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% Check for updates Tuning interfacial electric fields provides a powerful means to control elec-

trocatalyst activity. Importantly, electric fields can modify adsorbate binding
energies based on their polarizability and dipole moment, and hence operate
independently of scaling relations that fundamentally limit performance.
However, implementation of such a strategy remains challenging because
typical methods modify the electric field non-uniformly and affects only a
minority of active sites. Here we discover that uniformly tunable electric field
modulation can be achieved using a model system of single-atom catalysts
(SACs). These consist of M-N, active sites hosted on a series of spherical car-
bon supports with varying degrees of nanocurvature. Using in-situ Raman
spectroscopy with a Stark shift reporter, we demonstrate that a larger nano-
curvature induces a stronger electric field. We show that this strategy is
effective over a broad range of SAC systems and electrocatalytic reactions. For
instance, Ni SACs with optimized nanocurvature achieved a high CO partial
current density of ~400 mA cm™ at >99% Faradaic efficiency for CO, reduc-
tion in acidic media.

The successful development of electrochemical energy conversion
technologies hinges on the ability to design electrocatalysts that can

reactions” . Electric fields can influence the catalytic rate by mod-
ifying adsorbate binding energies based on their polarizability and

facilitate the desired cathodic and anodic reactions with high effi-
ciency and activity'. Important examples of these include water
splitting””, fuel cell reactions®*'? and CO, reduction”". Such reactions
are important as they offer a route to realize net-zero-emission pro-
duction of value-added chemicals/fuels and on-demand generation of
electricity™.

Tuning interfacial electric fields potentially provides a powerful
means to control electrocatalyst activity for a broad range of

dipole moment®*!, This means that they operate independently of
conventional scaling relations which place a fundamental limit on
electrocatalyst performance®*, For instance, Sargent and co-workers
assembled Au nanoneedle catalysts, and an intense local electric field
was concentrated at the tips, where the curvature is highest*. It was
proposed that the high local electric field at the nanoneedle tip can
concentrate cations, which then stabilizes intermediates and lowers
reaction pathway energetics®®. As a result, the Au nanoneedle
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catalysts achieved high selectivity and activity towards CO, reduction
to CO. Besides this tip enhancement effect, various groups have found
that the alkali metal cation used in the electrolyte (e.g. Li*, K*) can also
have an effect on interfacial electric fields, which in turn impacts cat-
alyst activity and selectivity?>’.

Although important progress has been made by these previous
works, further realizing the potential of electric fields for electro-
catalysis remains challenging for several reasons. (1) The typical
strategy employed is through the construction of sharp tipped struc-
tures, which means that electric field modulation does not occur uni-
formly throughout the catalyst surface and only affects a minority of
active sites. (2) It is not known whether a stronger electric field
necessarily enhances activity, or if there exists an optimal value that
depends on the reaction of interest and electrocatalyst system used.
(3) Besides finite-element numerical method simulations, there has
been no experimental method that has directly evaluated the effect of
curvature on the interfacial electric field under electrochemical con-
ditions. Addressing these issues could hence aid the development of
rational design rules for manipulating the interfacial electric field and
understanding of its effects on electrocatalyst activity and selectivity.

Here we show that uniformly tunable electric field modulation can
be achieved using a model system of single-atom catalysts (SACs).
Such catalysts typically consist of isolated metal atoms that are
anchored and singly dispersed onto a substrate such as a carbon-based
support®*, In this work, our SAC system consists of M-N, active sites
hosted on a series of spherical carbon supports with varying degrees of
nanocurvature. By using in-situ Raman spectroscopy with SCN" as the
vibrational Stark effect electric field reporter, we further experimen-
tally demonstrate that a higher degree of nanocurvature does indeed
induce a stronger interfacial electric field. Hence, the nanocurvature of
the carbon support can be tuned to exert control over the SAC activity.

We applied this strategy to Ni, Fe and Co SACs and discovered that
nanocurvature significantly impacts their activity for a broad range of
reactions, especially for those with reaction intermediates that feature
a high dipole moment or polarizability. We first investigated electro-
chemical CO, reduction (CO,R) in acidic media, and the Ni-SAC with
the optimal nanocurvature exhibited a high CO partial current density
of ~400 mA/cm? at >99% Faradaic efficiency. This was further extended
to alkaline oxygen reduction reaction (ORR), where the best Fe SAC
displayed a 0.91V half-wave potential in rotating disk electrode (RDE)
measurements. We also show that nanocurvature can control the
activity for the oxygen evolution reaction (OER) and hydrogen evolu-
tion reaction (HER) in alkaline media. These results contrast with HER
in acidic media, where we do not observe any effect of nanocurvature
on SAC activity. This is because the *H intermediate has no dipole
moment or polarizability”*° and hence its binding energy remains
unaltered by interfacial electric fields.

Results

We began by exploring the effect of interfacial electric fields on
intermediate adsorption energies using density functional theory
(DFT) simulations. Focusing first on CO,R to CO on the commonly
reported Ni-N, SAC system***, we calculated the Gibbs free energy
changes in the reaction pathway without the influence of an electric
field (Fig. 1a). For consistency, we included a K cation and solvent
water into the simulation models (Supplementary Fig. 1), similar to
prior literature reports?**. Following the methodology of Norskov and
co-workers?, the Gibbs free energy of each reaction stage (*CO,,
*COOH and *CO) was then computed as a function of electric field
strength (Supplementary Fig. 2). Based on these results, we observed
that an optimized electric field results in lowering of the free energy
change of the potential-determining step *CO, > *COOH (Fig. 1a). For
example, the free energy change for this step (limiting potential) is
reduced from 0.96 eV to 0.88 eV when an electric field of 0.4 VA™ is
applied, but increased to 0.9 eV when the electric field was further

increased to —0.8 VA™. In addition, the limiting potential difference
between CO,R and HER (U (CO,)-U (H,); U =-AGo/e) was also cal-
culated and employed as the descriptor for CO selectivity***’, with a
more positive value of U (CO,)-Ui(H,) indicating a higher CO;R
selectivity. These findings are summarized in Fig. 1b, where an optimal
electric field strength was observed for this descriptor with Ni-N,. In
addition, similar trends were also found for Fe-N, and Co-N, active
sites (Supplementary Fig. 3, 4)

Next, we expanded the DFT study to ORR on the Fe-N4 SAC
system*®*°, Similarly, we computed the Gibbs free energy change of
each reaction stage (*OOH, *O and *OH) as a function of electric field
strength (Supplementary Fig. 5). Figure 1c shows the reaction pathway
free energy change with and without an electric field. Likewise, we find
that the free energy change of the potential-determining step is
reduced from 0.59 eV to 0.43 eV when an electric field of -1.2 VAT is
applied. Figure 1d shows a contour plot of the ORR thermodynamic
limiting potential as a function of AGoy and AGoon, as previously
described by Norskov and co-workers*°. On this plot, we superimpose
our calculated values for the Fe-N4 SAC system with (white triangles)
and without (black triangle) an electric field. In addition, the well-
known scaling relationship between AGoy and AGooy for SAC systems
is also shown (black dotted line) (Supplementary Fig. 6). Here, we
clearly see that electric field modulation of intermediate binding
energies can operate independently of scaling relations and shift AGoy
and AGooy towards more optimum values for ORR.

In sum, our DFT results indicate that electric field modulation can
be used as a knob to control electrocatalyst activity and bypass con-
ventional scaling relations. Motivated by these findings, we sought to
experimentally implement this electric field modulation concept. To
do this, we envisioned constructing a model system consisting of M-N4
single-atom sites hosted on nanosized spherical carbon supports. We
reasoned that varying the carbon sphere diameter would enable con-
trol over the degree of nanocurvature, with a smaller sphere diameter
resulting in a higher nanocurvature.

Based on this, we used a finite-element numerical method (see
Supplementary Note 1) to qualitatively understand the impact of
nanocurvature on interfacial electric fields and provide an indication
of the desired sphere diameter range to synthesize for our
experiments*>*. Consistent with our expectations, the simulation
results in Fig. 1e, f and Supplementary Fig. 7 show that as the sphere
diameter decreases from 1000 nm to 100 nm, the interfacial electric
field indeed increases by a factor of -22. These results demonstrate
that the interfacial electric field can in principle be modulated by
tuning the sphere diameter and this concept is illustrated in the
schematic in Fig. 2a. In addition, the enhancement in the interfacial
electric field leads to a concomitant rise in the counter-ion (K*) con-
centration near the catalyst surface® (Supplementary Fig. 8). The
electrostatic effect experienced by adsorbed intermediates would thus
be a combination of these positively charged counter-ions and the
negatively charged electrode. The resulting interfacial electric field
then alters adsorbate binding energies according to the equation™:

Gads ads

=GPZC + yF — gEZ )

Gqs refers to the adsorbate binding energy, G74¢ refers to the

adsorbate binding energy with no applied interfacial electric field, u is
the adsorbate dipole moment, a is the adsorbate polarizability and E is
the interfacial electric field.

Encouraged by these results, we sought to realize this model
system experimentally. We first synthesized hollow polymer nano-
spheres of varying diameters, following the procedure by Schiith® and
co-workers with some modifications (see methods section for full
details, Supplementary Figs. 9 and 10 and Supplementary Table 1). The
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Fig. 1| Density functional theory and finite-element numerical method simu-
lations. a Reaction pathway Gibbs free energy diagrams and (b) theoretical limiting
potential difference of U (CO,)-U; (H,) on Ni-N4 as a function of interfacial electric
field strength. ¢ Reaction Gibbs free energy diagrams of ORR on Fe-N, under the
influence of various electric field strengths. d Contour plot of the ORR limiting
potential as a function of AGoy and AGoop. The values for Fe-SAC are shown with
(white triangles) and without (black triangle) the influence of an electric field.
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e Finite-element numerical method simulation results of the interfacial electric field
strength as a function of sphere diameter. See Supplementary Note 1 for more
details. f Computed electric field intensity distribution for 4 sphere diameters of
100, 140, 200 and 350 nm with additional results available in Supplementary Fig. 7.
Note: the sphere radius rather than diameter is shown in the figure. Source data are
provided as a Source Data file.

SACs were then created by mixing the appropriate metal salt to the
hollow polymer nanospheres, followed by pyrolysis at high tempera-
ture in a tube furnace with dicyandiamide as the nitrogen source
(Supplementary Fig. 11). The high temperature results in carbonization
of the hollow polymer nanospheres, transforming them into hollow
carbon nanospheres. At the same time, this process forms M-N, sites
on the carbon nanospheres. In this work, we investigated the electric
field modulation concept with 3 common types of SACs, namely Ni, Fe
and Co for a broad range of electrocatalytic reactions. The SACs will be
referred to as “(M)-SAC-(X)”, where (M) is the identity of the transition
metal atom and (X) is the sphere diameter in nm.

The synthesized Ni SACs of different sphere diameters were first
examined using scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). SEM images show that the obtained Ni
SACs exhibit the same spherical morphology and are of similar size to

the original polymer nanospheres. We statistically analyzed 100 par-
ticles based on these SEM images and average diameters obtained are
70nm, 130nm, 250nm and 350nm (Supplementary Fig. 12).
Figure 2b-e shows the TEM images of the same catalysts, namely Ni-
SAC-70, Ni-SAC-130, Ni-SAC-250 and Ni-SAC-350. Similarly, statistical
analysis of the size distribution is included as an inset in each of the
TEM images. In addition, the hollow nature of these SACs can be clearly
observed, and we note the absence of any visible Ni nanoparticles or
clusters (Supplementary Fig. 13).

Our X-ray diffraction (XRD) results also indicate the absence of
any metallic Ni phases, with only 2 broad peaks associated with gra-
phitic carbon for all Ni SACs (Supplementary Fig. 14). Aberration-
corrected high-angle annular dark-field scanning transmission elec-
tron microscopy (AC-HAADF-STEM) was also performed, with Fig. 2f
and Supplementary Fig. 15 showing the uniformly dispersed Ni single
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atoms in the Ni SACs. Energy-dispersive X-ray spectroscopy (EDS)
mapping shows that the elements C, N and Ni are uniformly distributed
throughout each of the catalysts (Fig. 2g and Supplementary
Figs. 16-18). The Ni metal loading in each Ni SAC was also quantified
using inductively coupled plasma-atomic emission spectrometry (ICP-
OES). The results show that all SACs have similar Ni metal loadings of
~0.81 wt.% (Supplementary Table 2).

Next, we used several spectroscopy characterization techniques
to probe the electronic properties and local coordination structures of
these Ni SACs. Raman spectroscopy measurements show similar D/G
ratios of around 1.10, which indicates that they all have similar degrees
of graphitization (Supplementary Fig. 19). X-ray photoelectron spec-
troscopy (XPS) confirms the presence of C, N and Ni elements in all the
samples (Supplementary Fig. 20). The N 1s spectra of each Ni SAC was
also deconvoluted into four peaks: pyridinic, pyrrolic, graphitic N and
oxidized N. We find that the ratio of the different N species is similar for
all SACs, regardless of the sphere diameter. The binding energy of Ni
2p in the Ni SACs are all located at ~854.8 eV. This indicates a higher
oxidation state compared to metallic Ni (852.6 eV) but is lower than
that of Ni?* (855.7 eV)>%

X-ray absorption near-edge structure (XANES) spectra at the Ni
K-edge further shows that the absorption edge of all four Ni-SAC
samples is similar and are all located between Ni metal and NiO
(Fig. 2h). This suggests that the oxidation state of Ni in these SACs is
between Ni® and Ni**, in agreement with XPS results. Fourier transform
(FT) extended X-ray absorption fine structure spectrometry (EXAFS) of
the Ni SACs shows a dominant peak located at 1.3 A, which can be
attributed to the first coordination shell of Ni-N. We note the absence
of a peak belonging to the second shell Ni-Ni interaction, and this
confirms that Ni is dispersed as single-atoms rather than clusters, dual-
atoms, or triple-atoms in the SACs (Fig. 2i). Furthermore, since the XAS
data reveals that there are no major differences in the electronic
structure of all four Ni-SAC samples, we infer that their magnetic spin
states should be similar as well.

Wavelet transform analysis further confirms the atomic disper-
sion of Ni in all the samples, in which no Ni-Ni interactions are observed
but only an intensity maximum attributed to Ni-N/C (Supplementary

Fig. 21). In addition, the least-squares EXAFs curve fitting shows that
the coordination number of the first coordination sphere of Ni in all
the SACs are close to 4 (Supplementary Figs. 22, 23 and Supplementary
Table 3). This indicates that the Ni species in these SACs exist pre-
dominantly as Ni-N,4, which is also confirmed by time-of-flight sec-
ondary ion mass spectrometry (TOF-SIMS) analysis (Fig. 2j)*’. The
double-layer capacitance of all the samples was further determined
using cyclic voltammetry in a non-faradaic potential window. The
results show no significant difference in the double-layer capacitance,
which means that they possess similar electrochemical active surface
areas (Supplementary Fig. 24). Kelvin probe atomic force microscopy
(Fig. 3a) was also performed, and this confirmed that electric fields are
higher for smaller sphere diameters (larger nanocurvature).

Taken together, our materials characterization results demon-
strate that our experimental methodology allows us to construct a
model system of Ni-SACs, with Ni-N, active sites hosted on hollow
spherical carbon supports of varying diameters. Importantly, all SACs
possess identical active sites and spherical morphology, which allows
us to unambiguously study and investigate the impact of nano-
curvature on SAC activity. Furthermore, similar methodologies were
employed to prepare and characterize Co and Fe SACs of varying
carbon sphere diameter, with similar outcomes obtained (Supple-
mentary Figs. 25-40 and Supplementary Tables 2, 4 and 5). We also
note that nanocurvature-induced strain effects’* are unlikely to
operate in our investigated SAC systems, which requires a much higher
curvature of the support. More importantly, our XPS and XAS results
do not indicate any significant changes in the electronic structure of
our catalysts as a function of sphere diameter, which indicates that any
nanocurvature-induced strain is negligible.

Next, we sought to take a step beyond previous studies by
devising a new strategy to experimentally evaluate interfacial electric
fields under electrochemical conditions with an applied potential. In
the presence of an electric field, a molecule experiences perturbation
of the energy of its vibrational modes and this is known as the vibra-
tional Stark effect®®. This can be probed using in-situ Raman spectro-
scopy, with stronger interfacial electric fields resulting in larger peak
shifts. The magnitude of the peak shift is known to vary linearly with
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spectra of SCN" adsorbed on Ni-SAC-70 in 0.1 M NaClO, solution. d Peak positions
of YSCN-NiN, as a function of the electrode potential. All the error bars represent
standard deviation based on three independent tests. Source data are provided as a
Source Data file.
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the applied potential, and the value of the slope is known as the Stark
tuning rate*’. A higher Stark tuning rate hence corresponds to a larger
interfacial electric field.

For these experiments, we selected SCN' as the electric-field Stark
shift reporter because the CN stretching mode is known to be
decoupled from other vibrational modes and highly localized among a
pair of atoms** . SCN' is also known to bind strongly to transition
metal atoms, hence is typically used to poison SAC active sites®>. More
importantly, this means that SCN" will selectively bind to the Ni single
atoms and hence will directly report on the interfacial electric field
experienced by the active sites of our Ni-SACs (Fig. 3b). Under normal
in-situ Raman spectroscopy conditions, we were unable to detect the
SCN' peak. Hence, we employed shell-isolated nanoparticle-enhanced
Raman spectroscopy (SHINERS) to enhance the Raman signal®®, which
uses SiO,-coated Au nanoparticles (see Supplementary Figs. 41 and 42
and methods section for more details).

Figure 3c shows representative in-situ Raman spectroscopy
results for Ni-SAC-70 in 0.1M NaClO, electrolyte containing 0.1M
KSCN, and we observe clear shifts in the SCN" peak as a function of
applied potential. Similar experiments were carried out with the other
Ni-SACs (Supplementary Fig. 43), and from this we plotted the peak
position as a function of applied potential (Fig. 3d). For all SACs, we
observe linear relationships between the peak position and applied
potential, and from this we calculated the Stark tuning rate (slope) for
each case. We find that the Stark tuning rate increases with smaller
sphere diameter (larger nanocurvature). For example, Ni-SAC-70 has a
Stark tuning rate of 21 cm™/V as compared to only 5 cm™/V with Ni-SAC-
350. Hence, we can conclude that the active sites on Ni-SAC-70
experience a larger interfacial electric field as compared to Ni-SAC-350.
Importantly, this confirms our hypothesis that tuning the nano-
curvature of the carbon support can indeed be used to control the
interfacial electric field experienced by the SAC active site under
electrochemical conditions.

Next, we investigated the impact of SAC nanocurvature on elec-
trocatalysis, focusing on reactions which are known to have inter-
mediates that possess a strong dipole moment and/or polarizability.
This makes them susceptible to being influenced by interfacial electric
fields. Hence, we selected CO,R as the first example, and performed
our experiments in pH 1 acidic electrolyte (0.1 M K,SO, + H,SO,) with
the Ni-SACs. CO,R experiments were carried out in a custom-made
electrochemical flow cell using gas diffusion electrodes, of a similar
design to that previously reported in the literature® (Supplementary
Fig. 44, see methods section for more details).

We performed CO,R measurements at constant current density
from 50-400 mA cm?, with Fig. 4a showing the CO Faradaic efficiency
(FE) results. We observed that Ni-SAC-70 obtained the highest CO FE of
95.0% at 50 mA cm?, but decreases significantly with higher current
density, with similar trends observed with Ni-SAC-130. On the other
hand, while Ni-SAC-250 exhibits a CO FE of only 90.0% at 50 mA cm?, it
outperforms the SACs at the higher current densities with near-unity
FE to CO (>99%). In-situ attenuated total reflection-infrared spectro-
scopy (ATR-IR) of different diameter Ni-SACs also indicates that the Ni-
SAC-250 catalyst is better at converting CO, to CO (Supplementary
Figs. 45 and 46). From these results, we show that sphere diameter
does indeed have a significant impact on catalyst selectivity, with Ni-
SAC-250 having the optimal nanocurvature and hence interfacial
electric field for CO,R in acidic electrolyte (Supplementary
Tables 6-9). Notably, Ni-SAC-250 achieves a CO partial current density
of ~400 mA cm? at >99% Faradaic efficiency and outperforms other
similar electrocatalysts previously reported in the literature (Supple-
mentary Table 10).

To understand if this concept could be extended to other transi-
tion metals, similar CO,R experiments in acidic electrolyte were per-
formed with both Fe and Co SACs of varying sphere diameters. For Fe
SACs, five different sphere diameters were tested: Fe-SAC-70, Fe-SAC-

130, Fe-SAC-250, Fe-SAC-350 and Fe-SAC-450 (Supplementary
Tables 11-14). The FE results in Fig. 4b show that Fe-SAC-350 con-
sistently displays the highest CO FE for all tested current densities, with
a peak value of 88.5% at 100 mAcm™ As for Co SACs, six different
sphere diameters were tested as well: Co-SAC-70, Co-SAC-130, Co-SAC-
250, Co-SAC-350, Co-SAC-450 and Co-SAC-600 (Supplementary
Table 15-18). From the results (Fig. 4c), the highest CO FE was observed
for Co-SAC-450 across all current densities, with a peak value of 56.0%
at 100 mA cm?

To directly compare the CO turnover frequency (TOF) for all the
SACs, we performed CO,R with each of them at a constant potential of
-1.5V vs RHE. Based on the obtained FE and current density, we cal-
culated the TOF based on the assumption that 100% of the metal atoms
exist as single-atoms and can serve as active sites for CO generation
(see Supplementary Note 2 for calculation details). From the data in
Fig. 4d, we observe a volcano relationship between the TOF and sphere
diameter for all three transition metal SAC systems, with Ni-SAC-250,
Fe-SAC-350 and Co-SAC-450 having the highest values for each case.
For example, Ni-SAC-250 has a TOF value of 2.52 x 10* h*, which is 4.2
times higher than that of Ni-SAC-70. Such a volcanic relationship is
expected since there should exist an optimal value of the interfacial
electric field where reaction energy barriers between all the reaction
intermediates are the lowest, consistent with our DFT calculation
results (Fig. 1b).

The local chemical environment has been previously indicated as
afactor that affects the CO,R performance®*® To investigate its role in
influencing the activity of our Ni-SAC catalyst, we prepared electrodes
with different catalyst loadings of 0.2, 0.5 and 1.0 mg cm? for each of
the Ni-SACs to study the role of the local chemical environment. This is
because each loading would be different in terms of catalyst packing,
diffusion rates and microenvironments (local pH and CO, availability).
Supplementary Fig. 47 shows that regardless of the catalyst loading
and the bulk electrolyte concentration, the optimal sphere diameter is
250 nm (Ni-SAC-250). Based on this result, we can conclude that the
local chemical environment does not control the optimal sphere dia-
meter for the catalyst. Rather, this sphere diameter gives the best
performance because its nanocurvature gives rise to an optimal
interfacial electric field strength for CO,R. In addition, we also ruled
out the effect of shell thickness variation between the different dia-
meter catalysts. This was because we found that catalysts with the
same sphere diameter (250 nm), but different shell thicknesses exhibit
similar CO,R performance (Supplementary Figs. 48 and 49).

Interestingly, we also note that each transition metal SAC system
(Fe/Co/Ni) has a different optimal sphere diameter where the best FE
and TOF is obtained. This is reasonable, since the binding energies of
reaction intermediates are not expected to be the same for each
transition metal SAC system, hence the optimal interfacial electric field
should be different as well. Importantly, these experiments confirm
that nanocurvature can be used to control the SAC activity and
selectivity for CO,R in acidic media.

In addition, we performed CO,R for 25 h of continuous operation
with the best performing Ni-SAC-250 catalyst at 200 mA cm?. The
results in Fig. 4e show stable performance for CO generation over this
period, with an FE of ~97% in the initial 3 h. A slight decay in the CO FE
to 93% is observed near the end of the period, which we attribute to
gradual flooding of the gas diffusion layer, rather than catalyst
deactivation®’. Post-experiment characterization of Ni-SAC-250 was
also carried out with TEM, AC-HAADF-STEM and XAS (Supplementary
Fig. 50). From these results, we observed no significant changes in the
structure, morphology and Ni-N, active sites even after operation over
this extended 25-h duration. This is also consistent with our DFT cal-
culation result that the catalyst is stable under an applied electric field
(Supplementary Fig. 51)

Our next objective was to determine if our concept could also be
extended to influence a broad range of electrocatalytic reactions. As
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Fig. 4 | CO,R performance of the SACs. FE for CO production over (a) Ni-SACs, (b)
Fe-SACs and (c) Co-SACs with different diameters as a function of applied current
density measured in acidic electrolyte (0.1 M K,SO4 + H,SOy). All the error bars

represent standard deviation based on three independent samples. d TOFs for CO
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sphere diameter. e Stability test of Ni-SAC-250 catalyst at 200 mA cm™ measured in
acidic electrolyte. Source data are provided as a Source Data file.

such, we investigated the alkaline ORR, HER and OER reactions with
our transition metal SAC systems. This selection comprises a good
representation of important electrocatalytic oxidation and reduction
reactions.

For alkaline ORR, we selected the Fe SAC system because catalysts
with Fe-N, active sites are well-known to be highly active for this
reaction***°, Linear sweep voltammetry (LSV) was performed in O,
saturated 0.1 M KOH electrolyte using a rotating disk electrode at 1600
rpm. Fe-SACs with diameters of 70, 130, 250 and 350 nm were tested.
The LSV results in Fig. 5a show that Fe-SAC-70 with the smallest sphere
diameter achieves the highest activity among the four Fe-SACs. Fig-
ure 5b summarizes the LSV results, with Fe-SAC-70 showing the high-
est half-wave (E;;;) potential of 0.91V and the highest ORR kinetic
current density (j,) of 24.9 mA cm? at 0.85 V. In addition, the activity
also appears to decrease with increasing sphere diameter.

We also observed that the sample with optimal nanocurvature (Fe-
SAC-70) is different from that with acidic CO,R (Fe-SAC-350). This is to
be expected because ORR intermediates and reaction pathways are

very different from that of CO,R. Furthermore, it is likely that the
interfacial electric field changes significantly when the SACs are
exposed to a different electrolyte. In addition, we do not observe a
volcanic relationship between the SAC activity and sphere diameter.
This is likely because the peak sphere diameter is smaller than Fe-SAC-
70, which we found difficult to attain using our current SAC synthesis
strategy.

Notably, we find that the ORR performance of Fe-SAC-70 is
amongst the best as compared to similar SAC systems reported in the
literature (Supplementary Table 19). Given this exceptional perfor-
mance, a liquid Zn-air battery (ZAB) was assembled using Fe-SAC-70 as
the air cathode (Supplementary Fig. 52). The Fe-SAC-70 shows an
open-circuit voltage (OCV) of 1.45V and delivers a maximum power
density of 269 mWcm™>, much higher than that of Fe-SAC-350
(132 mW cm™) and surpassing other reported nitrogen-doped carbon
supported metal-based SACs (Supplementary Table 20). In addition,
the Fe-SAC-70 based ZAB cathode also exhibits a much higher specific
capacity (810 mAh g™ Zn) than a ZAB using a benchmark Pt/C catalyst
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(727 mAh g'Zn). The long-term rechargeability of the Fe-SAC-70/IrC
and Pt/C/IrC based batteries was tested using continuous galvanostatic
discharging/charging at a current density of 5 mA cm™. Notably, stable
performance was observed over a period of 120 h with Fe-SAC-70/IrC
ZAB. This contrasts with the commercial Pt/C/IrC based ZAB system,
which exhibited an obvious degradation within 40 h.

Next, we proceeded to investigate alkaline HER and OER with Ni
SACs and Co SACs respectively in 1M KOH. For alkaline HER, LSV
results (Fig. 5¢) show that Ni-SAC-130 displays the highest activity
amongst the Ni SACs. This is summarized in Fig. 5d where Ni-SAC-130
has the lowest overpotential and highest TOF at 10 mA cm™ Similarly,
for OER (Fig. Se, f), we found that sphere diameter can control SAC
activity, where Co-SAC-350 exhibits the lowest overpotential and
highest TOF at a 10 mA cm™. Importantly, these results demonstrate
that our nanocurvature control strategy can indeed control electro-
catalyst activity for a broad range of electrocatalytic reactions.

Finally, we performed HER in acidic electrolyte (0.1 M H,SO,) with
all 3 transition metal SAC systems (Ni/Fe/Co). In contrast to the pre-
vious reactions, we found no correlation between the sphere diameter
and catalytic activity for all SAC systems (Supplementary Fig. 53). For

instance, all Ni-SACs displayed similar overpotentials for HER despite
possessing different sphere diameters (nanocurvature). This is
because the *H intermediate does not have a dipole moment or
polarizability and hence is not affected by a change in the interfacial
electric field. This is evident from our DFT calculations of the *H
adsorption energy, which exhibited no significant changes as a func-
tion of interfacial electric field strength (Supplementary Fig. 54), and is
consistent with prior literature?**. This explains our experimental
observations, where changing the sphere diameter and hence nano-
curvature has no apparent effect on the acidic HER activity.

Discussion

In this work, we first employed DFT simulations to explore the effect of
interfacial electric fields on reaction pathway energetics. Using ORR
and CO,R as examples, we found that electric fields can control the
binding energy of reaction intermediates, especially those with a high
dipole moment and/or polarizability. Importantly, electric field effects
operate independently of scaling relations, therefore presenting an
experimental knob to control SAC activity. We reasoned that this could
be implemented by hosting M-N, active sites on spherical carbon-
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supports, with a smaller sphere diameter leading to a higher nano-
curvature. Multiphysics simulations showed that a higher nano-
curvature leads to a larger interfacial electric field. This result was
experimentally confirmed through in-situ Raman spectroscopy with
SCN' as the vibrational Stark shift electric field reporter under elec-
trochemical conditions.

We then demonstrated that nanocurvature-induced electric field
effects can control SAC activity for a broad range of electrocatalytic
reactions including acidic CO,R, alkaline ORR, alkaline HER and alka-
line OER. We note that the model SAC systems developed in this work
utilize only generic M-N, sites as proof of concept. Therefore, it is
expected that coupling our strategy with appropriate active site design
could lead to significantly higher SAC performance. Finally, we showed
that nanocurvature has no significant influence on acidic HER activity,
due to lack of a dipole moment and polarizability of the *H inter-
mediate. Our findings demonstrate controllable electric field mod-
ulation as a powerful tool for controlling the activity and selectivity of
SACs for a broad range of electrocatalytic reactions.

Methods

Materials

2,4-dihydroxybenzoic acid (299.9%), hexamethylenetetramine
(=99.9%), Pluronic P123 (>99.0%), sodium oleate (=99.0%), potassium
sulfate (299.0%), sulfuric acid (95.0-98.0%), sodium perchlorate
(299.0%), iron(lll) acetylacetonate (299.9%), nickel(ll) acetylacetonate
(=99.9%) and cobalt(ll) acetylacetonate (>99.9%) were purchased from
Sigma-Aldrich. Au@SiO, for SHINERS experiments were purchased
from XFNANO, China. Deionized water (18.2 MQ) from an OmniaPure
UltraPure Water System (Stakpure GmbH) was used for all the
experiments. Carbon dioxide (99.9%), nitrogen (99.99%), argon
(99.9995%) and hydrogen gas (99.9995%) were obtained from Air
Liquide Singapore Pte. Ltd. Nafion 117 cation exchange membrane, and
titanium screen mesh were purchased from Fuel Cell Store. The elec-
trochemical flow cell and Ag/AgCl (3 M KCI) reference electrodes were
purchased from Tianjin Aida Hengsheng Technology Development Co.
The standard calibration gas mixtures for calibrating the gas chro-
matography system were obtained from Air Liquide Singapore Pte.
Ltd. All the chemicals used in this work were of analytical grade and
used without further purification.

Characterization

Powder X-ray diffraction pattern (PXRD) was conducted on a Rigaku D/
max 2500Pc X-ray powder diffractometer with monochromatized Cu
Ka radiation (A =1.5418 A). Scanning electron microscopy (SEM) was
performed using aJEOL JSM-7610F field scanning electron microscope.
Transmission electron microscopy (TEM) was obtained using a JEOL
JEM-2100F field emission electron microscope working at 200 kV.
Single atoms were characterized and identified with high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM)
using a FEI Themis Z scanning/transmission electron microscope
operated at 300 kV, equipped with a probe spherical aberration cor-
rector. X-ray photoelectron spectroscopy (XPS) was collected on a
Kratos AXIS Supra+ spectrometer equipped with a monochromatized
Al Ka X-ray source and a concentric hemispherical analyzer. The sur-
vey scan was conducted using an emission current of 15mA, pass
energy of 160 eV and step size of 1 eV. The narrow scan was conducted
using an emission current of 15 mA, pass energy of 20 eV and step size
of 0.1 eV. The X-ray absorption spectroscopy measurements for the Co
and Fe catalysts were measured at the XAFCA beamline of the Singa-
pore Synchrotron Light Source. X-ray absorption spectroscopy mea-
surements for the Ni catalysts were carried out at beamline 44 A of the
Taiwan Photon Source (TPS), in fluorescence mode using a 7-element
silicon drift detector. TOF-SIMS was performed on the TOF-SIMS 5-
100S3 (ION-TOF GmbH) equipped with a reflection-type TOF analyzer.
A pulsed Bi primary ion beam source at an acceleration voltage of

30keV, 45deg incidence, scanning area 200 um x 200 um. CO,
reduction products were analyzed using an Agilent 8600 gas chro-
matography system equipped with a thermal conductivity detector
and a flame ionization detector. ICP data was acquired using induc-
tively coupled plasma-atomic emission spectroscopy (ICP-OES) on
Thermo iCAP 6000.

Synthesis of hollow polymer spheres (HPS)

The synthesis of HPS was based on a previously reported method with
some modifications®. In a typical procedure, 2,4-dihydroxybenzoic
acid and hexamethylenetetramine were dissolved in 60 ml deionized
water. Supplementary Table 1 shows the required amounts of each
reagent, which varies based on the intended sphere size. To this
solution, 20 ml of another solution containing 30 mg Pluronic P123
and 76.4 mg sodium oleate was added under slow stirring. After slowly
stirring for 10 min, the mixed solution was transferred into a 100 ml
Teflon-lined stainless-steel autoclave and heated to a temperature of
160 °C for 2 h in a heating oven. After the reaction was complete, the
autoclave was left to cool at room temperature. The products were
then collected by centrifugation, washed three times with deionized
water and ethanol and finally dried at 70 °C in a vacuum oven.

Synthesis of single atoms on hollow nitrogen doped

carbon (HNC)

Firstly, 0.2 g HPS was dispersed in 5ml of ethanol. To this solution,
5mL of another ethanol solution containing 7.0 mg Ni(acac), was
added under stirring. The resulting mixture was then stirred at 80 °C
until all the ethanol was evaporated. After that, the resulting mixture
and 4.0 g dicyandiamide were separately placed in two alumina com-
bustion boats located at the downstream and upstream direction in a
tube furnace, respectively. The tube furnace was heated to 900 °C at a
heating rate of 5°C/min under flowing nitrogen gas (10 mL/min) and
held at that temperature for two hours. After cooling to room tem-
perature, the single atom catalysts were obtained. A schematic of the
synthesis process is shown in Supplementary Fig. 11.

In-situ Raman spectroscopy experiments

Electric field measurement was carried out with a Horiba LabRam 352
Odyssey Nano Raman Spectrometer system. Measurements were per-
formed using a custom-made in-situ cell. A classy carbon electrode
coated with catalyst was used as the working electrode. A Pt wire and an
Ag/AgCl were used as the counter and reference electrode, respec-
tively. Au@SiO, was used for surface-enhanced Raman scattering for
SHINERS experiments. KSCN was used as the vibrational stark effect
reporter. For SHINERS, 10 uL (-0.5 mg/mL) of SHINERS was first drop-
ped onto a glassy carbon electrode (3 mm in diameter). Following this,
5 uL of the catalyst ink (5 mg/mL) was added. After the electrode had
completely dried, it was immersed in 0.1M NaClO, containing 0.1M
KSCN for 15 min and rinsed several times with deionized water before
measurement. An Olympus N2667700 water immersion objective was
immersed into the electrolyte to collect the Raman spectra.

In-situ attenuated total reflection-infrared spectroscopy
(ATR-IR)

ATR-IR spectra were collected on an IRTracer-100 spectrometer (Shi-
madzu) equipped with an MCT detector cooled with liquid nitrogen.
An Au-modified Si semi-cylindrical prism coated with catalyst was used
as the working electrode and for IR reflection. The mass loading of the
catalyst was 0.1 mg cm? and the spectra were recorded under different
working electrode potentials in CO, saturated pH 1 acidic electrolyte
(0.1M K,SO4 + H,SOy).

Electrochemical Measurements
The CO, reduction tests were conducted in a gas diffusion electrode
electrochemical flow cell system with an exposed electrode area of 1
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cm? The flow cells were assembled with IrO,/Ti mesh as the anode, Ag/
AgCl as the reference electrode, and a Nafion exchange membrane
(Nafion 117; size: 2.5cm x 2.5 cm; thickness: 0.18 m) as the separator.
The IrO,/Ti mesh electrode was prepared using a dip coating and
thermal decomposition procedure, according to methods described
by Luc et al.®. The Nafion proton exchange membrane was activated in
5 wt.% H,SO, at 80°C for 2h before use. To prepare the working
electrode, 12 mg of catalyst and 12 mg carbon black were added into a
mixed solution of 2 mL isopropanol/ethanol (50% (v/v)) and 200 pL
Nafion solution. The resulting mixed solution was then ultrasonically
treated for 2h to form a homogeneous ink. After that, the ink was
sprayed onto the GDE (Sigracet 28BC) with a mass loading of -1 mg cm’
2 using an air brush. All electrochemical measurements were carried
out using an Autolab PGSTAT204 potentiostat. During the measure-
ment, CO, gas was passed through the cathode gas chamber at a flow
rate of 100 sccm using a mass flow controller (Alicat Scientific). The FE
for H, and CO is calculated based on the equation:

_nxyxcxF

FE -
ixVy

@)

where n is the electron transfer number, v is the gas flow rate, c is the
concentration of the detected gas product, F is the Faraday constant, i
is the total current and V,,, is the unit molar volume of gas. The outlet
gas flow rate of the electrochemical cell was measured using a bubble
flow meter.

The oxygen reduction test was conducted in 0.1 M KOH saturated
with O, at room temperature in a three-electrode cell. A rotating disk
electrode with a glassy carbon (GC) disk of 5mm in diameter coated
with catalyst was used as the working electrode. To prepare the
working electrode, 5 mg of catalyst was added into a mixed solution of
1mL isopropanol/ethanol (50% (v/v)) and 20 pL Nafion solution. The
resulting mixed solution was then ultrasonically treated for 1 h to form
a homogeneous ink. After that, the ink was coated on the RDE with a
loading of 0.5mgcm? The cyclic voltammetry (CV) tests were first
conducted with a scan rate of 50 mVs’. Linear sweep voltammetry
(LSV) tests were tested at a rotation rate of 1600 rpm with a sweep rate
of 10 mvs™.

The oxygen evolution and hydrogen evolution tests were con-
ducted in 1.0 M KOH saturated with N, at room temperature in a three-
electrode cell. A glassy carbon (GC) electrode of 4 mm in diameter
coated with catalyst was used as the working electrode. The catalyst
ink was prepared in a similar way to the ORR tests, and the ink was
coated on the GC with a loading of 0.39 mgcm™ Before the LSV
measurement, CV cycling was conducted to obtain a stable curve. All
electrochemical measurements were carried out using an Autolab
PGSTAT204 potentiostat.

Zinc-air battery measurements

The Zn-air battery was assembled with Fe-SACs or 20 wt% Pt/C coated
carbon paper as the air cathode, a polished Zn plate as the anode, and
6.0 M KOH aqueous solution as the electrolyte. To prepare the working
electrode, 10 mg of catalyst was added into a mixed solution of 900 uL
water/ethanol (50% (v/v)) and 100 pL Nafion solution. The resulting
mixed solution was then ultrasonically treated for 2h to form a
homogeneous ink. After that, the ink was drop-casted onto the GDE
(G60) with a mass loading of ~ 2 mg cm? Power density and constant
current discharge curves were used to characterize the performance of
the Zn-air batteries. For the charge-discharge stability tests, either Fe-
SAC-70 mixed with Ir/C (Fe-SAC-70: 5wt% Ir/C=1:1, mass ratio) or
commercial catalysts (20 wt% Pt/C: 5wt% Ir/C=1:1, mass ratio) was
used as the air cathode.

Multiphysics simulations

The finite element numerical method to simulate interfacial electric
fields was implemented under COMSOL Multiphysics. More informa-
tion on these simulations can be found in the Supplementary Infor-
mation (Supplementary Note 1).

DFT calculations

DFT calculations were performed with the PBE exchange-correlation
functional and the projector augmented wave (PAW) method with
the Vienna ab initio simulation package (VASP)*°. The energy cutoff
of the plane wave was set to 400 eV, and 2 x 2 x 1 Monkhorst-Pack k
grids were used for the Brillouin-zone integrations. The electric field
(from -1.2 to 1.2-VA™) along the z-axis was considered in our cal-
culations. The convergence criteria for the iteration process were a
maximal residual force of less than 0.01V - A™ and an energy change
of less than 10 eV. The vacuum layer was -18 A. For the CO,R
simulation models, one layer of water molecules was added to the
surface to take solvation into account. Specifically, one potassium
cation and six water molecules were added near to the surface
(see model structures in Supplementary Fig. 55). Additionally, the
binding energy was calculated from DFT-optimized structures as
follows:

Evinding = Eco, — (Estan + Eco,) 3)

where Eco,- is the energy of the system with CO, proximate to the slab
surface, Eq,p is the energy of the M-N, surface (with and without K™ and
six water molecules for the respective cases), and Ecq; is the gas-phase
energy of CO,. More information can be found in the Supplementary
Information (Supplementary Note 3).

Data availability

The authors declare that the data supporting the findings of this study
are available within the paper and its Supplementary Information files.
Should any raw data files be needed in another format they are avail-
able upon request. Source data are provided with this paper.
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