
enhancement and the corresponding manipulation strategies would
contribute to the development of highly efficient photocatalysts for
various reactions. Especially for water decontamination where the pho-
todegradationrate scales linearly with their adsorption affinity at low
concentrations, regulating micropollutant adsorption could greatly
tune the catalyst-adsorbate interaction forimproving the conversion
efficiency of solar energy to chemical activity.

In addition, to take advantage of the long-range adsorption
enhancement, there should exist some optimal physical size of
photocatalysts or optimal spatial spacing (that is, loading) of metal
co-catalysts to be comparable to the width of surface band bending
zone. One could also envision a variety of other potential applica-
tions, such as in surface-mediated sensing and dye-sensitized solar
cells, where molecule adsorption on semiconductors is crucial. The
generalizable imaging technique, the obtainable molecular insights
and the general underlying mechanism presented here should open
avenues for further scientific discoveries.

Methods

Syntheses of TiO, and N-doped TiO, nanorods and with metal
co-catalysts

Rutile TiO, nanorods were synthesized using a molten salt flux method
reported in literature (see more details in Supplementary Methods)’.
SEM characterization shows that TiO, nanorods have an average length
and diameter of 2.42 + 1.36 (standard deviation, s.d.) pm and 252 + 74
(s.d.) nm, respectively (Supplementary Fig.1a-c). Therutile nanorods
have {100} facets along their sides and {011} facets at their two ends,
as shown previously'™. N-TiO, nanorods were prepared through a
reported annealing process at 450 °C for 3 hunder nitrogen flow rate of
500 cc min (ref. 41). The successful doping of nitrogen was confirmed
by the presence of an N 1s peakin the X-ray photoelectron spectroscopy
spectra (Supplementary Fig. 1h versus Supplementary Fig. 1d). The
100 nm Au and 70 nm Pt nanoparticles were purchased (Supplemen-
tary Methods and Supplementary Fig. 2). The metal-semiconductor
heterostructures were prepared by drop-casting 3 pl of the ethanol

solution containing 100 nm Au colloidal nanoparticles (-0.3 pg ml™)
and TiO, nanorods (~3.33 pg ml™) onto the ITO or quartz slide eight
times, followed by annealingin an ovenat 200 °Cfor1h.

AdCOMPEITS imaging experiments and data analysis

All single-molecule fluorescence experiments for adCOMPEITS were
carried out ona home-built prism-type wide-field total internal reflec-
tion fluorescence microscope (Olympus IX71) (see more details in
Supplementary Note 3). Typically, a fluorescence reporter solution
without or withmicropollutant molecules at designed concentrations
was supplied into a flow cell at a continuous flow rate of 25 pl min™
driven by asyringe pump (Chemyx Incorporation). A continuous wave
circularly polarized 561 nm laser beam (CrystalLaser-CL561-075-0O)
of ~240 mW cm™ was focused onto the sample (of ~-100 x 136 pm?in
illumination area) in a flow cell to directly excite the fluorescence
of the reporter fluorophore Cy3.5. The fluorescence emitted by the
fluorophore reporter was collected by a 60x numerical aperture
1.2 water-immersion objective (UPLSAPO60XW, Olympus), filtered
(HQ617m73, Chroma) and detected by a back-illuminated ANDOR
iXon EMCCD camera (DU897D-CSO-#BV) operated at 30 ms frame rate.

Sulfo-cyanine3.5 alkyne (Cy3.5) was used as the main fluorophore
reporter for theadCOMPEITS experiments. All single-moleculeimag-
ing experiments were carried out at room temperaturein 0.1 M phos-
phate buffer (pH 5.62). Typically, ~50,000-101,000 frames at 30 ms
per frame were collected at a fluorophore concentration of 30 nM,
followed by titrating solutions with 30 nM of Cy3.5 and increasing
concentrations of a micropollutant molecule. The concentrations of
the micropollutant molecules ranged from micromolar to millomolar,
depending on their adsorption affinity. For micropollutant adsorp-
tion under photocatalytic conditions, an additional 375 nm laser with
an average power density of ~60 mW cm™was introduced. The laser
intensity-dependent experiments were conducted following the same
protocol except varying the average laser power density from ~-120 to
~360 mW cm for the 561 nm laser and from ~30 to ~-90 mW cm ™ for
the 375 nm laser. For micropollutant adsorption under photoelec-
trocatalytic conditions, potentials in the range of -0.2t0 0.2 V versus
Ag/AgCl was further applied other than the 561 nm (-240 mW cm™)
and 375 nm lasers (-60 mW cm™).

Information of single-molecule adsorption events was extracted
from the fluorescence images in the movies using a home-written
MATLAB program, subtraction iQPALM (image-based quantitative
photo-activated localization microscopy'®***; Supplementary Soft-
ware 1). Briefly, each fluorescence image was first subtracted by an
emissionimage generated by averagingits backward and forward 100
frames toremove the constant emission from Aunanoparticlesand the
diffuse fluorescence background from varied fluorophore concentra-
tions. The microscope stage drift was monitored in a frame-by-frame
fashion by calculating the point spread function-fitted centroid posi-
tion of the stable intrinsic photoluminescence of Au nanoparticles.
Afterwards, any pixel in the background-subtracted image whose
intensity value was greater than the mean pixel intensity plus ~3-6
s.d.was considered as a potential candidate molecule'®. Only isolated
TiO, nanorods (or N-TiO, nanorods), isolated Au nanoparticles, and
TiO, nanorods with one Au (or Pt) particle appropriately attached
(confirmed by SEM imaging) were selected for further analysis. The
fluorescence images were further correlated with ex situ SEM imag-
ing on the same sample after the fluorescence imaging (see details in
Supplementary Note 3).

Photoelectrochemical measurements

The subnanorod photocurrent measurements were carried out in a
sodium borate buffer (0.1 M, pH 8.3) mixed with Na,SO, (1 M) as the
supporting electrolyte and Na,S0; (0.2 M) as ascavenger for the pho-
togenerated holesin TiO,, using a three-electrode photoelectrochemi-
cal flow cell as we previously reported'**° (see also Supplementary
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Note 5). Typically, afocused 375 nm laser, which can effectively excite
charge carriersin TiO, (ref. 46), was used to excite individual spots on
individual nanorods in a front-side illumination geometry through
theelectrolyte for three consecutive 10 sonand 10 s off cycles, with an
applied potential of 0.4 V versus Ag/AgCl. The diameter of the focused
laser spotis ~398 nm (thatis, full width at half maximum), with a maxi-
mal power density of 8.1 MW cm™? (Supplementary Fig.18a,b). This spa-
tially localized charge carrier excitation ensured that the photocurrent
response originated fromalocal region within anindividual nanorod.
Electrochemical currents were collected at 0.02 s time resolution over
60 stime window. To extract the steady-state photocurrent, the meas-
ured on-offi-tcurve (Supplementary Fig.18c) was first subtracted by
background, which was extracted via exponentially fitting the data
points of laser-on segments. Afterwards, the background-subtracted
i-t curve (Supplementary Fig. 18d) was smoothened using a built-in
smooth function andaspanof 5viaMATLAB (Supplementary Fig. 18e).
To avoid the effect of laser on-off switch on the photocurrent, only the
last 70% of data points of the third on and off segments were used for
deriving the steady-state photocurrent (Supplementary Fig. 18f), in
which the errors are the s.d. of selected data points. The subnanorod
flatband potential Vi was determined on the basis of the measure-
ments of photocurrent as afunction of applied potential’®. The applied
potential Vranged from-0.4to 0.4 V versus Ag/AgCl, withaninterval
of 0.2 V.

FDTD simulations

We used the boundary element method based on the MNPBEM
toolkit**® to model the EF distributions of a Au nanoparticle sitting
beside a TiO, nanorod (Supplementary Note 6). We modelled the Au
nanoparticle as a100-nm-diameter sphere and modelled the TiO,
nanorod as a100 nm x 100 nm x 1,000 nm cuboid (Supplementary
Fig.22a). The xy plane is defined as parallel to the surface where both
Aunanoparticle and TiO, nanorod sit. The Aunanosphereisin contact
with the TiO, surface, and the spherical contact area has a radius of
10 nm (Supplementary Fig. 22b,c). The sizes of all dissected segments
are <10 nm. Specifically, the segment size at the Au-TiO, interface is
0.1nm, which is gradually increased for distal Au and TiO, segments.
As our imaging experiments were done via total internal reflection
excitation of the 561 nm laser, in which an evanescent wave at the ITO
substrate/solutioninterface (thatis, parallel to the xy plane) provides
the excitation, the excitation light propagation is in the xy plane. We
also used circular polarized 561 nm light. Therefore, to cover all the
possible orientations of Au/TiO, heterostructure (in the xy plane)
and the propagation and polarizations directions, two perpendicu-
lar propagation (along x or y, that is, [100] and [010] direction) and
polarizations directions (parallel or perpendicular to the xy plane)
were evaluated, giving rise to a total of four types of combination
(Supplementary Fig.22d-g). We used the dielectric permittivity data
of Johnson and Christy for Au (ref. 49) and that of Wypych for TiO,
(ref. 50). We calculated the EF intensity on a rectangular grid on the
plane right above the substrate (onz= 0 nm plane).

Data availability
Raw data supporting the findings of this study are available from the
authors upon reasonable request. Source data are provided with this

paper.

Code availability
MATLAB codes are provided as Supplementary Software 1.
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