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ScienceDirect
Continuous improvements in the synthesis, characterization,

and computational modeling of nanoscale materials have

resulted in their tremendous application in electrocatalysis.

However, despite remarkable advances, there are important

issues that need to be addressed to enable systematic and

targeted discovery of electrocatalytically active and selective

nanomaterials. Here, we provide an overview of the most

recent developments in electrocatalysis of ligand protected

metal nanoclusters (LPNCs) and discuss associated

‘imprecisions’ observed through experiments and

computation. We first describe why atomically precise LPNCs

are ideal systems to identify catalytic active sites under reaction

conditions compared to metal nanoparticles. We then shift to

heterometal doping of LPNCs and discuss strategies to tune

electrocatalytic behavior as well as challenges associated with

their vast materials space. Finally, we highlight some major

bottlenecks in the field of LPNC electrocatalysis and provide

potential solutions based on applying data-driven approaches

which can aid the accelerated catalyst discovery for

sustainable fuel and chemicals production.
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Introduction
In the past few decades, research on metal nanoparticles

(NPs) for catalytic applications has expanded dramati-

cally [1–3]. NPs have demonstrated high catalytic activity

and selectivity for various industrial-relevant reactions

including hydrogenation, oxidation, and C–C coupling

[1]. In addition, due to dramatic increase in the surface

area of metal catalysts at the nanoscale, catalytic NPs
www.sciencedirect.com 
expose a greater amount of active sites to the reagents

than larger particles of same mass, exhibiting high activ-

ity, while holding the potential to reduce catalyst cost.

However, conventional NP synthesis produces a distri-

bution of NP sizes (polydispersity), leading to difficulty in

determining atomic-level structure-property relation-

ships (SPRs) and revealing the exact catalytic active sites

[4]. Thus, catalytic experiments, catalyst characterization

and theory are applied in a synergistic fashion to reveal

what metals should comprise a NP and what are the active

sites for a particular reaction of interest [5].

Recently, a new class of ultra-small (<3 nm diameter)

metal NPs has emerged as promising candidates for

various applications in nanotechnology [6]. Ligand pro-

tected metal nanoclusters (LPNCs) are atomically precise

systems that exhibit unique physicochemical properties,

such as molecular-like electronic structure, differentiat-

ing them from larger metal NPs (see Figure 1). They are

primarily based on Au, protected by thiol ligands and

come in ‘magic sizes’ due to their high stability at specific

metal-ligand compositions (represented by AunðSRÞm)
[7]. LPNCs are synthesized in a monodisperse environ-

ment and their exact structures are determined through

single crystal X-ray diffraction [8]. They consist of a

metallic core surrounded by a hybrid metal-organic shell

[9]. To date, a vast number of LPNCs have been experi-

mentally synthesized and characterized. Importantly, the

atomic-level structural precision of LPNCs enables accu-

rate computational analyses via electronic structure meth-

ods, such as Density Functional Theory (DFT). DFT can

also aid the discovery of new structures with desirable

properties, guiding experimentation.

Because of their unique properties and the growing

demand for sustainable chemical and fuel production,

the catalytic activity of LPNCs has been investigated for

various types of electrochemical reactions [10], including

room temperature CO2 reduction reaction (CO2RR) [11],

oxygen reduction reaction (ORR) [12], oxygen evolution

reaction (OER) [13], and hydrogen evolution reaction

(HER) [14,15]. From an engineering perspective, recent

efforts have also sought to investigate the scalability of

LPNC catalysis towards practical and sustainable appli-

cations. For example, Kauffman et al. demonstrated the

large-scale CO2 reduction capability (400–800 L of CO2

per gram of catalytic metal per hour with selectivity

between 80–95%) of the Au25(SR)18 LPNC (abbreviated

as Au25), resulting in negative CO2 emissions using
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Figure 1
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Venn diagram representing four (out of numerous) LPNCs (blue circle), and bare NPs (yellow circle). The differences between LPNCs and bare NPs

are indicated in their respective circles. The common challenge with both types of nanostructured materials is shown in the intersection. Color

scheme for atoms: yellow, Au; blue, S; black, C; grey, H. LPNC size is reported in terms of gold core diameter.
inexpensive ($10–$20) solar powered energy sources [11].

At the same time, the LPNC materials space has consid-

erably increased due to successful research efforts in

synthesizing heterometal-doped LPNCs [16��,17,18].
The alloying process can result in LPNCs with signifi-

cantly different electronic properties, thus providing a

route towards tuning LPNCs for different electrocatalytic

applications [19�,20]. One major advantage of doping

atomically precise LPNCs is the ability to elucidate

the effect of dopant location, type, and concentration

on the catalytic activity and selectivity (as opposed to

larger NPs where bimetallic concentration and metal

locations are often approximated). Furthermore, the

growing library of monometallic and alloy LPNCs pro-

vides the opportunity to implement data-driven, compu-

tational approaches for accelerated catalyst discovery

avoiding expensive trial-and-error experiments.

Despite advances in the field, several questions remain

regarding the use of LPNCs as electrocatalysts. What are

the exact active sites on LPNCs for electrocatalysis? How

are these active sites influenced by LPNC structure?

These questions are encompassed by a larger challenge:

How can we identify structures from the vast materials

space with optimal electrocatalytic properties for specific

applications? In this perspective, we discuss recent efforts

towards addressing these questions. Because of the dra-

matic increase and relevance in research related to sus-

tainable fuel and chemical production [21], we chose to

focus on cathodic (i.e. electrochemical reduction) reac-

tions such as CO2RR, HER and ORR. In the first section

we focus on the most relevant studies primarily from the

past three years that aimed to unravel the nature of the
Current Opinion in Chemical Engineering 2019, 36:100784 
electrocatalytic active sites on LPNCs. Next, we discuss

the importance of heterometal doping LPNCs in the

context of electrocatalysis and challenges associated with

the vast materials space. Finally, we provide insights into

the need for data-driven approaches and potential solu-

tions for accelerated LPNC catalyst discovery.

Identifying active sites for electrocatalysis
LPNCs often exhibit stronger electrocatalytic perfor-

mance than larger nanostructures [6]. This outcome is

contradictory to traditional catalysis concepts since one

would expect the presence of ligands on the LPNC

surface to limit the accessibility of reactants to the typi-

cally active metal sites. Kauffman et al. showed that Au25
exhibited CO2RR mass activity �400 times higher than

that of larger Au NPs (1656 � 163 A gAu
�1 at �1 V versus

RHE for Au25 and 14 A gAu
�1 for 4 nm Au NPs at �0.9 V

versus reversible hydrogen electrode (RHE)) [11]. Addi-

tionally, the HER activity (current density) of a Au25-

MoS2 composite (59.3 mA cm�2) compared to bare MoS2
nanosheets (33.2 mA cm�2) was shown to be nearly twice

as high at �0.4 V versus RHE [22]. While experiments

have captured important metrics for assessing the elec-

trocatalytic performance of LPNCs, identifying the

nature of their active sites remains a challenge. DFT

can address this challenge by leveraging the atomic

precision of LPNCs and investigating detailed electro-

catalytic mechanisms. One of the first computational

studies towards identifying LPNC active sites during

CO2RR to CO concluded that the fully protected Au25
exhibited very high thermodynamic barriers (>1.5 eV) to

form the important
�
COOH intermediate [23,24]. Inter-

estingly, partial -R or -SR ligand removal from the surface
www.sciencedirect.com
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of Au25 was shown to be thermodynamically feasible and

expose catalytically active S or Au sites, respectively,

under reaction conditions (see Figure 2 for schematic

of ligand removal). These active sites drastically lowered

thermodynamic barriers associated with the CO2RR path-

way [23]. In particular, partial -R ligand removal was

exergonic (DG < 0) and the exposed S site reduced

the thermodynamic barrier for
�
COOH formation while

also promoting CO2RR instead of the competing HER

[23]. Other recent studies have also shown that -SR ligand

removal is possible under electrochemical conditions and

can expose catalytically active Au sites during CO2RR

[25–27]. Although these results rationalize catalytic activ-

ity, the removal of protecting ligands raises concern

regarding catalyst stability. A recent experimental study

(using X-ray photoabsorption spectroscopy) demon-

strated that Au25 could lose up to 6 ligands and still

maintain structural integrity and electrocatalytic activity

under reaction conditions [28]. Furthermore, Nagarajan

et al. verified (via applying the thermodynamic stability

model developed for LPNCs [29] and ex-situ experi-

ments) the stability of LPNCs upon multiple ligand

removal, revealing that CO2RR reaction intermediates

act as stabilizing ligands during the electrocatalytic cycle

[30]. In contrast, the activity of LPNCs towards reactions

such as ORR and HER have been attributed to other

structural or electronic properties. A comprehensive study

by Kumar et al. [31] demonstrated that varying the thio-

late ligand type (length and aromaticity) within Au25 can

influence HER activity. For example, Au25 stabilized by

phenylethyl thiolate (smaller hydrocarbon tail) and dode-

cane thiolate (larger hydrocarbon tail) groups exhibited a

mass activity of �17.8 mA cm�2 and �3.6 mA cm�2 at

�0.7 V versus RHE respectively. The same study also

suggested that reducing LPNC size (fewer metal atoms)

improved HER and ORR activity by shifting the LPNC

d-band position [32] closer to the frontier orbital energy

levels of O2(g) and using ‘thinner’ ligand layers (smaller

ligands with reduced aromaticity) provided enhanced

charge transfer to the metal core of the LPNC.

Despite numerous studies demonstrating the high elec-

trocatalytic activity of LPNCs, a lack of consensus regard-

ing the active sites remains. In-depth kinetic and ther-

modynamic analyses using either DFT or larger-scale

molecular dynamics simulations are needed to provide

insights into ligand removal mechanisms and their feasi-

bility under electrochemical conditions. It is imperative

to mention that ligand removal processes happen under

electrochemical environments; therefore, electrocatalysis

simulations should account for explicit solvent molecules

[33] to accurately model proton-coupled electron trans-

fers and obtain kinetic barriers for active site exposure as

well as relevant catalytic reaction steps [34]. From an

experimental standpoint, systematic in-situ spectroscopic

studies that can identify the fingerprints of LPNCs under

a range of applied potentials could provide critical
www.sciencedirect.com 
information regarding their activation towards various

electrochemical reactions. Combining such information

with data generated from multiscale modeling can pro-

vide a strong foundation for elucidating the true nature of

active sites on LPNCs under electrochemical conditions.

Tailoring LPNC catalysts through heterometal
doping
Heterometal doping is one of the most adopted methods

to tune electronic, structural, and catalytic properties of

metal NPs [35], often utilizing inter-metallic synergy

[16��]. Recently, heterometal doping of different transi-

tion metals (e.g. Pt, Pd, Ag, Cd) has been successfully

implemented into various monometallic LPNCs (e.g.

Au25, Au23(SR)16, Au44(SR)28) through extensive experi-

mental efforts [16��]. Interestingly, each LPNC structure

can have distinct doping preferences (dopant type, posi-

tion, and composition) [16��]. For example, Au25 can only

be doped with a single Cd atom on its core surface [36]

while Cd doping into Au23(SR)16 (abbreviated as Au23)

and Au44(SR)28 can only be done on the shell, and forms

completely new magic sizes, Au19Cd2(SR)16 (abbreviated

as Au19Cd2)and Au47Cd2(SR)30, respectively [37,38]. Of

note, the synthesis of stable alloy LPNCs from their

stable monometallic precursors or smaller complexes

often involves elevated temperatures and various organic

solvents to overcome kinetic and thermodynamic barriers.

Importantly, heterometal doping uniquely affects elec-

tronic properties of LPNCs [16��], and leads to enhanced

electrocatalytic activity and selectivity compared to their

monometallic precursors [19�,20]. For example,

Au47Cd2(SR)30 showed higher faradaic efficiency (FE)

(96%) than Au44(SR)28 (83%) for CO2RR at �0.57 V

versus RHE [39�]. Similarly, experiments with Pd

doped-Au25 (PdAu24) and Au19Cd2 demonstrated a sig-

nificantly higher FE as well as mass activity compared to

Au25 and Au23 respectively [19�,20]. DFT results were in

agreement with experiment, demonstrating that sites on

PdAu24 with -R removed (last structure, Figure 3a) exhib-

ited lower thermodynamic barrier for
�
COOH formation

(solid black line, Figure 3b) than equivalent sites on Au25,
thus showing higher CO2RR activity. The higher selec-

tivity of PdAu24 was attributed to a positive difference

between thermodynamic limiting steps (UL) for CO2RR

and HER (Figure 3d) [19�]. Similarly, charge redistribu-

tion caused by the presence of Cd in the -R removed

Au19Cd2(SR)16 led to a lower thermodynamic barrier for
�
CO formation as well as higher selectivity for CO2RR

compared to HER [20]. It is critical to mention that

heterometal doping can uniquely affect the extent of

active site exposure [19�] as well as the local chemical

environment around the active site [20], thus revealing

the importance of dopant atoms in activating LPNCs as

well as improving their electrocatalytic performance.

In contrast to Pd, Pt doping in the central positions of

Au25 and Au38(SR)24 favored HER due to smaller
Current Opinion in Chemical Engineering 2019, 36:100784
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Figure 2
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Schematic representing an electrochemical cell with CO2RR occurring at the cathode and OER occurring at the anode. Activation of Au25 occurs

through -R or -SR removal [22] as shown on the left of the diagram. Color scheme for atoms: yellow, Au; red, S; black, C; grey, H.
thermodynamic barriers for
�
H formation with maximum

current densities obtained at �0.6 V versus RHE [40,41].

Of note, DFT analyses from Choi et al. validated the

HER activity of Pt-doped Au25 without considering

ligand removal, with the active site deemed to be the

Au3 pocket on the core surface [40]. However, Pt-doped

Au25 after -SR removal demonstrated nearly thermoneu-

tral barriers for HER [42]. Other works utilized the

position of d-band center to explain the ORR activity

of a range of mono-doped Au25 LPNCs [43]. Sun et al.
showed that among different transition metal dopants in

Au25, Hg doping was most beneficial for ORR due to a

narrow d-band center closest to the Fermi level [43].

Importantly, they demonstrated that the ORR mecha-

nism on the Au25 series can change from 4e� (H2O(l)

product) on the fully protected LPNCs to 2e� (H2O2(l)

product) upon -SR removal.

Considering the ambiguity in the origin of electrocatalytic

activity and selectivity upon heterometal doping, the

exact influence of the location and concentration of

dopant atoms remains unaddressed. What drives dopant

preferences in LPNCs? Do LPNC activation mecha-

nisms change upon alloying? Importantly, can such mech-

anisms change with different solvation environments and

dopants? Previous electrocatalytic experiments have

been conducted with different dopants, ligands, and

electrolytes, resulting in complex interfacial chemistry

[16��,44]. Thus, it is imperative to investigate the effect of

doping on the electrode–electrolyte interface which in

turn can have significant impacts on the electrocatalytic

performance (stability, activity, and selectivity) of alloy

LPNCs. Finally, can we identify structural or electronic

descriptors of alloy LPNCs to rationalize the different
Current Opinion in Chemical Engineering 2019, 36:100784 
electrocatalytic results reported in literature? Despite

successful efforts showcasing the possibility and catalytic

applications of heterometal doping, there is further need

for systematic studies to address these questions. Future

efforts that help unify our understanding of dopant effects

across all LPNCs will be paramount for pairing structures

to specific electrocatalytic applications.

The need for data-driven LPNC electrocatalyst
design
The large and expanding materials space of LPNCs

cannot entirely be explored via experimental design or

even accurate electronic structure methods, like DFT,

due to increased experimental and computational cost.

For example, even the smallest known LPNC,

Au15(SR)13, has over 32 000 possible bimetallic config-

urations (i.e. all bimetallic compositions and unique

chemical orderings) [45], which yields an even higher

number of potential active sites to be examined. Investi-

gating a reasonable fraction of these configurations is

computationally intractable with DFT. Thus, there is a

need for data-driven approaches to predict desired cata-

lytic properties, which will enable rapid screening

towards electrocatalyst discovery.

In recent years, machine learning (ML) has been essential

for developing data-driven solutions that address various

issues in catalysis [46]. Although ML in LPNC research is

still in its infancy, there are recent works in literature

demonstrating its potential. One of the first applications

of ML to develop SPRs of LPNCs was from Panapitiya

et al. [45] Aided by DFT and a random forest classifier

with numerous structural based features, the authors were

able to predict CO adsorption energies on different sizes
www.sciencedirect.com
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Figure 3
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(a) LPNC structures with the proposed active sites circled in red. Atom colors: Au: yellow, Pd: turquoise, S: blue, C: gray, H: white. (b) Free-

energy diagram for electrochemical CO2RR and (c) HER, at U = 0 V versus RHE. (d) Difference in UL for CO2RR and HER [DUL = UL(CO2RR)

�UL(HER)]. Reprinted (adapted) with permission from ACS Catal. 2020, 10, 12011–12016. Copyright 2020 American Chemical Society.
of LPNCs (Au25, Au36(SR)24, and Au133(SR)52) with rea-

sonable accuracy (root-mean-square error, RMSE,

between 0.17 eV and 0.22 eV) [45]. It is worth noting

that these results were achieved by training ML models

solely on structural information based on data that can be

obtained without DFT calculations [45]. This work

emphasizes the importance of feature engineering in

developing physically relevant ML models for LPNC-

based catalysis. Despite its successes, the work highlights

a major challenge in ML: generalizability, which often

requires more data to overcome. Each LPNC size

required a retraining of the ML model. Therefore,

directly translating such approaches to investigate prop-

erties of a wide range of alloy LPNCs with a single model
www.sciencedirect.com 
will require large, high-quality datasets obtained from

experiments and/or DFT. Such large datasets are still

lacking in the relatively new field of LPNC catalysis

(compared to NP catalysis). Thus, the community should

work towards generating large, high-quality reproducible

LPNC datasets, which will enable training ML models

for accelerated LPNC structure-property predictions.

Alternatively, it has been shown that certain deep learn-

ing (DL) architectures can expand our understanding of

LPNCs even with relatively small amounts of data. In

particular, Siamese neural networks (SNN) and graph

convolutional neural networks (GCNN) were employed

by Wang et al. to rationalize LPNC synthesis [47]. This
Current Opinion in Chemical Engineering 2019, 36:100784
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work involved the use of only 54 examples along with

various synthetic parameters to train the two NNs. The

result was a quantitative probability pattern that showed

good agreement with previously reported LPNC synthe-

sis protocols. More recently, a 3D-CNN coupled with

symmetry constraints was utilized to elucidate the loca-

tion of hydrides in Cu-based LPNCs [48��]. The model

was trained using 674 localized 3D ‘images’ constructed

from only 23 Cu clusters (see Figure 4 for workflow

overview), revealing the importance of ML problem

design and intelligent data augmentation. Even with little

training data, the final model achieved strong agreement

(based on previously reported predictions and DFT anal-

ysis) with two Cu LPNCs whose hydride locations have

not been experimentally determined. This result is

important in the context of LPNC electrocatalysis, as

the presence of hydrides can tune the selectivity of Cu

LPNCs for CO2RR to produce formic acid over CO [49].

These results exemplify the capabilities of DL to not only

work on small data problems, but also create generalized

models that apply to various systems (e.g. different

LPNC sizes). Thus, extending such methodologies to

LPNC electrocatalysis offers great opportunities for tack-

ling important challenges like identifying and tuning

LPNC active sites.

Since these types of small-data-high-accuracy methods

rely on the ability to capture rich structural information
Figure 4
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from their inputs (molecular graphs, images, etc.), one

cannot rely on such models to achieve high accuracy

property prediction for a wide range of structures. How-

ever, these models can still act as an effective screening

tool to investigate the materials domain for structures of

interest. One could then use DFT to study (in-depth)

these structures, thus achieving a hybrid ML-DFT

approach for identifying new LPNC electrocatalysts.

Moving forward, ML (and DL) applications hold

immense potential in LPNC research [50,51]. We envi-

sion future experimental and theoretical studies on

LPNC-based electrocatalysis to emphasize consistency

while expanding current datasets. Currently, experimen-

tal reports of reactions such as CO2RR, HER, and ORR

involve different ligands on LPNCs, electrodes (sup-

ports), pH conditions, mass loading and electrolytes

[21] and each of these factors can affect electrocatalytic

performance. Likewise, theoretical studies on LPNC

electrocatalysis employ different methodologies (e.g. dif-

ferent DFT functionals, solvation models, codes etc.).

Such differences can result in very different reaction

energetics and catalyst performance, preventing us from

consistently comparing results across literature. System-

atic studies involving standardized experiments as well as

computation can unify efforts on both fronts. The result

of such efforts would be high-quality datasets with con-

sistent parameters that will fuel future ML and DL

approaches. The resulting models can then be a principal
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3D-CNN. The loop begins with the copper cluster crystal. Reproduced
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component of computational frameworks that enable the

discovery of highly tunable atomically precise nanostruc-

tures for tailored electrocatalytic applications.

Conclusion
In this perspective, we reviewed the most recent devel-

opments in the field of LPNC electrocatalysis, highlight-

ing groundbreaking studies that have provided funda-

mental insight into various electrochemical reactions. We

demonstrate that depending on the reaction of interest,

the origin of electrocatalytic behavior of LPNCs can be

attributed to different factors including electronic and

structural characteristics, as well as to the generation of

active sites during electrocatalysis. We highlight the

growing materials space of alloy LPNCs and the role of

heterometals in tuning catalytic performance. This vast

materials space of LPNC with atomically precise struc-

tures gives the opportunity to apply data-driven

approaches, like ML, to address some of the challenges

encountered in the rapidly expanding field of electroca-

talysis. Further systematic studies are required to gain

mechanistic insight into the catalytic behavior and for-

mation of active sites under electrochemical reaction

conditions. Combining ongoing experimental and theo-

retical efforts with accelerated methods like ML will help

resolve persisting electrocatalytic ‘imprecisions’ and nota-

bly increase the application of LPNCs in the field of

sustainable fuel and chemical synthesis.
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