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M AT E R I A L S  S C I E N C E

Soft nanoforest of metal single atoms for free 
diffusion catalysis
Yan Sun1†, Yipeng Zang2†, Bowen He3†, Geyu Lin1, Zhengwu Liu4, Lei Yang1, Liwei Chen3, Lina Li4*, 
Xi Liu3*, Chengshuo Shen5*, Huibin Qiu1*

Metal single atoms are of increasing importance in catalytic reactions. However, the mass diffusion is yet substan-
tially limited by the confined surface of the support in comparison to homogeneous catalysis. Here, we demon-
strate that cylindrical micellar brushes with highly solvated poly(2-vinylpyridine) coronas can immobilize 33 types 
of metal single atoms with 8.3 to 40.9 weight % contents on conventional electrodes under ambient conditions. 
This is favored by the forest-like hierarchically open soft structure of the micellar brushes and the dynamic coordi-
nation between the metals and the pyridine groups. It was found that the nanoforests of individual noble metal 
single atoms can be well solvated in an aqueous electrolyte to comprehensively expose the atomic active sites and 
the nanoforest of Pt single atoms on nickel foam reveals high electrochemical performance for hydrogen evolu-
tion. The micellar brush support also enables the simultaneous anchoring of multiple single atoms on the cathode 
of an anion-exchange membrane electrolyzer for long-term stable water electrolysis.

INTRODUCTION
Heterogeneous catalysts with excellent stability and recyclability 
have been widely used in industrial chemical catalysis and electro-
chemical reactions. However, their complex and inhomogeneous 
structure critically hinders the association between the reaction 
substrate and the catalytically active sites, thereby limiting the cata-
lytic activity (1). This is in marked contrast with the homogeneous 
catalysts that have uniform active centers, sufficient contact of the 
catalyst and substrate, and well-defined coordination environments 
(2, 3). Recently, single-atom (SA) catalysts have emerged as a bridge 
to connect heterogeneous and homogeneous catalysis, which offer 
high atom utilization efficiency, prominent stability, and easy sepa-
ration capability (4–9). These features have stimulated the emer-
gence of a rich variety of synthesis strategies for SA catalysts (10–13). 
Generally, SAs are dispersed/anchored on solid supports after sur-
face engineering treatment via strong interactions, which prevent 
the aggregation of isolated atoms. The coordination sites (e.g., O, N 
and S) on metal oxides/nitrides/dichalcogenides/carbon-derived 
matrixes or porous framework have been widely used to immobilize 
SAs (14–21). The formation of stabilized SAs normally involves a 
sintering process, which frequently results in an irregular distribu-
tion of SAs and in some instance causes a severe coverage of SAs by 
the collapsed matrix, thus limiting the exposure of homogeneous 
atomic active sites (22). Such harsh conditions also impair the practical 
application of SA catalysts. Moreover, most supports are insolvable 
in a reaction environment, which hampers the diffusion of reaction 

media to the active sites and consequently render a low atomic cata-
lytic activity. Therefore, it is highly desirable to develop a solvable 
support for SA catalysts, aiming at more homogeneous-like free dif-
fusion catalysis.

Here, we develop a soft nanoforest system derived from micellar 
brush of block copolymers (23–25) to modify the surface of conven-
tional electrodes for the immobilization of SAs, simply by immers-
ing in the solutions of corresponding metal ion precursors at room 
temperature. The abundant and highly solvated pyridine groups in 
the corona of the micellar brush provide feasible coordinative sites 
for the capture of metal ions, which allows the further formation of 
a wide category of SA catalysts at an ultrahigh loading level (up to 
40.9 wt %). The forest-like environment also allows the simultane-
ous immobilization of multiple SAs. As a result of the well-solvated 
structure, open diffusion pathway, exposed atomic active sites, ul-
trahigh content, orbital flexibility, dynamic coordination, and syn-
ergetic effects, the nanoforests of SAs reveal high catalytic activity 
on electrochemical hydrogen evolution, anion-exchange membrane 
(AEM) electrolyzer, and CO2 electroreduction.

RESULTS
Fabrication of the metal SA nanoforest
Nickel foam was selected as a conductive substrate to grow micellar 
brushes of poly(ferrocenyldimethylsilane)-b-poly(2-vinylpyridine) 
(PFS-b-P2VP) (figs. S1 and S2) via living crystallization-driven self-
assembly according to our previous work (23). Notably, the resulting 
micellar brush presented an erect structure in the solution, poised to 
the immobilization of further added species (fig. S3). Subsequently, 
the micellar brush–coated nickel foam was immersed in a solution 
of Na2PtCl4 in 1:1 (v/v) water/isopropanol. The highly solvated 
P2VP coronas of the micellar brush with extremely concentrated 
pyridine groups would efficiently capture the PtCl42− ions through 
electrostatic interactions in the initial stage (Fig. 1, top and middle). 
Subsequently, the pyridine groups gradually replace the Cl− ligands 
through coordination interactions, yielding a stable polymeric coor-
dination composite (Fig. 1, bottom). The forest-like hierarchically 
open structure of the micellar brushes meanwhile offers sufficient 
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space and anchor sites for the immobilization of abundant metal ions 
in an SA form.

While the pristine PFS-b-P2VP micellar brush revealed a collapsed 
morphology after drying (figs. S4 and S5), the Pt-decorated micellar 
brush appeared to be fairly erect and uniformly distributed on the 
nickel foam (Fig. 2A and fig. S6). High-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) image and 
corresponding element mapping revealed a homogeneous distribution 
of N and Pt elements in the micellar brush (Fig. 2B). Aberration-
corrected annular dark-field STEM (AC-ADF-STEM) images showed 
that the Pt atoms were atomically dispersed in the micellar brush, 
without any detectable existence of clusters or agglomerates (Fig. 2C 
and fig. S7). The bright spots were ~0.17 nm in diameter, corresponding 
to the theoretical size of a single Pt atom (fig. S8). Inductively coupled 
plasma mass spectrometry (ICP-MS) analysis revealed a large Pt load-
ing of 28.4 wt % (fig. S9), which is higher than most previously re-
ported Pt SA–based materials (table S1) (7, 26–38). Energy-dispersive 
spectrometric (EDS) mapping and x-ray photoelectron spectrosco-
py (XPS) measurements further confirmed the existence of a high con-
tent of Pt SA (32.30 and 26.59 wt %, respectively). It was apparent that 
the PFS-b-P2VP micellar brush favors the formation of Pt SAs in a 
highly concentrated manner, yielding a soft nanoforest of SAs.

To track the formation of Pt SAs in the micellar brush, we moni-
tored the evolution of the metal species and the pyridine anchor 
sites during the immersion process. XPS spectra of Pt 4f showed that 
the valence of Pt remained constant at +2, whereas the peak gradu-
ally shifted to a lower binding energy region (fig. S10C), indicating 
an interaction with the pyridine groups. High-resolution XPS spectra 
of N 1s showed that the signal at 398.6 eV (pyridinic N) continuously 
decreased with the emergence of an additional signal at 399.5 eV 
(Fig. 2D), which can be attributed to the formation of the N-Pt bond. 
Notably, the ratio of N-Pt bonding increased to ca. 66% after immer-
sion for more than 30 min, indicating an intensive coordination with 
Pt SAs (Fig. 2D and fig. S10, A and B). Only a negligible amount of 
Cl was detected in the final composite (fig. S10D) and hence the Cl− 
ligands were almost completely replaced by the pyridine groups. 
Fourier-transformed extended x-ray absorption fine structure (FT-
EXAFS) spectra of the composite showed a main peak at ~1.57 Å 
(Fig. 2E), which can be attributed to N-coordinated Pt SAs (39). No 
evidence of Pt-Pt scattering path was observed compared to Pt foil, 
indicating that the Pt elements were atomically decorated in the mi-
cellar brush. Fitting of EXAFS spectrum (Fig. 2E, fig. S11, and table 
S2) suggested that each Pt SA coordinated with 3.7 pyridine groups 
on average, forming a stable coordinating complex. Roughly, 57% 

Fig. 1. Fabrication of the Pt SA nanoforest. Schematic illustration of the fabrication process of the Pt SA nanoforest through mild coordination.
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of the pyridine groups were used to coordinate with the Pt atoms, 
which was approximate to the value estimated by the XPS spectra of 
N 1s. Theoretical x-ray absorption near-edge structure (XANES) 
spectrum simulation further showed that the 4Py-Pt (four pyridine 
groups surrounding one Pt atom) model is in better agreement with 
the experimental data than the 3Py-Pt configuration (Fig. 2F).

To certify the generality of the micellar brush–derived SA nano-
forest, we explored another 32 types of metal elements, including 
transition, post transition, lanthanide, alkali, and alkaline earth metals. 
AC-ADF-STEM images showed that all these metals were successfully 

decorated and atomically dispersed in the micellar brush (Fig. 3A, pan-
els A and C of figs. S12 to S43, and fig. S44). HAADF-STEM and cor-
responding element mappings confirmed the uniform dispersion of N 
and metals in the micellar brush (panel B of figs. S12 to S43). ICP-MS 
showed high atomic loadings (8.3 to 40.9 wt %) for these 32 types of SAs 
(Fig. 3B). XPS spectra showed that these SAs were in positive valance 
states, with no metallic signal detected, indicating the absence of metal 
clusters or nanoparticles (NPs; panel D of figs. S12 to S43). XPS spectra 
of N 1s confirmed the association between the metal and nitrogen at-
oms, except the alkali and alkaline earth metals (panel E of figs. S12 to 

Fig. 2. Analysis of the Pt SA nanoforest. (A) Scanning electron microscopy (SEM) image of the Pt SA nanoforest. (B) HAADF-STEM image and corresponding element 
mapping of the Pt SA nanoforest, where blue represents the N element and red identifies the Pt element. (C) AC-ADF-STEM images of the Pt SA nanoforest. (D) XPS spec-
tra of N 1s for the samples obtained at different immersion times. (E) FT-EXAFS spectra of the Pt foil and Pt SA nanoforest, and the corresponding EXAFS fitting curve of 
the Pt SA nanoforest for R-space. Ncoord denotes the average number of ligands coordinated with a Pt atom. (F) Experimental Pt L3-edge XANES spectra of the Pt SA nano-
forest and calculated XANES data for the configurations in which an Pt atom is coordinated with three or four pyridine groups. Py represents the 2-thylpyridine group.
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S43). Taking the Ag SA nanoforest as an example, FT-EXAFS spectra 
showed a major peak at ~1.58 Å (fig. S30G), which can be ascribed to 
the N-Ag coordination (40). No Ag-Ag interaction was observed com-
pared to Ag foil, indicating that the Ag atoms were atomically decorated 
in the micellar brush. Fitting EXAFS spectrum revealed that each 
Ag SA coordinated with 2.2 pyridine groups on average (table S4). FT-
EXAFS spectra of Mn, Fe, Co, Ni, Cu, Zn, Ru, Pd, Ir, and Au SA nano-
forests also showed that the SAs were decorated in the micellar brush 
and coordinated with the pyridine groups (figs. S17 to S22, S27, S29, 
S41, and S42). Regarding the alkali and alkaline metals, no coordi-
nation was found between the metal and N atoms (27), and they were 
probably immobilized through cation-π interactions (41).

Formation mechanism of the metal SA nanoforest
Density functional theory (DFT) calculations were further conduct-
ed to study the formation mechanism of the metal SA nanoforest. 

2-Ethylpyridine was used to represent the pyridyl polymer P2VP for 
simplicity in the calculation. For the formation of the Pt SA nano-
forest, the micellar brush first associates with the PtCl4

2− ion by 
forming a pyridine-Pt coordination bond and one Cl− is released 
with a decrease of free energy of 5.7 kcal mol−1 (Fig. 4A). Subse-
quently, the second pyridine group substitutes at the trans position of 
the PtCl3Py− intermediate with a decrease of free energy of 5.8 kcal 
mol−1 (for cis-isomer, the decrease of free energy is only 2.3 kcal 
mol−1, fig. S45A). The third substitution of a Cl− by a pyridine group 
shows no change in free energy. However, the fourth substitution 
leads to a further release of free energy by 2.4 kcal mol−1, yielding a 
fairly stable coordination complex. When the Pt atoms are not com-
pletely saturated in coordination, the formation of the Pt-Pt bond re-
quires overcoming a high energy barrier of 85.9 kcal mol−1, indicating 
difficulty in the formation of metal clusters or NPs (fig. S46). The sub-
stitution process of PdCl42− follows a similar pathway to PtCl4

2− and 

Fig. 3. Scope of metal SA nanoforests. (A) AC-ADF-STEM images of 32 metal SA nanoforests. Scale bars represent 1 nm. (B) Metal loadings determined by ICP-MS (Ni 
loading determined by XPS) in the above nanoforest.
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eventually leads to a total release of free energy by 18.8 kcal mol−1 
(Fig. 4B and fig. S45B). For Ag+ and Zn2+, considering that the met-
al precursors were AgNO3 and Zn(NO3)2, respectively, hydrated 
cations were used for the calculation (Fig. 4, C and D). The substitu-
tion by the pyridyl groups also reveals a sequential decrease in free 
energy. For Ag+, the most stable complex is found to be AgPy2

+, 
while for Zn2+, the final complex is calculated to be ZnPy4

2+. Obvi-
ously, the abundant pyridine groups in the micellar brush play an 
important role in anchoring and stabilizing the diverse SAs.

Catalytic performance
To explore the utilization of these SAs in catalysis, representatively, 
we evaluated the performance of the Pt SA nanoforest in electro-
catalytic hydrogen evolution reaction (HER) in an aqueous solution 
of KOH (1.0 M). As shown by the fluid atomic force microscopy 
(AFM) image (Fig. 5A), the Pt SA nanoforest revealed an erect 
structure in the electrolyte as only their top can be observed. After 
immersing the Pt SA nanoforest in KOH for 24 hours, the main 
peak in the FT-EXAFS spectra shifted to 1.68 Å and the fitting result 

Fig. 4. Formation mechanism of the metal SA nanoforest. DFT calculation of the energy pathway and possible intermediates for the formation of (A) Pt, (B) Pd, (C) Ag, 
and (D) Zn SA nanoforests.
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revealed that each Pt atom coordinated with 3.1 pyridine groups 
and 1.1 hydroxyl groups on average (Fig. 5B, fig. S47, and table S5), 
indicating the dynamic coordination between a Pt atom and the sur-
rounding pyridine groups. The calculated XANES spectrum con-
firmed the 3Py-Pt-OH model (inset of fig. S47B). Besides, theoretical 
results further revealed that [3Py-Pt-OH]+ is more stable than [4Py-
Pt]2+ under basic conditions (pH 14, fig. S48).

Compared to the nickel foams decorated with pristine micellar 
brush (346.5 mV at 100 mA cm−2, 123 mV dec−1, 88.62 ohms), Pt 
NPs on nickel foam (fig. S49, 262.7 mV at 100 mA cm−2, 80 mV dec−1, 
57.93 ohms), 20 wt % Pt/C on nickel foam (104.9 mV at 100 mA 
cm−2, 43 mV dec−1), and also the pristine nickel foam (370.1 mV at 
100 mA cm−2, 124 mV dec−1, 100.43 ohms), the Pt SA nanoforest–
decorated nickel foam showed considerably lower overpotential 
(76.1 mV at 100 mA cm−2), Tafel slope (38 mV dec−1), charge-
transfer resistance (Rct, 8.01 ohms) (Fig. 5C and fig. S52, A and B). 
The mass current density of the Pt SA nanoforest–decorated nickel 
foam reached 25.9 A mgPt

−1 at an overpotential of 50 mV (Fig. 
5D), which was remarkably higher than that of the Pt NP (0.31 A 
mgPt

−1)–decorated, 20 wt % Pt/C–decorated nickel foams (0.87 A 
mgPt

−1), and the most previously reported Pt-based materials (table 
S7) (28, 29, 31–33, 35–37, 42–57). Such improved HER performance 
can be attributed to the ultrahigh loading of Pt SAs and modulated 
electronic structure, as well as the forest-like erect and hierarchi-
cally open structure, which enhanced the utilization efficiency of 
SAs (Fig. 5E and fig. S53). In addition, the Pt SA nanoforest showed 
no notable decay after testing for 500 hours at −0.92 V versus RHE 
targeting at a current density of 100 mA cm−2 (Fig. 5F). Notably, the 
Pt SA nanoforest with a lower Pt content (10.7 wt %) that obtained 
at a lower feeding amount of Na2PtCl4 (figs. S50 and S51) revealed a 
considerably increased overpotential of 106.2 mV at a current den-
sity of 100 mA cm−2 (Fig. 5C) and a decreased mass current density 
of 18.6 A mgPt

−1. On the other hand, overfeeding of the Na2PtCl4 
precursor led to the formation of clusters (42.7 wt % Pt) and NPs 
(96.4 wt % Pt) (figs. S50 and S51), which revealed smaller overpoten-
tials of 70.9 and 67.9 mV, respectively, at a current density of 100 mA 
cm−2 (Fig. 5C). However, the mass current density decreased to 22.6 
and 10.3 A mgPt

−1, respectively. Besides, the electrocatalyst surface 
area (ECSA) and H2 turnover frequency (TOF) value of the Pt SA 
nanoforest (28.4 wt % Pt) was calculated to be 261.9 m2 gpt

−1 and 
18.7 s−1, respectively, considerably higher than the Pt cluster–deco-
rated micellar brush (42.7 wt % Pt, 238.9 m2 gpt

−1, 17.9 s−1), the Pt 
NP–decorated micellar brush (96.4 wt % Pt, 189.6 m2 gpt

−1, 10.2 s−1), 
Pt NPs on nickel foam (7.9 m2 gpt

−1, 7.3 s−1), 20 wt % Pt/C on nickel 
foam (17.3 m2 gpt

−1, 8.2 s−1, fig. S52, C to E), and most previously re-
ported Pt-based materials (table S7). After the HER test for 500 hours, 
the nanoforest retained well on the nickel foam and the Pt SAs re-
mained uniformly dispersed in the micellar brush (fig. S54), al-
though the loading of Pt SA was slightly decreased to 25.5 wt %. 
FT-EXAFS spectra confirmed the retaining of the N/OH-coordinated 
Pt SAs (fig. S55 and table S8), indicating a high stability of the SAs in 
the soft micellar brush.

DFT calculations further provide deeper insights into the HER 
catalyzed by the metal SA nanoforest system (Fig. 5G and fig. S56B). 
Starting from the [3Py-Pt-OH]+ complex, one hydroxyl group was ex-
changed by water molecular with the free energy increased by 24.6 kcal 
mol−1. Then, one pyridine group is released and one electron is ac-
cepted, and the free energy is reduced by 20.0 kcal mol−1. Subsequent-
ly, water dissociation occurs on the [2Py-Pt-H2O]+ complex with an 

increase of free energy of 8.6 kcal mol−1. Notably, the direct dissocia-
tion of water from the [3Py-Pt-H2O]2+ complex involves a large in-
crease of free energy of +37.0 kcal mol−1 (fig. S56A). Next, the Pt 
complex releases one hydroxyl anion and receives one electron, with 
the free energy remarkably reduced by 41.2 kcal mol−1. Afterward, 
another water molecule coordinates with the Pt complex and the free 
energy is further decreased by 20.6 kcal mol−1. The subsequent water 
dissociation process results in an increase in free energy of 20.4 kcal 
mol−1, with two hydrogen atoms and one hydroxyl anion coordinat-
ing directly to the Pt center. Subsequently, one pyridine group is re-
ceived and the free energy is increased by 17.6 kcal mol−1. This is 
followed by the release of one hydroxyl anion, with the free energy 
decreased by 4.1 kcal mol−1. The overall increase of free energy in the 
above two steps is considerably lower than the direct release of a hy-
droxyl anion from the [2Py-Pt-OH-2H]2+ complex (58.2 kcal mol−1). 
Last, by releasing a H2 molecule and receiving one hydroxyl group, 
the original complex recovered along with a release of free energy of 
36.9 kcal mol−1. It appears that the pyridine-Pt coordination in the 
nanoforest is rather reversible and dynamic, which favors the adsorp-
tion and further dissociation of water molecule, as well as the release 
of hydroxyl anion, and thus promotes the evolution of H2.

It was found that the nickel foam decorated with the Pt SA nano-
forest possessed high hydrophilicity (static-water-droplet contact 
angle = 26°) and aerophobicity (air-bubble contact angle = 150°). 
Thus, small hydrogen bubbles were quickly released from the elec-
trode (fig. S58), which further promoted the HER. We also prepared 
Au and Ag SA nanoforest–decorated graphene oxide composites 
(fig. S59) and evaluated their activity toward electroreduction of 
CO2. The two nanoforests both exhibited high Faradaic efficiency of 
more than 90% and high partial current density (383 mA cm−2 at 
−1.31 V for the Ag SA nanoforest and 221 mA cm−2 at −1.0 V for 
the Au SA nanoforest) for the conversion of CO2 to C1 products 
(figs. S60 and S61 and tables S9 and S10) (58–66).

Multimetallic SA nanoforest
Compared to individual SAs, multimetallic SAs offer more diverse 
electronic structures and synergistic active centers (67, 68). How-
ever, the synthesis of multimetallic SA catalysts was critically re-
stricted by the distinct features of various metals and the propensity 
to aggregate during the preparation process (69). To address this 
challenge, we used the micellar brush with forest-like hierarchically 
open structure and abundant pyridine anchor sites to fabricate 
nanoforests containing two (Pt-Pd, Pt-Ir, Pt-Au, Pt-Ag, and Ir-Ru), 
five (Co-Cu-Zn-Pt-Ir), and even eight types (Fe-Co-Ni-Cu-Zn-Pt-
Pd-Ir) of metals (Fig. 6 and figs. S62 to S67). Regarding the Pt-Ir SA 
nanoforest, AC-ADF-STEM images showed that the metal SAs were 
atomically dispersed in the micellar brush (Fig. 6A and fig. S65), and 
the Pt and Ir content was estimated to be 12.3 and 8.2 wt % accord-
ing to ICP-MS. Element mapping further confirmed the uniform 
dispersion of Pt and Ir SAs (Fig. 6B). FT-EXAFS spectra of Pt and Ir 
SAs showed major peaks at ~1.54 and ~1.80 Å (Fig. 6C and fig. S66), 
respectively, again corresponding to atomically dispersed Pt and Ir. 
The nanoforest of eight metals (Fe-Co-Ni-Cu-Zn-Pt-Pd-Ir) also re-
vealed atomically and uniform dispersed metal SAs (Fig. 6, D and E, 
and fig. S69). FT-EXAFS spectra of the eight metals all showed a ma-
jor peak corresponding to the SAs (Fig. 6F and fig. S68). ICP-MS and 
XPS analyses showed that the total content of metals reached 17.99 wt % 
(Fe: 1.2 wt %; Co: 0.81 wt %, Ni: 0.76 wt %, Cu: 0.93 wt %, Zn: 0.67 wt %, 
Pt: 3.84 wt %, Pd: 4.62 wt %, Ir: 3.16 wt %).
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Fig. 5. Electrochemical performance of the Pt SA nanoforest as an HER catalyst. (A) Fluid AFM height image of the Pt SA nanoforest in a solution of 1.0 M KOH. Inset illus-
trates the side and top views of the erect nanoforest. (B) FT-EXAFS spectra of the Pt SA nanoforest after immersion in a solution of 1.0 M KOH, and corresponding EXAFS fitting 
curve for R-space. Ncoord denotes the average number of ligands coordinated with a Pt atom. (C) Linear sweep voltammetry (LSV) curves of naked nickel foam and nickel foams 
coated with micellar brush, 20 wt % Pt/C on nickel foam, Pt NPs on nickel foam, and micellar brushes loaded with the lower-content Pt SA nanoforest (10.7 wt % Pt), Pt SA 
nanoforest (28.4 wt % Pt), Pt cluster–decorated micellar brush (42.7 wt % Pt), and Pt nanoparticle–decorated micellar brush (96.4 wt % Pt), with iR correction in an aqueous 
solution of KOH (1.0 M) at a scan rate of 5 mV s−1. (D) Mass activities of Pt in 20 wt % Pt/C on nickel foam, Pt NPs on nickel foam, and the lower-content Pt SA nanoforest 
(10.7 wt %), Pt SA nanoforest (28.4 wt % Pt), Pt cluster–decorated micellar brush (42.7 wt % Pt) and Pt nanoparticle–decorated micellar brush (96.4 wt % Pt). (E) Schematic il-
lustration of the catalytic environment of the Pt SA nanoforest. (F) Chronopotentiometry measurements of Pt SA nanoforest–decorated nickel foam recorded at −0.92 V versus 
RHE for a continuous period of 500 hours and loading of Pt SA during the continuous test. (G) Possible intermediates and relative energy diagram for the HER catalyzed by the 
Pt SA nanoforest. Voltage is set to 2.0 V, the pH is set to 14.0, and the concentration of OH− is set to 1.0 M. The free energies involved refer to the overall energy of each stage.
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Fig. 6. Fabrication of nanoforest containing multiple SAs for AEM. (A) AC-ADF-STEM images, (B) HAADF-STEM image and the corresponding element mapping of the 
Pt-Ir SA nanoforest. (C) FT-EXAFS spectra of the Pt-Ir SA nanoforest, with reference to Pt and Ir foils. (D to F) AC-ADF-STEM image (D), the corresponding element mapping 
(E), and FT-EXAFS spectra (F) of the 8-SA nanoforest and the corresponding reference metal foils (black lines). (G) Schematic illustration of the AEM electrolyzer device. 
(H) I-V curves of the AEM electrolyzer using Pt-Ir SA, 5-SA, and 8-SA nanoforests as the cathodic catalyst and commercial RuO2 as the anodic catalyst under 60°C. (I) Chro-
nopotentiometry tests of Pt-Ir SA, 5-SA, and 8-SA nanoforest catalysts at a current density of 500 mA cm−2 for 500 hours at 60°C in a solution of 1.0 M KOH. h, hours.
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To investigate the potential application of a multi-SA nanoforest 
catalyst for water electrolysis, we fabricated an AEM water electro-
lyzer using the multi-SA nanoforest as the cathode catalyst and com-
mercial RuO2 as the anode catalyst, separated by an AEM (Fig. 6G). 
The AEM water electrolyzer device performance was evaluated at 
60°C under ambient pressure, using a solution of KOH (1.0 M) as the 
electrolyte. The current-voltage (I-V) curve of the 8-SA nanoforest 
revealed a voltage of 1.77 V at a current density of 500 mA cm−2 and 
a voltage of 1.94 V at a current density of 1.0 A cm−2, which were 
considerably better than the Pt-Ir SA nanoforest (2.18 V, 2.5 V) or the 
5-SA nanoforest (1.86 V, 2.1 V, Fig. 6H and fig. S70). Although it is 
not clear so far, such improved water electrolysis activity may be at-
tributed to the synergy of various metal SA in the catalytic reactions. 
In addition, we also evaluated the stability of the Pt-Ir, 5-SA, and 8-SA 
nanoforests at a current density of 500 mA cm−2 for 500 hours at 
60°C (Fig. 6I). No obvious cell voltage increase was observed for 
these metal SA nanoforests. After the test, only 0.2% metal loss was 
found for the 8-SA nanoforest, indicating an ultrahigh stability of the 
atomically dispersed metal catalysts supported by the micellar brush.

DISCUSSION
In summary, we have developed a micellar brush–derived soft nano-
forest system to immobilize SAs on conventional electrodes. Nano-
forests of 33 types of individual SAs were fabricated with high 
atomic contents of 8.3 to 40.9 wt %. The resulting Pt SA nanoforest 
was highly solvated in the electrolyte and thus provides an open dif-
fusion pathway. The dynamic coordination between the metals and 
the pyridine groups allowed the substitution of one hydroxyl group 
before the electrochemical reaction. Hence, the Pt SA nanoforest on 
nickel foam revealed high mass activity but considerably low over-
potential, Tafel slope, and charge-transfer resistance for electro-
chemical hydrogen evolution. Moreover, the micellar brush support 
also allowed the simultaneous immobilization of two to eight types 
of SAs, and the 8-SA nanoforest revealed a low cell voltage of 1.77 V 
at 500 mA cm−2 for water electrolysis by an AEM electrolyzer. The 
forest-like hierarchically open structure of the micellar brushes, 
combined with the presence of abundant pyridine groups and the 
derived chelation effect, plays a crucial role in anchoring an ultra-
high amount of diverse SAs under mild conditions. Such forest-like 
environment also improves the utilization efficiency of SAs and fa-
vors the catalytic reactions due to the well-solvated and highly dis-
persed forest-like structure, as well as the dynamic coordination. 
Further work is currently conducting on modulating the feature of 
SAs by introducing other coordinative groups in the nanoforest and 
exploring the synergistic effects by spatial deposition of various SAs 
using segmental micellar brushes.

MATERIALS AND METHODS
Polymer synthesis
PFS-b-P2VP block copolymers were synthesized via sequential liv-
ing anionic polymerization as previously reported (23).

Characterization
Scanning electron microscopy (SEM) images were obtained on a JSM-
7800F Prime microscope. Transmission electron microscopy (TEM) 
and HAADF-STEM images were measured on a FEI TALOS F200X 
microscope with an acceleration voltage of 200 kV. AC-ADF-STEM 

images were obtained on a Hitachi HF 5000 microscope operated at 
200 kV and equipped with a spherical aberration corrector. XPS data 
were collected on a Thermo Fisher Scientific–Nexsa spectroscope with 
monochromatic Al K radiation. ICP-MS data were collected on the 
NexION2000 Flexar20 HPLC system. X-ray absorption spectroscopy 
(XAS) measurements were conducted on the BL14W1 and BL13SSW 
beamlines of Shanghai Synchrotron Radiation Facility (SSRF), China.

Preparation of PFS-b-P2VP micelle seeds
Polydisperse long cylindrical micelles were prepared by dissolving 
the PFS44-b-P2VP526 polymer in isopropanol (0.5 mg ml−1) by stir-
ring at 60°C for ca. 30 min followed by an aging process at room 
temperature for 1 day. The long cylindrical micelles were subse-
quently fragmentized by sonication with a probe ultrasonic proces-
sor (80 W, Ningbo Scientz Biotechnology Co. Ltd) at 0°C in an 
ice-water bath for 45 min and allowed to age for 1 day.

Immobilization of PFS-b-P2VP micelle seeds on nickel foam
A piece of nickel foam (1 cm × 1 cm) was sonicated in acetone and 
water for 6 hours, respectively, and dried under a gentle stream of 
nitrogen. The nickel foam was subjected to O2 plasma treatment for 
30 s, and then immersed in a solution of the PFS44-b-P2VP526 mi-
celle seeds (150 μl, 0.5 mg ml−1 in isopropanol) for 30 min, and 
dried under a gentle stream of nitrogen. The resulting nickel foam 
was aged at room temperature for 1 day and rinsed with isopropanol 
several times to remove the poorly immobilized micelle seeds and 
lastly dried under nitrogen flow.

Growth of the PFS-b-P2VP micellar brush on nickel foam
The PFS44-b-P2VP526 micelle seed–coated nickel foam was im-
mersed in 2 ml of isopropanol. Subsequently, 10 μl of a solution of 
the PFS27-b-P2VP356 unimers (10 mg ml−1 in THF) was added. The 
sample was shaken for 30 min using a shaker and allowed to age for 
1 day. Then, the resulting sample was rinsed with isopropanol sev-
eral times and dried under nitrogen flow.

Decoration of SAs in micellar brush
The PFS-b-P2VP micellar brush–coated nickel foam was immersed 
in 10 ml of a mixture of 1:1 (v/v) isopropanol/deionized water and 
then 50 μl of an aqueous solution of Na2PtCl4 (10 mg ml−1) was add-
ed. After 30 min, the resulting sample was washed with deionized 
water and isopropanol, and lastly dried under nitrogen flow. The syn-
thesis of other SA-decorated micellar brushes followed the same im-
mersion process and the metal precursors are specified in table S3. 
For the synthesis of nanoforests containing multiple SAs, various 
metal precursors were simultaneously added. For the synthesis of 
lower-content atomically dispersed Pt, Pt clusters and Pt NPs, 25, 
100, and 200 μl of a solution of Na2PtCl4 (10 mg ml−1) were added.

Growth of the PFS-b-P2VP micellar brush on GO sheets and 
decoration of SAs
GO sheets were prepared by the Hummers method (70). The result-
ing GO sheets were dispersed in isopropanol (0.5 mg ml−1) followed 
by sonication for 2 hours. Subsequently, 100 μl of the solution of GO 
sheets was mixed with 1 ml of isopropanol and then 150 μl of a solu-
tion of the PFS44-b-P2VP526 micelle seeds (0.5 mg ml−1 in isopropa-
nol) was added to the system. The mixture was stirred for 1 day at 
room temperature. The poorly immobilized micelle seeds were re-
moved by three sedimentation/re-dispersal cycles. The PFS-b-P2VP 
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micelle seed–coated GO sheets were dispersed in 4 ml of isopropanol 
and then 10 μl of a solution of the PFS27-b-P2VP356 unimers (10 mg 
ml−1 in THF) was added. The mixture was stirred for 1 day at room 
temperature. The resulting sample was purified by three sedimenta-
tion/re-dispersal cycles. Then, the solution was mixed with 10 ml of a 
mixture of 1:1 (v/v) isopropanol/deionized water, followed by the ad-
dition of 50 μl of an aqueous solution of NaAuCl4 or AgNO3 (10 mg 
ml−1). After stirring for 30 min, the final sample was washed with 
isopropanol and lastly dried under vacuum environment.

Electrochemical hydrogen evolution
All the electrochemical measurements were evaluated using a three-
electrode system on an electrochemical workstation (CH Instru-
ment 760E). The as-synthesized samples, Ag/AgCl electrode, and 
platinum foil were used as working, reference, and counter elec-
trodes, respectively. An aqueous solution of KOH (1.0 M) was used 
as the electrolyte. All the calculated potential was referenced to a 
reversible hydrogen electrode (RHE) according to the following 
equation: E (versus RHE) = E (versus Ag/AgCl) + E0 (Ag/AgCl) + 
0.059 × pH. LSV tests were conducted at a scan rate of 5 mV s−1 
and the results were collected with iR compensation. Electrochem-
ical impedance spectra (EIS) were recorded at a potential of −0.1 V 
(versus RHE) in a frequency range of 0.01 to 100,000 Hz. Regard-
ing the control experiments involving the commercial Pt/C cata-
lyst, 1 mg of 20 wt % Pt/C was dissolved in a mixture of 950 μl of 
ethanol and 50 μl of Nafion solution (5 wt %) to form a homoge-
neous catalyst ink. Then, 200 μl of the catalyst ink was loaded on a 
nickel foam (1 cm × 1 cm) and lastly dried at 60°C for 2 hours in an 
oven. Mass activity of dispersed SAs was calculated by the follow-
ing formula

where JPt is the current density of the Pt SA nanoforest, Anickel foam is 
the area of nickel foam as electrode, and mPt is the loading of Pt SAs.

Hydrogen-underpotential deposition (HUPD) was used to mea-
sure the ECSA by recording the cyclic voltammetry (CV) profile 
(71–73). The potential range scanned was 0.05 to 1.2 V (versus 
RHE) in N2-saturated 0.1 M HClO4. The working electrode was ini-
tially scanned for 30 cycles at a scan rate of 80 mV s−1 to activate the 
catalyst surface, followed by 2 cycles at 50 mV s−1 to calculate the 
ECSA. The ECSA (m2 g−1) was calculated using the following for-
mula: ECSA =

QH

C ×mPNF

, where QH (mC cm−2) is the integrated CV 
curve from ∼0.05 to 0.4 V (versus RHE) from the hydrogen desorp-
tion peak area, C is the hydrogen adsorption constant (0.21 mC 
cm−2), and mPNF (mgPt cm−2) is the Pt loading mass.

The H2 TOF value was calculated using the following formula 
(74): TOF per site =

the number of total hydrogen turnover

the number of surface site
. The number of total 

hydrogen turnover was calculated from the current density at 50 mV 
by the following formula

The density of Pt is 21.45 g cm−3 and, hence, the molar volume of Pt 

is 9.09 cm3mol−1. Number of surface sites=

(

6.02×1023 atoms

1 mol
×

1 mol

9.09 cm3

)
2

3

=

1.637×10
15 atoms

cm2
. Thus, TOF =

(

3.12×1015
H2
s

cm2 per mA

cm2

)

× ∣j∣

1.637× 1015 atoms

cm2 ×A
, where A is 

ECSA (cm2).

AEM water electrolysis test
The AEM performance was tested in a self-made cell with a two-
electrode system. The AEM cell consists of two titanium plates as 
anode and cathode, respectively, with serpentine flow channels. The 
AEM (HoAM Grion 1204, Hangzhou LvHe Environmental Tech-
nology Co. Ltd.) was soaked in a solution of 1.0 M KOH for more 
than 24 hours before use. The metal SA nanoforest on nickel foam 
(1 cm × 1 cm) was used as the HER cathode. Commercial RuO2 (ca. 
5 mg ml−1 in ethanol) was mixed with Nafion binder and subse-
quently dropped on a piece of nickel foam (1 cm × 1 cm), which was 
as the OER anode. The cell was then circulated with 1.0 M KOH 
aqueous solution at 60 ml min−1. I-V curves were collected at 60°C 
under ambient pressure. The stability of the AEM electrolyzer was 
evaluated by measuring the chronopotentiometry at 500 mA cm−2 
for 500 hours at 60°C under ambient pressure.

Electrochemical CO2 reduction
Ten milligrams of the powder of Au or Ag SA nanoforest–coated GO 
sheets was dispersed in 1 ml of a mixture of water, ethanol, and Na-
fion solution (5 wt %) (5:4:1, v/v/v) by sonication to form a homoge-
neous catalyst ink. Then, 800 μl of the ink was dropped in a 2 cm × 2 cm 
gas diffusion electrode (GDE), which was used as the working elec-
trode. The mass loading of the SA nanoforest–coated GO sheets was 
2.0 ± 0.1 mg cm−2. The CO2 reduction performance was evaluated 
using a flow cell equipped with the above GDE on an electrochemical 
workstation (Autolab PGSTAT 302 N). The flow rate of CO2 and 
electrolyte solution was controlled at 30 and 5 ml min−1, respectively. 
An aqueous solution of KOH (1.0 M) was used as the electrolyte. The 
Ag/AgCl electrode was used as the reference electrode, and a Ti mesh 
with an Ir black loading of 2 mg cm−2 was used as the counter elec-
trode. All the calculated potential was referenced to RHE and cor-
rected by iR compensation. The gas products were analyzed using gas 
chromatography (GC), and the liquid products were characterized 
using proton nuclear magnetic resonance (1H NMR) spectroscopy. 
Faradic efficiency was calculated via the following equation

where FE is Faradic efficiency, N is the number of electrons trans-
ferred, n is the number of moles for a given product, F is Faraday’s 
constant (96,485 C mol−1), and Qtotal denotes all the charge con-
sumed throughout the electrolysis process.

EXAFS curve fitting and data analysis
The EXAFS data were processed by using the ATHENA module 
implemented in the IFEFFIT software package (75). Quantitative 
curve fittings were conducted for the Fourier-transformed k2-weighted 
χ(k) in the R-space with a Fourier transform k-space range of 2.3 to 
12 Å−1 using the module ARTEMIS 4 in the IFEFFIT software pack-
age. The phase shift Φ(k) and backscattering amplitude F(k) were 
calculated by FEFF 8.0 code. All curve fittings were conducted with 

Mass current density (Pt) =
JPt × Anickel foam

mPt

Number of H2=

(

j
mA

cm2

)

(

1C

s

1000 mA

)

(

1 mol e−

96,485 C

)(

1 mol H2

2 mol e−

)

(

6.02×1023molecules H2

1 mol H2

)

=3.12×1015
H2

s

cm2
per

mA

cm2

FE =
QCO

Qtotal

=
N × n × F

Qtotal
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a fixed amplitude reduction factor (S0
2) of 0.65 to 1.00. The parame-

ters coordinated number (CN), interatomic distance (R), the Debye-
Waller factor (σ2), and the edge-energy shift (∆E0) were opened to be 
varied. The common adjustable parameters ∆E0 and σ2 were used to 
reduce the number of free parameters. The error in the overall fits 
was determined by using the R factor (Rf). Good fits require an R 
factor < 0.02.

DFT calculations
DFT calculations were carried out using the Gaussian 16 program 
(76). Geometrical optimization calculations were carried out at the 
PBE0-D3(BJ) (77, 78)/def2-SVP (79) level with the SMD continuum 
solvent model (80) for water without any symmetry assumptions 
unless otherwise stated. Harmonic vibration frequency calculations 
were performed at the same level for verifying the resulting geome-
tries as local minima (with all the frequencies real). To improve the 
relative energy, we further performed the single point calculations 
on the optimized geometries at the PBE0-D3(BJ) (77,  78)/def2-
QZVP (79) level with the SMD continuum solvent model for water. 
2-Ethylpyridine was used to represent the pyridyl polymer P2VP for 
simplicity during the calculation. For the calculation of HER mech-
anism, SHE is set to 4.44 V and voltage Vset is set to 2.0 V, the pH 
value is set to 14, and the concentration of OH− is set to 1.0 M.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S71
Tables S1 to S11
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