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Particulate semiconductor photocatalysts are promising systems 
for solar-to-fuel technologies1–12. In such catalytic systems, one 
critical factor for attaining high energy conversion efficiencies is 

the effective separation of photogenerated electrons and holes within 
individual particles to prevent charge-carrier recombination1–11. 
Recent studies show that charge-carrier separation can be facilitated 
using anisotropically shaped semiconductor particles exposing facets 
with different work functions1,2,6. This difference in work function 
leads to preferential charge-carrier accumulation on different facets, 
suppressing surface electron–hole recombination, although this differ-
ence is generally not large enough to generate a surface current across 
the different facets (that is, surface confined charge separation)13,14. 
While previous studies of anisotropically shaped semiconductor par-
ticles recognize the differences in work function and the associated 
charge-carrier activities among different facets, they all assume no 
variations of these properties within the same facet1,2,6.

Here we hypothesize that within each anisotropically shaped 
photocatalyst particle, the different constituent facets may form 
inter-facet junctions at their adjoining edges (Fig. 1a) analogous to 
lateral two-dimensional (2D) heterojunctions or pseudo-2D junc-
tions made of few-layer 2D materials15–19, and that these inter-facet 
junctions should lead to spatial variations of electronic and pho-
toelectrochemical properties along the particle surface even within 
the same facet at near-edge regions. These inter-facet edges resemble 
one-dimensional (1D) interfaces of lateral 2D junctions (Fig. 1b); 
the valence and conduction band levels at the surface (EsurfV , EsurfC ) 
would bend near these edges, forming near-edge transition zones 
along the facet surface (Fig. 1b, red lines). We further hypothesize 
that if the surface transition zone width becomes comparable to 
the overall particle size (which is likely considering that lateral 2D 
junctions are known to have broad depletion zones20–22), such sur-
face band bending should substantially influence the overall (opto)
electronic properties and performance of the whole particle towards 
applications such as (photo)electrocatalysis, important for renewable  

energy technologies1,4,7–9,12,23,24. Whether these hypotheses are true is 
completely unknown, however.

Moreover, such inter-facet junctions are notably not identical to 
ideal lateral 2D heterojunctions. The inter-facet junctions exhibit 
a higher degree of complexity—the junction-forming near-surface 
structures on each facet, which have distinct electronic properties 
from the particle interior, are not strictly confined to the top single 
layer of surface atoms and may comprise several subsurface atomic 
layers. Also the electric field generated by the work function dif-
ference between adjoining facets may vary both along the particle 
surface and towards the particle interior. Therefore, it is challenging 
to predict the effects of such inter-facet junctions and the associated 
intra-facet variations of functional properties, let alone under real-
istic operando conditions.

In this work, using subfacet-level multimodal functional 
imaging, we uncover inter-facet junction effects and associated 
intra-facet variations of photoelectrochemical properties in aniso-
tropically shaped BiVO4 particles under photocatalyst working con-
ditions (that is, under illumination and electrochemical control, in 
an aqueous electrolyte, and with water oxidation occurring). We 
identify the key characteristics of the inter-facet junctions that dic-
tate whole-particle photoelectrochemistry, including the near-edge 
surface transitions of local flat-band potential and charge separation 
efficiency at the solid-electrolyte interface (SEI). We further show 
that chemical doping modulates the widths of the surface transition 
zones near the inter-facet edge, consequently altering the overall 
performance of photocatalyst particles. Decoupled facet-size scaling 
laws further translate inter-facet junction effects into quantitative 
particle-size engineering principles, revealing surprising multipha-
sic size dependences of whole-particle photoelectrode performance. 
The imaging tools, analytical framework and inter-facet junction 
concept pave new avenues towards understanding, predicting and 
engineering (opto)electronic and photoelectrochemical properties 
of faceted semiconducting materials, with broad implications in 
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fi el ds r a n gi n g fr o m p h ot o( el e ctr o) c at al ysis a n d e n er g y s ci e n c e t o 
el e ctr o ni cs, p h ot o ni cs a n d r el at e d s e mi c o n d u ct or t e c h n ol o gi es.

Vi s u ali zi n g i nt er-f a c et j u n cti o n eff e ct s
We c h os e t o st u d y Bi V O 4  b e c a us e of its pr o mis e as a hi g h- p erf or m a n c e 
p h ot o a n o d e m at eri al f or w at er o xi d ati o n ( b a n d g a p ~ 2. 4  e V; v al e n c e 
b a n d e d g e ~ 2. 4  V v ers us r e v ersi bl e h y dr o g e n el e ctr o d e ( R H E)) 1 ,4 – 6 . 
We s y nt h esi z e d a nis otr o pi c all y s h a p e d Bi V O 4  p arti cl es wit h a tr u n-
c at e d  bi p yr a mi d al  m or p h ol o g y,  e x p osi n g  { 0 1 0}  a n d  { 1 1 0}  f a c ets  
wit h t u n a bl e f a c et si z es ( L { 0 1 0}, L { 1 1 0}: ~ 1 0 0 n m t o t e ns of mi cr o m e -
tr es; Fi g. 1 a  a n d S u p pl e m e nt ar y Fi g. 8 a). T h e { 0 1 0} f a c et is l o w er i n 
el e ctr o n e n er g y (t h at is, l ar g er w or k f u n cti o n) a n d ri c h er i n o xi d e 
i o n ( O2 − ) ( w hi c h c a n a ct as a n el e ctr o n d o n or); t h e { 1 1 0} f a c et is 
hi g h er i n el e ctr o n e n er g y (t h at is, s m all er w or k f u n cti o n) a n d ri c h er 
i n bis m ut h (iii) i o n ( Bi3 + ) ( w hi c h c a n a ct as a n el e ctr o n a c c e pt or) 
( S u p pl e m e nt ar y Fi g. 9)6 . T h e { 0 1 0}|{ 1 1 0} e d g e t h er ef or e c o nstit ut es 

a 1 D i nt erf a c e, gi vi n g ris e t o a n i nt er-f a c et j u n cti o n, w hi c h s h o ul d i n 
t ur n l e a d t o i ntr a-f a c et v ari ati o ns of E s urf

C  a n d E s urf
V  al o n g t h e p arti cl e 

s urf a c e ( Fi g. 1 b , r e d li n es). I m p ort a ntl y, o n c o nt a cti n g el e ctr ol yt es, 
t his i nt er-f a c et j u n cti o n s h o ul d gi v e ris e t o a l o c ati o n- d e p e n d e nt 
b a n d b e n di n g d e gr e e ( Δ φ S EI ) a cr oss t h e S EI p er p e n di c ul ar t o t h e 
f a c et: s h all o w er b e n di n g o n t h e d o n or-ri c h er { 0 1 0} f a c et, st e e p er 
b e n di n g o n t h e a c c e pt or-ri c h er { 1 1 0} f a c et a n d v ar yi n g c o nti n u o usl y 
a cr oss t h e i nt er-f a c et e d g e ( Fi g. 1 b , bl u e li n es). We e n visi o n e d t h at 
t his Δ φ S EI  v ari ati o n s h o ul d l e a d t o s u bf a c et p ositi o n (x )- d e p e n d e nt 
p h ot o el e ctr o c h e mi c al c urr e nts, a k e y p h ot o el e ctr o d e p erf or m a n c e 
m etri c.

We t h er ef or e f o c us e d a 4 0 5  n m l as er t o pr o b e p h ot o el e ctr o c h e m -
i c al c urr e nts l o c all y, a n d s yst e m ati c all y s c a n n e d t h e f o c us e d l as er 
s p ot al o n g t h e x  dir e cti o n a cr oss t h e i nt er-f a c et e d g e o n a si n gl e 
Bi V O 4  p arti cl e ( Fi g. 1 c , l eft; M et h o ds). C orr el at e d wit h s c a n ni n g 
el e ctr o n mi cr os c o p y ( S E M) ( Fi g. 1 d ), w e m e as ur e d, at a s u bf a c et 
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resolution (~380 nm) (Supplementary Fig. 1b), the local steady-state 
anodic photoelectrochemical current (iph) associated with water 
oxidation at various potentials (all referenced to RHE)10. Strikingly, 
iph differs not only between different facets, but also within the same 
facet at near-edge regions, showing an s-like monotonic increase 
from the centre of the {010} facet (x > 0), across the inter-facet edge 
(x = 0) and into the {110} facet (x < 0) (Fig. 1g). This spatial pattern, 
agreeing qualitatively with our hypotheses (Fig. 1b), suggests that 
inter-facet junction effects exist on anisotropically shaped semicon-
ducting particles and influence particles’ photoelectrochemistry. If 
there were no inter-facet junction effects, local photoelectrochemi-
cal currents within the same facet would have been invariant and 
would have exhibited a non-continuous, nearly abrupt change at 
the inter-facet edge. Moreover, the observed intra-facet spatial 
variation of photoelectrochemical current along the particle surface 
spans a micrometre-sized length scale, reminiscent of the character-
istic broadness of depletion zones typically observed in lateral 2D 
junctions20–22.

To probe local photoelectrochemical properties beyond the 
diffraction-limited resolution, we performed single-molecule super- 
resolution microscopy with redox-selective fluorogenic probes to 
map surface reactions induced by photogenerated holes (h+) or 
electrons (e−) at approximately 40 nm resolution while applying 
a range of potentials (Fig. 1c, middle; Methods)10. In this type of 
super-resolution microscopy, the single-molecule level wide-field 
imaging of the fluorescent reaction products enables individual 
localization of their positions down to nanometre precision as well 
as quantitative molecular counting under operando conditions25–29. 
At anodic potentials (for example, >0.5 V), h+-induced reactions on 
this BiVO4 particle occur less frequently on the donor-richer {010} 
facet than the acceptor-richer {110} facet (Fig. 1e), consistent with 
SEM studies of bulk-level photocatalytic deposition of solid-state 
oxidation or reduction catalysts onto BiVO4 particles6. However, 
while this bulk-level study shows that holes (or electrons) prefer-
entially accumulate on different facets, it does not probe intra-facet 
variations of charge-carrier activities. In contrast, here, using 
single-particle super-resolution reaction imaging, we reveal a spatial 
variation of surface hole activities even within the same facet (also 
for surface electron activities; below): the specific rate of h+-induced 
reaction (vh) shows a striking s-like, micrometre-sized spatial trend 
along the x direction (Fig. 1h, red), which parallels that of the local 
anodic photoelectrochemical current (dominated by h+-induced 
water oxidation reaction; Fig. 1g) but possesses approximately ten 
times higher spatial resolution.

At less anodic potentials (for example, <0.6 V), e−-induced sur-
face reactions are also detectable even though the overall photo-
electrochemical current is anodic (Fig. 1f). Importantly, its specific 
rate ve shows an s-like spatial trend along the x direction opposite 
to that of vh (Fig. 1h, blue), again exhibiting an intra-facet varia-
tion. All subfacet-level quantities (vh, ve and iph) were corrected for 
intra-particle illumination attenuation (see Supplementary Note 1.8 
in the Supplementary Information). Control experiments and anal-
yses show that these spatial trends are not due to structural effects 
of low-coordination edge sites, preferential adsorption of probe 
molecules, or unequal fluorescence detection of reaction products 
(Supplementary Notes 2.3–2.5).

A modified Reichman model10,30 allowed us to analyse and fit sat-
isfactorily the potential dependences of local photoelectrochemical 
currents and h+/e−-induced reaction rates (Supplementary Notes 1.3 
and 1.7). In addition, we obtained intrinsic, potential-independent, 
parameters that govern photoelectrochemical water oxidation per-
formance at the solid–electrolyte interface, including: the flat-band 
potential (VFB), the electron–hole separation efficiency in the deple-
tion zone at the SEI (ηsep) and the effective rate constant kh (ke) reflect-
ing the surface hole (electron) activity. VFB of this particle shows an 
s-like transition along the x direction across the {010}|{110} edge 

(Fig. 1i, red), as we hypothesized for the inter-facet transition zones 
on a particle’s surface (Fig. 1b, purple line). More importantly, this 
transition along the particle surface spans over a micrometre length 
scale, which is substantially larger than the typical depletion zone 
width of bulk BiVO4 junctions (<10 nm)4. Such broadness of the 
near-edge transition zones suggests that this inter-facet junction 
is analogous in electronic property to lateral 2D junctions, which 
exhibit broader depletion zone widths than do three-dimensional 
(3D) bulk junctions20–22. These observations provide a direct map-
ping of inter-facet junction effects within an anisotropically shaped 
semiconductor particle.

ηsep also exhibits an s-like transition along the x direction across 
the inter-facet edge over the same length scale (Fig. 1i, blue), but 
opposite to that of VFB, expectedly, as steeper SEI band bending is 
associated with more efficient charge separation at SEI. kh and ke 
show anticorrelated, s-like inter-facet spatial trends over similar 
length scales (Fig. 1j). The kh trend follows that of ηsep because sur-
face hole activities of photoanodes contain SEI charge separation 
efficiency; the ke versus kh anticorrelation results from the elec-
tronic effect of the inter-facet junction (Supplementary Note 1.7). 
Moreover, the spatially resolved determination of VFB and ηsep allows 
for predicting photoelectrochemical currents at any potential for 
any subfacet positions (see below).

Junction effects on whole-particle photoelectrochemistry
We examined many BiVO4 particles; all of them exhibit sub-
facet position-dependent photoelectrochemical currents and 
charge-carrier surface activities, giving universal s-like inter-facet 
spatial variations of photoelectrochemical parameters (that is, VFB, 
ηsep, kh, ke; Supplementary Fig. 15) across the particle surface. These 
s-like trends can be modelled satisfactorily as bidirectional expo-
nential decays along the x direction from the edge (for example,  
Fig. 1i, solid line on VFB), following the band bending modelling of 
lateral 2D junctions20,21:

y (x) = ±
(

yedge − yfacet
)

exp
(

−
|x|

0.217Wfacet

)

+yfacet
(

± : ‘+ ’ forVFB, ke;‘− ’ for ηsep, kh
)

(1)

Here y denotes any of the four photoelectrochemical param-
eters. yedge is y’s value at the inter-facet edge (that is, x = 0); yfacet is 
the value intrinsic to the particle’s {010} or {110} facet unaffected 
by inter-facet junction. Wfacet is the width of the near-edge surface 
transition zone on either facet, defined as the distance from the edge 
where |y − yfacet| reaches approximately 1% of |yedge − yfacet| (refs. 20,21).

Pooling results from 73 particles of various facet sizes, VFB at 
the edge or intrinsic to the two facets (that is, VFB,edge, VFB,{010} and 
VFB,{110}) shows clear facet-size dependences (Fig. 2a): smaller fac-
ets (that is, smaller L{010} or L{110}) exhibit more negative VFB, consis-
tent with higher surface energies of smaller particles. ηsep,edge, ηsep,{010} 
and ηsep,{110} show opposite facet-size dependences to VFB (Fig. 2b), 
as steeper SEI band bending renders more efficient charge separa-
tion in the SEI depletion zone. W{010} and W{110}, the widths of the 
near-edge surface transition zones on the two respective facets, 
show no facet-size dependence (Fig. 2c), possibly because they 
only depend on the surface chemical compositions of respective 
facets, analogous to the observation that the depletion zone widths 
of lateral 2D junctions are solely determined by the chemical com-
positions (for example, dopant densities) of their constituent 2D 
materials20,21. The values of W{010} and W{110} are approximately 2,000 
to 3,000 nm, quantifying the broadness of these near-edge surface 
transition zones and suggesting the 2D-like nature of on-particle 
inter-facet junctions. Furthermore, the values of near-edge surface 
transition zones stay consistent regardless of which photoelectro-
chemical property is analysed (that is, VFB, ηsep, kh or ke; Fig. 2c), 
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verifying that super-resolution charge-carrier reaction imaging 
indeed complements the diffraction-limited photoelectrochemical 
current measurements in mapping local properties associated with 
inter-facet junction effects.

The s-like spatial variations of VFB and ηsep across the inter-facet 
junction along the particle surface immediately predict that for 
better photoelectrochemical water oxidation performance, BiVO4 
particles should have smaller {010} facets, minimizing the region 
outside the near-edge surface transition zone on the {010} facet 
(Fig. 2d, middle), and larger {110} facets, utilizing the entire sur-
face transition zone and beyond on the {110} facet (Fig. 2d, bot-
tom). Provided the facet-size dependences of VFB,edge/facet, ηsep,edge/facet  
and Wfacet (Fig. 2a-c; Supplementary Note 2.6), we calculated  

photoelectrochemical current densities (jph) for whole particles of 
any facet sizes at any potential (for example, at 1.13 V where the 
photoelectrochemical current is dominated by water oxidation;  
Fig. 2e, shaded surface; Supplementary Note 2.7), which is a key 
photoanode performance metric.

Expectedly, jph decreases with increasing {010} facet size (L{010}) at 
any fixed {110} facet size (L{110}) (Fig. 2e, orange lines). With fixed 
L{010}, jph initially increases with increasing L{110}, and then levels off  
when L{110} reaches tens of micrometres (Fig. 2e, green lines). This 
level-off arises because: (1) {110} facet size already exceeds W{110}, 
the width of the corresponding near-edge surface transition zone, 
and (2) larger {110} facets have worse VFB,edge/facet and ηsep,edge/facet from  
particle-size effect (Fig. 2a,b, green lines). These calculations are 
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verified by an experiment (Fig. 2e, circles; Supplementary Fig. 16),  
wherein we used an iris to confine the laser illumination to excite 
single whole particles to measure the whole-particle photoelec-
trochemical currents (Fig. 1c, right). Furthermore, given calcu-
lated photoelectrochemical current versus potential relations 
(Supplementary Fig. 5j,k), we determined the maximally achiev-
able applied-bias photon-to-current efficiency (ABPCEmax), another 
key photoelectrode performance metric4, and the corresponding 
optimal potential (Eopt), for particles with any facet sizes (Fig. 2f). 
Altogether, these facet-size scaling relations of jph, ABPCEmax, and 
Eopt (Fig. 2e,f) offer quantitative guidelines to optimize performance 
and operation of shaped particulate photoelectrodes by tuning 
junction-forming facet sizes.

Inter-facet junction engineering by chemical doping
The functional roles of the inter-facet junction raise the possibil-
ity of engineering it to alter whole-particle photoelectrochemis-
try. According to theory21, the widths of surface depletion zones 
depend on the surface dopant densities (equations (S31)–(S33)). 
We therefore thermally treated BiVO4 particles in nitrogen (N2) 
to introduce nitrogen (confirmed by X-ray photoelectron spec-
troscopy; Supplementary Fig. 8d) and increase oxygen vacancies31, 
which should change the particle’s surface dopant densities. The 
N2-treated particles maintain truncated bipyramid morphologies 
(Supplementary Fig. 8b); they also exhibit (sub)facet-dependent 
electron/hole activities (Supplementary Note 2.11) and s-like spatial  

variations of VFB and ηsep along the surface across the inter-facet 
edge, characteristic of the inter-facet junction effects (Fig. 3a, red; 
Supplementary Fig. 7a,b). However, compared with untreated par-
ticles, the N2-treated particles show steeper (shallower) variations 
on donor-richer {010} (acceptor-richer {110}) facets away from 
the inter-facet edge, indicating narrower (broader) near-edge sur-
face transition zones (Fig. 3a). Averaged over 73 untreated and 
86 N2-treated particles, the surface transition zone width on the 
{010} facet (that is, W{010}) decreases from approximately 2,050 nm 
to approximately 920 nm while the surface transition zone width 
on the {110} facet (that is, W{110}) increases from approximately 
2,700 nm to approximately 5,200 nm on N2 treatment (Fig. 3b).

Furthermore, the quantitative mapping of VFB across inter-facet 
junctions on each particle yields facet-specific surface dopant den-
sities (equations (S31)–(S33) in the Supplementary Information). 
On average, N2 treatment increases the {010} donor density (ND,{010}) 
by approximately 6.2 × 1010 cm−2 due to increased oxygen vacan-
cies (donors)31; such treatment decreases the {110} acceptor density 
(ND,{110}) by approximately 2.8 × 1010 cm−2 unexpectedly, which we 
attribute to possible partial reduction of acceptor sites (V5+, Bi3+) by 
added oxygen vacancies (Fig. 3c). Strikingly, the increase in ND,{010} 
is about twice the decrease in ND,{110}, suggesting that oxygen vacan-
cies are more easily generated on {010} than on {110} facets. We 
attribute this to the fact that the {010} facet is oxygen terminated 
and its near-surface region has a higher oxygen density and longer 
Bi−O bonds (Supplementary Fig. 9); all of these should render the 
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{010} facet more prone to oxygen loss. It is worth noting that these 
first-of-its-kind facet-specific doping degrees of shaped particles are 
only accessible by subfacet-level functional imaging.

More importantly, the changed widths of the near-edge surface 
transition zones of the N2-treated particles led to altered facet-size 
dependences of whole-particle photoelectrochemical current densi-
ties (jph). In particular, with increasing L{110}, the increase of jph levels 
off slower (Fig. 3d, red versus blue), due to the now broader {110} 
surface transition zone. To describe jph’s level-off quantitatively, we 
chose the characteristic {110} facet size (Llevel-off{110} ) where jph increases 
by approximately 63% (that is, 1 – 1/e) towards its maximum (Fig. 3d).  
By systematically calculating surface transition zone-width depen-
dences of Llevel-off{110} (Fig. 3e and Supplementary Note 2.10), we find  
that Llevel-off{110}  correlates positively with W{110}, indicating that the pre-
ferred {110} facet sizes for higher performance (where level-off occurs)  
increase when the {110} surface transition zones broaden, consis-
tent with the experiment (Fig. 3e, circles).

In addition, the N2-treated particles show enhanced photo-
electrochemical currents (Fig. 3d, red versus blue; Supplementary  
Fig. 7e), stemming from their generally more negative flat-band 
potentials and higher SEI charge separation efficiencies 
(Supplementary Fig. 7a-b), consistent with the literature31. The 
N2 treatment also yields more negative Eopt and higher ABPCEmax  
(Fig. 3f), indicating better performance. Altogether, these results 
demonstrate that engineering inter-facet surface junctions on aniso-
tropically shaped semiconductor particles effectively modulates  
their photoelectrochemical performance.

size engineering principles of particulate photoelectrodes
Provided the quantified inter-facet junction effects and decoupled 
facet-size (L{010}, L{110}) dependences of key photoelectrode prop-
erties (for example, Fig. 2e,f), we can predict the effects of overall 
particle size (that is, L{010}+L{110}) for any particularly shaped par-
ticle (measured by L{010}/L{110} for plate, truncated bipyramid or 
bipyramid-like shapes) on photoelectrode performance (Fig. 4a). 
Such quantitative prediction is needed because both the size and 
shape (that is, facet composition) of a particle affect its overall pho-
toelectrochemical properties. If facet composition were the only fac-
tor, one would qualitatively predict that a larger hole-accumulating 
{110} facet is always preferred to enhance water oxidation perfor-
mance. However, larger particles (that is, larger facet sizes) in gen-
eral exhibit worse water oxidation performance because of their 
more positive flat-band potentials (Fig. 2a) and smaller SEI charge 
separation efficiencies (Fig. 2b). A substantial increase in the {110} 

facet size will lead to worse performance. Moreover, the near-edge 
surface transition zone width of the inter-facet junction effects 
also plays an important role in the {110} facet-size dependence of 
whole-particle photoelectrochemistry (Fig. 3d,e). Altogether, the 
interplay between the particle-size effect and the facet composition 
effect of inter-facet junctions makes qualitative predictions imprac-
tical, and calls on quantitative predictions based on experimentally 
measured photoelectrochemical parameters (Fig. 4b,c).

For {010}-dominated plate-like particles (for example, 
L{010}/L{110} = 10; Fig. 4b, top), the whole-particle photoelectro-
chemical current densities jph decrease monotonically with overall 
particle size (that is, L{010} + L{110}). Here, the particle-size effect dom-
inates so a larger particle has lower photocurrents. For truncated 
bipyramid-like particles with a higher {110} fraction (for example, 
L{010}/L{110} = 0.3; Fig. 4b, middle), with increasing particle size, the 
photocurrent density shows a biphasic behaviour: initially decreas-
ing because of the particle-size effect, and then increasing when the 
facet composition effect kicks in (that is, a larger particle contains 
more higher activity region on the {110} facet outside the near-edge 
surface transition zone; Fig. 2d). Here the photocurrent minimum 
occurs at a particle size of approximately 3.5 μm, consistent with the 
length scales of the surface transition zones (that is, W{010} + W{110}; 
Fig. 3b), and it shifts to approximately 5.9 μm for N2-treated par-
ticles due to their altered near-edge surface transition zone widths. 
For {110}-dominated bipyramid-like particles (for example, 
L{010}/L{110} = 0.1; Fig. 4b, bottom), with increasing particle size, the 
initial decrease and subsequent increase of photocurrent density are 
due to similar reasons as the case of the truncated bipyramid-like 
particle with L{010}/L{110} = 0.3, and the eventual decrease occurs 
because the particle-size effect dominates again. This triphasic 
behaviour leads to an optimal particle size for maximal jph at approx-
imately 8.3 μm, which shifts to approximately 10.9 μm in N2-treated 
BiVO4 particles. Moreover, smaller particles generally show more 
doping-induced improvements in Eopt and ABPCEmax (that is, 
more negative ΔEopt, larger ΔABPCEmax) (Fig. 4c); the upper limit 
of preferred size range increases for more bipyramid-like particles  
(Fig. 4c, bottom versus top).

It is worth noting that such diverse shape-coupled size depen-
dences can be uncovered only after we have quantified both the 
inter-facet and the intra-facet differences of local photoelectrode 
functional properties on single particles of various sizes, including 
the inter-facet junction effects. Altogether, these predictions offer 
quantitative photoelectrode design principles by particle-size engi-
neering of selected morphologies, a widely adopted optimization  
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approach, which can often be achieved by tuning synthesis 
conditions1,32–34.

Concluding remarks
With continued discoveries of anisotropically shaped semiconduc-
tor particles1 and doping strategies16, we envision that inter-facet 
junction effects can be broadly exploited. They may be further 
tuned by interfacing particles with cocatalysts5,6,10 or microorgan-
isms35, and utilized for other technologically important (photo)
electrocatalytic processes (for example, carbon dioxide reduction, 
N2 fixation)4,7,9. In particular, the incorporation of cocatalysts will 
probably affect the inter-facet junction effects (Supplementary Note 
2.14): the local photoelectrochemical properties of shaped particles 
can be altered by cocatalysts and should further depend on cocata-
lysts’ locations relative to the inter-facet edge and associated surface 
transition zones on each facet. The ill-defined nature of many cocat-
alysts (for example, being porous and/or spatially non-uniform36,37) 
makes studying them even more challenging. Combined with spa-
tially controlled photodeposition of cocatalysts10, we expect that our 
multimodal functional imaging approach here should help eluci-
date such semiconductor–cocatalyst interfaces. Furthermore, with 
scalable and composition-tunable solution synthesis, inter-facet 
junction-bearing particles could potentially broaden mixed dimen-
sional material hetero-integration strategies16,38, expand 2D junc-
tion compositional space (for example, complex oxides)39, and 
enable device configurations with unprecedented coupling effects 
and drastically changed properties15,16,18,38.
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Methods
Preparation and characterization of BiVO4 and nitrogen-treated BiVO4. BiVO4 
particles with exposed {010} and {110} facets were synthesized hydrothermally 
using a procedure modified from that of Li et al.6 Typically, 3 mmol ammonium 
metavanadate (NH4VO3, Sigma-Aldrich, 398128-50G) and 3 mmol bismuth(III) 
nitrate pentahydrate (Bi(NO3)3·5H2O, Sigma-Aldrich, 383074-100G) were dissolved 
in 30 ml of 1 M nitric acid solution (Sigma-Aldrich, 438073-500 ML), and the pH 
of the resulting solution was adjusted to about 1 with ammonia solution (EMD 
Millipore, 1054232500). Next, the solution was hydrothermally treated in a sealed 
100 ml borosilicate glass bottle (Fisherbrand) inside a furnace (Thermo Scientific 
Lindberg/Blue M) at 80 °C for 48 h, and the yellow solid powder was then separated 
by filtration, followed by washing with water several times and drying in air at 60 
°C for 24 h. Nitrogen-treated BiVO4 was obtained by a mild thermal annealing of 
as-synthesized BiVO4 particles in a N2 atmosphere, based on a method modified 
from the literature31. Typically, hydrothermally synthesized BiVO4 particles, after 
washing with water and drying in air at 60 °C, were annealed under N2 flow inside 
a box furnace (Thermo Scientific Lindberg/Blue M) at 450 °C for 8 h. The furnace 
was equipped with a gas vent of 1′ in diameter at the top and a gas inlet of 0.375′ in 
diameter at the back for N2 atmosphere exchange. The inside chamber of the box 
furnace was 39.4 × 27.9 × 22.9 cm3. This annealing condition was identified to be 
effective in the incorporation of nitrogen atom into BiVO4 under our experimental 
conditions, after attempting to employ a range of annealing temperatures (350–450 
°C with a ramping rate of ~5–10 °C min−1) and treatment times (1 h to 8 h). This 
effective annealing condition is slightly different from the optimal condition 
reported by Kim et al.31 (annealing at 350 °C for only 2 h) probably because they 
used a smaller tube furnace with less heat dissipation and their BiVO4 particles are 
generally smaller in size (~0.5–1 µm). The amount of nitrogen atoms incorporated 
into BiVO4 here is in agreement with that obtained by Kim et al.31 Assuming 
charge-balanced incorporation of nitrogen, for every two N3− ions incorporated, 
three O2− ions need to be removed, which creates one oxygen vacancy. Therefore, 
the formula and nitrogen-doped BiVO4 can be written as BiVO4–1.5xNx assuming 
that no other types of oxygen vacancies are present. For our nitrogen-doped 
BiVO4, the nitrogen content, x, in BiVO4–1.5xNx is estimated to be 0.37 based on the 
X-ray photoelectron spectroscopic (XPS) results, and is similar to the previously 
reported31 value of 0.34 quantified by XPS. It was also shown that a shorter N2 
treatment time generally led to a smaller amount of incorporated nitrogen, with 
the N content, x, varying between 0.34 and 0.131. Moreover, the location of the 
XPS N 1 s peak observed in our nitrogen-doped BiVO4 (Supplementary Fig. 8d) 
agrees with that of nitrogen incorporated into the oxide lattice40,41. SEM imaging 
(LEO 1550 FESEM) shows that both as-synthesized and N2-treated BiVO4 particles 
display a well-defined truncated bipyramid morphology that consists of exposed 
{010} and {110} facets (Supplementary Fig. 8a,b). XPS analysis (Kratos Axis Ultra 
instrument with a monochromatic Al Kα source) confirms, on N2 treatment, the 
successful incorporation of nitrogen into the BiVO4 lattice with a clear N 1 s peak 
showing in the XPS spectra (Supplementary Fig. 8c,d).

Bulk photoelectrochemical measurements. Bulk-level experiments were carried 
out using bulk BiVO4 films deposited on indium-doped tin oxide (ITO)-coated 
glass slides (Delta Technologies, CB-50IN-0111) in three front-illumination 
configurations: (1) in a quartz cell (1 × 4 × 4 cm3, Starna Cells, 1-Q-40) illuminated 
by an expanded 405 nm laser beam with an illumination area of approximately 
4.5 cm2; (2) in a microfluidic cell (for details, see Methods) under wide field 
60 × 70 µm2 illumination (Supplementary Fig. 6, mode II); and (3) in a microfluidic 
cell illuminated with a focused laser spot of approximately 380 nm (Supplementary 
Fig. 6, mode I; Supplementary Fig. 1a,b). These three configurations allow us 
to access a broad range of laser power densities ranging from 1 mW cm−2 to 
106 W cm−2. All photoelectrochemical measurements were performed with a 
potentiostat (CH Instrument, CHI1200a) in a three-electrode configuration using 
BiVO4-modifed ITO electrodes as the working electrode, a Pt wire (BASi, MW-
1033) as the counter electrode and a Ag/AgCl electrode (BASi, MF-2052) as the 
reference electrode. The working electrode chamber was always kept under N2 
atmosphere and the electrolyte solution was N2 purged, deaerated 0.1 M sodium 
sulfate Na2SO4, 0.1 M pH 7.4 phosphate buffer for photocurrent measurement. 
In the cases of measuring charge-carrier reaction rates, hole- or electron-probe 
molecules10 (50 µM hole-probe amplex red or 33 µM electron-probe resazurin) 
were added to the electrolyte solution. All the potentials reported in this work 
are referenced to RHE. The measured potentials versus silver/silver chloride 
electrode, Ag/AgCl (VAg/AgCl) are converted to potentials versus RHE (VRHE) by 
VRHE = VAg/AgCl + 0.0591 × pH + 0.19742.

Multimodal photoelectrode performance metric imaging. The detailed 
experimental set-up of the multimodal photoelectrode performance metric 
imaging is schematically illustrated in Supplementary Fig. 6 (similar to Fig. 1c), 
which provides capabilities to perform and correlate subfacet-level photocurrent 
mapping (mode I), super-resolution charge-carrier reaction imaging (mode 
II) and single whole-particle photocurrent measurement (mode III), which 
report photoelectrode performance complementary to other single-particle 
measurements11,27,43. This multimodal imaging set-up is based on epifluorescence 
microscopy on an inverted OLYMPUS IX71 microscope, in combination with the 

use of a three-electrode photoelectrochemical microfluidic cell. An appropriate 
combination of a flip lens (Thorlabs, N-BK7 Plano-Convex Lens) mounted on 
an XYZ translation stage (Thorlabs, PT3-1, 1/4-20 Taps) and an iris placed at the 
back port of the microscope allows flexible switching between the three different 
illumination configurations. BiVO4 particles (as-synthesized or N2-treated) 
suspended in water were spin-coated onto and sparsely dispersed on an ITO 
electrode (Delta Technologies, CB-50IN-0111) and annealed at 450 °C for 1 h, and 
then assembled into the photoelectrochemical microfluidic cell (100 µm high and 
5 mm wide) using double-sided tapes sandwiched between a microscope coverslip 
and the ITO electrode. The electrolyte solution (deaerated 0.1 M Na2SO4, 0.1 M 
pH 7.4 phosphate buffer) or the reactant solution (the same electrolyte solution 
with 50 nM hole-probe amplex red or 50 nM electron-probe resazurin added)10 
was continuously supplied by a syringe pump to the photoelectrochemical cell at 
a volumetric flow rate of 25 µl min−1. The ITO electrode with dispersed individual 
BiVO4 particles serves as the working electrode, the electrochemical potential of 
which was controlled by a potentiostat (CH Instrument, CHI1200a). A platinum 
wire (BASi, MW-4139) and a Ag/AgCl electrode (BASi, MW-2030) were used 
as the counter and reference electrode, respectively, and were placed in a liquid 
chamber approximately 3 cm downstream. No specific treatments were used to 
prevent surface passivation, but the stability of BiVO4 particles under operating 
conditions during the entire measurements was verified, including photocurrent 
measurements and single-molecule fluorescence imaging (Supplementary Note 
2.12). All measurements used a pH of 7.4 phosphate buffer as the electrolyte 
solution. It has been widely reported that under near-neutral conditions BiVO4 
photoanodes are photoelectrochemically stable without specific modifications 
by surface protection layers5,6,31,44–48, while in strong acidic and basic solutions 
(for example, pH 0 or 14), protection layers are usually needed to improve the 
stability of BiVO4

49. Studies have shown that BiVO4 and ITO electrodes may form 
ohmic contacts with proper treatments44,50,51. We have followed Abdi et al.44 using 
annealing at 450 °C for 1 h in air to improve the electrical contact between the 
BiVO4 particles and ITO. In general, annealing may help form ohmic contacts 
between semiconductors and back contacts52–54. Nevertheless, there is a possibility 
that the BiVO4–ITO interface may not be an ideal ohmic contact, and the 
properties of the BiVO4–ITO contact may vary from particle to particle. However, 
even so, the subparticle location dependences of photoelectrochemical properties 
should not be affected because the measured quantities at different subparticle 
locations share the same particle–ITO contact. Such contact heterogeneity could 
contribute to the particle-to-particle variations in photoelectrochemical properties, 
but these variations are averaged out by pooling results from many particles.

Mode I: subfacet-level photoelectrochemical current mapping. A continuous wave 
circularly polarized 405 nm laser (COHERENT, OBIS 405LX) was enlarged 
by a pair of beam expanders (15CF1-TP01188123, 1CF1-TP00426869) by 
15 times and focused by a ×60x= water immersion objective (OLYMPUS, 
UPLSAPO60XW)10 (Supplementary Fig. 6, mode I) to generate a laser spot with 
a diameter of approximately 380 nm (Supplementary Fig. 1a,b) and a maximum 
power density of approximately 8 × 106 W cm−2. The focused laser was used to 
excite multiple subfacet-level local spots, one at a time, within a single BiVO4 
particle, scanning from the {010} facet, across the inter-facet edge, and to the 
{110} facet. The photocurrents associated with all subfacet locations (registered 
as the x coordinate—the distance between the centroid of the focused laser 
beam and the 1D inter-facet edge; Fig. 1b,g and Supplementary Fig. 13a–c) at 
a series of applied potentials from 0.23 to 1.13 V with 0.1 V increments were 
recorded by the potentiostat (CH Instrument, CHI1200a). The 405 nm laser 
power density is typically 8.73 × 104 W cm−2 for the subfacet-level photocurrent 
measurements in this work unless stated otherwise. The relationship between the 
subfacet-level photocurrent and the applied potential was fitted with equations 
(S2)–(S13) (Supplementary Information) based on a modified Reichman model10,30 
(Supplementary Note 1.3) to obtain the local, intrinsic materials property 
parameters, VFB and ηsep, that govern photoelectrode performance.

Mode II: super-resolution charge-carrier reaction imaging. The charge-carrier 
reaction imaging set-up is based on single-molecule localization microscopy26,28,55–61 
with two-laser epifluorescence illumination (Supplementary Fig. 6, mode II), in 
combination with the use of the fluorogenic hole-probe amplex red oxidation 
reaction or electron-probe resazurin reduction reaction10 (Supplementary Fig. 
10a,b). A 405 nm laser (COHERENT, OBIS 405LX) with a power density of 
12 W cm−2 excites the BiVO4 particles to generate charge carriers (electrons and 
holes) while a 532 nm laser (COHERENT, SAPPHIRE 532-50CW CDRH) with 
a power density of 60 W cm−2 induces the fluorescence of the product molecule 
resorufin from either the hole-probe or electron-probe reaction. The two lasers 
were combined via a 425 nm long-pass dichroic mirror (THORLAB, DMLP425), 
focused onto the back aperture of a ×60 water immersion objective (OLYMPUS, 
UPLSAPO60XW), and reflected by a 550 nm long-pass dichroic mirror (CHROMA, 
E550LP) to illuminate the sample in an epi-illumination geometry over an 
70 × 60 μm2 area. The fluorescence was collected through the same ×60 objective, 
passed through the 550 nm long-pass dichroic mirror and a 580 ± 30 nm emission 
filter (CHROMA, HQ580/60 m), and imaged by an electron multiplying charge 
coupled device camera (ANDOR, DU-897E-CS0-#BV) operated at a 15 ms frame 
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rate, which is controlled by the ANDOR IQ3 software. Imaging experiments were 
performed at a series of applied potentials from 0.23 to 1.13 V with 0.1 V increments 
for both the hole-probe and electron-probe reactions. In a typical charge-carrier 
reaction imaging experiment, for each applied potential, 1,000 fluorescence images 
in an electrolyte solution without adding the fluorogenic reactant (that is, amplex 
red or resazurin) were collected first (to measure the steady photoluminescence 
intensities of BiVO4; Supplementary Note 1.4), followed by recoding another 
30,000 fluorescence images in the presence of 50 nM amplex red or resazurin. The 
fluorescence images obtained are analysed by a home-written MATLAB program 
(Supplementary Software), which is documented in detail in our previous  
work10,62,63 and briefly described in Supplementary Note 1.4. Our imaging 
experiments map selectively surface reactions induced by photogenerated holes or 
electrons at approximately 40 nm spatial resolution (Supplementary Fig. 2d,e)  
at a series of applied potentials. The relationship between the local hole/
electron-probe reaction rates obtained on the same BiVO4 particle and the applied 
potential was fitted globally with equations (S16)–(S20) (Supplementary Note 1.7) 
to obtain spatially resolved, local, intrinsic materials property parameters, VFB, kh 
and ke. Notably, our fluorogenic electron and hole reaction imaging experiments 
were also performed while applying external biases by the potentiostat, just like the 
photocurrent measurements. Both electron and hole reaction imaging experiments 
were done under photoanodic conditions across a range of applied potentials, where 
the photoanodic current is dominated by water oxidation kinetics. Under these 
conditions, the holes are the dominant surface charge carriers, oxidizing water and, 
if supplied, the hole-probing profluorescent molecule amplex red. The electrons are 
predominantly collected by the back contact (that is, the ITO electrode), but some 
of them still leak to the surface, and they can be detected by the electron-probing 
profluorescent molecule resazurin. The ability to detect surface electrons, even 
under photoanodic conditions, is due to the high sensitivity of redox-selective 
single-molecule reaction imaging, which also has super-resolution better than 
the diffraction-limited resolution of subparticle photoelectrochemical current 
measurement. The amounts of surface holes and leaked surface electrons both 
depend on the applied potential (and on the facet type as well), with the former 
being dominant on the semiconductor surface under photoanodic conditions.

Mode III: single whole-particle photocurrent measurement. To illuminate a single 
whole BiVO4 particle (that is, fully covering its composing {010} and {110} facets 
simultaneously), an expanded, collimated 405 nm laser beam was directed through 
an iris placed at the back port of the microscope before it was focused to the back 
aperture of the objective (Supplementary Fig. 6, mode III, and Supplementary 
Fig. 4). Hence the iris was used to adjust the illumination area so that it contains 
only a single whole BiVO4 particle, enabling the measurement of the photocurrent 
coming from this specific particle. The single-whole-particle photocurrent 
measurements were performed at four different applied potentials (0.83, 0.93, 1.03 
and 1.13 V) (Supplementary Figs. 16 and 17).

Data availability
All data needed to evaluate the conclusions in the paper are present in the paper 
and/or the Supplementary Information.

Code availability
MATLAB codes for data analysis and simulations supporting the findings of this 
study are provided with this paper.
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