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THE BIGGER PICTURE

Accurate identification of the real

catalytic sites is of great

significance for targeted design of

efficient catalysts and practical

industrial application. For a long

time, it has been agreed that the

catalyst has a stable configuration

during the reaction. Recently,

benefiting from the development

of in situ characterization

techniques, more and more

studies have found that

synthesized catalysts may

undergo structural reconstruction,

in which the real catalytic active

site is formed. However, due to

the complexity of the catalytic
SUMMARY

Due to the lack of well-defined structure, identifying and modu-
lating structural reconstruction of a catalyst in reaction still remains
a challenge. Herein, we prepared two atomically precise nanoclus-
ters (Ag48 and Ag50) with almost the same size and cluster frame-
work. Ag48 showed higher electrocatalytic hydrogen evolution reac-
tion (HER) activity than Ag50 due to an in situ-reconstructed real
active unit Ag3 triangle with appropriate hydrogen-binding energy.
Based on in situ characterization and theoretical calculation, the
structural reconstruction of Ag48 originated from the strong Ag-
Ag interaction. Furthermore, two kinds of Ag4 NCs were targeted
for synthesis. The Ag4 NC with stronger Ag-Ag interaction pre-
sented the Ag3 triangle and exhibited better HER performance
than the linear-type Ag4 NC, validating the Ag3 triangle arising
from the strong interaction was the key for high HER activity. This
study highlights the fundamental mechanism of interaction-induced
structural reconstruction, providing useful guidelines for the design
of a highly efficient catalyst.
system under work conditions and

the lack of model catalysts with

precise composition and

structure, deciphering the origins

of structural reconstruction is still a

challenge. Herein, we utilize

atomically precise metal

nanoclusters with well-defined

and controllable compositions

and structures to reveal the

underlying reason of interaction-

induced structural reconstruction,

providing useful guidelines for the

design of a highly efficient

catalyst.
INTRODUCTION

Accurate identification of the catalytic active site and an in-depth understanding of

the catalytic mechanism are critical for the targeted design and practical application

of highly efficient catalysts.1–3 For a long time, it has been a consensus that catalysts

exhibit steady configuration without structural transformation during the reaction.4,5

With the development of in situ characterization techniques, structural reconstruc-

tion of catalysts inducing the formation of real active sites has been reported in

recent years, especially in electrocatalytic reactions.6–9 For example, lots of transi-

tion metal-based materials such as oxides,10,11 sulfides,12–14 phosphides,15–17

layered double hydroxides,18–20 and metal-organic frameworks,21,22 etc., would un-

dergo structure transformation under working conditions, preferring to derive to

corresponding amorphous or low-crystalline metal oxyhydroxides and more

reduced metallic-state species during electrooxidation and electroreduction pro-

cess, respectively.23–25 However, due to the complexity of the catalytic system under

actual reaction conditions, and limited by the lack of model catalyst with precise

composition and structure, deciphering the underlying origin of structural recon-

struction is challenging.

Recently, atomically precise metal nanoclusters (NCs) have shown great potential in

catalysis owing to their ultrasmall size, abundant uncoordinated active sites, and

unique discrete electronic energy level.26–30 More importantly, the precisely tunable

composition, chemical environment, and configuration could further control the
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Figure 1. Structure and characterization of Ag48 and Ag50 NCs

(A and B) UV-vis absorption spectra of Ag48 and Ag50, and the insets show the corresponding

ESI-MS spectra.

(C and D) Overall crystal structure of Ag48 and Ag50. Color codes: C = gray, Cl = green, Ag = blue,

S = yellow, and P = magenta.
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process and direction of structural reconstruction of catalyst during catalytic reac-

tion, providing the opportunity for insight into the real active sites and catalytic

mechanism at the atomic level.31–37

In this work, two Ag NCs (Ag48 and Ag50) with almost the same size and cluster

framework were synthesized and applied into electrocatalytic hydrogen evolution

reaction (HER). Ag48 showed higher HER activity than Ag50 due to the in situ-recon-

structed real active unit Ag3 triangle, the center of which exhibited the appropriate

binding energy of hydrogen. Thanks to the accurate structure, combined with in situ

X-ray photoelectron spectroscopy (XPS) and theoretical calculation, the underlying

reason for structural reconstruction was revealed, which is the stronger Ag-Ag inter-

action of Ag48 compared with Ag50. Based on this, we designed and synthesized two

kinds of Ag4 NCs, and Ag4 NCs with stronger Ag-Ag interaction displayed a trian-

gular facet and showed better HER activity than the linear-type Ag4 NCs, further con-

firming that the strong interaction that induced the special Ag3 triangle was the

active unit for HER.

RESULTS AND DISCUSSION

Structure and electrocatalytic HER performance of Ag48 and Ag50 NCs

Ag48 and Ag50 NCs (full name: Ag48Cl14(S-Adm)30 and Ag50Cl16(S-Adm)28(DPPP)2,

S-Adm = 1-adamantanethiolate, DPPP = 1,3-bis(diphenylphosphino)propane) were

synthesized according to our previous work.38 The measurements of electrospray

ionization mass spectrometry (ESI-MS) and UV-vis absorption spectroscopy confirm

themolecular purity of Ag48 and Ag50 (Figures 1A and 1B). The detailed construction

diagrams of Ag48 and Ag50 NCs are shown in Figure S1. Both Ag48 and Ag50 NCs

contain an identical Ag8Cl14 kernel, which is composed of an octahedral Ag6Cl6
and two Ag1Cl4 units. The surfaces of the two NCs are based on the Ag36SR24 shell

structure but are slightly different. Ag48 NCs contains an Ag40SR30 surface, while
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Figure 2. Electrocatalytic HER performance of Ag48 and Ag50 NCs

(A) HER polarization curves for Ag48 and Ag50.

(B) Mass activities at various applied potentials of Ag48 and Ag50. The inset shows the mass activity comparison at �0.4 V.

(C) Tafel plots of Ag48 and Ag50.

(D) Impedance spectra of Ag48 and Ag50.

(E) Determination of electrochemical double-layer capacitance by plotting capacitive currents with scanning rate.

(F) Chronopotentiometric curves at constant current density of 10 mA cm�2.
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Ag50 NCs possesses an Ag42SR28Cl2(L3)2 surface. In addition, Ag50 NCs can be trans-

formed fromAg48NCs by adding twomoreAgL3Cl but losing two SR. In addition, the

atomic bond length on the surface shell of Ag48 and Ag50 NCs is similar, but the Ag

coordination number is different. The Ag coordination number on the surface of Ag48

NCs is larger than that of Ag50 NCs (Table S1). Overall, the two NCs are highly corre-

lated, with similar size and cluster framework, as shown in Figures 1C and 1D.

Routine electrochemical measurements were conducted to evaluate the HER activ-

ities of the twoNCs. To assess the inherent activities of NCs, the NCs were deposited

on chemically inert active carbon as working electrode, avoiding interference from

other external factors. The two NCs were both isolated and uniformly dispersed

on carbon support with a similar average size of �1.46 nm (Figure S2). As can be

seen from the linear sweep voltammetry (LSV) curves, Ag48 exhibits larger current

density and lower onset overpotential than Ag50. For achieving 10 mA cm�2 current

density, Ag48 requires 392 mV overpotential, while Ag50 needs 455 mV (Figure 2A).

As determined by inductively coupled plasma atomic emission spectrometry, the

loading amounts of Ag48 and Ag50 are �2 wt % and �1.8 wt %, respectively

(Table S2). The mass activity is further calculated by normalizing cluster mass to

exclude the influence of loading amount.39 Ag48 displays larger mass activity

compared with Ag50. At �0.4 V, the mass activity of Ag48 is 2,906 A g�1, which is

�3.2-fold of Ag50 (915 A g�1) (Figure 2B). The turnover frequency values of Ag48

and Ag50 NCs are 161.24 and 54.42 s�1 at �0.4 V, respectively. The LSV measure-

ments of the HS-Adm and DPPP ligands and Ag-S-Adm and Ag-DPPP segments

were also conducted to exclude the influence of ligand type. It can be seen that

these ligands and segments are almost inactive for HER (Figures S3 and S4). The
Chem Catalysis 4, 101011, June 20, 2024 3



Figure 3. HER energetics and catalyst structure calculation

(A) Ag48 with H adsorbs on an Ag3 triangular facet site. The red ball represents adsorbed H.

(B) The nine Ag atoms (marked by red balls) involved in forming three Ag3 triangles in Ag48 during reconstruction.

(C) The corresponding Ag atom positions in Ag50. Color codes: C = gray, Cl = green, Ag = blue, S = yellow, and P = magenta.

(D) Gibbs energy diagram of Ag48 for HER reaction.

(E) COHP analysis for Ag-Ag pairs in Ag48 and Ag50.

(F) COHP analysis for Ag-S pairs in Ag48 and Ag50. The red arrow in (E) and (F) guides the eye on the difference of the curves.
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contact angles of the two NCs are similar and less than 90�, which excludes the influ-

ence of hydrophilic surfaces of the two NCs (Figure S5). The Tafel slope of Ag48 is

108 mV dec�1, slightly lower than that of Ag50 (114 mV dec�1) and close to

120 mV dec�1, indicating that their rate-determining step is a Volmer step (Fig-

ure 2C). In addition, the electrochemical active surface areas (ECSAs) of Ag48 and

Ag50 are estimated to be 2.89 and 0.43 cm2, respectively. Ag48 shows larger

ECSA and smaller electrochemical resistance (Rct) compared with Ag50, suggesting

that Ag48 exhibits more active sites and faster charge transfer ability (Figures 2D, 2E,

and S6). The stability of Ag48 was also tested as shown in Figure 2F. Ag50 NCs show a

slight change in current density within the acceptable range, indicating the moder-

ate long-term stability. Ag48 and Ag50 NCs remain monodispersed after the reac-

tion, and the size is basically the same as before the reaction (Figure S7). All of the

results demonstrate that Ag48 shows better electrocatalytic HER performance

than Ag50.

The exploration of the underlying reason for structural reconstruction

To figure out the reason for different HER activities, density functional theory (DFT)

calculations were conducted. Interestingly, when Ag48 adsorbs H, its structure expe-

riences spontaneous reconstruction. The most favorable adsorption site of H atom

on Ag48 is the triangular facet site (Tri site), which corresponds to the adsorption

of H on the center of an Ag3 triangle, forming three H-Ag bonds, and shows the

best HER activity with the DGH* of 0.1 eV (Figures 3A, 3D, and S8). The formation

of an Ag3 triangle during Ag48 reconstruction is detailed and shown in Video S1 in

the supplemental information. The bridge site (B site), which corresponds to the

adsorption of H on the middle of an Ag-Ag bond, forming two H-Ag bonds, shows

a much lower HER activity than the Tri site (Figures 3D and S9). The top site (T site),

which corresponds to the direct adsorption of H on an Ag atom, forming a single

H-Ag bond, shows a sluggish HER activity (Figures 3D and S9). The DGH* shown in
4 Chem Catalysis 4, 101011, June 20, 2024



Figure 4. In situ XPS measurements

(A) The comparison of Ag XPS spectra of Ag48 and Ag50 before reaction.

(B and C) In situ Ag XPS spectra of Ag48 and Ag50.
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Figure 3D is the average value for each type of site. The DGH* values for all possible

H adsorption sites of Ag48 NCs are shown in Figure S10 and Table S3.

During the reconstruction process, nine Ag atoms in Ag48 participate in the forma-

tion of three Ag3 triangles (Figure 3B). Since the cluster framework of Ag48 and

Ag50 is similar, we can label the corresponding Ag atom positions in Ag50. Due to

the symmetry of Ag50, the corresponding twelve silver atoms aremarked (Figure 3C).

It is worth noting that these silver atoms in Ag50 are more dispersed, which is not

conducive to the formation of a triangular facet. The DGH* data of these silver atoms

in Ag50 NCs are provided in Table S4 and Figure S11. All the Ag atoms exhibit large

DGH* values, which are not beneficial for HER. In addition, compared to Ag48, Ag50

has two more Cl atoms, which are connected with two more Ag atoms located at

both ends in Ag50 NCs. The DGH* values of the Ag atoms connected to the two

more Cl atoms were also calculated, and their DGH* values are in the range from

0.55 to 1.68 eV, also indicating the poor HER activity (Figure S12; Table S5). Our

DFT simulation results indicate that Ag48 experiences spontaneous structural recon-

struction during the reaction, and the center of the in situ-formed Ag3 triangular

facet in Ag48 is the active site for HER.

The precise structure of the NC offers the opportunity for in-depth understanding of

the origin of structural reconstruction. Crystal orbital Hamilton population (COHP)

analysis reveals that the Ag-Ag bond in Ag48 is stronger than Ag50 due to the weaker

anti-bonding state, as shown in Figure 3E. In addition, the Ag-S bond in Ag48 is

weaker than Ag50 due to the weaker bonding state, as shown in Figure 3F. Based

on the DFT analysis, the stronger Ag-Ag interaction but weaker Ag-S interaction

could be the underlying reason for the structural transformation of Ag48. In addition,

the formation energies of Ag48 and Ag50 are �17.39 and �20.79 eV per cluster (see

supplemental information for details), respectively, indicating that Ag48 is more un-

stable and prone to reconstruction than Ag50 (Table S6).

In situ XPS tests were measured to investigate the Ag-Ag interaction in the two NCs

during HER process.40–42 The peaks at 374.35 and 368.35 eV corresponded to Ag

3d3/2 and Ag 3d5/2 of Ag
0. The peaks located at 373.90 and 367.90 eV are assigned

to Ag 3d3/2 and Ag 3d5/2 of Ag
+. The peak area ratio of Ag0 and Ag+ can be used as a

reflection of their content ratio. Before reaction, the ratio of Ag0 and Ag+ in Ag48 is

higher than that in Ag50, indicating that Ag48 exhibits stronger Ag-Ag interaction

(Figure 4A). Ag XPS spectra change with the increase of applied potential. It is worth

noting that an obvious shift of Ag binding energy in Ag48 is observed when a
Chem Catalysis 4, 101011, June 20, 2024 5



Figure 5. Synthesis and structural analysis of Ag4-I and Ag4-II

(A) Synthesis diagram of Ag4-I and Ag4-II.

(B and C) Structure comparison of Ag4-I and Ag4-II. Only sulfur atoms of thiolate ligands and the

phosphorus atoms of the phosphine ligand are shown for clarity. Color codes: blue = Ag, yellow =

S, and magenta = P.
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potential of �0.25 V is applied, while the Ag XPS peak of Ag50 starts to change,

requiring a higher potential of �0.45 V, suggesting Ag48 undergoes structural trans-

formation at lower potential. Under the same potential of �0.55 V, the change of Ag

binding energy in Ag48 is larger than that in Ag50, demonstrating that the reconstruc-

tion degree of Ag48 is larger than Ag50 (Figures 4B and 4C). In addition, the Ag XPS

spectra recover the same as before when the open circuit potential is applied again,

indicating the structure transformation is reversible (Figures 4B and 4C).

Targeted synthesis of Ag4 NCs with strong Ag-Ag interaction

On the basis of the above findings, two kinds of Ag4 NCs with different Ag-Ag inter-

action strengths were targeted for synthesis to further verify the strong Ag-Ag inter-

action-induced Ag3 triangle center is the key to achieve high-efficiency HER. The NC

containing four Ag atoms is now available as the smallest structure to construct an

Ag triangular and non-triangular unit in NCs with the same number of atoms. We

used Ag48 NC as a template and introduced a large number of monodentate phos-

phine ligands to etch its structure, induced its decomposition and transformation,

and finally obtained Ag4-I NCs (Figure 5A). The Ag4-I NC is composed of a double

triangular unit of four Ag atoms that share an edge. The two Ag3 units can be re-

garded as two isosceles triangles due to the similar Ag-Ag bond length (Figure 5B;

Table S7). Ag4-I NC was further transformed to linear-type Ag4-II NC without a trian-

gular unit by replacing HS-Adm with 2,6-dimethylbenzenethiol with relatively low

steric hindrance (Figure 5A). As shown from the crystal structure, it is obvious that

Ag-Ag interaction in Ag4-I NC is stronger than that of Ag4-II NC. Compared with

Ag4-I NC, the structure of Ag4-II NC is stretched due to the existence of bidentate

phosphine ligand, resulting in the distances of Ag1-Ag2 and Ag3-Ag4 getting

longer and the triangular unit being broken (Figures 5B and 5C; Table S8).

The electrocatalytic HER activities of two Ag4 NCs were evaluated. Ag4-I shows a

high current density of 88 mA cm�2 at �0.55 V and a low overpotential of 332 mV
6 Chem Catalysis 4, 101011, June 20, 2024



Figure 6. Evaluation of HER activity of Ag4-I and Ag4-II

(A) HER polarization curves for Ag4-I and Ag4-II. The inset shows an enlarged view of the dotted

region.

(B) Mass activities of Ag4-I and Ag4-II.

(C) Electrochemical impedance spectra of Ag4-I and Ag4-II.

(D) Electrochemical double-layer capacitance of Ag4-I and Ag4-II.
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for reaching 10 mA cm�2, while the LSV curve of Ag4-II is almost a flat line,

suggesting that Ag4-I exhibits high HER activity, and Ag4-II has almost no

activity for electrocatalytic HER (Figure 6A). Furthermore, Ag4-I has higher mass ac-

tivity, larger ECSAs, and more rapid electron transfer compared with Ag4-II

(Figures 6B–6D and S13). The HER performance of the ligands containing the

two Ag4 NCs was also tested, and they are almost inactive for HER; therefore,

the difference in HER activities of the two Ag4 NCs is attributed to the structural

difference (Figure S14). In addition, DFT calculations further validate that the

Ag3 triangle center in Ag4-I has better HER activity than Ag4-II. The DGH* of HER

for Ag4-I is 0.43 eV and for Ag4-II is �0.65 eV (Table S9). Thus, the Ag3 triangle

caused by strong Ag-Ag interaction in Ag4-I NC is the real active unit for enhanced

HER activity.

Conclusions

In summary, we synthesized Ag48 and Ag50 NCs and evaluated the HER perfor-

mances. Ag48 displayed higher HER activity than Ag50, which was attributed to

the in situ-reconstructed Ag3 triangle active unit. The center of the Ag3 triangle

showed a favorable binding ability of hydrogen. Benefiting from the precise struc-

ture, combined with in situ XPS and theoretical simulations, the fundamental mech-

anism of structural reconstruction of Ag48 was stronger Ag-Ag interaction

compared with Ag50. Based on the finding, Ag4-I NCs with stronger Ag-Ag interac-

tion showing an Ag3 triangular facet were designed and synthesized, and they per-

formed better than their counterpart (Ag4-II NCs), further demonstrating the strong

Ag-Ag interaction-induced Ag3 triangle was crucial for high HER activity. This work
Chem Catalysis 4, 101011, June 20, 2024 7



ll
Article
provides a thorough comprehension of strong interaction-induced structure evolu-

tion that will be helpful for designing a highly efficient catalyst with controlled

reconstruction.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Manzhou Zhu (zmz@ahu.edu.cn).

Materials availability

All materials generated in this study are available from the lead contact without

restriction.

Data and code availability

All data needed to support the conclusions of this article are included in the main

text or the supplemental information. CCDC numbers of Ag4-I and Ag4-II NC are

2329641 and 2329642, respectively.

Synthesis of Ag48 and Ag50

Ag48 and Ag50 NCs (full name: Ag48Cl14(S-Adm)30 and Ag50Cl16(S-Adm)28(DPPP)2)

were synthesized based on one-pot reduction strategy according to our previous

report.34

Synthesis of Ag4-I

10mg of Ag48 crystals was dissolved in 20mL dichloromethane, 50mg di-1-adaman-

tylphosphine was added, and the reaction was stirred for 30 min. After that, the so-

lution was rotavaporated under vacuum. The n-hexane/CH2Cl2 was used to wash/

purify the synthesized NCs. The brownish-yellow crystal was obtained through inter-

nal diffusion method (dichloromethane: n-hexane = 1:3) in under 10 days.

Synthesis of Ag4-II

10 mg of Ag4-I crystals was dissolved in 20 mL dichloromethane, and 50 mg

bis(2-diphenylphosphinophenyl)ether and 50 mL 2,6-dimethylbenzenethiol were

added successively, and the reaction was stirred for 30 min. After that, the solution

was rotavaporated under vacuum. The product purification method and single-crys-

tal cultivation method were the same as for Ag4-I.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.checat.

2024.101011.
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