Applied Thermal Engineering 176 (2020) 115442

APPLIED
THERMAL
ENGINEERING

Contents lists available at ScienceDirect

Applied Thermal Engineering

journal homepage: www.elsevier.com/locate/apthermeng

Adsorption characteristics and cooling/heating performance of COF-5

Check for
updates

z

a,b,c,x

Xiaoxiao Xia™‘, Zhilu Liu™‘, Song Li

& State Key Laboratory of Coal Combustion, School of Energy and Power Engineering, Huazhong University of Science and Technology, Wuhan 430074, China
® China-EU Institute for Clean and Renewable Energy, Huazhong University of Science and Technology, Wuhan 430074, China
€ Nano Interface Center for Energy, School of Energy and Power Engineering, Huazhong University of Science and Technology, Wuhan 430074, China

HIGHLIGHTS

® COF-5 exhibit preferential stepwise adsorption isotherm for adsorption cooling.
® COF-5 displayed the higher COP. than CuBTC, MIL-101(Cr), and ZIF-8.
® The higher COP of COF-5 at a wider range of temperature lift is favorable especially at low desorption temperature.

ARTICLE INFO ABSTRACT

Keywords: Adsorption-driven heat pumps (AHPs) powered by low-grade waste heat and solar energy are promising to
Heat pumps reduce the energy consumption for cooling and heating. Seeking novel high-performing adsorbents of AHPs is
Covalent-organic frameworks the key to improve their cooling/heating performance. Very recently, the potential use of covalent-organic
Ethanol

frameworks (COFs) adsorbents of AHPs has won increasing research interests. However, the adsorption cooling/
heating performance of COFs under varying working conditions is still unexplored. In this study, COF-5 was
synthesized and tested to obtain the adsorption isotherms of ethanol working fluid. For comparison, three
commonly used metal-organic frameworks (MOFs), including Cu-BTC, MIL-101(Cr), and ZIF-8, were also in-
vestigated. The cooling/heating performance of COF-5/ethanol and MOF/ethanol working pairs was evaluated
by mathematical modelling based on the basic thermodynamic cycle of AHPs. The results demonstrated that
COF-5 with the high coefficient of performance for cooling/heating (COP-/COPy) under wide temperature lift
(ATyg) outperformed MOFs, especially for cooling.

Coefficient of performance
Temperature lift

1. Introduction performance of AHPs [9].

In recent decades, a series of novel porous materials such as metal-

Energy consumption for space cooling and heating expected to
continuously rise results in severe global warming. In order to decrease
energy consumption and carbon dioxide emission, it is crucial to miti-
gate primary energy requirement for cooling and heating by utilizing
the waste heat or renewable solar energy [1]. Adsorption-driven heat
pumps (AHPs) powered by low-grade waste heat or solar energy has
attracted growing attention as a sustainable alternative to vapor com-
pression heat pumps [2,3]. However, AHPs based on conventional
working pairs including silica gel/water [4], zeolite/water [5] and
activated carbon/ammonia [6] usually exhibit low adsorption capacity
and/or require high regeneration temperature, leading to an un-
satisfactory coefficient of performance (COP) that is unfavorable for the
wide application of AHPs [7,8]. Seeking high-performing working pairs
especially adsorbents has been a crucial strategy to improve the
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organic frameworks (MOFs) have been used for AHPs. MOFs have been
recognized as potential adsorbent candidates for AHPs because of their
ultra-high surface area and large pore volume [10]. Water is the most
commonly used working fluid for AHPs due to their environment-
friendliness and abundance in nature. It has been reported that CAU-
10(Al)/water [11] can be efficiently used (COPc = 0.72) for wide
temperature lift (Tji;, = 26 K) at Tqes = 373 Kand Tags = Teon = 303 K
for cooling [12]. MIL-101(Cr)/water working pair was recognized as
potential candidates for AHPs, whose COP. can reach 0.89 at
Tges = 373 K and T, = 303 K [13], due to the high water uptake (up
to 1.6 g/g) and water stability of MIL-101(Cr) [14]. UiO-66/water has
been reported as a promising working pair due to the high specific
cooling effect (SCE = 820 kJ/kg) and COP. (COP.: = 0.86) for cooling
(Tags = Teon = 303 K, Teya = 295 K, Tgqes = 343 K) [15]. However,
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Nomenclature

Symbols

COP coefficient of performance

Cp specific heat capacity (kJ/kg)
LH latent heat (kJ/kg)

P pressure (Pa)

Py saturation pressure (Pa)

Q heat transfer (kJ/kg)

Qst isosteric heat of adsorption (kJ/mol)
R ideal gas constant (J/mol-K)
SCE specific cooling effect (kJ/kg)

SHE specific heating effect (kJ/kg)

T temperature (K)
Subscripts

ads adsorption

C cooling

con condensation
des desorption
eva evaporation
H heating

regen regeneration
sorbent adsorbent

wf working fluid

many MOFs are not stable upon exposure to water vapor [16] such as
Cu-BTC and MOF-74-Mg, both of which exhibit the high water uptake
(i.e. 0.49 cm®/g for Cu-BTC and 0.62 cm®/g for MOF-74-Mg at 80%
relative humidity). A significant loss in Brunauer-Emmett-Teller (BET)
surface area was observed for both Cu-BTC and MOF-74-Mg (26% for
Cu-BTC and 83% for MOF-74-Mg, respectively) after one cycle water
vapor adsorption at 298 K [17]. The family of zeolitic imidazolate
frameworks (ZIFs) [18] and Zr-based MOFs [19] exhibit remarkable
stability in water vapor [16]. ZIF-8 has exceptionally high water sta-
bility but displays no water uptake until 80% relative humidity because
of its strong hydrophobicity [20].

Compared to water, alcohols (i.e. methanol and ethanol) as working
fluids exhibiting the higher vapor pressures with faster mass transfer
can work at subzero temperatures [21]. Activated carbon is frequently
used for adsorbing ethanol and the adsorption performance of activated
carbon/ethanol working pairs has been widely investigated [22,23].
However, the COP of activated carbon/ethanol working pair is low,
which cannot be used for ice making under solar energy [24]. The new
family of composites, such as LiBr/silica gel [25] and salt inside porous
matrix (CSPM) composites [26] with ethanol as a refrigerant has also
been used for cooling with the optimum COP of 0.72 [25], which can
be further improved by adjusting the slat types and ratios in compo-
sites. Moreover, the stability of MOFs toward alcohols is less of an issue
than water [27]. Cu-BTC has been reported to exhibit higher stability
for alcohols [28] and higher ethanol uptake than commonly used ad-
sorbents such as silica gel RD (0.3 g/g for Cu-BTC vs. 0.2 g/g for Silica
gel RD) [29]. MIL-101(Cr)/ethanol [29,30] and ZIF-8/ethanol [27]
working pairs have demonstrated to be the potential candidates of
AHPs. COP¢ of both MIL-101(Cr) and ZIF-8 can achieve 0.65 at cooling
condition (Tags = 303 K, Teya = 278 K), whereas the required deso-
rption temperature of MIL-101(Cr) (Tges = 360 K) is slightly higher
than that of ZIF-8 (T4es = 355 K). ZIF-8/ethanol also exhibited the wide
temperature lift (35 K), which can be used for efficient ice making
(Taes = 373 K and Teon = 298 K).

Our recent computational screening studies on MOFs for basic AHPs
[31] and MOFs/covalent-organic frameworks (COFs) for cascaded
AHPs [32] have demonstrated that the stepwise adsorption isotherms
are preferential for high-performance AHPs, from which COFs [33], an
emerging class of porous adsorbents consisting of fully organic unit
were recognized as potential adsorbents for cooling. Experimental
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investigation also demonstrated that the COF TpPa-1 displayed re-
markably high water uptake of 0.45 g/g, and the COP(, of TpPa-1/water
working pair was able to achieve 0.77 under a low regeneration tem-
perature of 338 K, which is comparable to the high-performing MOFs
[34]. Besides, the majority of COFs were composed of organic units
exhibited weak interaction towards ethanol, leading to stepwise ethanol
adsorption isotherm that favors the COPc. In addition, COFs overcome
the unsatisfactory stability of most MOFs because of the instability
coordination bonds between the metal ions and organic ligands of
MOFs [35]. Thus, COFs may be a better alternative to MOFs that are
able to meet the requirements for high-performing adsorbents in AHP
systems.

However, until now, the adsorption cooling/heating performance of
COFs under varying operation conditions is still an unexplored topic,
especially compared with MOFs. Therefore, in this work, one of the
firstly reported COFs, COF-5, and three promising MOFs in AHPs, in-
cluding Cu-BTC, MIL-101(Cr), and ZIF-8, were chosen for synthesis and
characterization. Their adsorption cooling and heating performance
under varying working conditions were then assessed by mathematical
modeling based on the measured ethanol adsorption isotherms.

2. Methodology
2.1. Experimental

Materials. All chemicals were purchased from commercial sources
and used without any further purification. 2,3,6,7,10,11-hexahydrox-
ytriphenylene (HHTP, 96%) was purchased from Zhengzhou Alfachem
Co., Ltd. 1,4-benzenediboronic acid (BDBA, 97%), copper nitrate tri-
hydrate (Cu(NOs3)>3H0, 99%), trimesic acid (H3BTC, 97%), ter-
ephthalic acid (H,BDC, 99%), 2-methyl imidazole (98%), zinc nitrate
hexahydrate (Zn(NO3),6H»0, 99%), dioxane (99%), and mesitylene
(97%) were from Shanghai Aladdin Bio-Chem Technology Co., Ltd.
Zirconium chloride (ZrCly, 99.95%) was purchased from J&K China
Chemical Ltd. Methanol, acetone, absolute ethanol, N,N-di-
methylformamide (DMF), and glacial acetic acid were from Sinopharm
Chemical Reagent Co., Ltd. (AR). Nitrogen (N5, 99.999%) and helium
(He, 99.999%) gases were obtained from Huaerwen Industrial Co., Ltd.

Scheme 1. Synthesis process of COF-5.

Washing

Drying
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Fig. 1. Thermodynamic cycle of adsorption heat pump based on covalent-or-
ganic frameworks.

2.2. Synthesis

The selected COFs and MOFs were synthesized using a previously
reported protocol with slight modification [36-39].

COF-5. HHTP (112 mg, 0.345 mmol), BDBA (86 mg, 0.52 mmol)
and methanol (0.21 mL, 5.2 mmol) were added in a dioxane/mesitylene
mixture solution (4:1 v/v, 43 mL) at room temperature and sonicated
for 30 min under N, atmosphere. Then, the solution was transferred to a
round bottom flask (100 mL) and heated at 363 K for 20 h in an oil-bath
oven with stirring under atmospheric pressure (N,). After cooling to
room temperature, the gray solid was isolated by centrifugation and
washed with acetone (30 mL X 3). Subsequently, the solid was dried
under vacuum at room temperature for 12 h. The synthesis scheme of
COF-5 is provided in Scheme 1.

Cu-BTC. Cu(NO3)»>3H,0 (3.38 g, 14 mmol) was dissolved in deio-
nized water (75 mL). H3BTC (2.94 g, 14 mmol) was dissolved in ethanol
(75 mL) and mixed with the prepared Cu(NO3), solution. The mixture
was placed in a 500 mL Teflon-lined autoclave and heated at 383 K for
18 h. After that, the autoclave was cooled down to room temperature
and the blue solid was centrifuged and washed with deionized water
(30 mL x 3). Then, the obtained solid was dried overnight at 353 K in
air.

MIL-101(Cr). Cr(NO3);9H,0 (4.00 g, 10 mmol) and H,BDC
(1.66 g, 10 mmol) were added in deionized water (50 mL), followed by
glacial acetic acid (0.58 mL). After that, the mixture was sonicated for
30 min at room temperature. Then the mixture was transferred into a
100 mL Teflon-lined autoclave and heated at 493 K for 8 h. After
cooling to room temperature, the green solid was washed successively
with deionized water, DMF and ethanol (30 mL X 3). Finally, the ob-
tained solid was dried overnight at 423 K under vacuum.

ZIF-8. 2-methyl imidazole (1.36 g, 16.53 mmol) was dissolved in
methanol (50 mL). Zn(NO3),6H,0 (1.23 g, 4.13 mmol) was dissolved
in another methanol (50 mL), and then slowly added into the former
solution. The mixed solution was stirred for 2 h and a milk-like sus-
pension was formed. Afterwards, the suspension was maintained at
room temperature for 24 h at static conditions. Next, the white solid
was isolated by centrifugation, followed by washing with methanol
(30 mL x 3). Finally, the precipitate was dried in air at room tem-
perature for 5 h, and then dried at 453 K for 24 h in a vacuum oven.

2.3. Characterization

Powder X-ray diffraction (PXRD) data were collected on a
PANalytical X’Pert X-ray diffractometer in reflection mode using Cu Ka
(A = 1.540598 10\) radiation at 1600 W (40 kV, 40 mA). The 26 ranges
from 5° to 50° (2-15° for COF-5 and MIL-101(Cr)) as a continuous scan
with a step size of 0.01313° at room temperature. N, adsorption iso-
therms were measured at 77 K on an Autosorb-iQ2 from Quantachrome
Instruments. All samples were activated at 393 K for 24 h under va-
cuum before measurement. Brunauer-Emmett-Teller (BET) surface
areas, total pore volumes, and pore widths were determined by fitting
respective models to the collected N, adsorption isotherms.
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2.4. Adsorption isotherms measurement

Ethanol vapor adsorption isotherms were measured at 288 K and
298 K, respectively, on an Autosorb-iQ2 from Quantachrome
Instruments. Absolute ethanol was added into the vapor generator as
the vapor source. Prior to measurement, approximately 100 mg of
samples were activated at 393 K for 24 h under vacuum. Adsorption
isotherms were collected from P/P, = 0.01 to 0.9. P, represents the
saturation pressure of ethanol vapor at each working temperature.

2.5. Mathematical modelling

A universal adsorption isotherm model [40] was used to fit the
measured adsorption isotherms, according to which the equilibrium
uptake of COF-5 and MOFs at various temperatures can be predicted.

Thermodynamic relation between pressure, temperature, and con-
centration of typically ideal cooling/heating cycle was depicted in Fig.
S1. The basic thermodynamic figure of AHPs was used to calculate the
cooling/heating performance of adsorption working pairs. COP is de-
fined as the useful energy output divided by energy required as input.
SCE/SHE is the energy that has been transferred for cooling/heating by
working fluid. For cooling, [15]

cop, = Qea _ SCE

Qregen Qregen (1 )
SCE = AW X LHy,, )
LHy,, = —1.642 X (Tva — 273) + 985.7 3)

Here, Qcva is the energy taken up in the evaporator, Qyegen is the energy
required for the regeneration of the adsorbent (Fig. 1). To determine the
required energy for the regeneration, the heat capacity of the working
fluid (Cﬁ"’f =2.7 kJ/kgK) and the adsorbent (C;"rbe“‘:l kJ/kgK [41])
are used. AW is the working capacity that is defined as the difference
between the maximum and minimum uptake (Wpax — Wmin) of
working fluid, and LHy,, is the latent heat of working fluids at eva-
poration temperature (Tey,)-
For heating,

— Qcon + Qads _ SHE

COPy =

Q»‘egen Qregen (4)
SHE = Qs + AW X LHrp,, 5)
LHy,,, = —1.642 X (Toon — 273) + 985.7 (6)

Here, Q.on is the energy released during condensation, Q.qs is the en-
ergy released during the adsorption (Fig. 1), LHy,, is the latent heat of
working fluids at condensation temperature (Top).

Moreover, the isosteric heat of adsorption (qs) is an important
parameter for calculating COP. The g5 was calculated using the mea-
sured adsorption isotherms at two different temperatures (288 K and
298 K) according to the Clausius—-Clapeyron equation (Eq. (7)).

6 = _gInP)
a(1/T) @

In practice, adsorption temperature (T,4s) equals to T.,,, which is
dependent on the ambient temperature. Here, T, is set to 303 K and
318 K based on the typical summer and winter working conditions
reported previously [12,42,43]. Teya could depend on the applications
of working pairs, and the desorption temperature (Tqes) is determined
by the temperature of heat sources. Tey, and Tg4es can be independently
varied to find an optimum COP and SCE/SHE, as will be discussed in
detail. For different applications, the operational temperatures are
listed in Table 1. More detailed information can be found in
Supplementary Information.
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Table 1
Operational temperatures for cooling and heating.
Taas (K) Teon (K) Taes (K) Teva (K)
Cooling 303 303 335-395 275-295
Heating 318 318 365-425 280-300

3. Result and discussion

According to the PXRD patterns in Fig. 2, the experimental PXRD
patterns perfectly matched with the simulated ones, suggesting the
successful synthesis of COF-5 and MOFs. Although the hydrothermal
stability of COF-5 was unsatisfied [44]., COF-5 was stable in ethanol
vapor according to the location of peaks in PXRD patterns after ethanol
adsorption (Fig. S2). The measured structure properties including BET
surface area, total pore volume and pore width that are essential for
adsorption performance of COF-5 and MOFs were summarized in
Table 2. MIL-101(Cr) exhibited the highest BET surface area (3358 m?/
g) followed by COF-5 (1943 m?/g), Cu-BTC (1831 m?®/g), and ZIF-8
(1730 m?/g). Similarly, the total pore volumes of four materials were in
the same order to their BET surface area. MIL-101(Cr) and COF-5 had a
larger pore width than other selected MOFs. The largest pore volume of
MIL-101(Cr) (2.09 cm3/g) was attributed to the presence of a large
fraction of mesopores in MIL-101(Cr). In terms of the isosteric heat of
adsorption (qst), qst of COF-5 was 37.1 kJ/mol, which is obviously lower
than the evaporation enthalpy of ethanol (42 kJ/mol) and qg of MOFs,
implicating the weak interaction between COF-5 and ethanol. The weak
host-adsorbate interaction plus the large pore width of COF-5 suggested
the high possibility of stepwise adsorption in COF-5, which is favorable
for the adsorption cooling/heating efficiency of AHPs [2,45].

A stepwise adsorption isotherm with a steep uptake step is dyna-
mically preferential for AHPs since the slight change in pressure leads
to remarkably change in working fluid uptakes [2,45]. Canivet et al.
defined a as the step position of adsorption isotherms, which is the
relative pressure at which one half of the maximum uptake is reached
[46]. Jeremias et al. demonstrated that 0.05 < a < 0.4 was preferred
for a reasonable temperature lift and low desorption temperature [47].
Aristov reported that 0.1 < a < 0.3 was favorable for low desorption
temperature [2]. According to Fig. 3, COF-5, MIL-101(Cr) and ZIF-8
shown the favorable adsorption steps of a = 0.22, a = 0.2 and
a = 0.12, respectively. In contrast, Cu-BTC exhibited type I adsorption
isotherm (o = 0.01), implicating the requirement of high desorption
temperature, which is unfavorable for AHPs. Among the adsorbents,
MIL-101(Cr) exhibited the highest ethanol uptake (0.78 g/g) at P/
Po = 0.9 followed by COF-5 (0.54 g/g), Cu-BTC (0.42 g/g), and ZIF-8
(0.34 g/g), which is in the same order to their BET surface area and
total pore volume. In order to comprehensively assess the cooling/
heating performance of these adsorbents, their SCE/SHE and COP were
computed at varying operational conditions.

3.1. Cooling performance

The variation of SCE as a function of evaporation and desorption
temperature was presented in Fig. 4, from which the SCE of COF-5 was
enhanced upon the increase of evaporation and desorption temperature
until a plateau. Compared with MOFs, SCE of COF-5 was generally
higher throughout the variation of evaporation and desorption tem-
peratures, implicating that COF-5/ethanol working pair is able to
transfer the larger amount of thermal energy for cooling at a wide range
of evaporation and desorption temperatures. However, SCE of Cu-BTC
was extremely low, especially at low evaporation and desorption tem-
peratures, which was unfavorable for cooling. On the contrary, MIL-
101(Cr) exhibited the highest SCE of approximately 600 kJ/kg at high
evaporation and desorption temperatures. Besides, the SCE of MIL-
101(Cr) was extremely sensitive to temperature variation, whereas the
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SCE of Cu-BTC was highly dependent on desorption temperature, si-
milar to the SCE of ZIF-8. However, the SCE of ZIF-8 was low in most
cases. Among all adsorbents, COF-5 achieved the maximum SCE
(295 kJ/kg) at Teya = 295 K and Tges = 395 K, which was higher than
that of Cu-BTC (258 kJ/kg at Tey, = 295 K and Tges = 395 K) and ZIF-8
(247 kJ/kg at Teya = 295 K and Tges = 395 K), but lower than the
maximum SCE (584 kJ/kg at Teya = 295 K and Tges = 395) of MIL-
101(Cr). The moderate SCE of COF-5 can be attributed to its relatively
low AW at specified operational conditions (Fig. S3).

Compared with SCE, both evaporation and desorption temperatures
imposed significant impacts on COP¢ of working pairs. High evapora-
tion temperature directly favors COP; due to the increased energy
taken up by the evaporator. High desorption temperature is also ben-
eficial for the higher working fluid uptake (AW) and thus higher cooling
capacity. However, high desorption temperature will not benefit COP¢
given the increased energy consumption on adsorbent regeneration.
Therefore, the evaporation and desorption temperatures for the COP¢
was optimized as shown in Fig. 5. As a result, COF-5 exhibited the
highest COP¢ (COP; > 0.8) at a wide range of evaporation and des-
orption temperatures (Fig. 5a) compared with MOFs. The maximum
COP¢ (COP; = 0.98) of COF-5 was achieved at Teya = 295 K and
Taes = 336 K, followed by ZIF-8 (COP; = 0.74 at Teya = 295 K and
Tdes 356 K), MIL-101(Cr) (COPc = 0.68 at Teya = 295 K and
Tyes = 343 K), and Cu-BTC (COP; = 0.51 at Teys = 295 K and
Tdes 395 K). Although MIL-101(Cr) has a high SCE owing to its
ethanol uptake (Fig. 3), MIL-101(Cr) is not competitive due to its low
COPc. Overall, it was demonstrated that COF-5 can be a more potential
adsorbent for adsorption cooling with high COP and moderate SCE.

Except for SCE and COP¢, temperature lift (ATy;q) that describes the
temperature gain for cooling/heating, or the achievable temperature
changes under varying working conditions was commonly adopted for
assessing the performance of AHPs. Here, the temperature lift is defined
as the difference between T, and Tey,. The high temperature lift
without compensating the COP. was preferential for high-performing
AHPs. The correlation between ATy and COP¢ at varying desorption
temperatures was shown in Fig. 6, from which COF-5 achieved the
highest COP¢ among the four adsorbents throughout the temperature
lift of 8-26 K regardless of desorption temperature. The discrepancy in
COP¢ of COF-5 and MOFs was enlarged with increase of desorption
temperature. According to the adsorption isotherms, the Qregen 0f COF-
5 can be significantly increased, whereas AW of Cu-BTC (Fig. S3) can be
obviously enhanced with the increase of desorption temperature. Thus,
COF-5 is suitable for low desorption temperature that gains a high
temperature lift with excellent COPc. Besides, the COP¢ of COF-5 was

(a) COF-5 — Sim

— Exp

_l A ¥ T

(c) MIL-101(Cr) (d) ZIF-8

(b) Cu-BTC

Intensity (a.u.)

_AA.._».«_.A Lo
3 6 )

12 15 10 20 30 40 50

26 (°)

Fig. 2. Experimental (red) and simulated (blue) PXRD of (a) COF-5, (b) Cu-BTC,
(c) MIL-101(Cr) and (d) ZIF-8.
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Table 2

BET surface area, total pore volume, pore width and isosteric heat of adsorption
(qs0) of COF-5, Cu-BTC, MIL-101(Cr) and ZIF-8.

Adsorbents BET surface area  Total pore volume  Pore width Qs (kJ/
(m*/g) (em®/g) (nm) mol)
COF-5 1943 1.23 2.58 37.1
Cu-BTC 1831 0.84 0.67 68.7
MIL-101(Cr) 3358 2.09 2.58/3.12 58.4
ZIF-8 1730 0.78 0.54 47.4
0.8 —
— Fitting (a) COF-5 (b) Cu-BTC
o0sl ® Experimental
0.4
_. 02 I
o2
2
o 0.0
< 08
2 (d) ZIF-8
2 e (c) MIL-101(Cr)
0.4
Ld
0.2

0'8.0 0.2 0.4 0.6 0.8 1.00.0 0.2 0.4 0.6 0.8 1.0

PIP,

Fig. 3. Ethanol adsorption isotherms of (a) COF-5, (b) Cu-BTC, (c) MIL-101(Cr)
and (d) ZIF-8 obtained from experimental measurement at 298 K (in red dots)
and the fitting by the universal adsorption model (in blue lines). Py is the sa-
turation pressure of ethanol vapor at 298 K.
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almost constant with the increase of temperature lift until AT);, = 25 K.
Similarly, the COP¢ of MIL-101(Cr), ZIF-8, and Cu-BTC was slightly
reduced with ATyq, especially at high desorption temperature
(Tges = 395 K and 365 K). At low desorption temperature
(Tges = 335 K), the remarkable decrease in COP¢ with the increase of
temperature lift was observed for all adsorbents due to the decreased
AW (Fig. S3) at low evaporation temperature. In general, both high
COP¢ and wide temperature lift can be maintained by using COF-5
when ATy < 26 K, suggesting the potential of COF-5 for adsorption
cooling.

3.2. Heating performance

Similar to SCE, SHE was enhanced with the increase of evaporation
and desorption temperatures (Fig. 7). The SHE of COF-5 exhibited a
steep increase at Teys = 290 K, and achieved a plateau above 290 K.
Whereas SHE of Cu-BTC shown significant dependence on the deso-
rption temperature. MIL-101(Cr) shown the increasing SHE especially
with the evaporation temperature and its SHE was higher than that of
Cu-BTC and COF-5 due to the higher ethanol uptake of MIL-101(Cr).
SHE of ZIF-8 was the lowest, which was rarely affected by the eva-
poration and desorption temperature. Such tendencies were in ac-
cordance with the variation of AW (Fig. S4). Among all adsorbents,
MIL-101(Cr)/ethanol was the most promising working pair for heating
with the maximum SHE of 1411 kJ/kg, followed by Cu-BTC (990 kJ/
kg), COF-5 (618 kJ/kg), and ZIF-8 (524 kJ/kg) at Te,, = 300 K and
Tyes = 425 K.

Nevertheless, from the perspective of COPy, COF-5 is more com-
petitive. Throughout the variation of evaporation and desorption tem-
perature, COPy; of COF-5 was significantly enhanced with the increase
of temperature, especially evaporation temperature (Fig. 8). Similarly,
COPy of COF-5 was highly dependent on the evaporation temperature,
which was above 1.6 at Teya > 291 K. COPy of Cu-BTC remarkably
depended on the desorption temperature and rarely affected by eva-
poration temperature. In contrast, the COPy of both MIL-101(Cr) and

(b) Cu-BTC
SCE
00
0 400
295
290
285
d) ZIF-8
(d) 200
0

0
295

290
285 360

45
278" T, (K)

280
Teva (K)

Fig. 4. SCE of (a) COF-5 (b) Cu-BTC, (c) MIL-101(Cr) and (d) ZIF-8 as a function of evaporation and desorption temperatures at given adsorption/condensation
temperatures (T,gs = Teon = 303 K).
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COP,
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Fig. 5. COP¢ of (a) COF-5 (b) Cu-BTC, (c) MIL-101(Cr) and (d) ZIF-8 as a function of evaporation and desorption temperatures at given adsorption/condensation

temperatures (Tags = Teon = 303 K).

ZIF-8 were nearly constant throughout the variation of evaporation and
desorption temperature. Generally, COF-5 shown the highest COPy of
1.79 (at Teya = 300 K and Tges = 365 K) followed by ZIF-8
(COPy = 1.61 at Teya = 300 K and Tges = 376 K), MIL-101(Cr)
(COPy = 1.56 at Teya = 300 K and Tges = 365 K), and Cu-BTC
(COPy = 1.44 at Teya = 300 K and Tges = 425 K), implicating the
potential of COF-5 for adsorption heating.

The correlation between the temperature lift and COPy of all ad-
sorbents for heating is more complicated than the cooling (Fig. 9).
Decreased COPy; with increased temperature lift was observed for all
adsorbents except Cu-BTC at Tgqes = 395 K (Fig. 9b), which can be as-
cribed to the increased working capacity of Cu-BTC with evaporation
temperature (Tey,) at given Tqes = 395 K (Fig. S5). Moreover, COF-5
outperformed MOFs at low temperature lift (AT, < 29 K) regardless
of desorption temperatures, implicating the great potential of COF-5 for
adsorption heating with low temperature lift. With the decrease of the
desorption temperature, the difference in COPy of COF-5 and other
MOFs (i.e. Cu-BTC, MIL-101(Cr) and ZIF-8) was enlarged, and the COPy
of COF-5 was significantly increased at low desorption temperature,
implicating the applicability of COF-5 for AHPs driven by low-

1.0

temperature heat sources. Beyond ATy = 29 K, COPy of COF-5 was
suddenly decreased, even lower than MOFs, implicating that ATy, of
COF-5 for adsorption heating was restricted within 29 K. When
ATy > 29 K is required, MIL-101(Cr) and ZIF-8 are more suitable
candidates without remarkably compromised COPy, especially at high
desorption temperatures (Tqes = 425 K and 395 K). Therefore, COF-5 is
a suitable adsorbent for heating within the limited temperature lift
compared with MOFs, especially under low desorption temperature.

4. Conclusions

Adsorption cooling and heating performance of COF-5 were in-
vestigated and compared with three commonly used MOFs including
Cu-BTC, MIL-101(Cr), and ZIF-8, for the first time by integrated ex-
perimental measurement and mathematical modeling. The stepwise
adsorption isotherms of COF-5 resulting from the weaker interaction
between COF-5 and ethanol working fluids are favorable for adsorption
cooling compared with MOFs. It was revealed that COF-5 exhibited the
highest COP¢ (COP¢ = 0.98) among four adsorbents as well as the large
temperature lift, which is favorable for adsorption cooling regardless of

(@)

(b) (c)

—3)

0.8 ﬂ .
© 0.6 -

——— ]

o
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Fig. 6. COP¢ of COF-5 (black), Cu-BTC (red), MIL-101(Cr) (blue) and ZIF-8 (green) as a function of temperature lift (AT)ie), obtained by varying Tey, when (a)
Tges = 395 K, (b) Tges = 365 K and (¢) Tqes = 335 K at given condensation temperatures (Tcon = 303 K).
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Fig. 7. SHE of (a) COF-5 (b) Cu-BTC, (¢) MIL-101(Cr) and (d) ZIF-8 as a function of evaporation and desorption temperatures at given adsorption/condensation

temperatures (Togs = Tcon = 313 K).

its moderate SCE. In perceptive of adsorption heating, although the
COPy of COF-5 is the highest (COPy = 1.79) among all adsorbents, the
limited temperature lift restricts its application for high temperature lift
requirements. In addition, the discrepancy in both COP; and COPy of
COF-5 and MOFs is increased with the reduction of desorption

(a) COF-5
20

CcoP,

28
(c) MIL-101(Cr)
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1.4

COP,,

1.2

290
285
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temperature, implicating the high applicability of COF-5 for low-tem-
perature heat sources. Besides, although the cost of COF-5 in laboratory
is currently high (approximately $25 per gram), it is expected to de-
crease with the development of large-scale production techniques.
Overall, this work opens up the possibility of using covalent-organic

(b) Cu-BTC
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Fig. 8. COPy of (a) COF-5 (b) Cu-BTC, (c) MIL-101(Cr) and (d) ZIF-8 as a function of evaporation and desorption temperatures at given adsorption/condensation

temperatures (T,gs = Teon = 313 K).
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Fig. 9. COPy of COF-5 (black), Cu-BTC (red), MIL-101(Cr) (blue) and ZIF-8 (green) as a function of temperature lift (AT);), obtained by varying Tey, when (a)

Tges = 425 K, (b) Tges = 395 K and (c) Tqes = 365 K.

frameworks (COFs) as potential adsorbents for adsorption cooling and
heating under varying working conditions.
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