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Understanding the CO Oxidation on Pt Nanoparticles
Supported on MOFs by Operando XPS
Reza Vakili,[a] Emma K. Gibson,[b, c] Sarayute Chansai+,[a] Shaojun Xu+,[a] Nadeen Al-Janabi,[a]

Peter P. Wells,[c, d] Christopher Hardacre,[a] Alex Walton,*[e, f] and Xiaolei Fan*[a]

Metal-organic frameworks (MOFs) are playing a key role in

developing the next generation of heterogeneous catalysts. In this

work, near ambient pressure X-ray photoelectron spectroscopy

(NAP-XPS) is applied to study in operando the CO oxidation on

Pt@MOFs (UiO-67) and Pt@ZrO2 catalysts, revealing the same Pt

surface dynamics under the stoichiometric CO/O2 ambient at 3 mbar.

Upon the ignition at ca. 2008C, the signature Pt binding energy (BE)

shift towards the lower BE (from 71.8 to 71.2 eV) is observed for all

catalysts, confirming metallic Pt nanoparticles (NPs) as the active

phase. Additionally, the plug-flow light-off experiments show the

superior activity of the Pt@MOFs catalyst in CO oxidation than the

control Pt@ZrO2 catalyst with ca. 28% drop in the T50% light-off

temperature, as well as high stability, due to their sintering-resistance

feature. These results provide evidence that the uniqueness of MOFs

as the catalyst supports lies in the structural confinement effect.

MOFs are promising porous solids for heterogeneous catalysis.

The hydrothermal stability of metal organic frameworks (MOFs)

can be improved significantly using metals with high oxidation

states such as Zr4 + and Al3 + to reinforce the coordinative

bonds,[1] allowing the development of practical MOF-based

catalysts. In this respect, Zr-based UiO (UiO for Universitetet i

Oslo) MOFs[2] have been widely used as hosts for dispersing

metal nanoparticles (MNPs) for heterogeneous catalysis[3] and

have demonstrated remarkable stability (up to 450 8C for UiO-

67) under thermal activation.[4]

Broadly, the major approaches to stabilise MNPs within UiO

MOFs include (i) post-synthetic deposition and (ii) direct

incorporation methods. Post-synthetic routes (e. g. wetness

impregnation) are attractive due to simplicity and easy scale-

up.[5] However, the diffusion resistance between the external

and internal surfaces[3a] may result in the preferential MNPs

deposition on the external surface of MOFs. Direct incorpo-

ration provides an elegant way of integrating MNPs or MNPs

precursors within the framework during the synthesis of
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Figure 1. Pt 4f spectra of (a) WI-Pt@UiO-67 at different temperatures under
vacuum; and (b) LD-Pt@UiO-67 at different temperatures and 1 mbar H2; TEM
micrographs for (c) WI-PtNPs@UiO-67 and (d) LD-PtNPs@UiO-67 catalysts
(Insets: Pt NPs size distribution histograms).
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MOFs,[4a] theoretically enabling the uniform distribution of

MNPs throughout the resulting catalysts. MNPs incorporated in

UiO MOFs catalysts have been tested for various reactions,[3a–d,f,6]

showing generally good catalytic performance. For example,

fine Pd NPs of 1.5 nm supported on UiO-67 showed high

selectivity (>99 %) in C=C bond hydrogenation,[3a] thanks to the

confinement effect of MOFs, limiting the size of MNPs by their

well-defined pore network.

Although few efforts were made to gain insight into the

property (e. g. size and shape), chemical state and local environ-

ment of MNPs in MOFs, most of the studies have focused on

the pre and post reaction characterisation of catalysts,[7]

providing snapshots only of their properties. Moreover, exper-

imental observation of the working state of MNPs in MOFs in

comparison with conventional supports such as metal oxides is

still largely lacking.[8] Herein, we report the first comparative

study of platinum (Pt) NPs supported on UiO-67 and zirconia

(ZrO2) using operando near-ambient pressure X-ray photo-

electron spectroscopy (NAP-XPS) with simultaneous mass

spectrometry to elucidate the role of MOFs as catalyst supports.

We prepared Pt NPs (ca. 2 wt.%) supported on UiO-67 using

the wetness impregnation (WI-PtNPs@UiO-67) and linker design

(LD-PtNPs@UiO-67) methods,[3a,b] with Pt NPs supported on ZrO2

as the control catalyst (PtNPs@ZrO2, Supplementary Information

(SI)). The catalytic activity was probed using CO oxidation, in

which LD-PtNPs@UiO-67 catalyst showed enhanced CO

turnover frequency (TOF) relative to PtNPs@ZrO2 by ca. 12 %

and are surprisingly stable under CO oxidation conditions.

Operando XPS measurements revealed the same underlying

surface chemistry for the catalysts, clearly showing the active

metallic Pt NPs under catalytic conditions. The higher catalytic

activity for the MOF samples must, therefore, arise from the

improved dispersion of the Pt and retained NP size due to the

structural confinement effect.

The as-synthesized catalysts were reduced in situ before the

operando XPS analysis, as in Figures 1a and 1b show mixed Pt

oxidation states in the as-synthesized MOF catalysts. Pt 4f core

level shows clearly the presence of both two chemical species

at 71.2�0.1 eV and a higher binding energy (BE) peak at 72.6�
0.1 eV. The higher peak is consistent with PtO (or other Pt(II)

species).[9] The lower binding energy peak is slightly above the

reference value for bulk Pt metal of 71.0 eV,[10] which we assign

to Pt(0) NPs. Small Pt NPs are known to exhibit BEs higher than

bulk Pt due to initial and final state effects arising from their

very small spatial extent.[10–11]

WI-Pt@UiO-67 can be reduced upon heating under vacuum

due to the ketone photosensitization mechanism,[12] since

acetone is the main product from the thermal decomposition

of metal acetylacetonates.[13] By heating the catalyst in situ to

200 8C under vacuum, the higher BE components disappear,

leaving only the metallic Pt 4f doublet (Figure 1a), confirming

the formation of Pt NPs in the WI-PtNPs@UiO-67 catalyst. In

NAP-XPS, the complete reduction of LD-Pt@UiO-67 (denoted as

LD-PtNPs@UiO-67) is achieved at 250 8C and 1 mbar H2 (Fig-

ure 1b). Transmission electron microscopy (TEM) analysis (Figur-

es 1c, 1d and S2a) shows that the reduced catalysts possess

dispersed Pt NPs with different sizes in the hosts. The LD

method promoted finer Pt NPs of 1.2�0.4 nm than the WI

method, by which Pt NPs with average sizes of 2.5�0.7 nm in

UiO-67 and 1.9�1.2 on ZrO2 were produced (as shown in the

insets of Figures 1c, 1d and S2a).

XPS is a surface sensitive technique due to the short

inelastic mean free path (IMFP) of the emitted photoelectrons.

In Pt metal, there is a short IMFP of 16 Å for Pt 4f photo-

electrons.[14] This gives an information depth of ca. 5 nm into

the particles. Given that the average size of all Pt NPs in this

report is smaller than this, we assume that the Pt 4f spectra

recorded are sampling the entire nanoparticle (averaged sur-

face/bulk) and not just the surface region.

To understand the chemical state of Pt NPs in UiO-67 during

catalytic turnover, we analysed the Pt 4f region using operando

XPS in the temperature-programmed measurements (100–

260 8C, SI) with reference to PtNPs@ZrO2 (2 wt.%) catalyst. CO

conversion during NAP-XPS experiments with the stoichiomet-

ric mixture (Figure 2a) shows that WI-PtNPs@UiO-67 has a

better CO turnover frequency (TOF, 0.066 s�1 at 260 8C) than the

other two (ca. 0.055 s�1). Pt 4f peaks only show one chemical

species present at all temperatures (Figures 2b and S4), but the

core level BE shifts change as a function of reaction temper-

ature, i. e. Pt 4f peak from 71.8 eV at T<200 8C to 71.2 eV at T>

200 8C (Figures 2b and 2c). This BE shift is the same for all

catalysts (Figure 2b) and corresponds with the onset of CO

conversion for them (Figure 2a). The peak positions of the Zr

3d5/2 peak for MOFs based catalysts (Figure 2d) show no

corresponding shift, confirming that the shift in the Pt 4f peak

reflects a change in chemical state of the Pt NPs rather than

relating to any charging phenomena.

The findings from the operando NAP-XPS study suggest

that, in the active regime, the metallic, adsorbate-free surface

of Pt NPs is the active phase for CO oxidation and adsorbed CO

has a very short residence time before oxidation. This result is

in good agreement with the findings on the Pt NPs/TiO2(110)

catalyst (at 1 mbar and CO/O2 = 1 : 4)[15] and the model Pt(111)

crystals (at 1 mbar stoichiometric CO/O2),[16] but contradicting

to the conjecture of Pt oxides as reactive phases in the model

sPt (111) and Pt(110) catalysts.[17] NAP-XPS studies of catalytic

CO oxidation were mainly conducted using model catalysts,[18]

because natural Pt NPs have various facets, increasing the

complexity of understanding molecule binding on these facets.

Considering small Pt NPs (ca. 2 nm), one can assume that

Pt(111) facets dominate in these Pt NPs.[15]

BE shift observed for Pt 4f7/2 (Figure 2b) does not reflect the

reduction of Pt species from Pt(II) to Pt(0) bulk. BEs at <200 8C
are too high for metallic Pt (71.2 eV[19]), as well as too low for

Pt(II) species which have BEs starting at 72.4 eV.[9] BEs at

>200 8C are consistent with metallic Pt NPs.[19] Previously,

organic ligands functionalized Pt NPs (<2 nm) were reported to

have BE intermediates between Pt(0) and Pt(II) due to the

charge transfer between the particle and surface-bound

ligands.[20] We propose that a similar effect is occurring here: at

low temperatures the surface of Pt NPs is covered with CO

adsorbate molecules, causing this charge transfer effect and

blocking the surface such that catalytic turnover cannot take

place. As this higher BE state of 71.8 eV was not observed after
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the in situ reduction of the catalysts and only once the CO/O2

mixture was introduced, we attribute it to the surface

saturation of Pt NPs with adsorbed CO. At higher temperatures,

this CO is desorbed and a bare Pt surface achieved, causing the

down-shift in Pt 4f7/2 and the onset of CO conversion. The

observed BE shift cannot be related to Pt NPs size effects (the

BE would also shift if the particle size substantially changes, as

discussed earlier) as the post-mortem TEM shows no significant

change in particle size distribution before and after the catalytic

testing (by comparing Figures 1c and 1d with Figures 3b and

3c).

The sudden switch in BE, corresponding to the change of

surface coverage from adsorbed CO to adsorbed dissociated

oxygen and light-off, was also seen on the model Pd(110) by

measuring O 1s region using temperature-programmed XPS.[21]

However, in this work, the data from region scans of the O 1s

and C 1s core levels are not taken into account in the

quantitative analysis of the catalyst surfaces due to the

presence of much larger amounts of C and O in UiO-67, leading

to the difficulty to resolving the O 1s and C 1s peaks.

In general, the quantitative analysis of Pt 4f data from the

operando XPS experiment shows that the surface chemistry of

the two Pt catalysts supported on UiO-67 is the same,

Figure 2. Operando XPS temperature programmed CO oxidation over PtNPs@UiO-67 catalysts (CO/O2 ratio = 2, total pressure = 3 mbar). (a) CO conversion for
each temperature measured for both WI and LD catalysts; (b) Example Pt 4f spectra from the WI catalysts before and during conversion, showing the BE shift;
(c) Measured Pt 4f7/2 peak position as a function of temperature; (d) BE of the Zr 3d peak as a function of temperature, showing no shift.

Figure 3. (a) Light-off curves (CO conversion efficiencies) of CO oxidation
over different Pt NPs catalysts (inset: comparison of T50% and T10%).
Conditions: heating ramp = 6 8C min�1, atmospheric pressure, total flowra-
te = 100 ml min�1, CO/O2 = 2, balanced using Ar; TEM micrographs for (b)
used WI-PtNPs@UiO-67 and (c) used LD-PtNPs@UiO-67 catalysts (after five
cycles of CO oxidation).
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comparable to that of PtNPs@ZrO2. The observed difference in

the catalytic activity can be attributed to the particle sizes of Pt

NPs (insets in Figures 1c and 1d), as well as the dispersion of

active phase in the support (SI), which are different in the three

catalysts.

A comparative study of the three catalysts using the light-

off experiments (CO/O2 = 2) was performed in a plug-flow

reactor to assess their catalytic activities in applications (the

light-off curves as in Figure 3a). T50% light-off temperatures

(inset of Figure 3a) were measured at 247, 284 and 341 8C for

LD-PtNPs@UiO-67, WI-PtNPs@UiO-67 and PtNPs@ZrO2 catalysts,

respectively, showing that the LD-PtNPs@UiO-67 catalyst has

the highest activity for CO oxidation under the plug flow

condition. CO conversions from the plug-flow reactor (ca.70 %

for the LD-PtNPs@UiO-67 at 260 8C) are higher than that

measured by the operando NAP-XPS (ca. 26 %). This is attributed

to the difference in configurations of the two systems (SI and

Figure S5). Nevertheless, both experiments confirm the higher

catalytic activity of LD-PtNPs@UiO-67 over the other two

catalysts.

The MOF catalysts demonstrate good stability in the

reusability tests (Figure 4), showing no deactivation over five

cycles of light-off experiments (under the lean condition, which

is relevant to practical applications). Conversely, T50% of

PtNPs@ZrO2 increases by 7 % after five runs. Post reaction TEM

examination of the used catalysts (after five cycles) shows that

UiO-67 prevents the sintering of Pt NPs effectively (1.22�0.35

and 2.54�0.62 nm, respectively, similar to that of fresh

catalysts), even at 300 8C under oxidising conditions, as shown

in Figures 3b and 3c. However, significant Pt NP sintering is

found for ZrO2, leading to an increase in NP size by one order

of magnitude (Figure S3b). Therefore, the use of MOFs as

catalyst supports is particularly beneficial over oxide supports

thanks to the structural confinement effect limiting the growth

of NPs. The intrinsic nature of the active phases (as revealed by

the operando XPS study) is comparable to relevant model Pt

catalysts.[16]

In conclusion, we have demonstrated the practice of XPS

study of CO oxidation over Pt catalysts incorporated in UiO-67

MOF under CO/O2 ambient, showing the feasibility and ability

to use NAP-XPS for understanding MOFs-based catalysts in

operando. By examining the working Pt supported on MOF

catalysts in CO oxidation against the Pt@ZrO2 catalyst, we found

the similar underlying surface chemistry of these catalysts. Pt

catalyst supported on UiO-67 demonstrate much better sinter-

resistance and stability, as well as higher activity, than that of

Pt@ZrO2 in the light-off experiment under plug-flow conditions,

thanks to the well-defined porous framework of UiO-67. These

findings give a precise definition of the significance of using

stable MOFs as catalyst supports, i. e. the structural confinement

effect which inhibits catalyst sintering.

Acknowledgements

X.F. thanks the financial support from The Royal Society

(RG160031). R.V. acknowledges The University of Manchester

President’s Doctoral Scholar Award for supporting his PhD

research. We acknowledge the Diamond Light Source and the UK

Catalysis Hub block allocation award for beamtime (SP8071).

E.K.G., P.P.W. and C.H. kindly thank the UK Catalysis Hub for

resources and support provided by our membership of the UK

Catalysis Hub Consortium and funded by EPSRC (Portfolio Grants

EP/K014706/2, EP/K014668/1, EP/K014854/1, EP/K014714/1, and

EP/I019693/1).

Conflict of Interest

The authors declare no conflict of interest.

Keywords: Metal-Organic Frameworks (MOFs) · Pt Catalysts ·
Operando Near Ambient Pressure XPS (NAP-XPS) · CO

Oxidation · Confinement Effect

[1] a) J. J. Low, A. I. Benin, P. Jakubczak, J. F. Abrahamian, S. A. Faheem, R. R.
Willis, J. Am. Chem. Soc. 2009, 131, 15834–15842; b) J. Ehrenmann, S. K.
Henninger, C. Janiak, Eur. J. Inorg. Chem. 2011, 2011, 471–474; c) R.

Figure 4. Light-off curves of CO oxidation over (a) LD-PtNPs@UiO-67, (b) WI-PtNPs@UiO-67 and (c) PtNPs@ZrO2 catalysts. Conditions: heating ramp = 6 8C min�1,
atmospheric pressure, total flowrate = 100 ml min�1, CO/O2 = 0.2, balanced using Ar.

4241ChemCatChem 2018, 10, 4238 – 4242 www.chemcatchem.org � 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA

Communications

Wiley VCH Dienstag, 05.02.2019
1819 - closed* / 118325 [S. 4241/4242] 1

https://doi.org/10.1021/ja9061344
https://doi.org/10.1021/ja9061344
https://doi.org/10.1016/j.micromeso.2017.10.028


1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

Vakili, S. Xu, N. Al-Janabi, P. Gorgojo, S. M. Holmes, X. Fan, Microporous
Mesoporous Mater. 2018, 260, 45–53.

[2] J. H. Cavka, S. Jakobsen, U. Olsbye, N. Guillou, C. Lamberti, S. Bordiga,
K. P. Lillerud, J. Am. Chem. Soc. 2008, 130, 13850–13851.

[3] a) L. Chen, H. Chen, R. Luque, Y. Li, Chem. Sci. 2014, 5, 3708–3714; b) P.
Hester, S. Xu, W. Liang, N. Al-Janabi, R. Vakili, P. Hill, C. A. Muryn, X.
Chen, P. A. Martin, X. Fan, J. Catal. 2016, 340, 85–94; c) K. M. Choi, K. Na,
G. A. Somorjai, O. M. Yaghi, J. Am. Chem. Soc. 2015, 137, 7810–7816;
d) X. Li, R. Van Zeeland, R. V. Maligal-Ganesh, Y. Pei, G. Power, L. Stanley,
W. Huang, ACS Catal. 2016, 6, 6324–6328; e) M. Rimoldi, A. J. Howarth,
M. R. DeStefano, L. Lin, S. Goswami, P. Li, J. T. Hupp, O. K. Farha, ACS
Catal. 2017, 7, 997–1014; f) S.-T. Gao, W. Liu, C. Feng, N.-Z. Shang, C.
Wang, Catal. Sci. Technol. 2016, 6, 869–874.

[4] a) S. Øien, G. Agostini, S. Svelle, E. Borfecchia, K. A. Lomachenko, L.
Mino, E. Gallo, S. Bordiga, U. Olsbye, K. P. Lillerud, C. Lamberti, Chem.
Mater. 2015, 27, 1042–1056; b) Z. Xu, L. Yang, C. Xu, Anal. Chem. 2015,
87, 3438–3444.

[5] a) C. Rçsler, R. A. Fischer, CrystEngComm 2015, 17, 199–217; b) J. Lee,
O. K. Farha, J. Roberts, K. A. Scheidt, S. T. Nguyen, J. T. Hupp, Chem. Soc.
Rev. 2009, 38, 1450–1459.

[6] E. S. Gutterød, S. Øien-Ødegaard, K. Bossers, A.-E. Nieuwelink, M.
Manzoli, L. Braglia, A. Lazzarini, E. Borfecchia, S. Ahmadigoltapeh, B.
Bouchevreau, B. T. Lønstad-Bleken, R. Henry, C. Lamberti, S. Bordiga,
B. M. Weckhuysen, K. P. Lillerud, U. Olsbye, Ind. Eng. Chem. Res. 2017, 56,
13206–13218.

[7] a) X. Li, T. W. Goh, L. Li, C. Xiao, Z. Guo, X. C. Zeng, W. Huang, ACS Catal.
2016, 6, 3461–3468; b) A. Dhakshinamoorthy, H. Garcia, Chem. Soc. Rev.
2012, 41, 5262–5284.

[8] I. S. Kim, Z. Li, J. Zheng, A. E. Platero-Prats, A. Mavrandonakis, S.
Pellizzeri, M. Ferrandon, A. Vjunov, L. C. Gallington, T. E. Webber, N. A.
Vermeulen, R. L. Penn, R. B. Getman, C. J. Cramer, K. W. Chapman, D. M.
Camaioni, J. L. Fulton, J. A. Lercher, O. K. Farha, J. T. Hupp, A. B. F.
Martinson, Angew. Chem. Int. Ed. 2018, 57, 909–913; Angew. Chem.
2018, 130, 921–925.

[9] V. Alderucci, L. Pino, P. L. Antonucci, W. Roh, J. Cho, H. Kim, D. L. Cocke,
V. Antonucci, Mater. Chem. Phys. 1995, 41, 9–14.

[10] L. Qiu, F. Liu, L. Zhao, W. Yang, J. Yao, Langmuir 2006, 22, 4480–4482.
[11] M. G. Mason, Phys. Rev. B 1983, 27, 748–762.
[12] M. Sakamoto, M. Fujistuka, T. Majima, J. Photochem. Photobiol. C 2009,

10, 33–56.
[13] J. V. Hoene, R. G. Charles, W. M. Hickam, J. Phys. Chem. 1958, 62, 1098–

1101.
[14] C. J. Powell, A. Jablonski, NIST Inelastic Mean Free Path Database,

Version 1.2 SRD 71. National Institute of Standards and Technology:
2010.

[15] A. Naitabdi, A. Boucly, F. Rochet, R. Fagiewicz, G. Olivieri, F. Bournel, R.
Benbalagh, F. Sirotti, J.-J. Gallet, Nanoscale 2018, 10, 6566–6580.

[16] S. K. Calder�n, M. Grabau, L. �v�ri, B. Kress, H.-P. Steinr�ck, C. Papp, J.
Chem. Phys. 2016, 144, 044706.

[17] M. A. van Spronsen, J. W. M. Frenken, I. M. N. Groot, Chemical Society
Reviews 2017, 46, 4347–4374.

[18] a) H. Steininger, S. Lehwald, H. Ibach, Surf. Sci. 1982, 123, 264–282;
b) P. J. Feibelman, B. Hammer, J. K. Nørskov, F. Wagner, M. Scheffler, R.
Stumpf, R. Watwe, J. Dumesic, J. Phys. Chem. B 2001, 105, 4018–4025;
c) O. Bjçrneholm, A. Nilsson, H. Tillborg, P. Bennich, A. Sandell, B.
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