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Enzymes are nature’s most efficient nanoscale catalysts1. A distin-
guishing feature of enzymes, or proteins broadly, is (catalytic) 
allostery, in which the binding or catalytic conversion of a sub-

strate at one site affects the binding or catalysis at another site with-
out direct interactions between the two substrates2,3. Fundamentally 
underlying allostery is the communication via local and global 
structural changes mediated by covalent bonds and intermolecular 
interactions that can connect active sites as far as a few nanometres  
apart. Relatedly, conformational dynamics can also couple the active 
site structure and the rest of the enzyme, giving rise to temporal  
activity fluctuations of an enzyme, discernible by single-turnover 
correlation analyses that are made possible by single-molecule 
enzyme measurements4,5.

On the other hand, enzymes are not the only nanoscale cata-
lysts. Similar in size to enzymes, nanoparticles of various materials, 
such as metals or metal oxides, can catalyse many chemical trans-
formations on their surfaces, and their surface active sites can be 
structurally or electronically coupled6–10. Surface restructuring of a 
nanoparticle can modulate its catalytic activity dynamically6,11 and 
in ‘spillover’, a well-known effect in heterogeneous catalysis, prod-
uct diffusion can connect reactions occurring at different sites on 
the same catalyst12,13. Can reactions at different surface sites on the 
same nanocatalyst communicate with each other, as in allosteric 
enzymes, and be observed directly?

Here we show they can, by analysing the correlation between 
temporally subsequent reactions occurring at different locations 
within single nanocatalysts, resolved spatiotemporally using sin-
gle-molecule fluorescence localization microscopy14–17. This intra-
particle catalytic communication occurs in three Pd- or Au-based 
nanocatalysts and in three distinct catalytic reactions including a 
photo-induced disproportionation reaction, an oxidative deacety-
lation reaction, and a reductive deoxygenation reaction. And the 
communication reaches over ~102 nanometres with a temporal 

memory of ~101 to 102 seconds, leading to positive cooperativity 
among surface sites within a single nanocatalyst. We further observe 
a similar phenomenon between individual Au nanocatalysts in 
catalysing the deacetylation and deoxygenation reactions, with 
communication distances of many microns, but not between Pd 
nanocatalysts in catalysing the photo-induced disproportionation 
reaction. Using solution flow, electric field, and chemical manipu-
lations, we show that the interparticle catalytic communication, if 
occurring, operates via a molecular diffusion mechanism, involv-
ing negatively charged product ions that act as catalytic promoters.  
In contrast, the intraparticle catalytic communication operates via a 
distinct mechanism, involving positively charged messengers, likely 
through hopping of surface holes localized on metal-oxide species. 
This intraparticle catalytic communication, phenomenologically 
similar and conceptually analogous to enzyme cooperativity, could 
represent a novel perspective in understanding nanocatalysis.

Results
Single-molecule super-resolution mapping of photocataly-
sis on Pd nanorods. We synthesized penta-twinned crystal-
line Pd nanorods18 of ~37 nm in width and ~200–1,200 nm in 
length as a model pseudo-one-dimensional nanocatalyst (Fig.  1a, 
Supplementary Fig. 1a–d; Methods). We found they could catalyse 
the photo-induced disproportionation of resazurin19,20 to generate the 
fluorescent resorufin (two-electron-reduced from resazurin) under 
532 nm light illumination (Fig. 1b, top). The reaction rate is appre-
ciable only when the Pd nanorods and 532 nm light are both pres-
ent; the uncatalysed reaction is much slower (Supplementary Fig. 2).  
The reaction stoichiometry between resazurin and resorufin is 3:1; 
the corresponding oxidized product of this disproportionation is 
probably two equivalents of one-electron-oxidized neutral radical  
species from resazurin19, which will probably further react to 
form other species. We then encapsulated these Pd nanorods with 
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~125-nm-thick mesoporous silica (mSiO2, Fig. 1a). This encapsula-
tion allows calcination to remove organic surfactants while main-
taining morphology and stability, and the reactants can still access 
the Pd surface for catalysis via the mesopores.

We immobilized these mSiO2-coated Pd nanorods sparsely 
on a slide in a microfluidic reactor and flew the reactant solution 
continuously under constant 532 nm laser illumination to achieve 
steady-state photocatalytic kinetics. Using single-molecule fluo-
rescence microscopy14–17 where the 532 nm laser also induces the 
fluorescence, we mapped the individual fluorescent resorufin 
products at ~40 nm precision and ~25 ms time resolution on each 
nanorod relative to its scanning electron microscopy (SEM) image 
(Fig. 1c,d; Supplementary Figs. 3,4), in which particle-to-particle 
heterogeneity is circumvented10,12,21–24. The product resorufin 
stays on the nanorod for tens of milliseconds on average (orders 
of magnitude shorter than the time separation between individ-
ual product formation events), during which resorufin stays sta-
tionary within our localization precision (Supplementary Fig.  5) 
before desorbing and disappearing into the surrounding solution. 
Moreover, fluorescence photobleaching/blinking of resorufin 
occurs at seconds or longer timescales11,25, approx. two orders of 

magnitude slower, and thus contributes insignificantly to the prod-
uct detection events here.

Long-range intraparticle catalytic communication within single 
Pd nanorods. The mapping of individual products allowed us to 
dissect each Pd nanorod, as well as its catalytic product positions, 
into segments (for example, ~100 nm length, greater than the 
~40 nm product localization uncertainty, Fig.  1d). For each seg-
ment, we extracted the temporal sequence of product generation 
events (Fig. 1e), in which the time separation, τ, of any event from 
the previous one is the microscopic reaction time for generating this 
product at the respective segment. This τ is probabilistic, and 〈 τ〉 −1, 
where 〈  〉  denotes averaging, is the rate of catalytic turnovers for that 
segment. It is worth noting that each segment contains many surface 
sites, but each catalytic reaction occurs at one site within a segment.

To probe whether catalytic reactions at different sites can com-
municate with each other within a single Pd nanorod, we computed 
the Pearson’s cross-correlation coefficient ρτ τ,i j

 between the micro-
scopic reaction time, τi, of any catalytic event at a segment i and the 
time, τj, of the immediate subsequent event at another segment j 
(j ≠  i) on the same nanorod (Fig.  1e; Supplementary Equation  4). 
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Fig. 1 | Real-time, single-molecule, super-resolution mapping of catalytic reactions on single nanocatalysts. a, TEM images of Pd nanorods, Au nanorods 
and Au nanoplates encapsulated in mesoporous silica. b, Three fluorogenic Pd- or Au-nanoparticle-catalysed reactions. S•, one-electron oxidized neutral 
radical species from resazurin disproportionation19. c, SEM image of a mSiO2-coated Pd nanorod. d, Two-dimensional histogram of > 6,000 fluorescent 
product molecules in 252 nm2 bins from the Pd nanorod in c, mapped onto its SEM structural contour (green line). Yellow lines dissect the nanorod into 
~100 nm segments. Δ xij, centre-to-centre distance between segments i and j. e, Catalytic event sequences from segment i and j in d. In each sequence, the 
individual product generation events (vertical lines) are plotted against the time when they are detected. The microscopic reaction time τ for each product 
generation is the time separation from the previous one in the same sequence. Pairs of temporally subsequent reactions from segment i to j are linked by 
red arrows, each pair with a time separation Δ tij.
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For any two segments, i and j, ρτ τ,i j is a statistical property averaged 
over the many pairs of temporally neighbouring catalytic events, in 
which the event pairs have the distance separation Δ xij and an aver-
age time separation Δtij. This ρτ τ,i j is a quantitative measure of how 
the microscopic reaction kinetics, reflected by τ, of any catalytic 
event at one location is correlated with that of a subsequent event 
at a different location.

Pooling results from > 40 Pd nanorods shows striking trends 
in ρτ τ,i j

: it starts positive and decays exponentially with increas-
ing intraparticle separation between the segments or increasing 
average time separation between temporally subsequent events, 
approaching a residual value of ~0.03, even though the amplitude 
is small, ~0.05 (Fig. 2a,b, red). These trends suggest that reactions 
within a single Pd nanorod do communicate with each other: a 
reaction with a short τ (a fast reaction) at one segment tends to 
be followed by another fast reaction nearby, giving rise to a phe-
nomenological positive cooperativity. This cooperativity is weak 
and indiscernible in conventional activity-versus-reactant con-
centration measurements as in probing enzyme cooperativity1, 
but becomes discernible by single-event-pair level correlation 
analyses between individual spatiotemporally resolved reactions. 
It is worth noting that the effectiveness of single-event-level cor-
relation analysis is well established in the field of single-molecule 
enzymology, where correlations of temporally resolved single turn-
overs, although also weak, have uncovered dynamic fluctuations 
of enzyme activity that are masked in macroscopic kinetics4,5,26.  
(See more detailed discussions in Supplementary Note  6.5 on the 
reliability of the correlation analyses.)

Moreover, when the temporal sequence, the locations, or both of 
the catalytic events are randomized, these ρτ τ,i j trends vanish and it 
stays flat at a residual value of ~0.03 (Fig. 2a,b, blue; Supplementary 
Note 7). Simulated random catalytic events also do not show these 
trends; ρτ τ,i j there stays flat at a similar residual value, indicating 
that this residual is some spurious contribution to the cross cor-
relations (Supplementary Note 8). Control experiments show that 

rebinding of product resorufin to the nanorods contributes merely 
~0.3% of the detected events, and do not give these trends either 
(Supplementary Fig. 12). Therefore, this intraparticle catalytic com-
munication of Pd nanorods is specific to the spatiotemporal rela-
tions of the individual catalytic reactions on each nanorod.

Strikingly, the exponential distance decay constant x0
intra of ρτ τ,i j 

is ~225 nm (Table 1), reflecting an intraparticle catalytic communi-
cation distance that is ~100×  longer than that in allosteric enzymes, 
whose allosteric sites are typically a few ångströms to nanometres 
apart. (Note this distance is also much larger than both the ~40 nm 
product localization uncertainty and the ~100 nm segment size.) 
The exponential time decay constant t0

intra of ρτ τ,i j is ~28 s (Table 1), 
reflecting a temporal memory of this catalytic communication. 
Both x0

intra and t0
intra are independent of the reactant concentration 

(Fig. 2c) and the laser power (Supplementary Fig. 13), supporting 
that they are not determined by reaction conditions, but rather 
characteristic of these Pd nanorods.

Generality of intraparticle catalytic communication across 
nanocatalysts and reactions. We further studied Au nanorods of 
~21 nm diameter and ~100–700 nm length, encapsulated in mSiO2, 
as another pseudo-1D nanocatalyst (Fig. 1a)27. We examined them 
catalysing two distinct reactions: the oxidative deacetylation of the 
nonfluorescent amplex red to the fluorescent resorufin by H2O2; and 
the reductive deoxygenation of resazurin to resorufin by NH2OH 
(Fig. 1b, middle and bottom), which we have studied previously11,27. 
Intraparticle catalytic communication is observed in both reactions: 
the exponential decay trends are clear for the positive cross-corre-
lation coefficients ρτ τ,i j with increasing intraparticle distance and 
average time separations between temporally subsequent reactions; 
these trends again vanish when the catalytic events are temporally 
or spatially randomized (Fig. 2d,e, red and blue). The catalytic com-
munication distance x0

intra and temporal memory t0
intra here are 

~516 nm and ~128 s for the deacetylation reaction, and ~624 nm 
and ~168 s for the deoxygenation reaction (Table 1). Moreover, the 
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Fig. 2 | intraparticle catalytic communication within single Pd and Au nanocatalysts. a,b, For Pd nanorods catalysing the photo-induced resazurin 
disproportionation: Pearson’s cross-correlation coefficient ρ Δ Δτ τ x t( , )ij ij,i j

 versus the intraparticle distance separation Δ xij (a) or the average time separation 
Δtij (b) of temporally subsequent reactions at two different segments on the same nanorod (red symbols), and after spatial (a) or temporal  
(b) randomization of catalytic events (blue symbols), and when Δtij or Δ xij is constrained (green symbols). Data averaged over > 230 segments from > 40 Pd 
nanorods. Red lines, exponential fits; blue lines, horizontal fits; green lines, fits with Supplementary Equations 16 and 22; fitting parameters summarized in 
Table 1 and Supplementary Table 2. c, x0

intra and t0
intra versus the reactant resazurin concentration. Lines, horizontal fits. d–f, Same as a–c but for Au nanorods 

catalysing amplex red deacetylation. Data averaged over > 1,100 segments from > 220 Au nanorods. Corresponding data for Au nanorods and nanoplates 
catalysing resazurin deoxygenation are in Supplementary Figs. 15 and 17. x error bars are all s.d.; y error bars are s.e.m. in a,b and d,e, and s.d. in c and f.
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amplitude of ρτ τ,i j varies across these catalytic systems and can be 
> 0.2 for the Au-nanorod-catalysed resazurin reduction reaction 
(Supplementary Table 2).

Using the Au-nanorod-catalysed deacetylation reaction as an 
example, we found that both x0

intra and t0
intra are independent of the 

experimental time resolution, segmentation size, laser intensity, and 
nanorod’s catalytic activity, as well as of the fluorescence-intensity 
threshold in analysing the single-molecule fluorescence images 
(Supplementary Figs. 20–24). They also show no dependence on the 
reactant concentration (Fig. 2f), further supporting that these intra-
particle catalytic communication distances and temporal memories 
are characteristic of the nanocatalysts.

We further studied mSiO2-coated Au nanoplates of ~14 nm 
thickness and up to ~1 μ m edge length as a pseudo-2D nanocatalyst 
(Fig. 1a)28 in catalysing the deoxygenation of resazurin. Again, the 
exponential decay trends of ρτ τ,i j are clear (Supplementary Fig. 17). 
The catalytic communication distance, x0

intra, and temporal mem-
ory, t0

intra, are ~130 nm and ~5.5 s (Table 1).
Altogether, the intraparticle catalytic communication observed 

here is general across the different nanocatalysts (Pd and Au), dif-
ferent reactions (disproportionation, deacetylation and deoxygen-
ation) and different nanocatalyst morphologies (1D nanorods and 
2D nanoplates) studied here.

Interparticle catalytic communication: non-universal. The above 
discovery of intraparticle catalytic communication prompted us to 
examine the cross-correlation between temporally subsequent reac-
tions on different nanocatalysts. No interparticle catalytic communi-
cation is observed for Pd nanorods in catalysing the photo-induced 
disproportionation reaction: the interparticle cross-correlation 
efficient, ρτ τ,i j, stays flat at the residual value of ~0.03 with increas-
ing interparticle distance separation or average time separation 
between catalytic events, non-differentiable from those when the 
catalytic events are spatiotemporally randomized (Fig. 3a,b).

In contrast, for Au nanorods catalysing the deacetylation reac-
tion, interparticle catalytic communication indeed exists: ρτ τ,i j

 
starts positive and decays exponentially with increasing interpar-
ticle distance and average time separations between catalytic events 
(Fig.  3c,d, red). The communication distance, x0

inter, is ~11 μ m, 
tens of times longer than that of the intraparticle cases; the tem-
poral memory, t0

inter, is ~18 s. Similar behaviours are also clear for 
Au nanorods and Au nanoplates catalysing the deoxygenation of 
resazurin (Supplementary Figs.  16 and 17). These interparticle 
cross-correlations between Au nanocatalysts all vanish when the 
catalytic events are spatiotemporally randomized (for example, 
Fig. 3c-d, blue), except for the residual spurious cross-correlation 
(~0.03), which is also present for simulated random catalytic events 

(Supplementary Fig. 11). Altogether, interparticle catalytic commu-
nication, with communication distance on the order of micrometers,  
occurs, but only to selected systems.

Nature of intraparticle catalytic messengers. To probe the cause of 
intraparticle catalytic communication, we examined how solution 
flow, which supplies the reactants into the reactor, would affect it  
(Fig.  4a inset). No difference was observed in the behaviour of the intra-
particle ρτ τ,i j for any reactions catalysed by Pd- or Au-nanocatalysts 
with regard to the flow direction or rate (for example Supplementary 
Fig. 13). This independence is not surprising, as the catalysis occurs 
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 versus the 
interparticle distance separation Δ xij (a) or the average time separation 
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resazurin deoxygenation are in Supplementary Figs. 16–17. x error bars are 
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Table 1 | Key parameters of intraparticle and interparticle catalytic communication behaviours

Pd nanorods        Au nanorods Au nanoplates

Rz disproportion AR deacetyl Rz deoxygen Rz deoxygen

Intra-particle x0
intra (nm) 225 ±  20 516 ±  160 624 ±  180 130 ±  22

t0
intra (s) 27.5 ±  2.4 128 ±  32 168 ±  36 5.5 ±  0.7

Deff (× 10−15 m2 s−1) 0.92 ±  0.08 1.1 ±  0.4 1.2 ±  0.4 0.77 ±  0.17

Charge of messenger Positive Positive Positive n/d

Inter-particle x0
inter (μ m) n/a 10.5 ±  3.3 9.3 ±  2.4 11.5 ±  0.7

t0
inter (s) n/a 18.1 ±  3.8 7.7 ±  1.4 6.2 ±  0.6

Charge (and identity) of 
messenger

n/a Negative (CH3COO−) Negative (NO2
−) n/d

Results are overall averages taking into account of all experiments, including solution flow manipulations, voltage manipulations, reactant concentration variations, and various batches of nanocatalyst 
samples. A more comprehensive table of parameters is in Supplementary Table 2. Rz, resazurin; AR, amplex red; n/a, not applicable; n/d, not determined.
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on the metal surfaces surrounded by a mesoporous silica shell,  
which could shield any flow effect on intraparticle behaviours.

We then applied a voltage across the reactor using two electrodes 
(which could affect any charged species) (Fig.  4a), resulting in a 
steady-state electrical current perpendicular to the solution flow 
(Supplementary Fig.  25). For Pd nanorods catalysing the dispro-
portionation reaction, with increasing intraparticle distance, ρτ τ,i j 
decays slower when the intraparticle vector is pointed down the 
electric-field direction than upfield (Fig. 4b). Moreover, the intra-
particle communication distance, x0

intra, shows cosinusoidal modu-
lations versus the orientation angle to the electric-field direction: 
they are larger for downfield directions than for upfield; and the 
modulation amplitude, Δx0,EF

intra, is positive and scales linearly with 
increasing voltage (Fig. 4c,d). (No electric-field effect was observed 
on the temporal memory, t0

intra; Supplementary Fig.  18.) Similar 
behaviours were observed for Au nanorods catalysing the deacety-
lation and the deoxygenation reactions (Supplementary Figs.  14 
and 15). These trends indicate that the intraparticle catalytic com-
munications in these three catalytic systems all involve positively 
charged messenger species, which cause temporally neighbour-
ing reactions at different locations within a single nanocatalyst to 
correlate with each other and whose reach is facilitated down the 
electric-field direction.

Mechanism of interparticle catalytic communication. 
Interparticle catalytic communication, although absent for Pd 
nanorods catalysing the disproportionation reaction, is clear for Au 
nanorods and nanoplates catalysing the deacetylation and deoxy-
genation reactions. As individual Au nanocatalysts are separated 
from one another, a possible mechanism for their interparticle cata-
lytic communication is that a reaction product desorbs from the Au 
surface of a nanocatalyst, diffuses out of the mSiO2 shell and then 
through solution to affect reactions at a nearby nanocatalyst. This 
process would be related to the spillover effect in surface catalysis12,13, 
and the solution part of molecular diffusion should be susceptible 

to the solution flow. We thus examined how solution flow would 
affect these interparticle catalytic communications. Strikingly, for 
Au nanorods catalysing both the deacetylation and deoxygenation 
reactions, ρτ τ,i j, decays slower with increasing interparticle distance 
when the interparticle vector is pointed downstream rather than 
upstream (for example, Fig. 5a). Moreover, the interparticle com-
munication distances, x0

inter, show cosinusoidal modulations versus 
the orientation angle to the flow direction: they are larger for down-
stream directions than for upstream directions, and the modulation 
amplitudes, Δx0,flow

inter , scale linearly with increasing flow rate (for 
example, Fig.  5b,c). These trends indicate that these interparticle 
catalytic communications indeed occur via molecular diffusion, 
observed here between individual nanocatalysts, in which solution 
flow extends the communication distance.

We further examined how an applied voltage would affect the 
diffusing messenger molecules that cause these interparticle com-
munications. Down the electric-field direction, ρτ τ,i j decays faster 
with increasing interparticle distance than upfield in both the 
deacetylation and deoxygenation reactions (for example, Fig. 5d). 
The interparticle communication distances, x0

inter, again show cosi-
nusoidal modulations versus the orientation angle to the electric-
field direction: they are smaller for downfield directions than for 
upfield directions; the modulation amplitudes, Δx0,EF

inter, are thus 
negative, and scale linearly with increasing voltage (for example, 
Fig. 5e,f). These trends indicate that for both reactions, the diffus-
ing messenger molecules for interparticle catalytic communication 
between the Au nanocatalysts are negatively charged species, whose 
motions are impeded down the electric-field direction, and whose 
charges are opposite to the intraparticle catalytic messengers that 
were universally observed for the Pd and Au nanocatalysts earlier.

As these interparticle catalytic communications between Au nano-
catalysts involve a reaction positively affecting the kinetics of a 
subsequent reaction, the negatively charged messenger molecules 
must be reaction products that can act as promoters of the cata-
lysed reactions. For both the deacetylation and the deoxygenation  
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reactions (Fig. 1b), the negatively charged, fluorescent product resoru-
fin does not affect the reaction rate in either reaction (Supplementary 
Fig. 26), nor does its binding to the nanocatalysts result in interparticle 
(or intraparticle) communication (Supplementary Fig. 12). However, 
adding the product acetate (CH3COO−) or nitrite (NO2

−) promotes 
the respective catalytic rate significantly; the rate eventually saturates, 
with concentrations at half saturation (K1/2) of ~0.95 and 0.46 μ M, 
respectively (for example, Fig. 5g). Moreover, adding acetate or nitrite 
quenches the interparticle catalytic communication distance, x0

inter: it 
decreases asymptotically with K1/2 values comparable to those in the 
catalysis promotion effect (for example, Fig. 5h). These results support 
that acetate and nitrite are the respective messenger molecules, which, 
once generated at one nanocatalyst, diffuse away to reach another 
nanocatalyst, perhaps helping either activate the reactants or stabilize 
intermediates there, leading to interparticle catalytic communication 
among the Au nanocatalysts.

Discussion
Using real-time, single-molecule, super-resolution reaction mapping, 
we have uncovered catalytic communications within and between sin-
gle nanocatalysts. The intraparticle catalytic communications occur 
universally across the Pd- and Au-based nanocatalysts and three dis-
tinct catalytic reactions. The interparticle catalytic communications 
only occur with Au-based nanocatalysts catalysing the deacetylation 
and deoxygenation reactions, and they operate via a molecular dif-
fusion mechanism, in which a negatively charged reaction product 
(acetate or nitrite) acts as a catalytic messenger to relate reactions on 
different nanocatalysts spatiotemporally. (The lack of such reaction 
products could be the reason for the absence of interparticle commu-
nication in Pd-nanorod-catalysed disproportionation reaction.)

All the universal intraparticle catalytic communications here 
involve a catalytic messenger that is positively charged, opposite to 
that of the interparticle cases and suggesting a distinct underlying 
mechanism. Consistently, adding acetate or nitrite exerts no effect on 
the intraparticle x0

intra of Au nanorods catalysing the deacetylation 

or deoxygenation reaction (for example, Supplementary Fig.  14), 
even though it quenches the corresponding interparticle x0

inter 
(for example, Fig. 5h). Being positively charged also rules out any 
process that involves the negatively charged product resorufin (for 
example, its blinking, diffusion or rebinding).

Moreover, none of the three reactions generate positively 
charged products (Fig. 1b). The spectator counter cations from the 
reactants and buffer (K+ and Na+) do not affect the intraparticle 
catalytic communications (for example, Fig.  4e,f) or the catalytic 
kinetics (for example, Supplementary Fig. 13) in our three systems. 
All reactions were done in slightly basic buffers (pH 7–9), making 
proton involvement less likely (more discussions in Supplementary 
Note 16.4). Yet, the fact that all involve positively charged messen-
gers and all have comparable electric-field modulation amplitudes 
suggests a common mechanism underlying the intraparticle cata-
lytic communications. As all reactions involve redox in an aerobic 
environment, we propose a hole migration mechanism on the sur-
face of Pd or Au particles, which probably are not pure metal but 
present surface metal-oxide species. In this mechanism, a localized 
surface hole (for example, a positive charge on an oxidized metal 
atom) generated at one site hops diffusively to other sites on the 
same nanocatalyst, leading to intraparticle communication (see 
other disfavoured possible mechanisms and more discussions; 
Supplementary Notes 15–16). The intraparticle catalytic communi-
cation distance, x0

intra, would then correspond to the migration dis-
tance of this hole during a time reflected by the temporal memory, 
t0

intra
. This mechanism is consistent with the fact that hole migration 

can occur over long distances, depending on the material’s conduc-
tivity and the presence of charge traps29–32, and such charges can be 
long-lived33. This hole migration mechanism also should not oper-
ate between nanocatalysts due to their spatial separation. Using 
x0

intra and t0
intra, we computed the effective diffusion coefficient (Deff) 

for this hole migration (Supplementary Note 16.1). Values of Deff are 
similar across all systems (~10−15 m2 s−1, Table 1), further supporting 
a common underlying mechanism.
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Provided the hole migration mechanism for intraparticle cata-
lytic communications, it is predictable that ρτ τ,i j

 should show a 
delayed maximum with increasing average time separation Δtij, if 
Δ xij is constrained to a specific intraparticle distance over which the 
hole must take time to migrate. This delayed maximum is indeed 
observed (for example, Fig. 2b,e, green) and is quantitatively inter-
pretable by an effective diffusion model (Supplementary Note 17). 
Similarly, a delayed maximum is predictable, and observed, for 
ρτ τ,i j

 with increasing intraparticle distance separation, if Δtij is con-
strained to a specific range during which the hole would migrate 
over a certain distance (for example, Fig. 2a,d, green).

As the intraparticle and interparticle catalytic communications 
are phenomenologically similar and conceptually analogous to 
cooperativity and synergism in enzymes, which are nature’s most 
efficient catalysts, we envision that exploration of their generality 
and utility may bring a new theoretical framework in understanding 
nanocatalysis.

Methods
Catalysts. Catalyst preparations are described in Supplementary Note 1, and 
characterizations summarized in Supplementary Fig. 1. Pd nanorods are 
37.4 ±  4.8 nm in diameter and 559 ±  223 nm in length, and are probably fivefold 
twinned nanostructures18. Au nanorods27,34 have lengths of ~100–700 nm and 
diameters of 21.4 ±  3.2 nm, and are either multiply twinned crystals or single 
crystals35–39. The triangular- and hexagonal-shaped Au nanoplates28,40 are single 
crystals with edge lengths of ∼ 10–1,000 nm and a thickness of 13.7 ±  0.7 nm.  
All were later coated with a mesoporous silica shell27,28,41,42 (~40–120 nm thick).  
This shell allows for subsequent calcination or UV/ozone treatment to remove  
the organic ligands on the metal surfaces, while still maintaining the morphologies 
of nanocatalysts and preventing their aggregation. The reactants can still access 
the metal surface for catalysis through the mesopores, and the mass transport 
of the reactants to the metal surface does not limit the catalytic kinetics because 
the catalytic conversion is slow, as we demonstrated previously on Au-based 
nanocatalysts27,28. This shell also helps to trap the fluorescent product molecules 
temporarily (for example, via adsorption onto silica surface sites in the mesopores), 
facilitating their detection, as well as circumventing the potential fluorescence 
quenching associated with direct detection on metal surfaces. For the mSiO2-
coated Pd nanorods, calcination led to a mostly oxidized Pd surface, and NaBH4 
was used to reduce it for later catalysis studies.

Catalytic reactions. The Pd-nanorod-catalysed photo-induced disproportionation 
reaction of resazurin was assayed first at the ensemble level and determined to have 
a 3:1 resazurin:resorufin stoichiometry (Supplementary Note 2). We previously 
showed27,28 that Au-based nanocatalysts are active27 in catalysing the oxidative 
deacetylation of amplex red by H2O2 to generate resorufin, acetate and water43, and 
the reductive deoxygenation of resazurin by NH2OH to generating resorufin and 
nitrite, which was detected and quantified by the colourimetric Griess reaction44. 
The metal particles are the active catalyst component, while the mSiO2 shell is not. 
The reaction conditions are in Supplementary Note 2 and are all in buffered pH 
7–9 conditions for imaging.

Single-molecule fluorescence microscopy and nanometre-precision mapping 
of fluorescent products. Catalysis on individual nanocatalysts was imaged using 
single-molecule fluorescence microscopy14,15,17,45–49, based on a total internal 
reflection fluorescence microscope, at room temperature under ambient conditions 
(Supplementary Fig. 3), as described previously27,28. A continuous-wave circularly 
polarized 532 nm laser induced the fluorescence of the product resorufin generated 
on immobilized nanocatalysts on a slide in a microfluidic reactor. For the Pd-
nanorod-catalysed disproportionation reaction, this 532 nm laser also drives the 
catalytic reaction. The aqueous reactant solutions were supplied into the reactor 
continuously and in large excess compared with the reactant consumption rates to 
give steady-state reaction kinetics, in which the kinetics were rate-limited by catalytic 
conversions from the reactants to the products rather than by mass transport, as we 
determined previously (for Au-based nanocatalysts)11,27,28. The fluorescence of the 
product resorufin was imaged at the single-molecule level by an EMCCD camera 
up to 25 ms frame rate. The images were then analysed using a custom MATLAB 
program27 to localize the positions of individual fluorescent product molecules 
on individual nanocatalysts to about 35–45 nm precision, in correlation with the 
nanocatalyst’s SEM image (Supplementary Note 4 and Supplementary Fig. 4).

Solution flow and voltage manipulations. The steady reactant solution flow into 
the microfluidic reactor was varied from ~5 to 100 μ l min−1 (linear flow rates of 
~100 to 2,000 μ m s−1, depending on the cross section of the particular reactor). 
For voltage manipulations, two electrodes were used to apply a voltage of − 1.2 
to 1.2 V across the microfluidic reactor of 5–8 mm in width in the xy imaging 

plane perpendicular to the solution flow direction (Fig. 4a). Because of the 
applied voltage and a continuous solution flow (the latter makes the microfluidic 
reactor a nonequilibrium solution system), a steady-state electrical current was 
achievable at each applied voltage (Supplementary Fig. 25), which ensured a finite 
electric field inside the microfluidic reactor, even though the solution contained 
> 100 mM buffer. Using copper or platinum electrodes gave similar results 
(Supplementary Fig. 25).

Anion and cation effects. Various concentrations of acetate and nitrite anions 
were titrated into the reaction solution for the Au-nanocatalyst-catalysed 
deacetylation and deoxygenation reactions, respectively. At the ensemble level, 
the initial reaction rate was monitored by following the fluorescence signal of the 
reaction product resorufin (Supplementary Fig. 26); here 5 nm Au nanoparticles 
were used as representative Au nanocatalysts because of their size homogeneity 
compared with the heterogeneous Au nanorod and nanoplate samples, which 
contain many different particle shapes. We further measured the effect of acetate 
and nitrite on Au-nanorod catalysis at the single-particle level (Supplementary 
Fig. 27). The spectator cations were varied by changing the concentration of buffer, 
which uses them as counter cations.

Code availability. The MATLAB codes for data analysis and simulations are 
available in the figshare repository (doi: 10.6084/m9.figshare.5789685).

Data availability. Many datasets generated and analysed during the current 
study (for example, coordinates and timing of detected catalytic products and 
nanocatalyst SEM images) are available in the figshare repository (doi: 10.6084/
m9.figshare.5789685).
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