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Abstract

Gold nanoparticles (NPs) exhibit optical, catalytic, and physical properties that are
scientifically fascinating and essential for many applications. However, the challenge is to
synthesize and disperse ultra-small and highly stable NPs. We demonstrate here that isolated

and ultra-small (~1 nm) Au NPs can be synthesized by photo-reduction of HAuCl, inside
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thiol-functionalized MOFs, including MIL-101 (Cr) and a novel class of MOFs, MOF-808-
SH. A combination of physical, imaging, spectroscopic measurements, and ab initio
calculations confirms that the Au NPs are dispersed inside the bulk of the MOFs and
demonstrate that the thiol group is critical to stabilize the Au NPs deeply inside individual
pores which overcomes the major issue of external nucleation on the outer surfaces. The thiol-
functionalized MOFs thus fulfill a dual purpose: they foster the nucleation of the Au NP and
also provide confinement and a framework that keeps the NPs separate. Moreover, the
stability of NPs is tested by a series of wet chemical processes (transmetalation) and
photocatalytic water reduction. Spectroscopic and TEM studies of the system after these
chemical tests show that the Au NPs are remarkably stable (<1.5% diameter change/hour),

even under harsh aqueous and irradiation environments, necessary for catalytic applications.

Introduction

Gold nanoparticles (NPs), in contrast to standard metal NPs, have generated much interest
due to their unique physico-chemical properties such as conductivity,! localized surface
plasmon resonance (LSPR),? stability towards oxidation,® biocompatibility,* and catalytic
activity.® Since the pioneering work of Haruta,® several studies have demonstrated the
capacity of gold NPs (<5 nm) to catalyze a large range of chemical reactions like the aerobic
oxidation of alcohols or the oxidation of CO into CO,.>

There are several methods to synthesize Au NPs, all requiring stabilizing ligands.® 7 The
central issue is to prepare ultra-small Au NPs (i.e. ~Inm) that can remain stable and dispersed
under harsh environments. Small ligand-free Au NPs (~3 nm diameter) have recently been
grafted on metal oxides (TiO,, ZnO, CeO,) through decomposition of the HAuCl, salt by
urea,® ° allowing for catalytic applications.!% ' However, without ligands, these materials

have to be stored under dry conditions to avoid aggregation and degradation.

Page 2 of 27



Page 3 of 27

Journal of Materials Chemistry A

A more robust solution is to use metal-organic frameworks (MOFs) as hosts to stabilize
metal NPs (e.g. Ru, Pt, Pd, Cu, Ni, Au).'>!8 MOFs are porous crystalline three-dimensional
materials that can be synthesized with tailored pore sizes!®-3 and can even support internal
functionalization,?> 3439 useful for applications such as pollutant sequestration, catalysis,
photocatalysis, sensors, gas adsorption, fuel production, and biomedicine.**-4¢ A few strategies
have been proposed, such as impregnation of Au salt/alcohol mixtures with a gas-flow
reduction,’® direct incorporation of Au NPs during MOF synthesis,*’> 4% or the growth of a
MOF shell surrounding pre-existing Au NPs,*-3! all of which suffer serious drawbacks such
as contamination resulting from incomplete removal of metal precursor ligands or reductive
agents.’® 4 For instance, there have been remarkably few studies of photocatalysis for the
hydrogen evolution reaction (HER),?? despite the fact that Au exhibits plasmonic properties in
the visible range compared to Pt, because it is extremely challenging to stabilize Au NPs
smaller than 2-3nm compared to Pt NPs.’* Gold NPs are prone to block the channels by
aggregation on the external surfaces of MOFs or in very close cavities, which drastically
reduces the diffusion of the reactive species within MOFs.!> 3436 To overcome these
drawbacks, functional groups have been placed inside the host pores to nucleate and stabilize
ultra-small Au NPs’7%2 and a method was developed to precisely determine whether the
nucleation is internal or on the surface of the guests MOF NPs.’® A milestone was recently
achieved by Yan et al. who report the first ultra-small Au Nanoparticles embedded in 2D
mixed-ligand MOF nanosheets although in presence of external ligands.’

We present here an alternative method to synthesize Au NPs inside water-stable
zirconium-based MOFs,% based on the photo-reduction of HAuCly in an alcoholic MOF
suspension without the need for additional external reducing or stabilizing agents.>% %4 63
Zirconium-based MOFs are selected because the Zr—O bonds within their multinuclear

secondary building units (SBUs, usually Zrs clusters) are particularly stable in aqueous
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environments.®>  After an extensive search (SI Section C), we focus on
[Zrs04(OH)4(H,0O(OH))g](btc)s [MOF-808] with the SH-functionalized variation®®
[Z1s04(OH)4](btc)s(pmba)s [MOF-808-SH, btc=1,3,5-benzenetricarboxylate, pmba=para-
mercaptobenzoicacid]. Combining physical (BET), imaging (TEM) and spectroscopic (IR,
Raman, UV-vis, XPS, LEIS) techniques with ab initio simulations, we demonstrate that
dispersed and ultra-small Au NPs (~1nm diameter) can be synthesized and stabilized deep
inside individual pores of MOF-808-SH. Thanks to these techniques, the fundamental
chemical mechanisms leading to such a controlled confinement in MOFs functionalized with
—SH groups is addressed. A thorough investigation is performed in order to identify the
chemical groups (pores walls) that interact with the nanoparticles inside the MOF pores.
Finally, we use photocatalytic HER to precisely measure the stability of Au NPs under harsh
aqueous and irradiation environments, without focusing on the yield of such a reaction. We
find that the Au NPs are remarkably stable (<1.5% diameter change/hour), opening the door

for exploration of catalytic processes.

Results and Discussion

The photo-reduction method is based on the decomposition of HAuCl, under UV-visible
light irradiation to nucleate and grow guest Au NPs in an ethanolic suspension of the host
MOF micro-crystals. As illustrated in Figure 1, the solvent plays a role as the reduction of
Au** to Au® occurs through oxidation of ethanol. With MOF as a stabilizing template, UV-
visible irradiation can induce reduction without additional or stabilizing ligands that typically

degrade device performance.®’- 68
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Figure 1. MOFs as nano-reactors for the growth of Au NPs via photo-reduction.

As explained in Section C-1 of the SI, we focus on MOF-808 because we were able to
develop a post-synthetic route to graft pmba functional groups on the SBUs of MOF-808 to
obtain MOF-808-SH, i.e. thiol groups that are expected to efficiently stabilize Au NPs (SI
Section C-2.2 and C-2.5).%° In the following, we combine Brunauer-Emmett-Teller (BET)
measurements, high-resolution transmission electronic microscopy (HRTEM), UV-vis
spectroscopy, X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD) and Raman
and IR spectroscopy to determine pore sizes, Au NP diameter and dispersion, and the nature

of the interactions of the Au NPs with the MOF structure.
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Table 1. Experimental surface areas, pore widths and pore volumes for the MOF and

Au/MOFs materials, structural windows and pore sizes, and mean Au NPs size for all studied

MOFs.
MIL-101 (Cr) MIL-101 (Cr) -SH MOF-808 MOF-808-NH, MOF-808-SH UiO-66 HKUST-1
MOF _Au/MOF _MOF Au/MOF MOF Au/MOF _MOF Au/MOF MOF Au/MOF MOF Au/MOF MOF Au/MOF
Experimental
f |
S”r( f:f/;'ea 2023 2064 | 587 458 | 1521 1022 | 969 719 | 1264 808 | 874  es4 | 3110 1126
pore width 1.07+ 0.86 0.90+ 0.86+ 0.86+
23+0.1 1.8+0.1{1.4+0.1 1.7+0.141.6+0.1 1.4+0.1(1.4+0.1 1.4+0.1 1.3+0.1
(nm) 0.05 0.04 0.01 0.04 0.07
pore
volume 1.24 1.22 1.37 1.08 0.89 0.55 0.52 0.29 0.56 0.38 0.36 0.27 1.66 0.59
(cc/g)
Structural
windows 0.9; 0.5;
. 1.6;1.2 - - - 1.8;0.35 - 0.5; 0.35 - 0.5; 0.35 - 0.6 -
size (nm) 0.35
pore size ~3.4; ~18 ~14 ~14 ~0.6 0.5;~1.0;
(nm) ~2.9 ' ’ ' ’ ~0.12
Au NPs
mean size
(nm) 48+23 1.0£0.2 7.9+3.6 7.1+£3.6 1.0+£0.5 3.4+0.7 3.320.9

The internal surface areas of pristine and Au-loaded MOF materials and the original pore
sizes (mesopore distribution, Figure S1 and S2 in SI Section C-1) can be extracted from the
adsorption-desorption isotherms following a BET analysis, see Table 1. After Au
incorporation, the pore volumes decrease, which is expected after filling part of the pores.
The loss of surface area for MOF-808 and MOF-808-SH (~30%) suggests that the Au NPs are
synthesized inside the MOF crystallites. By themselves, however, the BET results are not
sufficient to prove that the majority of Au NPs are inside the MOF because Au agglomerated
outside the crystallites would also decrease the overall active surface area. We therefore turn
to HRTEM to image the NPs.

HRTEM images support the conclusion that NPs are inside the MOF and are most useful
to estimate the size of these NPs (SI Section C-2). Quantitative image analysis yields 7.9 + 3.6
nm and 1.0 = 0.5 nm for the mean diameters in MOF-808 and MOF-808-SH, respectively

(Figure 2b, c, f, g), with much more size dispersion in MOF-808. In the Au/MOF-808-SH
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material, the Au NPs mean size (1.0 = 0.5 nm) is matching perfectly with the pore size of the
host MOF-808-SH (1.07 £ 0.05 nm), which is expected for a preferred inclusion of the
particles inside the cavities throughout the MOF volume.

With independent confirmation by XPS that Au is indeed completely reduced (i.e., Au’
see Figures S10 and S12, Tables S3 and S5, SI Section C-3) and therefore that the features
detected by HRTEM are indeed Au NPs (Figure 2b, f), fast Fourier transform analysis of the
pictures indicates that the Au NPs inside the MOF are crystalline. Importantly, there is no
evidence for Au on the outer surfaces of the MOF crystallites, supporting the original
conclusion based on our BET analysis. Note that the Raman and IR spectra of Au/MOFs are
in very good agreement with the ones of the corresponding MOF hosts, indicating that the
structural integrity of all studied MOFs is well preserved (SI Section C-8). This is further
supported by the XRD data performed on MOFs and Au/MOF materials (SI Section C-4),
which only show a partial modification of the crystallinity for HKUST-1 and MIL-101-Cr

samples.
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Figure 2. Characterization of MOF-808 and MOF-808-SH: (a/e) Structures of the host MOF;

(b/f) HRTEM observation of the Au/MOF (insert: crystalline Au NPs); (c/g) Au NPs size

dispersion in Au/MOFs; (d/h) UV-vis spectra of MOF and Au/MOF.

Page 8 of 27



Page 9 of 27

Journal of Materials Chemistry A

A sensitive method to determine whether the Au NP diameter is greater than 1-2 nm is the
detection of LSPR (SI Section C-5).33 7% 71 In MOF-808, there are both a ligand-to-metal
charge transfer transition (LMCT) at A < 300 nm and a LSPR band observed at ~ 537 nm
(Figure 2d), consistent with diameters > 2nm;’? in contrast, there is no detectable LSPR in
Au/MOF-808-SH (Figure 2h), which indicates that the Au NP diameters are less than 2 nm in
Au/MOF-808-SH only.>* 73 Importantly, this macroscopic optical measure confirms that the
large majority of the Au NPs in Au/MOF-808-SH are smaller than 2 nm over the whole
sample, not just in a small volume explored with HRTEM.

As reported by Esken et al., NPs are sometimes distributed throughout the volume of the
MOF crystal but still exhibiting a broad size distribution with an average particle size
exceeding the dimensions of the pores.>® Such a situation might result in a substantial local
damage of the MOF host, opening the door for an aggregation phenomenon of metal clusters
inside the pore channels when the NPs sizes are significantly larger than the pore widths.>% 3¢
This is clearly not the case for the Au/MOF-808-SH material, where the pore widths and NPs
mean size are matching.

In addition to our TEM and BET analyses, which already suggest that the Au NPs are
located inside the MOF, we also use Low Energy Ion scattering (LEIS),”* which is a more
precise technique to validate this conclusion.’® Since low energy ions can only penetrate the
first few layers of a material (~1nm), LEIS is a sensitive probe of the near surface region of
MOF crystals. It is used here to monitor the time evolution of MOFs after synthesis of Au
NPs and the composition of the material after Ar ion sputtering (i.e. depth profiling). LEIS
can therefore unambiguously discriminate between the formation of Au NPs at the MOFs
surface and within its interior, as detailed in Section C-6 of the SI. The LEIS spectra of
Au/MOF-808 and Au/MOF-808-SH (Figure 3) show a clear signature of Zr, but no surface

peaks due to Au are detected in the as-introduced samples. After sputtering with a dose of
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4x10'* cm? of 8 keV Ar" ions, however, a clear Au peak is observed. These results prove that
Au is localized below the surface of the as-prepared MOF crystals, as Au particles present at
the surface would produce a clear surface peak in the spectra. This is further supported by the
observation that, while there is no Au after synthesis, Au appears on the surface after one
month of aging (Figure S24, SI Section C-6). This effect, attributed to the migration of Au
NPs to the surface over time at ambient temperature, clearly demonstrates that Au is readily

detected when it is at the surface and is therefore clearly absent upon synthesis.

Au/MOF-808 AU/MOF-808-SH
= As-prepared 204 —— As-prepared
— Sputtered, x0.5 — Sputtered, x0.25
~ 37 Zr o 25—
Q Q < Zr
K a
E. 2 .‘_c-’. 20 —
= =
2 b
[ 1 — ]
= Au £ 15
0 -1 MOF-808 1.0 MOF-808-SH
] I I 1 I ] ] ] ] I
2200 2400 2600 2800 3000 2200 2400 2600 2800 3000
Energy (eV) Energy (eV)

Figure 3. LEIS spectra of Au/MOF-808 and Au/MOF-808-SH before (blue) and after (black)
sputtering (4x10'* cm2 Ar"), using 3 keV He" ions. Spectra corresponding to the sputtered

sample are scaled for ease of comparison to the spectra of the as-prepared material.

A striking observation is that MOF-808 is unable to confine gold within its pore diameter
without thiol functionalization, i.e. the mean Au NPs size exceeds the measured or calculated
pore sizes given in Table 1 for all MOFs that are not thiol functionalized. On the other hand,
the size of Au NPs (1.0 = 0.5 nm) in Au/MOF-808-SH corresponds exactly to the size of the

pores (1.07 = 0.05 nm) and more importantly, the size dispersion is very narrow.

10
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We therefore hypothesize that the thiol groups stabilize the Au NPs size by preventing Au
migration during synthesis and upon ultrasonic treatment. This is reminiscent of Kimura’s
earlier observation that an increase in the S/Au ratio leads to a decrease of the mean diameters
of Au NPs.” In the Au/MOF-808-SH material, each pore contains 24 —SH groups (Figure 2¢)
and a 1 nm diameter Au NP would contain 31 Au atoms with > 95% of the Au atoms as
surface atoms; 80% of the Au surface atoms are directly in interaction with —SH groups
(Figure S5, SI Section C-2.2) and the rest with the walls.”> Therefore, while Au-MOF
interaction could provide additional stabilization besides the main Au-S interaction, the fact
that the functional —SH groups are oriented toward the center of the windows (Figure S26, SI
Section C-7) helps direct the initial Au nucleation at the center of the sulfur hexagons.
Furthermore, the presence of S in MOF-808-SH during the photo-reduction may also be a
factor to stop the growth of the nanoparticles.

The above hypothesis was first explored by ab initio calculations, as detailed in Section C-
7 of the SI. The results show that, during the nucleation, the first gold atom prefers to bind to
the sulfur functional group (2.32 eV binding energy) rather than the carboxylate metal cluster
node (1.93 eV binding energy) located in the periphery of the pore. The binding of the gold
atoms to the sulfur groups likely helps the nucleation process as it initially localizes the first
few (24) gold atoms to the ends of the functional groups. This finding is supported by Raman
spectra (Figure 5b) of Au/MOF-808-SH where the Au-S stretch vibration (calculated at 254
cm! and measured at ~234 cm!) is in close vicinity to the Au—O mode (calculated at 296 cm™!
and measured at ~259 cm!) for the pmba/Au film system,’® which is consistent with a larger
width for the mode at ~ 259 cm™! (Table S9). Interestingly, as gold agglomerates into a small
cluster, the binding energy of such a cluster to carboxylate linkers and metal nodes increases
(2.38 eV binding energy for 16 atoms). Although the binding energy of such a cluster is larger

than on an isolated SH group (1.68 eV binding energy), there are 24 thiol groups in the pore

11
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vs 12 oxygen atoms in SBUs, so that the total S—Au interaction still dominates over that of the
carboxylate groups. Nonetheless, for MOF-808-SH, stabilization of the Au NP to the pore
size is enhanced by the Au interaction with the carboxylate groups. Therefore, as the cluster
grows, the combined interaction with both thiols and SBUs leads to stabilization within the
pore volume, i.e. the Au NP cannot expand beyond the MOF pore boundaries. This is not the
case for un-functionalized MOF-808, in which the Au is not initially confined at the center of
the pore and therefore can migrate beyond the MOF pore boundaries before a larger cluster is
formed. Note that the binding energy of the cluster near the tip of the functional group is
significantly less than that of an individual atom, making it very unlikely that existing clusters

interfere with the nucleation of new ones.

12
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Figure 4. (a) Infrared spectra of the 4000-3000 cm! region; (b) Raman spectra; (c) schematic
representation of the interactions between Au NPs and MOF-808; (d) infrared spectra of the
2000-550 cm! region for Au/MOF-808 (red curves) and MOF-808 materials (black curves).

Differential spectra are depicted as blue.



a/

0.8+

0.24
0.14

Absorbance (a

Journal of Materials Chemistry A

Au/MOF-808-SH c/

— MOF-808-SH

5 0.7-% Linker btc
0.6

0.5 -OH

0.3

J

0.0 . . . . .
4000 3800 3600 3400 3200 3000
Wavenumber (cm )

AuMOF-308-sH broad Au-O
—— MOF-808-SH & Au-5~

Bridge O

Functional
group pmba

Node SBU

0
2000

1600

1200 800 _ 400

Raman shift (cm’w)

Au/MOF-808-SH
— MOF-808-SH
— Diff. spectrum

'(.:Q(_)sym 'Cooasym

0.0
2000

1800

1600 1400 1200 1000 800 600
-1
Wavenumber (cm )

Figure 5. (a) Infrared spectra of the 4000-3000 cm™! region; (b) Raman spectra; (c) schematic
representation of the interactions between Au NPs and MOF-808-SH; (d) infrared spectra of
the 2000-550 cm! region for Au/MOF-808-SH (red curves) and MOF-808-SH materials

(black curves). Differential spectra are depicted as blue.

The calculations further suggest that the —OH and carboxylic chemical groups should be
affected after Au NP nucleation in specific ways (SI Section C-7). We have therefore
performed IR absorption and Raman scattering’’ experiments to characterize the interaction

between Au NP surfaces and ligands btc and pmba after synthesis in both MOF-808 (Figure

14
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4) and MOF-808-SH (Figure 5). As predicted, the narrow bands at 3675 cm™! (Figure 4a) and
3671 cm™! (Figure 5a) for MOF-808 and MOF-808-SH, respectively, assigned to the stretch of
the four bridge O-H groups in the SBU nodes (Figure 2a, ¢),’® disappear after synthesis,
consistent with direct bonding of Au to O (SI Section C-8.1).

This finding is consistent with Raman spectra (Figure 4b, Figure 5b) that show the
appearance of sharp modes at 262 and 259 cm™! in the two MOFs respectively, assigned to the
Au-O stretch;”-8! this assignment is unambiguous since the precursor HAuCly does not have
vibrational modes in the 300400 cm! region (Figure S29).82 Our ab initio calculations find
the Au—O mode at 296 cm™' and show that both the carboxylate and bridging oxygen atoms
are also involved (SI Section C-7). Experimentally, resolvable shifts observed for the
carboxylate modes (see IR spectra in SI Section C-8.2) are also consistent with recent findings
for Au stabilization of citrate, benzoic acid, or phthalic acid ligands.®3-%> Because optical
spectroscopy probes the bulk system in contrast to HRTEM or surface spectroscopies (XPS
and LEIS), these findings confirm that the Au NPs are located deep in the bulk of the MOF
crystals.

At this point, it is important to determine the role of thiol groups and MOF pores in
nucleating and confining the Au NPs. To that end, we explored a number of MOFs of various
pore size and without thiol functionalization: MIL-101 (Cr) with larger pores, and UiO-66 and
HKUST-1 with smaller pores than the MOF-808 series (Table 1, SI Section C-1). For all these
MOFs, BET measurements show a decrease of the surface areas and pore volumes after the
loading of gold (Table 1, SI Section C-1), and LEIS, IR and Raman spectra (SI Section C-6
and 8) confirm that gold is located inside the MOF crystals. However, in all these un-
functionalized MOFs, the average Au NPs size is much larger than the pore sizes (Figure S4),
as confirmed by the appearance of LSPR bands in the UV-vis spectra (Figure S23). There is

no mechanism for stabilization, resulting in continued growth of Au NPs beyond the confines

15
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of their pores. The inability of MOF-808 and other MOFs without thiol functional group to
confine the Au NPs (SI Section C-2.3) indicates that, while the synthesis is clearly initiated
within pores (acting as nano-reactors), the walls of the pore without SH functionalization are
not necessarily sufficient to prevent Au aggregation (Figure S6, SI Section C-2.4).

To determine whether other functional groups could also foster nucleation and
confinement, we developed a method to attach —NH, groups in MOF-808 using para-
aminobenzoic acid. The resulting average diameter of Au NPs in these MOF-808-NH, is 7.1
+ 3.6 nm (SI), much larger than the pore size (1.4 + 0.1 nm) (Table 1, Figure S4). Therefore,
in this structure which has the same SBU nodes [ZrsO4(OH),] and same number of functional
groups as in MOF-808-SH, there is no confinement of Au NPs, most likely due to the fact that
—NH, groups are less soft than —SH groups in the hard and soft acids and bases theory
(HSAB).® This finding highlights the particular role of thiol groups in the MOF-808 series.

The generic role of thiol group is further explored by functionalizing another MOF with a
larger pore size: MIL-101 (Cr), with thiol groups as described in the literature (SI Section C-
9).86 The pores size of MIL-101 (Cr) -SH is 1.4 + 0.1 nm, i.e. larger than MOF-808-SH (1.07
+ 0.05 nm, Table 1). However, in MIL-101 (Cr) -SH, the diameter of Au NPs (1.0 £ 0.2 nm) is
very similar to that in MOF-808-SH (1.0 + 0.5 nm, Figure 2f, g and Figure S4), as confirmed
by the absence of a LSPR band in the UV-vis spectrum (Figure S23), despite the difference in
pore size. LEIS, IR and Raman measurements confirm that the NPs are inside the pores of
MIL-101 (Cr) -SH (Figure S25, Figure S32-32, see SI Section C-9). Altogether, these
findings confirm that the interaction with thiol groups is more important to stabilize Au NPs
than the interaction with SBUs or walls of the MOF, although there is clearly a chemical
interaction between Au and O (SI Section C-9) for MIL-101 (Cr) —SH as well.

Since the formation and stabilization of Au NPs appears to be very sensitive to the

chemical environment (e.g. presence of an SH group), the question arises as to the stability of

16
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these NPs once formed. We address this question by testing the system under two harsh
treatments, selected for their ultimate value in photocatalysis. The first is the incorporation of
Ti into these Zr-based MOFs, since the recent discovery of an enhanced photocatalytic
activity for Ti based MOFs was demonstrated.’> 37 The second is to subject the modified
MOFs to an actual photocatalytic process in order to measure the stability of ultra-small Au
NPs.

Inspired by a new post-synthetic route with a TiCl, precursor,®® and with the knowledge
that thorough characterization is critical to ensure that metal replacement takes place,?® we
developed a procedure to incorporate Ti atoms by transmetalation into both MOF-808 and
MOF-808-SH (described in SI Section C-10). Importantly, we used IR spectroscopy and
energy dispersive X-ray spectrometry (EDS) to prove that metal replacement takes place
without residual titanium oxide nanoparticles or coatings onto MOFs, and to quantify that
18% of the SBU nodes Zr atoms are replaced by Ti atoms covalently bound with the btc
carboxylate groups without degrading the MOF structure.

We then subjected 10 mg of MOF-808-SH, Au/MOF-808-SH, MOF-808-SH(Ti1), and
Au/MOF-808-SH(Ti) to a standard photocatalytic process (see methods section)®? and
measured hydrogen production (Figure 6a). As previously described by Matsuoka et al.,>
under UV-visible irradiation electron-hole pairs are formed in the MOF photocatalyst; the
photo-electrons reduce water molecules whereas the holes oxidize TEOA.*? Since the LSPR
properties of Au NPs co-catalysts can lead to an enhancement of the photocatalytic activity of
the water reduction,”® we monitored the hydrogen production as a function of time even
though the initial size of the Au NPs is too small to support LSPR (Figure 6d) and
consequently does not exhibit an efficient photo-reduction of water. Indeed, H, production is
initially negligible for all samples. However, there is a notable increase in hydrogen

production rate only for the Au/MOF-808-SH(Ti) material after a ~48 h incubation time
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(Figure 6e, see SI Section C-12).8% We demonstrate that this enhancement results from the
appearance of LSPR properties of our gold nanoparticles due to their increase in size during
the observed incubation period of 48h (Figure 6¢). Indeed, HRTEM observations show an
increase of the Au NPs mean size and size dispersion from 1.0 + 0.5 nm to 2.0 + 0.9 nm after
the completed photocatalysis experiment (i.e. after 66h UV-visible irradiation, Figure 6b, c).
A broad LSPR absorption band appears after 24h around 500 nm in the UV-vis spectra
(Figure 6f), expected when the diameter reaches 1.94 nm;”® this resonance is believed to be
responsible for the photocatalytic enhancement due to the synergy between the LSPR
properties of gold co-catalyst and the presence of titanium in the MOF nodes.> 3% °1. 92 The
actual rate of hydrogen production in Figure 6¢ is small compared to other systems®! 23-%5 (SI
Section C-11) but the main point of our experiments is not to find a better system for
hydrogen production but rather to show Au NP stability under harsh conditions.

It is clear that the hydrogen evolution reaction (HER) is initially very weak, until the size
of the NPs becomes large enough to activate the hybrid photocatalyst during the observed
incubation period. However, the focus of using HER in our study is not to yield high catalytic
performance known e.g. for Pt NP,3? but rather to use it as a probe: The sharp dependence of
the reaction on the NP diameter makes it possible to use this method to finely tune the NP size
and explore the photocatalytic process, which opens the door for studying other plasmonic

NPs such as Pt, Ag, and Cu.
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Figure 6. (a) Scheme of the reactor; (b) HRTEM observations and (c) Au NPs size dispersion
of Au/MOF-808-SH(Ti) after photocatalysis; (d) Schematic model of the photocatalytic
reaction with gold nanoparticles; (e) Hydrogen production as a function of time (grey
background for 0 to 48 h time); (f) UV-vis spectra of MOF-808-SH (black), Au/MOF-808-SH
(red), MOF-808-SH(Ti) (blue), Au/MOF-808-SH(Ti) before (green-blue) and after

photocatalysis (violet).

From these measurements of hydrogen production (SI, Section C-11), the rate of NP
diameter increase can be estimated to be 0.015 nm.h-!. This is an upper limit as the growth is
highly non-linear. From IR and EDS measurements after photocatalysis (Table S10 and SI
Section C-12), we determine that the slow growth of the Au NPs is probably due to removal
of part of the pmba functional groups since a ~25% loss of sulfur is measured by EDS (Table
S10)—this removal opens up more space in the pores and is thus favorable to NP aggregation,
leading to the observe increase of the Au NPs size. Moreover, the EDS spectra performed

before and after the photocatalysis (Table S10) clearly evidence the same Au loading: 0.14%
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and 0.15%, respectively, which strongly support the conservation of larger Au NPs inside the
pores after photocatalysis as more detailed in Section C-12 of the supplementary information.

Finally, a depth profile of the composition is performed by XPS for Au/MOF-808-SH (T1)
before and after photocatalysis (SI Section C-13). The XPS spectra show that gold is not only
detected on the top surface of the MOF crystals but also deeply inside the pores of the MOF-
808-SH (Ti) host since a larger quantity of gold is exhibited after sputtering whether before or
after photocatalysis.

Overall, these data confirm that the Au NPs are stable under photocatalytic conditions,

exhibiting only a small diameter increase which actually fosters photocatalytic activity.

Conclusion

In summary, the presented work not only demonstrates that ~1 nm diameter Au NPs can be
synthesized within individual pores of MOF-808-SH and MIL-101 (Cr) -SH by a photo-
reduction without additional external stabilizing or reducing agents, but also provides a
mechanistic picture of the growth mechanism and in particular the reason why confinement is
not achieved in other MOFs, i.e. how the presence of thiol groups located in the pore leads to
confinement. The difficult question of whether Au NPs are located inside or on the surface of
the MOF, often not fully addressed in the literature, is unambiguously answered using
spectroscopic tools (LEIS, IR, Raman and UV-vis) in addition to imaging (TEM) and physical
(BET) measurements. Detailed information on the chemical interaction of Au with the
functionalized MOF is further provided with input from ab initio calculations. This
combination is particularly powerful as other techniques such as tomography, while very
useful, can only be applied to a local (nm size) region of the material and not its bulk.

Furthermore, we demonstrate that the new Zr-based MOF-808-SH samples can be doped

by titanium transmetalation before Au NP synthesis, allowing us to precisely measure the
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high stability of our Au NP by monitoring hydrogen production during the solar
photocatalytic reduction of water and showcasing a novel way to accurately determine NP
stability that may also be applicable to other hybrid materials. The slow growth of the Au NP
diameter, i.e. 0.015 nm.h"!, in an aqueous medium under solar irradiation indicates that these

Au NPs are stable under particularly harsh environmental conditions.
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Experimental and Theoretical Section:

Sample preparation: The synthesis of MOF-808, MOF-808-SH, MOF-808-NH,, MIL-
101 (Cr) and UiO-66 samples and titanium doping on MOF-808-SH is described in Section A
of Supporting Information, as they followed standard procedures reported in numerous
publications.®® The Au@MOFs were synthesized by directly mixing and stirring MOF (20
mg) and the gold salt precursor HAuCl,.3H,0 (10 mg, 2.5.10~ mol) in ethanolic solution (2
mL) under UV-visible irradiation (UV Rayonet system: A = 253.7, 300, 350 and 575 nm, 224
Watts, 1 h 30). The resulting solution was centrifuged at 6000 rpm during 3 min and the
colorless supernatant was removed. The resulting powder was dried under the vacuum of a
Schlenk line (1 h).

Characterization: The characterization methods include Brunauer-Emmett-Teller (BET),
High-resolution transmission electron microscopy (HRTEM), X-ray photoelectron
spectroscopy (XPS), Ultraviolet—visible spectroscopy (UV-vis), Low energy ion scattering
(LEIS) and infrared and Raman spectroscopies, as detailed in Section B of Supporting
Information.

Ab initio calculations: The calculations of the binding energy and frequency were
performed in VASP at the density functional theory (DFT) level, using the vdW-DF
exchange-correlation potential to capture van der Waals interactions (SI Section C-7).

Photocatalysis: Each sample was immersed in an aqueous solution (10 mL) of
triethanolamine (TEOA, 1.10-2 mol.L") as sacrificial reagent in a quartz reactor and irradiated
by a solar simulator (Xenon lamp, 300 Watts) for 66 h. The reactor was connected to a gas
chromatography (GC) system to measure (every 6 h) the hydrogen production during the

photocatalytic reduction of water (Figure 6a).
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