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Developing Post-Modified Ce-MOF as Photocatalyst: A Detail 
Mechanistic insight of CO2 Reduction towards Selective C2 
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and Tapas Kumar Maji*a  

Visible light-driven C-C bond formation to produce C2-based liquid fuel selectively from CO2 is of great interest and 
remains a challenging task due to uphill electron transfer kinetics. Herein, we have developed [Ru(bpy)2]2+ grafted UiO-66-
bpydc Ce-MOF via post-synthetic modification to harvest visible light based on MLCT (RuII  bpy) transition. The 
employment of Ru-grafted Ce-MOF facilitates fast electron transfer due to the vacant low-lying 4f orbital of CeIV, which 
was realized from ultrafast transient absorption (TA) spectroscopy, XANES and in-situ UV-vis spectroscopy. The synergistic 
effect of facile electron transfer and concomitant accommodation of two CO2 molecules in proximal defect-site in CeIV 

leads to facile C-C bond formation via COOH* coupling to yield acetic acid. The catalytic assembly p -1 
-1 h-1 suppressing the formation of other C1-based carbonaceous 

products in water (with selectivity 99.5%, Apparent Quantum Yield (AQY) = 0.93%). A detailed DFT calculation has been 
performed to understand the mechanistic pathway of C-C bond formation, and the generation of different surface-
adsorbed intermediates was further supported by the In-situ Diffuse Reflectance Infrared Fourier Transform Spectroscopic 
(DRIFT) study. 

Introduction  
Empowering photochemical reduction of CO2 into multi-
carbon chemicals and liquid fuels using water as the proton 
supplier can store intermittent solar light as chemical energy 
while mitigating CO2 concentration in the atmosphere.1-5 
Despite significant advancement, the rational development of 
photocatalysts that can convert CO2 into specific products at a 
fair production rate is limited to C1-based products such as 
HCOOH, CO, CH3OH, and CH4. Considering the energy-rich CO2-
reduced products, C2-based feedstocks such as acetic acid, 
ethanol, ethylene, and other hydrocarbons have high global 
market value due to their high energy density than the C1-
based products.6 In principle, the sluggish CO2 activation 
kinetics, transfer of multiple electrons and protons and the C-C 
bond formation are the major hurdles to overcome for C2 
product formation.4 Thus, photocatalytic CO2 reduction to a 
particular C2 product is nontrivial as a high density of 
photogenerated electrons and an increased charge 

accumulation near the catalytic site are essential. In this 
context, the rational development of efficient photocatalysts 
for C2-based product formation by boosting the electron 
density near the catalytic site to enhance the C2 selectivity 
avoiding C1 product formation is still remained an elusive task 
to accomplish. Among the C2 products, the demand for acetic 
acid caught significant attention due to the increased demand 
for ethyl acetate monomer from the adhesives and sealants 
industry. The versatile utilization of acetic acid in textiles, 
automobiles, construction, and food additives is also 
noteworthy. In this context, continuous efforts are being 
devoted for developing efficient photocatalyst which can 
trigger C-C bond formation in photochemical CO2 reduction.  
Recent progress on metal-organic frameworks (MOFs) with 
metallic nodes and tailorable organic linkers enlightens the 
path of photocatalysis, including hydrogen evolution by water 
splitting and CO2 reduction reaction (CO2RR). The MOFs as 
photocatalysts for CO2RR stems from its structural tunability 
by the introduction of suitable redox-active metal nodes or 
organic linkers and the capability of post-synthetic 
modification by light-harvesting moiety and catalytic centre.7, 8 
Further, the permanent porosity of MOFs allows the facile 
diffusion of CO2 towards active catalytic sites in the 
framework. Although several MOF-based CO2 photocatalysts 
are reported, those are mainly limited to C1-based product 
formation, and the utilization for generation of C2-based 
products is hardly explored.2 In fact, two adjacent active CO2 
binding sites enhance the possibility of generating  
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[Ce6O5(OH)3(bpydc)5(H2O)2]. Next, N2 adsorption measurement 
was performed at 77 K to evaluate the porosity of Ce-MOF, 
which exhibited a predominant type-I adsorption profile (Fig. 
1b, Fig. S7). Notably, a small hysteresis was found in the high-
pressure region (P/P0 = 0.6-1), and the N2 uptake was found to 
be 630 cm3 g-1 with Brunauer Emmett Teller (BET) surface 
area of 2024 m2 g-1 (Fig. 1b). The corresponding pore size 
distribution by the NLDFT method suggested the presence of 
additional mesopores distributed between 2.5 to 10 nm with 
the peak maxima at 3.2 and 4.8 nm and micropore at 1.4 nm 
(Fig. 1c).9 The presence of dual-porosity further corroborates 
the structural defect due to the missing linker in the pristine 
Ce-MOF. Ce-MOF possessed an intense absorption in the UV 

Fig. 1d and 1e).22 
Consequently, the lack of visible light absorption ability 

disbarred the pristine Ce-MOF use as a photocatalyst for CO2 
reduction. 
Therefore, to mitigate this limitation, pristine Ce-MOF was 
post-synthetically modified with [Ru(bpy)2]2+, which is an 
excellent photosensitizer (PS) in the field of photocatalysis due 
to strong visible light absorption, long excited-state lifetime, 
and acts as an outstanding electron donor to the catalytic 
centre.23 2- linker facilitated the 
coordination of the [Ru(bpy)2]2+ to form [Ru(bpydc)(bpy)2]2+ 
(PS) into a perfectly matched MOF pore (Fig. S8,S9). PXRD 
studies indicated that Ce-MOF-RuII-bpy prepared at ambient 
condition and under daylight exhibited a similar diffraction 
pattern as of Ce-MOF (Fig. 1a). FESEM and TEM images 
showed cubic morphology and particle sizes remained intact 
after post-synthetic modification. (Fig. 1f,1g). EDX and 
elemental mapping showed that the Ce, Ru, O, C, N were 
evenly distributed in Ce-MOF-RuII-bpy (Fig. S10, Table S1). 

Fig. 1 Characterization and illustration of Ce-MOF and Ce-MOF-RuII-bpy. (a) PXRD pattern of Ce-MOF and Ce-MOF-RuII-bpy compared with the simulated pattern 
calculated from the single-crystal structure of Ce-UiO-66-bpydc. (b) N2 adsorption-desorption isotherms of Ce-MOF and Ce-MOF-RuII-bpy. (c) Pore size distribution of 
Ce-MOF and Ce-MOF-RuII-bpy. (d) UV-vis spectra of Ce-MOF and Ce-MOF-RuII-bpy. (e) Tauc plot of Ce-MOF and Ce-MOF-RuII-bpy for evaluating the optical bandgap. 
(f) High-resolution TEM images of Ce-MOF-RuII-bpy. (g) FESEM images of Ce-MOF-RuII-bpy. (h) XPS spectrum of Ce 3d in Ce-MOF-RuII-bpy. (i) XPS spectra of Ru 3d and 
C 1s in Ce-MOF-RuII-bpy. (j) XPS spectra of Ru 3p in Ce-MOF-RuII-bpy. (k) XPS spectra of N 1s in Ce-MOF-RuII-bpy. (l) XPS spectra of O 1s in Ce-MOF-RuII-bpy. 
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Generally, for n-type semiconductors, the conduction band 
(LUMO) can be determined to be almost equal to the flat band 
potential. Based on the Tauc plot, the optical bandgap was 
calculated to be 2.07 eV for Ce-MOF-RuII-bpy (Fig. 1g). 
Accordingly, the valence band was estimated to be 1.59 V, 
which is more positive than the oxidation potential of H2O/O2, 
indicating the ability of Ce-MOF-RuII-bpy to reduce CO2 in 
water (Fig. 2f). Moreover, DFT calculation revealed that the 
lowest unoccupied molecular orbital (LUMO) of Ce-oxo cluster 
is located on cerium which is hugely advantageous compared 
to other UiO-66 architecture with different metals (M) ions (M 
= Zr, Hf, Th, Ti, U).9 Molecular orbital (MO) analysis further 
showed that the LUMO of Ce-oxo cluster is low lying compared 
to the LUMO of [Ru(bpydc)(bpy)2]2+, which suggested facile 
electron transfer from the LUMO of PS to the LUMO of Ce-oxo 
cluster (Fig. 2g). Moreover, CO2 adsorption measurements  at 
298 K were carried out for pristine Ce-MOF and post-modified 
Ce-MOF-RuII-bpy, which showed uptake of 37 cm3 g-1 and 19 
cm3 g-1, respectively at saturation (Fig. S21). This result 
indicated the porous feature of Ce-MOF-RuII-bpy would help 
CO2 molecules to interact with the catalytic site during 
photocatalytic reaction. 
Photocatalytic CO2 reduction reaction 

To assess the catalytic performance, photocatalytic reduction 
of CO2 over Ce-MOF-RuII-bpy was performed in pure water 
under visible light irradiation. The photo reduced liquid 
products were analyzed and quantified by 1H NMR 
spectroscopy, whereas gas chromatography-mass 
spectrometry (GC-MS) was used to quantify gaseous products. 
It was found that the major product under the photocatalytic 
process was CH3COOH under visible light irradiation (Fig. 
3a,3b, Fig. S22-S24). As shown in Fig. 3a, the production of 
CH3COOH was continuously increased with irradiation time, 

-1 was obtained after 10 h of 
irradiation. The corresponding maximum production rate for 
CH3

-1 h-1. Apart 
from acetic acid production, a very small amount of H2 (65 

mol g-1) was also generated in the reaction system. No other 
product was obtained from CO2 photoreduction, indicating an 
extremely high selectivity (99.5%) for acetum production. The 
apparent quantum efficiency for CH3COOH production was 
calculated to be 0.93% in water, which is significantly higher 
than most of the reports till date (Fig. S25). 3, 43 Next, a series 
of control experiments were conducted to understand the role 
of [Ru(bpy)3]2+ moiety and Ce-cluster into the MOF framework 

Fig. 3 Photocatalytic CO2RR performance. (a) acetic acid production as a function of irradiation time over Ce-MOF-RuII-bpy as catalyst in pure water medium. 
(b) Comparison of acetic acid production of Ce-MOF-RuII-bpy and Ce-MOF in pure water medium under visible light irradiation. (c) 1H NMR spectra of the 
obtained acetic acid product in CO2-saturated water solution. (d) Mass spectra extracted from GC-MS analysis of acetic acid product from 13CO2 reduction over 
Ce-MOF-RuII-bpy in water. (e) 1H NMR spectra of the obtained acetum product in CO2-saturated water solution by using different 12CO2 and 13CO2 gas over Ce-
MOF-RuII-bpy catalyst. (f) Recyclability study for the photoreduction of CO2 (where 5 mg sample was used for this measurement) in water medium. (g) 
Comparison of PXRD patterns of the as-prepared Ce-MOF-RuII-bpy before and after performing catalysis under similar experimental condition. (h) TEM images 
of Ce-MOF-RuII-bpy after catalysis under similar experimental condition. 
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(Fig. 3c, S26). The catalytic activity of pristine Ce-MOF is less 
efficient (pro -1 of CH3COOH along with 32 

-1 of H2) which can be attributed to the poor visible light 
absorption by the Ce-MOF (Fig. 3c). However, [Ru(bpy)3]Cl2 

l g-1 of H2 along with a trace amount of CO 
and CH4 in water medium (Fig. S26, Table S4). A physical 
mixture of Ce-MOF along with [Ru(bpy)3]Cl2 produced 450 

-1 of CH3
-1 of H2 (Fig. 3c and 

Table S4). No CH3COOH was detected when the reaction was 
carried out in the absence of a catalyst or in the Ar 
atmosphere, or in dark conditions indicating the product was 
originated from the photocatalytic reduction of dissolved CO2 
(Fig. S26 and Table S4). To further confirm the origin of 
CH3COOH, the isotopic experiment was carried out with 13CO2 
(Fig. 3d, 3e and S27). The liquid products were collected after 6 
h irradiation and identified with GC-MS and NMR. In the mass 
spectrum, the molecular ion peak at m/z =62, can be ascribed 
to 13CH3

13COOH (Fig. 3d, and S27). Furthermore, a peak at m/z 
= 43 corresponds to the fragmentation of CH3CO+ during the 
reaction with 12CO2, shifted to m/z = 45 upon replacement 
with 13CO2 (Fig. 3d, and S27). This trend was also reflected in 
the fragments CH3 and COOH, which showed their 
corresponding isotopic mass fragments at 16 and 46 instead of 
15 and 45. This data was further validated by performing 1H 
NMR spectroscopy. As shown in Fig. 3e, if 12CO2 gas was used 
for photoreduction, a singlet peak at 1.94 ppm appeared, 
which is the characteristic proton peak of the methyl group in 
CH3COOH.2, 23 Of note, if the carbon source was changed to 
13CO2, the methyl proton split into two peaks at 1.94 due to 
coupling between 1H and 13C with a coupling constant of 120 
Hz (Fig. 3e). These results strongly confirm that the produced 
CH3COOH indeed originated from the dissolved CO2 rather 
than any organic compound decomposition. Most importantly, 
to evaluate the catalyst stability under the photocatalytic 
condition, the used sample was recovered from the reaction 
media by centrifugation, washed, and vacuum dried for the 
recycling test (Fig. 3f). The results of cycling performance 
demonstrated the photocatalytic activity of Ce-MOF-RuII-bpy 
for CH3COOH production was well maintained even after five 
consecutive cycles for a total of 50 h. The PXRD pattern of the 
recovered sample after catalysis exhibited no changes 
indicating the retention of structural integrity (Fig. 3g). The 
TEM images of the recovered sample also showed the same 
morphology as freshly prepared Ce-MOF-RuII-bpy (Fig. 3h). 
Moreover, post-catalytic UV-vis and FT-IR analysis exhibited 
similar characteristics as freshly prepared Ce-MOF-RuII-bpy 
(Fig. S28,S29). During the course of photoirradiation, oxygen 
was found as a major oxidative product, and a total amount of 

-1 of O2 was produced in 10 h (Fig. S30). During this 

-1 of H2O2 was also detected as analyzed 
by the FeCl2/KSCN and UV-vis spectrophotometric method.44, 45 
These results indicated that H2O provides the protons for 
acetic acid generation (Fig. S31). 
 
Insight into the CO2 reduction mechanism and exploration of the 
charge transfer pathway 

Next, photo/electrochemical measurements were performed 
to understand the improved catalytic performance of Ce-MOF-
RuII-bpy compared to pristine Ce-MOF. First, the emission 
properties of Ce-MOF-RuII-bpy and Ce-MOF was studied to 
understand the confinement effect of MOF pore and excited 
state electron transfer from the PS to catalytic center (Ce-oxo 
cluster). The photoluminescence spectra of Ce-MOF exhibited 

ex = 350 nm) (Fig. S32). The 
photoluminescence spectra of bpydc linker showed a band at 

ex = 350 nm) (Fig. S33). These two emission bands of 
the Ce-MOF are attributed to the ligand to ligand charge 
transfer transition (LLCT, 462 nm) and ligand to metal charge 
transfer transition (LMCT, 566 nm), respectively. After the 
encapsulation of [Ru(bpy)2]2+ inside the Ce-MOF pore, Ce-
MOF-RuII-bpy showed a broad emission peak at 650 nm 
corresponding to 3MLCT transition of [Ru(bpydc)(bpy)2]2+ 

moiety when excited at 470 nm (Fig. 4a).40 The time-resolved 
photoluminescence spectra of Ce-MOF-RuII-bpy showed an 
average lifetime of 42 ns, which is significantly smaller as 
compared to free [Ru(bpy)3]Cl2 complex (185.5 ns) in solid-
state (Fig. 4b).46 These results clearly indicate that the 3MLCT 
excited-state of RuII is immediately quenched by fast electron 
transfer to the CeIV- oxo cluster. Electron transfer from the PS 
to the M-oxo cluster (M = metal) is highly feasible in the case 
of CeIV as compared to other metal ions (MIV = Zr, Hf, Th and 
Ti) having UiO-66 framework due to the close value of energy 
levels between PS and CeIV- oxo cluster, which helps facile 
electron transfer (Fig. 2g). Next, the transient photocurrent 
experiment was performed (Fig. S34). The photocurrent 
response of the Ce-MOF-RuII-bpy -2, 
corresponding to an enhancement of 31.09 % compared to the 
pristine Ce-MOF, which points to better photocatalytic activity 
of Ce-MOF-RuII-bpydue to large photo-induced charge 
migration. Moreover, Ce-MOF-RuII-bpy exhibited a smaller 
semi-circle (2 fold decrease) than pristine Ce-MOF in the 
electrochemical impedance spectra, reflecting the lower 
charge transfer resistance in Ce-MOF-RuII-bpy (Fig. S35). The 
charge transfer from the PS to the CeIV was further confirmed 
by in-situ UV-vis spectroscopy using a spectro-electrochemical 
set-up with visible light irradiation, conducted on the 
dispersion state in water (Fig. 4c). The absorption spectrum of 
Ce-MOF-RuII-bpy was recorded with light irradiation, and a  
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and 896 cm-1 are related to the C-H bending vibration and the 
band at 2900 cm-1 was assigned to C-H stretching vibration.56 
Moreover, density functional theory (DFT) calculations were 
performed to gain insight into the mechanism involved in the 
photocatalytic CO2RR. Based on earlier literature reports, in 
situ DRIFTS study and DFT calculation, a possible catalytic cycle 
for the photocatalytic CO2RR on Ce-MOF-RuII-bpy catalyst has 
been constructed. Notably, the smallest possible repetitive 
unit [Ce6 3-O)5 3-OH)3(bpydc)5(H2O)2] consisting of one Ce-
oxo-cluster was considered in DFT calculation, which is 
represented as f-[CeIV(H2O)-CeIV(H2O)] in short for simplicity. 
The photocatalytic process will be initiated via the 
photoexcitation of the [Ru(bpydc)(bpy)2]2+ photosensitizer (Fig. 
5b, 5c). Upon photoirradiation, the photosensitizer 
[RuII(bpydc)(bpy)2]2+ will be photoexcited through MLCT to 
generate [RuIII(bpydc-)(bpy)2]2+*, which will then be 
reductively quenched to afford photo-reduced [RuII(bpydc-

)(bpy)2]+. The photo-reduced [RuII(bpydc-)(bpy)2]+ will then 
transfer the photoexcited electron to the low-lying LUMO of 
Ce-oxo-cluster localized on Ce, which will result in the 
reduction of the starting catalyst f-[CeIV(H2O)-CeIV(H2O)] to 
afford f-[CeIV(H2O)-CeIII]- with ready removal of H2O molecule 

-3.02 eV). In the next step, intermediate f-[CeIV(H2O)-
CeIII]- will undergo further photo-reduction and water 
elimination to produce f-[CeIII-CeIII]2- -1.23 eV), which is 
the active species for the catalytic cycle. Next, f-[CeIII-CeIII]2- 
will undergo oxidative addition of CO2 on a single Ce-centre to 
afford f-[CeIV(CO2-)-CeIII]2- 
activation barrier of 0.38 eV, which will lead to the formation 
of intermediate f-[CeIV(COOH)-CeIII]- -2.08 eV) upon 
protonation. Intermediate f-[CeIV(COOH)-CeIII]- will then 
undergo oxidative addition of CO2 on the remaining 
coordinatively unsaturated proximal Ce-centre also to 
generate f-[CeIV(COOH)-CeIV(CO2-)]-  low 
activation barrier of 0.46 eV, which will get protonated to 
afford intermediate f-[CeIV(COOH)-CeIV(COOH)] -1.02 
eV). Next, f-[CeIV(COOH)-CeIV(COOH)] will be photo-reduced to 
generate the crucial C2-bound intermediate f-[CeIII(HOOC-
COOH)-CeIV]- ( -3.89 eV), which was detected in the in situ 
DRIFTS study. The C2-bound intermediate f-[CeIII(HOOC-
COOH)-CeIV]- will then afford f-[CeIV(OC-COOH)-CeIV] after 

-2.30 eV). 
In the next step, intermediate f-[CeIV(OC-COOH)-CeIV] will be 
photo-reduced to f-[CeIII(OC-COOH)-CeIV]- -3.39 eV) 
which upon further photo-reduction will lead to the formation 
of f-[CeIII(OC-COOH)-CeIII]2- -3.56 eV). In the following 
steps of the photocatalytic cycle, subsequent proton-coupled 
reduction of f-[CeIII(OC-COOH)-CeIII]2- will lead to the 
formation of f-[CeIII(OHC-COOH)-CeIII]2- -4.21 eV) to f-
[CeIII(OH2C-COOH)-CeIII]2- -3.92 eV) to f-[CeIII(HOH2C-
COOH)-CeIII]2- -4.00 eV) which upon further proton-
coupled reduction and water elimination will afford f-
[CeIII(H2C-COOH)-CeIII]2- -4.65 eV). Lastly, intermediate f-
[CeIII(H2C-COOH)-CeIII]2- will readily produce CH3COOH upon 
further proton- -4.95 eV) and the 
active species f-[CeIII-CeIII]2- will be regenerated in the process 
which will re-enter into the catalytic cycle (Fig. 5b). Thus, in 

situ DRIFT and DFT calculation demonstrated the role of 
unsaturated proximal CeIV sites in Ce-MOF-RuII-bpy catalyst 
formed due to the defect of bpydc linker  for selective CO2 
reduction to acetic acid. 

Conclusion 
In summary, we designed an efficient photocatalyst system by 
grafting [Ru(bpy)2Cl2] PS into a stable nanoscale Ce-UiO-66-
bpydc-MOF (Ce-MOF). Ce-MOF-RuII-bpy is highly efficient for 
visible light-driven CO2 reduction to produce acetic acid with a 

-1 h-1. This work is the first 
experimental report where engrafting of RuII-bipy 
photosensitizer into a Ce-based MOF (Ce-UiO-66-bpydc-MOF) 
can lead to efficient CO2RR towards C2 product formation with 

-1) and >99 % selectivity. 
The favourable LMCT from photosensitizer to the low lying 4f 
orbital of the Ce-oxo cluster and the confinement effect of the 
MOF nanospace boost the electron transfer efficiency to 
trigger C-C coupling for selective photoreduction of CO2 in 
water into C2 product. TDDFT calculation suggested CeIII is the 
active catalytic site for CO2RR. In situ DRIFT and Gibbs free 
energy calculation unveiled the reaction mechanism for acetic 
acid production via C-C bond formation. Hence, the 
introduction of suitable PS, and exploration of pore 
confinement effect inside the MOF as well as the presence of 
proximal unsaturated Ce as active catalytic sites with low lying 
LUMO resulted in selective acetic acid (C2 product) 
production. We believe this result can lead to a new vista in 
the field of solar fuel production based on CO2 reduction. 
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Broader context: 
Generation of C2-based products from photochemical CO2 reduction reaction (CO2RR) is an important aspect of CO2 valorization 
toward the formation of high energy density and greater economic value-based product. In that note, CH3COOH production from 
CO2 is noteworthy due to the multipurpose utilization in textiles, automobiles, construction, and food additives. Herein, our rational 
approach of catalyst design by covalent grafting of molecular photosensitizer [Ru(bpy)2]2+ into a defect-based Ce-MOF assembly is 
able to produce CH3COOH via C-C coupling. Most importantly, the low-lying empty 4f orbitals of Ce4+ of Ce-MOF boost the electron 
storage near the catalytic site to enhance the C2 selectivity avoiding C1 product formation. Subsequently, the presence of linker 
defect in the Ce-oxo cluster resulted in active CO2 binding sites, which enable the facile C-C bond formation via the proximal 
interaction during the catalysis. Moreover, catalyst is highly stable in water and showed significant activity toward CH3COOH 
production. Figuring out the crucial reaction intermediate is the key to unveil the bottleneck of the reaction mechanism. The 
employment of in situ IR study along with DFT calculation has proven crucial to ascertain the key reaction intermediate towards the 
formation of acetic acid. In addition, the electron transfer pathway is realized from ultrafast transient absorption (TA) spectroscopy 
and in situ UV-Vis spectroscopy. This study provides a transparent insight into efficient C2-based product formation for future 
advancement through solar-driven MOF-based assembly. Moreover, these findings are encouraging for designing MOF based 
catalysts towards higher carbon-reduced feedstocks to tackle the energy crisis. 
 
 


