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A route to drastic increase of CO2 uptake in Zr metal
organic framework UiO-66†

Cher Hon Lau,* Ravichandar Babarao and Matthew R. Hill*

CO2 uptake in zirconium MOF UiO-66 almost doubles with post-

synthetic exchange of Zr by Ti. This was due to smaller pore size

and higher adsorption enthalpy, with good complementarity

between experiment and simulation. Furthermore, the full effect

is obtained with B50% Ti loading, precluding the need to fully

substitute frameworks for CO2 capture.

Carbon dioxide capture is an important process for mitigating
greenhouse gas emissions, and for light gas purifications.
Promising capture methods include pressure swing adsorption
(PSA),1 solvent absorption,2 and gas separation membranes.3–5

Key to widespread adoption of these technologies is the energy
efficiency of the process, particularly for post-combustion CO2

capture from coal flue gas streams, where the energy costs,6–8

are well above the thermodynamic minimum.9,10 Some of the
most promising materials being investigated to enhance the
efficiency of adsorption-based capture processes include ultra-
high surface area materials such as metal organic frameworks
(MOFs)11,39 and porous aromatic frameworks (PAFs).12,13 They
are of particular interest due to the storage capacities attainable
being more than three times that of liquid amine absorbents,14,15

and that for MOFs in particular, their surface chemistry and
pore architecture is readily tuneable for optimum CO2 capture
performance.11

Many MOFs, which consist of metallic nodes joined in an
ordered fashion by organic linker molecules to generate a
porous network, are not viable for post-combustion capture
applications due to poor hydrothermal stability, which can be
ascribed to many systems having comparatively weak metal-
linker bonds relative to competitive hydroxylation reactions.
However, it has been recently shown that Zr-based MOFs
are particularly stable to water vapour, partly due to the
reversible arrangement of the Zr6O4(OH)4(CO2)12 cluster upon

hydroxylation and dehydroxylation, making them attractive
candidates for post-combustion capture.16 Moreover, Zr-based
MOFs like UiO-66,16–18 MIL-140,19 and PIZOF20 are air-stable
up to 813 K.

Native Zr-MOFs exhibit mid-range CO2 adsorption capacities
of B1.7 mmol g�1 at 1 atm and 298 K.21 These MOFs can be
functionalised21–24 to deliver increased storage capacity, with
amine functionalisation for example delivering 3 mmol g�1

at 1 atm and 298 K.21 Recently, Cohen et al. reported the
elegant post-synthetic exchange (PSE) of Zr with Ti ions to
deliver a heterometallic MOF with high Ti loading.22 The
smaller Ti ions25 may decrease the pore sizes within the frame-
work to be closer to the ideal pore sizes for CO2 adsorption,26,27

thus enhancing the gravimetric CO2 uptake of Ti-exchanged
UiO-66.

Fig. 1 The Zr-based metal organic framework UiO-66 can undergo post-
synthetic exchange with Ti(IV) to deliver heterometallic MOFs, with decreased
octahedral cages sizes.
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Herein we explore this approach as a means to enhance the
CO2 storage capacity of this family of MOFs. Size-modulated
UiO-66(Zr100) nanoparticles were synthesized according to
literature.28 Thereafter, Zr(IV) ions were post synthetically
exchanged with Ti(IV) ions in UiO-66(Zr100) at different loading
levels by exposing UiO-66(Zr100) to a DMF solution of TiCl4(THF)2

for 1, 5, and 15 days at 368 K (Fig. 1). We compared the CO2

uptake of Ti-exchanged UiO-66 with simulated results obtained
from molecular modelling, and also used molecular modelling to
predict the changes in pore diameters, CO2 adsorption enthalpies,
and the framework densities of Ti-exchanged UiO-66 and are
found to be in qualitative agreement with experiment (see ESI†).

Inductively coupled plasma optical emission spectrometry
(ICP-OES) analyses in Table 1 indicate that longer PSE dura-
tions increase the Ti(IV) content in Ti-exchanged UiO-66. The
trend of increasing Ti content with longer PSE durations was
verified with XRF (see ESI†) PXRD data reveals that the crystal-
linity of Ti-exchanged UiO-66 is comparable to that of
UiO-66(Zr100) (Fig. S4, ESI†).

The BET surface areas of Ti-exchanged UiO-66 are higher than
that of UiO-66(Zr100). This is also observed in the work of Cohen
and co-workers.22 The replacement of heavy metals with lighter
metals can increase the surface area of MOFs.29,30 The BET surface
areas of UiO-66 and Ti-exchanged UiO-66 studied in this work are
significantly larger than those reported in literature.17,21,22 This
can be attributed to the size-modulated UiO-66(Zr100) nano-
particles,28 where the surface areas of size-modulated
UiO-66(Zr100) nanoparticles are larger than those reported in
other literature.17 Additionally, the interstitial spaces in nano-
sized Ti-exchanged UiO-66 and UiO-66(Zr100) may contribute to
their higher incremental pore volumes observed in Table 1.

The experimental and simulated CO2 adsorption isotherms
at 273 K for UiO-66(Zr100), Ti-exchanged UiO-66 and a theo-
retical UiO-66(Ti100) are shown in Fig. 2. The experimental CO2

uptake of UiO-66(Zr100) is measured to be 2.2 mmol g�1. With
32 and 56 atomic wt% of Ti(IV) ions in UiO-66(Zr/Ti), CO2 uptake
increases drastically from 2.3 to 4 mmol g�1, respectively i.e. CO2

uptake increases by 81%. As the theoretical enhancement in CO2

gravimetric uptake of UiO-66(Ti100) is B19%, other factors
contribute to drastically enhanced CO2 uptake in Ti-exchanged
UiO-66. Meanwhile, the random nature of exchange sites pre-
cludes a close match of simulated and experimental results for
the heterometallic samples, yet, the trend of enhanced CO2

uptake with increased Ti loading is clearly observed in both

the simulated and experimental data. Notable is that no signi-
ficant increase for CO2 uptake is observed in simulations for a
theoretical homometallic Ti MOF, a structure not attainable with
the present post-synthetic exchange approach.

A decrease in pore size within MOFs can deliver more
effective potential energy well-overlap between adsorbent surfaces,
and consequently stronger and higher capacity gas adsorption.31–33

The pore size decrease for the octahedral cages within Ti-exchanged
UiO-66 observed in Fig. 3 can be ascribed to the shorter Ti–O34

compared to Zr–O bonds.35,36 The pore size distribution, obtained
by a DFT fit to N2 adsorption isotherms, shows two pore sizes at 6 Å
and 9 Å, consistent with the tetrahedral and octahedral cages
within UiO-66(Zr100), respectively.16 As Ti loading is increased, the
tetrahedral cages remain unchanged, whereas the octahedral cages
shrink by B1 Å and become increasingly broader in their distribu-
tion. This underlines the randomised nature of the substitution,
explaining why significant lattice parameter changes are not
observed in XRD (see ESI†).

Fig. 4 shows that the increase in CO2 adsorption capacity
with Ti loading is matched with a similar increase in isosteric

Fig. 2 CO2 uptake can be increased by up to 81% through substitution of Zr
atoms with Ti at 273 K. Simulations show that Ti loading increases above that
synthetic attainable does not deliver further CO2 uptake. The empty circles
represent desorption data, while the solid circles represent adsorption data.

Fig. 3 Pore size distribution from N2 gas adsorption, showing that octahedral
pores (ca. 9 Å) become significantly smaller following post-synthetic exchange
with Ti.

Table 1 Surface area and pore volumes of UiO-66(Zr100), and Ti-exchanged UiO-
66 as a function of Ti(IV) content

Sample name

Ti(IV)
content
(atomic %)

BET surface
area (m2 g�1)

Langmuir
surface
area (m2 g�1)

Pore volume
(cm3 g�1)

UiO-66(Zr100)a 0 1390 (1186)b 1644 0.70 (0.42)b

UiO-66(Ti32)a 32 1418 1703 0.78
UiO-66(Ti44)a 44 1749 2088 0.94
UiO-66(Ti56)a 56 1844 2200 1.18

a Experimental data. Subscripts refer to atomic % of metal ions in
Ti-exchanged UiO-66. b Data in parenthesis are obtained from molecular
modelling.
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heat of adsorption across the series, with a B10 kJ mol�1

enhancement observed. The increases in isosteric heat of
adsorptions are also predicted by molecular simulations
(Table S4, ESI†). Whilst some of this effect can be explained
by the inherently stronger adsorption characteristics of Ti(IV)
in comparison to Zr(IV),37 this alone cannot explain the con-
tinued increased enthalpy at high CO2 loadings, where Ti sites
will already be saturated. The charge transfer from the metal
to the ligand by replacing Zr(IV) with Ti(IV) leads to an increase
in CO2 enthalpy and uptake.38 (Table S1 and S2 in ESI†) This
effect correlates well with the diminished pore size, shown in
Fig. 3, which will deliver a stronger binding environment for
CO2.31,32 This approach may be more promising than typical
ligand functionalisation due to these results, as the post-
synthetic exchange tailors the entire structure for enhanced
CO2 adsorption regardless of CO2 partial pressure.

In conclusion, we have shown that the CO2 uptake of UiO-66(Zr)
can be enhanced by 81% via post-synthetic exchange with Ti(IV)
ions. The trend of enhanced CO2 uptake in Ti-exchanged
UiO-66 is observed in both experimental data and our mole-
cular modelling. The smaller pores in Ti-exchanged UiO-66
enhance the CO2 isosteric heat Q0

st, and consequently, increases
CO2 uptake. Additionally, the lower framework density of
Ti-exchanged UiO-66 also contributes to higher gravimetric
CO2 uptake. By incorporating Ti(IV) ions into UiO-66, many
possibilities are opened up for MOF applications in photo-
catalytic CO2 capture and storage, and catalysis.

Both C.H.L. and R.B. contributed equally to the work. This
research is supported by the Science and Industry Endowment
Fund.
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