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Supplementary Note 1.

Principle and description of typical adsorption heat transfer system.

An adsorption-driven heat pump system generally includes two adsorption chambers (Supplementary Fig. 1a) to ensure continuous operation. The AHP/ADC cycle consists of four steps, two for adsorption and two for desorption. These steps are briefly described with the aid of Supplementary Fig. 1. 

The desorption stage consists of two steps, I-II and II-III. Step 1, isosteric heating (I-II): During this stage, the adsorption chamber 2 is separated from the evaporator and condenser. The saturated adsorbent (Wmax) requires regeneration. Before working fluid is released to the condenser, pressure will increase from Pev to Pcon, which is realized by heating the adsorption chamber 2 from T1 to T2. For practical reasons, in most cases, T1 (minimum temperature of adsorption Tads) equals Tcon. Step 2, isobaric desorption (II-III): The adsorption chamber 2 is connected to the condenser in this stage. Adsorption chamber 2 heating is continued, and no further pressure increase occurs. The working fluid is allowed to be desorbed until desorption temperature (Tdes) is reached and the adsorbent loading is minimal (Wmin). The desorbed working fluid (Wmax-Wmin) is condensed, releasing condensation heat (Qcon) to the environment. The energy required for steps I-II and II-III combined is the desorption heat (Qdes). 
Similarly, the adsorption stage consists of two steps, III-IV and IV-I. Step 3, isosteric cooling (III-IV): The adsorption chamber 1 is isolated from the evaporator and condenser. Before adsorbent regenerated can be used for adsorption, the pressure needs to be reduced to Pev by cooling chamber 1 from Tdes to T3. The last step 4, isobaric adsorption (IV−I): During this stage, the adsorption chamber 1 is connected to the evaporator. Adsorption chamber 1 cooling is continued, and no further pressure decrease occurs. The working fluid is allowed to adsorbed until T1 is reached and the adsorbent loading is maximal again (Wmax). The adsorbed working fluid (Wmax−Wmin) has taken up energy from the environment by its evaporation, i.e. evaporation heat Qev. The energy released during trajectories III−IV and IV−I is the adsorption energy Qads.
Adsorption chamber 1 and adsorption chamber 2 will switch roles in the next cycle to ensure the continuous operation of the system.
Supplementary Note 2.

Thermodynamic calculations methods.
The definition of the thermodynamic heat cycle and the calculation of the amount of heat involved are given by de Lange et al.[1] The coefficient of performance (COP) is adopted to illustrate the energy efficiency of the heat pump cycle from a thermodynamic perspective. The energy analysis allows to determine the COP, which is a ratio of useful heating or cooling energy output provided to work required. The COP is defined as
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Here Qcon is the heat released from the condenser, Qads is the heat released during the adsorption part of the cycle, i.e., QⅢ-Ⅳ+QⅣ-Ⅰ, Qev is the heat transferred from the evaporator, and Qregen is the heat needed for regeneration of the adsorbent, i.e. the heat consumed in the desorption part of the cycle, QⅠ-Ⅱ+QⅡ-Ⅲ. Qregen and Qads include not only the heat consumed or released during sorption itself, but also the sensible heat required to cool or heat the adsorbent; as the specific heat of the adsorbents is not known exactly, it is set to 1 kJ·kg-1·K-1. The results are not affected by this value in a significant way. Qstored comprises only the heat released during sorption itself. The calculation details of these quantities are given in [1].

To compute any of these quantities, knowledge of the loading function and the differential heat of adsorption,
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is required. Here ∆adsHW, R, P, T, and W represent the isosteric enthalpy of adsorption (kJ·mol-1), universal gas constant (kJ·mol-1·K-1), pressure (kPa), temperature (K), and volume liquid adsorbed (mlwater·gsorbent-1), respectively. The isosteric enthalpy of adsorption can be calculated from adsorption isotherms at two or more different temperatures. If the adsorption isotherms of two temperatures are known, equation (3) can be written as
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where T1 and T2 are the two isotherm temperatures, P1 and P2 are pressures at T1 and T2, respectively, for the same adsorbed water capacity.
In addition, the adsorption isotherm at a specific temperature can be reformulated as a function of adsorption potential, i.e., characteristic curve.
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Here p0 is the vapor pressure of the sorptive. The characteristic curve is then assumed to be temperature-independent and thus the loading at any temperature can be calculated. While these approximations are rather rough, they do facilitate comparison with other studies.

Supplementary Note 3.
Dynamic calculations methods.
The dynamic characteristic of the ADC cycle, namely, the SCP (Specific Cooling Power), is also of primary importance. The SCP depends mainly on the mass and heat transfer in the “adsorber-heat exchanger” unit. In order to evaluate the SCP of EMM-8, kinetics tests were carried out under typical chilling cycle conditions. A simple and commonly used configuration of loose adsorbent grains of diameter Φ= 0.3~0.9 mm, located on a flat metal heat exchanger was studied. The kinetic curves match can be described by the exponential equations,
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Where q is the dimensionless conversion, and τads and τdes are the characteristic times of adsorption and desorption stages.

Indeed, the average SCP obtained in the chilling cycle, restricted by the conversion q= 0.8, can be estimated as
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where Mw is the water molar weight, ΔL is the enthalpy of evaporation of water, τ0.8ads and τ0.8des are the adsorption and desorption times corresponding to the conversion q=0.8.
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Supplementary Figure 1. Schematic diagram of typical adsorption heat transfer device. a. A diagram of typical adsorptive heat transformation cycle with adsorption stage (Chamber 1) and desorption stage (Chamber 2). Notation: Qev, Qads, Qdes, and Qcon represent evaporation heat, adsorption heat, regeneration heat (or desorption heat) and condensation heat, respectively. The direction of the arrow represents the direction of water flow. b. A diagram of typical adsorptive heat transformation cycle plotted in the P-T diagram. Notation: Tev and Pev represent the temperature and pressure of the evaporator, Tcon and Pcon represent temperature and pressure of the condenser, and Tdes represent the desorption temperature.
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Supplementary Figure 2. Skeleton views of molecular sieves with SFO-topology projected along a. [010] and b. [001].
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Supplementary Figure 3. XPS spectra of (a) Al(2p), (b) P(2p); and (c) XPS survey scan of EMM-8.
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Supplementary Figure 4. Thermogravimetry analysis of as-synthesis EMM-8.
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Supplementary Figure 5. The comparisons of typical characterizations between the fresh calcined sample and the hydrothermal treatment sample. a. XRD patterns of the template removed EMM-8 of the one after hydrothermal treatment. b. The nitrogen adsorption-desorption isotherms and micropore properties of fresh EMM-8 and that after hydrothermal treatment.
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Supplementary Figure 6. Schematic diagrams of scaled-up preparation. a. View of 2L-scale and 50ml-scale Teflon-lined stainless-steel autoclave. b. Photo of EMM-8 materials prepared in 2L-scale reactor. 
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Supplementary Figure 7. Typical characterization of scaled-up samples. a. SEM image of the EMM-8 prepared by 2L-scale Teflon-lined stainless-steel autoclave. b. Comparison of XRD patterns between the EMM-8 prepared by 2L-scale and 50ml-scale. c. The nitrogen adsorption-desorption isotherms of EMM-8 prepared by 2L-scale and 50ml-scale. The micropore size distribution was shown in the insert map. d. Photo of shaped EMM-8.
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Supplementary Figure 8. Comparison of water-adsorption isotherms for EMM-8 ([image: image23.png]


) and other reference adsorbents: MOF-801 ([image: image24.png]
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)1 at 30 °C.
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Supplementary Figure 9. Comparison of the GCMC predicted (blue) and experimental (red) water adsorption isotherms for EMM-8 at 30 °C.
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Supplementary Figure 10. GCMC obtained water adsorption enthalpy curve as a function of P/P0 at 30 °C.
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Supplementary Figure 11. a. 27Al and b. 1H NMR spectra of completely dried (green) and fully hydrated (blue) EMM-8. Notation: The hydration conditions were 30°C and P/P0=0.3.
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Supplementary Figure 12. Average number of hydrogen-bond (HB) per water molecule as a function of P/P0.
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Supplementary Figure 13. Coefficient of performance values for heating and cooling in comparison with reference materials. a. Refrigeration conditions used were Tev = 5 °C and Tcon = 30 °C. b. Heat pump conditions used for calculations were Tev = 15 °C and Tcon = 45 °C. EMM-8 ([image: image38.png]
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Supplementary Figure 14. Coefficient of Performance (COPC) plots (Closed symbol) and working capacity based on absorbent volume (Open symbol) of EMM-8 at fixed adsorption temperature (Tads = 30 °C) and condensation temperature (Tcon = 30 °C) as function of desorption temperatures (Tdes= 35~105 °C) and evaporation temperatures (Tev=5~25 °C).
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Supplementary Figure 15. Heat transferred from the evaporator in one refrigeration cycle as a function of temperature lift ΔT = Tcon - Tev (Tcon = 30 °C) at desorption temperature. a, b. Tdes = 65 °C (a. gravimetric heat transferred, b. volumetric heat transferred), and c, d. Tdes = 70 °C (c. gravimetric heat transferred, d. volumetric heat transferred). EMM-8 ([image: image54.png]
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Supplementary Figure 16. View and scheme of self-constructed apparatus for the test of water adsorption kinetics installed at Research Center of Solar Power & Refrigeration labs in Shanghai Jiao Tong University.
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Supplementary Figure 17. a. The template-removed EMM-8 grains with different sizes and b. the view of the tested sorbents.
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Supplementary Figure 18. SCP80% as function of the S/m ratio for the flat adsorbent beds, composed of the grains of diameter dimension = 0.3~0.45 mm, 0.45~0.6 mm, 0.8~0.9 mm. The operating conditions were Tev=10 °C, Tcon=30 °C, and Tdes=80 °C. SCP80% refers to the mass specific cooling power of the conversion q= 0.8, kW·kgads-1.

Supplementary Table 1. Test data of pore volume and specific surface area of EMM-8 obtained in 2L-scale and 50ml-scale reactor.
	Samples
	Pore volume (ml/g)
	Specific surface area (m2/g)

	
	Vtotal
	Vmic
	Stotal
	Smic

	50ml-scale
	0.5929
	0.3049
	879.6338
	821.5355

	2L-scale
	0.4563
	0.3017
	842.2128
	790.3089


Supplementary Table 2. The results of Al / P atomic ratio were obtained by TEM-EDS, ICP-OES, and XPS.
	Sample
	Al / P atomic ratio

	
	TEM-EDS
	ICP-OES
	XPS

	EMM-8
	0.959
	1.033
	1.022


Supplementary Table 3. Water sorption properties and energy storage capacities of EMM-8 and reference water adsorbents.
	Material
	Crystal
density
(g/cm3)
	<-ΔadsH>

(kJ/mol)
	Working capacitya, c
	Specific energy capacityb, c
	Ref

	
	
	
	(g g−1)
	(ml ml-1)
	(Wh kg-1)
	(kWh m-3)
	

	EMM-8
	1.50
	46.76
	0.256
	0.384
	176
	263
	This work

	MOF-801
	1.59
	58.40
	0.056
	0.089
	38
	61
	1,2

	MIP-200
	1.16
	51.20d
	0.187
	0.217
	128
	148
	3

	MIL-160
	1.07
	50.64d
	0.066
	0.071
	45
	48
	4

	CAU-10
	1.15
	53.50
	0.293
	0.337
	201
	231
	1, 5

	CAU-23
	1.07
	48.20
	0.262
	0.280
	180
	193
	7

	Co-CUK-1
	1.46
	48.65d
	0.045
	0.066
	31
	45
	6

	Co2Cl2-(BTDD)
	0.69
	46.43d
	0.119
	0.082
	81
	56
	8

	COF-TpPa
	/
	45.00
	0.215
	/
	147
	/
	9

	KMF-1
	1.08
	52~57
	0.051
	0.055
	35
	38
	10

	Zr-Fum HT
	1.59
	45~52
	0.051
	0.081
	35
	56
	11

	AlPO-LTA
	1.41
	55.58d
	0.124
	0.175
	85
	120
	12

	FAPO-5
	1.75
	56.10
	0.165
	0.289
	113
	198
	1

	SAPO-34
	1.43
	57.00
	0.038
	0.054
	26
	37
	1


a Working capacity deduced from one refrigeration cycle at Tev= 10°C, Tcon= 30°C, and Tdes=65°C;
b Heat transferred from the evaporator in one refrigeration cycle at Tev= 10 °C, Tcon= 30 °C and Tdes= 65 °C;
c Values of working capacity, heat from evaporator, and heat storage capacity for MOF-801, MIP-200, MIL-160, CAU-10, CAU-23, Co-CUK-1, Co2Cl2-(BTDD), COF-TpPa, KMF-1, Zr-Fum HT, AlPO-LTA, FAPO-5, SAPO-34 were calculated by characteristic curves and water adsorption data taken from references.

Supplementary Table 4. Main features of the tested dynamics adsorber
	Sorbent grain size, mm
	0.3~0.45/0.45~0.6/0.8~0.9 

	HT area/dry mass (S/m), m2 /kg
	5.33/3.81/2.53


Supplementary Table 5. Operating conditions of dynamics tests.
	Evaporation temperature, Tev [°C] 
	5/10/15

	Condensation temperature, Tcon [°C]
	30

	Regeneration temperature, Tdes [°C] 
	65/70/80


Supplementary Table 6. Specific cooling power (SCP) values and sorption characteristic times of shaped EMM-8 obtained from kinetic water sorption measurements under different sizes. The operating condition of tests was Tev /Tcon /Tdes = 10/30/80℃.
	Cycle
	Size
	Kinetic evaluation results

	
	Diameter (mm)
	τ

(s)
	τ0.8
(s)
	ΔW∞
(g g-1)
	SCP80%
(kW kg-1)
	SCPmax
(kW kg-1)

	1
	0.3~0.45
	129.444
	208.332
	0.272
	2.579
	5.189

	2
	0.45~0.6
	173.544
	279.308
	0.272
	1.923
	3.868

	3
	0.8~0.9
	208.608
	335.742
	0.272
	1.600
	3.220



Supplementary Table 7. Specific cooling power (SCP) values and sorption characteristic times of shaped EMM-8 obtained from kinetic water sorption measurements under several operating conditions. The size of EMM-8 grain is 0.45~0.6mm.
	Cycle
	Operating temp. (℃)
	Kinetic evaluation results

	
	Tev
	Tcon
	Tdes
	τ

(s)
	τ0.8
(s)
	ΔW∞
(g g-1)
	SCP80%
(kW kg-1)
	SCPmax
(kW kg-1)

	1
	5
	30
	65
	313.935
	505.259
	0.246
	1.104
	2.221

	2
	5
	30
	70
	277.852
	447.185
	0.257
	1.304
	2.623

	3
	10
	30
	65
	276.597
	445.166
	0.254
	1.127
	2.268

	4
	10
	30
	70
	240.514
	387.092
	0.265
	1.353
	2.722

	5
	10
	30
	80
	173.544
	279.308
	0.272
	1.923
	3.868

	6
	15
	30
	65
	229.401
	369.207
	0.263
	1.402
	2.821

	7
	15
	30
	70
	193.318
	311.133
	0.274
	1.733
	3.487


Supplementary Table 8. Specific cooling power (SCP) values comparison for different materials under typical cooling conditions.
	Material
	Tev
	Tcon
	Tdes
	S/m
	Size
	ΔW
	SCP80%a
	Ref

	
	(℃)
	(℃)
	(℃)
	(m2 kg-1)
	(mm)
	(g g-1)
	(kW kg-1)
	

	Materials Grain

	NH2-MIL-125
	10
	30
	75
	3.5
	0.4~0.5
	0.39
	1.1
	13, 14

	MOF-801
	5
	30
	85
	4.4
	0.4~0.5
	0.22
	1.6
	15, 16

	KMF-1
	10
	35
	70
	1.575
	0.5~1.5
	0.30
	0.55
	10

	SAPO-34
	15
	28
	90
	3.62
	0.6~0.7
	/
	0.498b
	17

	EMM-8
	10
	30
	70
	3.81
	0.45~0.60
	0.27
	1.353
	This work

	Materials Coating on Full Heat Exchanger

	CAU-10(Al)-Hd
	10
	30
	70
	/
	0.55
	/
	1.204c
	18

	CAU-10(Al)-Hd
	14
	34
	70
	/
	0.55
	/
	1.369c
	18

	Al fumarate

(Basolite A520)d
	18
	30
	90
	/
	0.3~0.33
	/
	1.394c
	19

	SAPO-34
	15
	28
	90
	11.19
	0.1
	/
	0.675b
	17


a Mass specific cooling power of the conversion q= 0.8, kW kgads-1.

b Cycle time= 5 min. 

c Mass specific cooling power of the conversion q= 0.9, kW kgads-1.

d Coating with binder.
Supplementary Table 9. Comparison of raw material’s cost. All prices refer to Macklin's official website ( www.macklin.cn accessed 5 July 2021 ).
	Materials
	Raw materials
	Cost

($/kgraw materials)
	Raw materials consumption

(Kg/kgSorbent)
	Total cost

($/kgsorbent)
	Ref

	EMM-8
	H3PO4
	5.05
	0.73
	122.74
	This work

	
	Pseudo-boehmite
	13.33
	1.27
	
	

	
	4-DMAPy
	74.59
	1.36
	
	

	
	HF
	4.85
	0.14
	
	

	MOF-801
	Fumaric acid
	12.11
	0.71
	380.24
	15

	
	ZrOCl2·8H2O
	187.70
	1.98
	
	

	MIP-200
	H4mdip
	492174.13
	0.41
	201855.57
	3

	
	ZrCl4
	78.26
	0.82
	
	

	MIL-160
	2,5-furandicarboxylic acid
	1329.79
	0.65
	879.77
	4

	
	AlCl3·6H2O
	13.94
	1.01
	
	

	
	NaOH
	7.83
	0.17
	
	

	CAU-23
	H2TDC
	307.53
	0.96
	331.17
	7

	
	NaOH
	7.83
	0.44
	
	

	
	AlCl3
	22.99
	0.56
	
	

	
	NaAlO2
	178.41
	0.11
	
	


	Co-CUK-1
	2,4-pdcH2
	1769.99
	0.62
	1787.74
	20

	
	KOH
	16.08
	41.15
	
	

	
	CoCl2·6H2O
	44.08
	0.65
	
	

	Co2Cl2-(BTDD)
	H2BTDD
	353998.53
	0.52
	184375.30
	21

	
	CoCl2
	580.52
	0.51
	
	

	COF-TpPa
	Tp(1,3,5-triformylphloroglucinol)
	130472.00
	0.56
	73084.48
	9

	
	Pa(p-Phenylenediamine)
	45.82
	0.44
	
	

	KMF-1
	Al2(SO4)3·18H2O
	9.84
	1.40
	124131.92
	10

	
	NaOH
	7.83
	0.17
	
	

	
	2,5-pyrroledicarboxylic
	427989.00
	0.29
	
	

	Zr-Fum HT
	ZrCl4
	78.26
	0.15
	32.76
	11

	
	Formic acid
	6.00
	3.04
	
	

	
	Fumaric acid
	12.11
	0.23
	
	

	AlPO-LTA
	H3PO4
	5.05
	0.81
	84202.75
	12

	
	Al(OPri)3
	16.08
	1.45
	
	

	
	K222
	127537.30
	0.66
	
	

	
	HF
	4.85
	0.15
	
	


Supplementary Table 10. DFT-derived DDEC atomic partial charges for the EMM-8 framework
	Al1
	2.192
	O1
	-1.900
	[image: image73.png]




	Al2
	2.421
	O2
	-0.662
	

	Al3
	2.469
	O3
	-0.798
	

	Al4
	2.268
	O4
	-1.254
	

	Al5
	2.208
	O5
	-2.364
	

	Al6
	2.570
	O6
	-0.734
	

	Al7
	2.370
	O7
	-0.826
	

	Al8
	2.348
	O8
	-0.705
	

	P1
	2.997
	O9
	-0.542
	O17
	-0.525
	O25
	-0.413

	P2
	0.712
	O10
	-1.687
	O18
	-1.886
	O26
	-1.572

	P3
	2.740
	O11
	-1.123
	O19
	-0.839
	O27
	-0.792

	P4
	2.010
	O12
	-0.621
	O20
	-0.691
	O28
	-0.820

	P5
	0.676
	O13
	-1.172
	O21
	-0.783
	O29
	-1.173

	P6
	3.278
	O14
	-1.415
	O22
	-2.488
	O30
	-1.257

	P7
	2.020
	O15
	-1.372
	O23
	-1.385
	O31
	-0.830

	P8
	2.837
	O16
	-0.451
	O24
	-1.272
	O32
	-1.759
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